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ABSTRACT

Despite the complex forces that operate in urban development, a relatively
small number of geometries and morphologies may be identified in urban
maps. Do covert universal laws exist which are integral to the concept of the
city and responsible for the geometry? May one formulate such laws and
program a computer to produce maps on the basis thereof, thus exposing
architectural reality to a scientific process of objective experimentation? In an
effort to answer these questions, I wrote programs based on definitions,
parameters and rules reflecting architectural phenomena. The creation
process using the programs is based on a formalistic approach, drawing on a
random mechanism, considerations of probability and numerous calculations.
This “computerized planning” does not mimic or simulate human work
processes. The programs enable a considerable measure of visual variety to
be achieved, replicating familiar urban morphologies. One may isolate
variables, starting conditions and growth processes, and examine the
influence thereof on fabric, organization and order.
The existence of a program such as this raises questions of principle
concerning randomness and creation, the future role of architects, the
creative capacities of computers, the connection between science and
architecture, truth in virtual situations, etc.
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Preface
During the early period following the introduction of computers, many
mathematicians engaged in the writing of “life game” programs. As the chaos
theory developed, scientists in various fields of research (physics, chemistry,
agriculture, economics, etc.) have attempted to create computerized models
describing real processes. To the best of my knowledge, there are few works
of this type in the field of architecture.
After examining maps, programs and aerial photographs of cities and locales,
I noticed that the geometry of most cities could be classified according to a
relatively small number of morphological groups. This observation is
surprising, since urban development is known to be influenced by diverse and
complex processes, which vary from place to place and from era to era. This
realization led me to ask whether urbanism is the subject of covert universal
laws integral to human needs and differential in their architectural expression,
which are responsible for geometry and dominant in the development of a built
environment. If the hypothesis that such laws exist in urbanism is correct, and
if these laws may be formulated, it may prove possible to replicate urban
development in a context divorced of the “genuine” processes of history,
culture, economics, technology, geography, etc. Thus architecture might be
exposed to a scientific process of objective experimentation.
I decided to attempt to write a program that would create familiar urban
morphologies and that would replicate, through simple mathematical laws,
localities and/or the development processes thereof. I chose to work within the
AutoCad environment and to program in Lisp. Since it is not an optimal
environment, and my programming capabilities are not those of a professional
programmer, the programs are provisional and of limited capacity; accordingly,
the maps created do not exploit the full potential of this process.
Urbanism and Computer Programming
In order to develop a program capable of simulating urban processes, it was
necessary to re-examine the basic tools and concepts of urban design.
The urbanist draws on a wide range of tools in his work: Maps, models,
photographs, tables, surveys, etc. In this study, I chose to concentrate on
maps, which I consider the central tool used by architects. Maps are not only
the objective documentation of the city; they also represent a translation of the
perception of the person who creates them.
Maps imbue those who read them with a mental understanding of urban order
and organization. Through our imagination and experience, we can add
sensory features, thus obtaining an image of the place. Virtual maps may be
addressed in the same way.
Of the various physical elements one can identify in a city, I chose to
concentrate on buildings, roads and open spaces. These three elements
are dominant in fashioning the physical order of the city, both on the local level
and on the general level. Their absolute characteristics are independent of
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culture, place or time, so that they lend themselves to a process of abstraction
and formal definitions. I distinguish two types of road: 1. Pre-determined
roads, whether as the result of cultural decisions or as a result of the
geographical and topographic structure of the site. These roads organize the
city and influence the process of construction. 2. Local roads, created by and
responding to the state of construction.
In order to develop a computerized model for urban design, one must identify
the forces influencing the processes of growth of the city and the order of
creation of their components. In selecting a location for the construction of a
building one must examine the viability of the location for that building.
Economic considerations, land and construction costs, the viability of the
result, etc., play a central role in this choice. It is influenced by various factors:
Density, distance of infrastructures, accessibility, proximity to existing centers,
prestige, etc. Construction in or adjacent to existing fabric offers many
advantages: Reduced costs for infrastructure, easy access, protection from
enemies, proximity to the family, etc. However, densification is not always
possible. Sometimes no land reserves are available, or the available area is
not economic; in such cases, building must move outside the existing area.
Densification also has negative properties: Limited vacant space, pollution,
noise, etc. This description is an abstract generalization of processes, which in
reality are highly complex.
Any city has characteristic components that distinguish it from other cities.
These local forces are of a geographical and cultural nature.
In the computer programs, I allow starting conditions representing
geographical situations and physical/cultural situations, such as: rivers, lakes,
parks, regional roads, organizing roads, organizing buildings, etc. These
starting conditions represent areas that are prohibited for building, and axes
and points of reference that shape the surrounding urban fabric. I enable the
definition of dominant parameters that control building and represent local
social values such as: density, relative quantity of public buildings,
dependence on existing infrastructure, extent of variation, etc. The starting
conditions and parameters are defined at the beginning of each experiment,
reflecting the fixed properties of a given location; they may, however, be
changed during the running of a program. The changes represent the
capacity of society for change. The fact that different parameters and starting
conditions may be defined enables the construction of various simulations
relating to a variety of locations and cultures.
I choose to convert governmental decisions and geographical situations into
static and predetermined elements as starting conditions, and to convert
economic forces and psychological needs into dynamic processes that
determine building. This choice is somewhat arbitrary; one might have
selected other forces as dominant, both by way of static factors and dynamic
processes.
Development of algorithms
Throughout the work of this study I developed three algorithms simulating
three phenomena in architecture. 1.Two-dimensional spread of a settlement.
2. Growth of road nets. 3. Local situation of built elements.
In this paper I present only the third algorithm.
Introduction algorithm: Placing squares of a fixed size in a vacant location
within a given grid. The goal was to obtain random distribution of points
across a plane. Some of the results resemble a non-dense rural settlement.
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The resuwere meager and did not resemble urban architectural creation. This
preliminary experiment served as a tool for becoming acquainted with the
possibilities and limitations of computerized simulation.
The double-cell algorithm
In order to simulate economic and social forces, and in order to enable
relations of affinity and densification forces, I defined a growth method based
on the existing. The basic element includes a double cell: A drawn square
with an opening toward a covert adjacent square.
The architectural
interpretation of this elementary cell is that the drawn part represents a
building or room, while the adjacent covert part is the open space serving as
an entrance. The conditions of survival of the cell demanded that an
“entrance” free of construction be maintained for that cell. The algorithm
enabled a single form of growth: cell-by-cell. A cell is built adjacent to an
existing cell, enabling the creation of a continuum comprising two drawn cells,
one drawn cell and one covert cell, or two covert cells. In the maps created by
this method, one may identify clusters of built cells. Two types of continuum
open area were obtained: 1) Linear – a road; 2) Closed continuum across a
plane – inner courtyard. The maps so created had the appearance of a
system of rooms rather than a group of buildings.

