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ABSTRACT
Until recently, the only possible way to examine the theoretical basis of an urban planning project
was to realize the project and explore the effects of such a ‘field experiment’ on its environment
in real time. The problem is that on the evaluation of an urban project, the results are mostly
limited to qualitative conclusions. Long-term analyses to produce quantitative statements are rare.
Thus, a falsification of basic planning theories is very difficult in what can be identified as the
reason for the existence of so many individual theories in urban planning. The causes for this can
be found, on the one hand, in the methodological difficulties of such long-term analyses and on
the other hand, in the lack of interest of the people involved and their skeptical attitude on
scientific methods in the practical planning purposes, in general.
In this paper, we want to show an alternative way to examine particular planning theories by
proposing a virtual laboratory for the exploration of spatial processes. For that purpose,
geosimulation offers relatively new simulation techniques like cellular automata (CA) and multi
agent systems (MAS), which allow the modeling of urban theory. By creating scenario models
with the help of these components (CA and MAS), the effects of different planning theories can
be observed in a laboratory environment over any period. The scientific findings are based on the
interplay of theory and simulation.
A scenario model is composed of subordinate simulation parts, in the following patterns referred
to as simulation patterns. These patterns are designed on different levels of complexity as
regards functionality; also, they can involve each other. Such a collection of simulation patterns
could be the basis for a geographically object library.

1. URBAN GEOSIMULATION
The term 'geosimulation' consists of generative-simulation (or bottom-up) techniques for the
modeling of spatial systems. CA and MAS are used as techniques for the examination of
geographical problems. In the context of spatial and urban planning, the subarea of
geosimulation, which deals with the subject of urban phenomena, is of interest.
For a detailed introduction in the field of urban geosimulation, see Benenson, Torrens [2004, S.
2]. CA and MAS models offer a number of important innovations: They are disaggregated and
interactions can be simulated between individuals and building units. The algorithms that they
use can be derived directly from theoretical ideas of how cities work and they are often displayed
as visual environments. Therefore, they are a lot easier to interpret.
A large number of separate models are available, all of which deal with special themes of urban
processes. An actual collection of such models can be found, for example, in the book ‘Cities
and Complexity’ [Batty 2005]. These models tend to be designed as scenario-exploring
simulations instead of the traditional goals of simulation as a predictive exercise. Currently, no
particular approach for a fully spatially disaggregate land-use transportation and environment
model exists [Wegener 2004].
For the development of comprehensive simulation models, the design of each single model is
necessary in such a way that they can be combined with each other. Therefore, the first step is to
introduce a standardized convention of model-description based on mathematical formalizations.

2. STANDARDIZED FORMAT OF MODEL DESCRIPTION
We want to suggest a standardized format for model description that is suitable for all kinds of
models, based on the idea of design patterns, which was first introduced by Christopher
Alexander [1977] in ‘A Pattern Language’. According to Alexander, a single pattern should be
described in three parts: Context -> System of forces -> Configuration
- "context" - under what conditions will this solution address this problem?
- "system of forces" - in many ways it is natural to think of this as the "problem" or "goal"
- "solution" - a configuration that brings the forces into balance or solves the problems presented
Therefore, a single entry in a pattern language should have a simple name, a concise description
of the problem, a clear solution, and enough information to help the reader understand that the
particular solution is the most appropriate one. It should also indicate as to which patterns

should be considered beforehand, and which patterns are natural to consider next. Alexander
starts from the most complex main patterns in urban context and links them to solve patterns for
a more detailed elaboration of a problem. As the collection of simulation patterns shall serve to
compound a scenario model, the contents of which are not defined, it appears reasonable to
change the logical configuration and begin with the description of the basic patterns and their
components as special functions and processes. Then the possibility to combine different
patterns can help to find answers for more complex questions.
It suggests itself to orientate oneself at the description of a design pattern of the “Gang of
Four” [Gamma et al 1995], which follows the following scheme:
Pattern Name and Classification: Every pattern should have a descriptive and unique
name that helps in identifying and referring to it.
Intent: This section should describe the goal behind the pattern and the reason for using
it. Also Known As: A pattern could have more than one name.
Motivation: This section provides a scenario consisting of a problem and a context in
which this pattern can be used. By relating the problem and the context, this section
shows when this pattern can be used.
Applicability: This section includes situations in which this pattern is usable. It
represents its context part.
Structure: A graphical representation of the pattern. Class diagrams and Interaction
diagrams can be used for this purpose.
Participants: A listing of the classes and objects used in this pattern and their roles in the
design.
Collaboration: Describes how classes and objects used in the pattern interact with each
other.
Consequences: This section describes the results, side effects, and trade offs caused by
using this pattern.
Implementation: This section describes the implementation of the pattern, and
represents its solution part. It provides the techniques used in implementing and
suggests ways for this implementation.
Sample Code: An illustration of how this pattern can be used in programming
language.
Known Uses: This section includes examples of real usages of this pattern.