Figure 1: Even in the early stages one can identify an independent creation of architectural
spaces like roads and courtyard.

In reality, construction is not composed of squares of a fixed size within a strict
orthogonal grid. I began to make the code more complex in order to allow
variations on the basic cell and to allow diversity in the size of the cell, in
length-width ratios and in angles. These changes are limited by variables
provided by the user. This mimicking of reality produced maps with a richer
appearance, including maps that had the appearance of maps of settlements.
The next stage integrated the concept of the road and construction thereon.
Roads constitute the skeleton of constructed fabrics and the dominant
component in urban order. Most cities have a road network with a general
method generating the development of construction and imposing order. In
order to facilitate organizing roads of this type, and not only roads that
develop as the result of construction in areas remaining vacant, it was
necessary to allow predetermined artificial road elements simulating economic
and social forces. This road system is a given that influences the process of
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growth, and serves as the infrastructure for construction, enabling settlement
in adjacent areas. To this end, I introduced the line as representation of road,
the concept of starting conditions, including lines and cells, and developed a
cell-by-line growth process. A cell is entered alongside a line, relating thereto
in terms of angle, location and direction. The road is represented by a drawn
line with a width parameter, and the algorithm enables construction within a
given system of roads and buildings.

Figure 2: 500 cells in a simple “cross” starting condition.