Related Patterns: This section includes other patterns that have some relation with this
one, so that they can be used along with this pattern, or in its place. It also includes the
differences this pattern has with similar patterns.
Generally, the documentation of a design pattern, which the sample treats, should provide
sufficient information about the problem, the context of the application, and the suggested
solution. The description given herewith is taken from one of the “Gang of Four” [Gamma et al
1995] and is adapted to the requirements of urban geosimulation.
3. EXAMPLES
Our proposal for a documentation of simulation patterns shall be described with two examples to
show eventually two experiments for a possible expansion and combination of these patterns. For
the model description, three layers are used: The formal mathematical representation of the most
important processes, the textual description which is as generally understandable as possible and
refers to analogies of the pattern, and the graphical figures, which illustrate the process. Every
simulation shall be available in the internet as an executable program. The structure therefore is
organized as follows:
(a) Name
(b) Input, Interface (also used functions and procedures)
(c) Mathematical Formalization
(d) Textual Description
(e) Figures
(f) Program Parameters (and eventually interpretations)
(g) Core Algorithm
(h) Further Elaboration
(i) Integration in Superordinate Areas
(j) URL of the Program
(k) References

3.1 First Example: Segregation Pattern
As first example, we want to cite the well-known simulation of a segregation process by
change of location, which goes back to Schelling [1969] and appears in many current
publications on self-organizing systems. We assume that the basic concepts of CA and MAS
are known. The used example refers to Batty [2005, P. 51-57]:
(a) Name: Segregation by change of location
(b)Input, Interface: A given number M of mobile agents Am, m = 1, 2, …, M, are spread
randomly over a (40 x 40) cellular raster space (each cell is addressed by the letter i or j):
m
A j = random( j )

There are always some cells that have to stay unoccupied because agents require empty
spaces where they can move. At the initialization, each agent gets assigned to one of two
randomly chosen properties. The property chosen in this case is the preference of a person
(agent) for wine or beer:
Ai(0) = ε i (t ) .
The corresponding agent is colored either black or white.
(c) Mathematical Formalization: The number of beer drinkers in the local (Moore)
neighbourhood is noted formally with n bi(t ) and the number of wine drinkers
corresponding with n iw(t ) :
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b
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then Aim(t ) → Amj (t + 1), otherwise Aim(t + 1) = Aim(t )
where φ is the percentage threshold of agents with the similar properties in the local
neighbourhood. If the number of agents with the same properties falls below this value,
then it is considered that the agent is not satisfied with his environment and moves away:
m
m
Ak (t ) = move { A j (t − 1), random(Φ ), random(d )}

Φ is the random heading (given as angle in degree) of the agent and d is the
maximum distance an agent can move. For the program below, we have chosen
Φ = 360° and d = 10 cells.
(d) Textual Description: If an individual does not find enough like-minded agents in the
(3x3 Moore) neighbourhood, he is dissatisfied and moves to another random chosen
place. In a simplified way, one can say birds of a feather flock together. The results are
surprisingly in so far, as the percentage of neighbours who are satisfied in a steady state is
considerably higher than the tolerance threshold. One can notice that the patterns are far
more segregated than what the threshold level might imply.
(e) Figures

Fig. e-1: The simulation structure consists of 40 x 40 = 1600 cells. The settings for the threshold φ
and the number of agents M differ in each illustration. From left to right in the upper row: initial
spread with M = 1,000 agents, then steady states with φ = 50, M = 1,100 / φ = 30, M = 800, and in
the lower row: φ = 50, M = 1,500 / φ = 74, M = 1,000 / φ = 30, M = 1200.

(f) Program Parameters
• The tolerance threshold φ
• The density dependence on the number M of agents existing in the system. If the
density is too high, the agents cannot move to find new configurations with a

satisfactory neighbourhood. "The problem is reminiscent of one of those sliding puzzles
where you have to move the numbers or letters into a pattern and there is only one
spare slot in which to make each movement" [Batty, 2005, P.56]
(g) Core Algorithm
I. Check the type of agents in the neighbourhood
II. Compare the number of agents with similar property with the threshold
III. Move to a new location or remain in the same location
IV. Begin again from I.
(h) Further Elaboration
• Various properties with different tolerance thresholds for each agent [cf. Hegselmann,
Flache, 1999]
• Elements like streets where agents can accumulate [cf. König, Bauriedel, 2004]
• Areas with different attractiveness for agents (e.g. a city center)
(i) Integration in Superordinate Areas
• Preferred settlement locations of urban inhabitants
• Trigger for changes of the place of residence
• Formations of ghettos and mono-functional urban areas
(j) URL of the Program
http://www.entwurfsforschung.de/Strukturfor/delphi/delphiF.htm#Segregation02

(k) References
Batty [2005. Pages 51-57]
Hegselmann, Flache [1999]
König, Bauriedel [2004]
Schelling [1969]
Schelling [1978]

3.2 Second Example: Economies of Scale-Pattern
The second example shows a program we have developed to represent the consequences of
increasing the returns to scale for the catchment areas of competing markets.
(a) Name: Economies of Scale

(b) Input, Interface: The global parameters production costs D, travel expenses F, and the

factor for returns to scale S. For the simulation, we assume a homogenous distribution of
potential customers over the cellular space. In our example, we choose random positions
for ten competing Markets M (assume they all sell the same product).
(c) Mathematical Formalization: In the beginning, the bid price P is equal in all markets

and the catchment areas result only from the distance dij to the next Market j (looks like a
raster voronoi-diagram), because in this case, the relative Prices N at a location i depend
on the travel expenses F only.
Ni(t) = Pj(t) + Fi
The travel expenses F results from the global parameter for the costs K (e.g. prize of
petrol for a distance unit) and the distance dij between a customer (cell) and the respective
market.
Fi = dij * K
A customer is assigned to the catchment area G of market Mj where the relative price N at
location i of the customer is the lowest.
Gi ← minj Ni
The bid price of a market m at t+1 is calculated from the demand ∑Gi,m (

size of the

market’s catchment area), the global production costs D, and the factor for the returns to
scale S:
Pj (t + 1) =

∑ G (t ) / ( ∑ G (t ) )
i

i

i

i

S

∗D

Since the bid price P is now different in each market (in the case of varying extensions of
the catchment areas and increasing returns to scale) this shows effects on the calculation
of the relative price Ni and on the catchment area G.
(d) Textual Description: The model shows how the increase in returns to scale has effects on
the catchment area of a market (or trader / manufacturer). At the production of a particular
product costs arise. If a larger consignment of products can be sold (in the model, this
depends on the size of the different colored catchment areas), the production costs for one
product go down (economies of scale). As a result, it is worth for a customer to cover a
longer distance to buy a product at a market where a product is sold at a lesser price. On
the other hand, this causes the travel expenses to rise. A growing demand in a market
leads to a further price-reduction. In the resulting competition for catchment areas, some

markets can assert one against the others and monopolize locally. At the border of the
catchment areas, the travel expenses and the production costs in the market with the
favorable price can balance each other. The effect of increasing returns to scale increases
with expensive products. The process is not simply reversible.
(e) Figures

Fig. e-2: From above left to below right, the illustrations 1-3 show the expansion or reduction of
the separated catchment areas of the particular markets by increasing the parameter for the returns
to scale. After a supplier has placed all rivals out of the market he monopolized (yellow). Now, it
is very hard for new competing suppliers to produce at a lower price to enter the market once
again, because in the beginning a supplier has just a small catchment area to underbid the
monopolist (illustration below right).
(f) Program Parameters

production costs D, travel expenses F and the factor for possible returns to scale S.
• Increasing the factor for returns to scale expanse or reduce the catchment areas of a

market
• Increasing the parameter for the travel expenses per distance unit reduces the effects of

increasing returns to scale

• Expensive products (parameter production costs) strengthen the effects of

increasing returns to scale
(g) Core Algorithm
I.

Calculate the local prices N for each cell i

II. Define the assignment to a catchment area G for each cell i
III. Calculate the bid price P in the markets Mj
IV. Go to I and start again
(h) Further Elaboration
• Analyze in more detail the relationship between catchment areas and the factor for returns

to scale
• Connect the Economies of Scale-Pattern with the Social Gravity-Pattern (flow of traffic) and
the von Thünen-Pattern (both not documented in this paper – see internet reference)
• Include the effect of savings by running multiple errands through concentrating on different
markets at a location
• Expand the model so that the markets can attempt to expand their catchment area by

changing their locations. A market can attempt to find a better position assuming that
the other markets stay where they are or that the competing markets also try to move to
a more promising location. Here, we enter the area of game theory and can bring the
model in analogy to questions like the prisoner’s dilemma (cooperate or act egoistic).
(i) Integration in Superordinate Area

Land market
(j) URL of the Program
http://www.entwurfsforschung.de/Strukturfor/delphi/delphiF.htm#Skalenertr
(k) References

Franck [1992]
Wikipedia [2006: Skaleneffekt]
Lorenz [1999-2003]

3.3 Experimentation
Based on both the presented simulation patterns, we can experiment to show how they can be
expanded and combined for further research. In the first experiment, the Segregation pattern
shall be extended by central places (markets) to which the agents want to be as close as possible.

Thereby, it comes to a competition for the most central places.
to (a) Name: Segregation with Central Places
to (b) Input, Interface: Segregation pattern: The initial conditions remain the same, only the
definition of one central place (ore more places) at cell m is added.
to (c) Mathematical Formalization: The rules for the segregation process remain the same.
We just add a calculation for the agents Aim(t ) to change their position, if there is a better
(more central) location to occupy:
if d izm > d mjz
then Aim(t ) → Amj (t + 1), otherwise Aim(t + 1) = Aim (t )
If the distance di,m from cell i to the next central place at cell m is greater than the one at
the compared location (dj,m), then the corresponding agent changes his position from i to j
(cf. hill climbing algorithm and potential field).
to (d) Textual Description:
Apart from the requirement for a minimum of similar agents in the neighbourhood, the
agents compete for the most central places in the cellular space. As a result, the
segregation structure concentrates inside a circle around the central place (Fig. e-4). In the
case of several central places from a particular tolerance threshold, only one type of agent
accumulates to a market (third illustration at Fig. e-3). Thus, we can detect a higherranking segregation to centers.
to (e) Figures

Fig. e-3: The simulation structure consists of 40 x 40 = 1,600 cells and M = 1,000 agents in the
four versions. Ten central places were distributed randomly over the field (cells marked red). The
segregation threshold was chosen from left to right with: φ = 0 / φ = 0.25 / φ = 0.5 / φ = 075. It is
remarkable that at the third illustration from the right (φ = 0.5), the markets are surrounded each
with only one type of agent.

Fig. e-4: The simulation structure consists of 40 x 40 = 1,600 cells and M = 800 agents in each
version. At all six illustrations, the central place is in the middle of the cellular field. The values
for the segregation threshold vary in the illustrations from above left to below right:
φ = 0 / φ = 0.125 / φ = 0.25 // φ = 0.375 / φ = 0.5 /φ = 0.625. For the last value of φ, there is hardly
a stable structure. For values of φ = 0.75 or greater, there are no stable structures at all and the
agents move chaotically over the cellular field.

to (g) Core Algorithm
I.

Check the type of agents in the neighbourhood

II.

Compare the number of agents with the same property with the threshold

III. Move to a new location or remain
IV. If ‘to remain’ was chosen, check for a more central place
V. If there is a better location, move to it else remain
VI. Begin again from I
to (h) Further Elaboration
•

Introduction of agents with different priorities to occupy a location (e.g. by their
economic potential)

to (j)

URL of the Program
http://www.entwurfsforschung.de/Strukturfor/delphi/delphiF.htm#Segregation03

The next experiment brings together both the simulation patterns Segregation and Economies of
Scale. This enables the investigation of the agent’s site selection by the combined conditions of
segregation and the search for a location as near to a market as possible. To avoid a repetition of
the description of both the simulation patterns, only the way how the patterns are brought
together and their functions are added and described in the following.
to (a) Name: Economies of Scale with Segregation
to (b) Input, Interface: Segregation pattern and Economies of Scale pattern: The cellular space
of the Economies of Scale pattern with the ten competing markets is
first initialized. Afterwards, the agents are distributed randomly over the field. Then the
ten markets represent the central places for the agents.
to (c) Mathematical Formalization: As first step, the bid prices Pm of the markets z, the local
prices Ni at each location i (for each cell), and the resulting catchment areas ∑i Gi,z were
calculated. The demand C of potential customers is no longer distributed equally over the
cellular space but is represented by the mobile agents. An agent Ai is stored as customer to
this market, on which the catchment area is located:

Cz = ∑ i Ai ∈ Gi , z
The bid price Pz of a market at t+1 is calculated from the demand Cz in a market, the
global production costs D and the factor for the returns to scale S:

Pz (t + 1) = Cz / Cz S ∗ D
Then each agent tests its neighbourhood like it is described in the Segregation pattern.
The search for the most advantageous place is no longer orientated on the distance to the
centers but on the local prices Ni.
if Nim > Njm
then Aim(t ) → Amj (t + 1), otherwise Aim(t + 1) = Aim(t )
to (d) Textual Description: By the combination of both the simulation patterns, the
competition of the separate markets for customers can be better investigated than with the

Economies of Scale pattern alone. Next, the customers are not distributed equally but they
can choose their location based on several criteria. Apart from a location near the center,
another criterion is the neighbourhood tolerance and the quality of a location (cell),
defined by the catchment areas of the markets, which are related to the bid prices at

several markets. Altogether, the customer’s mobility has a strengthening effect on the
monopoly as a result of increasing returns to scale (different rows in Fig. e-5).
to (e) Figures

Fig. e-5: The simulation structure consists of 40 x 40 = 1,600 cells and M = 800 agents in each
illustration. Ten central places were distributed randomly over the field (cells marked red). In the
upper row, the agents remain at their start position. Only the factor S for the returns to scale has
an effect on the catchment areas. In the middle row, the behavior of the agents is added to
compete for the most central places. In the bottom row, the segregation with the threshold φ = 0.5
was activated. The parameters for the separate illustrations from left to right were chosen as
follows:
upper row: S = 1, φ = 0
/ S = 1,02, φ = 0 / S = 1,05, φ = 0 / S = 1,15, φ = 0.
middle row: S = 1, φ = 0 / S = 1,02, φ = 0 / S = 1,05, φ = 0 / S = 1,08, φ = 0.
bottom row: S = 1, φ = 0,5 / S = 1,02, φ = 0,5 / S = 1,05, φ = 0,5 / S = 1,08, φ = 0,5.

to g) Core Algorithm:
I.

Calculate the local prices N for each cell i

II.

Define the assignment to a catchment area G for each cell i

III.

Calculate the bid price P in the markets Mj

IV.

Check for the type of agents in its neighbourhood, for each agent A

V.

Compare the number of agents (with same property) with the threshold

VI.

Move agent to a new location or remain

VII. If ‘to remain’ was chosen, the agent checks for a more central place
VIII. Move agent to the better location or remain
IX.

Go to I and start again

to (j) URL of the Program
http://www.entwurfsforschung.de/Strukturfor/delphi/delphiF.htm#Segregation04

We have experimented with some more simulations that are available through the internet at
http://www.entwurfsforschung.de/Strukturfor/delphi/delphi.htm but the descriptions are given
in the German language. Currently, we are working on the documentation and combinations of
further simulation patterns. We hope to present the results on the ICA Workshop in July.

4. INTENTION OF THE PROPOSED LABORATORY
The indirect object of the presented efforts on the collection of simulation patterns is to establish
a virtual planning laboratory. However, this aim is in a distant future, so in an indirect step, at
least the material shall be collected and compared, which exists on spatial simulations until
recently. For this, a standardized convention for model-description is necessary in such a way as
we have proposed it as simulation pattern, mentioned above. On such a basis, the programming
of scenario models shall be simplified with the help of a library with geographical objects, as it is
outlined under the next point. Such an expandable and free accessible library would be very
valuable for further exploration about urban dynamics. In addition to that, the library could be
used as material source for appropriate lectures.
The direct object of a simulation pattern can be seen in the description of a solution for a
particular class of questions. Further benefits result by mentioning the name of each pattern.
This simplifies the discussion under the developers, because one can talk in an abstract way
about a simulation structure and the pro and contra of a solution. Design patterns are first
independent from a concrete programming language.

5. PROGRAMMING
As mentioned before, it shall be possible to use the simulation patterns as a basis for the
development and documentation of an object library for geographically based automata

simulations. For this, the object oriented programming (OOP) paradigm offers the possibility of
the compilation of a modular and extendable library using ‘classes’ or ‘components’. Popular
OOP languages are Java, VisualBasic.net, Delphi, C++, and C#. An interesting project in this
context is “Obeus” [Benenson, Aronovich, Noam, 2005]. Obeus builds on the Microsoft .NET
Framework with a view to simplify the simulation programming by providing rudimentary
classes for cells and agents. The properties and behavior (methods) are adaptable by using the C#
language. The .NET Framework makes it possible to combine classes, which was produced with
different OOP languages.

6. CONCLUSION
• A modular system of simulation patterns would enhance the scientific basis of the examination
of spatial processes.
• Creation of a standardized research method
• Examination of theoretical models in a virtual laboratory with the help of simulations
• Basis for an object library for geographically based automata simulations
• Simulation patterns can be the basis for future development of user-friendly applications to
support the planning practice
• I am looking for people interested in cooperation for a simulation pattern collection.
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