In a developing city, buildings grow in vacant places disconnected from the
existing continuum. These buildings may form the nucleus for a new
continuum. In order to simulate the location of buildings without relations of
affinity, I defined a third type of growth: Random place. In this type of growth,
a random point is selected within a circle centered in the heart of the existing
map, and with a radius proportional to the root of the number of cells in the
map. In each stage a selection of one out of the three growth methods occurs
on a random basis based on a system of probabilities provided by the user.
When one examines the built components and adjacent open spaces in urban
maps, a variety of magnitudes may be found. In traditional construction,
public buildings (governmental and religious buildings, etc.) covered a larger
area than the almost-uniform background of residential buildings. In modern
construction differences may be seen in the dimensions of buildings in the city,
although there is no longer necessarily a correlation between size and the
extent to which the building has a public character. The relative number of
elements of different sizes may be controlled, as may the selection of different
scales. Computerized selection takes place on a random basis according to a
system of probabilities provided in advance by the user.
Cities include non-constructed components that have a clear definition and
function, such as plazas, parks, cemeteries, sports fields, and so on. These
elements are defined in a similar manner to buildings, and constitute
deliberately created open spaces that will maintain their vacant status for a
long period. While cities contain forces mitigating in favor of densification to
the point of saturation, there are also forces that operate to reduce density and
maintain open spaces, enabling quality of life in the city. The proportion of
built and open space varies from city to city and from culture to culture. A
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mechanism must be applied that creates open spaces that do not constitute
land reserves but are perpetually open, thus preventing overcrowding in the
city.
Accordingly, the next stage was to integrate an element controlling density. I
defined virtual cells: the computer finds a location for a cell, adds it to its
database, but does not draw the cell on the map. The higher the probability
that a virtual cell will be added to the map, the lower the density.
The process of development of the city also includes a process of dismantling
and decay. Areas that were built are demolished and become open spaces
and land reserves for construction. In order to simulate this process, I enabled
the deletion of cells from the map and the database. The decision as to
whether to insert a new cell or destroy an existing one takes place on a
random basis according to a system of probabilities provided by the user. The
most effective use of this option is to examine the reverse process on a given
virtual map.
A city grows within a geographical reality that may include lakes, rivers, cliffs
and so on. No building can develop in such areas. In existing cities, planners
and residents sometimes define areas for conservation, whether for natural or
cultural reasons. In order to simulate such situations, the program enables the
definition of areas prohibited for building or demolition.
A city develops gradually, and over the course of time the residents define the
roads according to the changing reality of construction. During the life of a
city, external governmental intervention may be reflected in the establishment
of public buildings and the definition of new points of reference in the city.
Over the course of time the population changes, culture develops and values
acquire a new character. Some of these changes are reflected in architectural
terms such as: attitudes toward density; the relative number and dispersion of
public buildings; the definition of areas for conservation, etc. In order to
simulate these processes, I enable intervention in the starting conditions and
amendment of the parameters and the probability sets during the running of
the program. This intervention is enabled at predetermined intervals.

Figure 3: 1200 cells in an Arab-like grid of roads.
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Flowchart - Overlapping Cell Algorithm

Figure 4.
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Definitions in the programs
Computer
Definitions
Rule / law
Parameters

Content
Objects & elements
Relations between
elements
Characteristics of objects

Probability
sets

Control of use of
parameters and laws

Examples
Line, cell, area
Growth methods, survival laws

Architecture
Road, building, open area
Urban building planning

Size, direction, distance, x-y
ratio
Growth method, scales,
density

Physical characteristics
Economics, accessibility,
government, psychology,
technology

The overlapping cell algorithm
Not all buildings are rectangular. An examination of the shape of buildings in
a plan shows that most may be described as a series of superimposed
rectangles. The open spaces adjacent to buildings may be described as an
additional collection of rectangles surrouthe building on all sides. From
another perspective, the form of the building and its open space constitute an
internal and external polygon. In the double cell algorithm, particular attention
was paid to one direction of the building that of the entrance. Yet some
buildings in a city do not have one focal direction. Accordingly, I wrote another
program for non-rectangular construction. I used the capacities of the double
cell program (growth methods, variation of size and cell form, etc.) and
redefined the basic cell as a collection of rectangular pairs, each
superimposed on the other.
The result was a block of construction
surrounded by an empty strip of varying width. The general appearance of the
results did not show any significant differences between the programs. On the
micro level (the buildings created and the local fabrics), the results of the
double cell algorithm seemed closer to actual construction.

Figure 5 : Overlapping cells in a “star” road net.
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Finally, in order to test the qualities of these programs, I attempted to run the
algorithm using starting conditions of a real place. The specific location was
unimportant to me; I chose the vicinity of the Stock Exchange in Ramat-Gan a
city next to Tel-Aviv. The intervention process was interesting, and the
ensuing results were impressive. The virtual maps did not essentially differ
from the existing construction. This tool enabled an examination of the
importance of the starting conditions, the use of different parts of the existing
situation as a basis for growth, and so on. It was also possible to examine the
parameters and systems of probabilities and the influence these exerted on
construction. Such research may provide a tool for determining the places
and phenomena within a city that function as dominant elements in creating
order and fabric. The importance of each component of the city may be
isolated and examined, thus creating a measurement tool for conservation
decisions.

Figure 6: Ramat-Gan - Existing map.
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Figure 7: Ramat-Gan – virtual map.

Some conclusions from the experiments and examples
1. All the examples have a fractal character.
2. Some of the examples created are reminiscent of conventional natural
architecture (architecture without architects).
3. Equal starting conditions and an equal system of parameters and
probabilities in different experiments lead to differing results, though the
differences are not qualitative.
4. The linear starting conditions are the dominant components in the general
results; parameters and the systems of probabilities are responsible for local
texture.
5. Experiments, which do not include variety in the size and angle of cells,
create maps with the appearance of the inside of a large building or palace,
while allowing for variation in size and angle creates maps with the
appearance of locales.
6. The algorithm does not control absolute density, only statistical density.
Some area remained vacant although the running of the program came to a
stop due to saturation.
7. The experiments showed that during a process simulating growth – i.e., one
in which the probability of construction is much greater than that of demolition
– the contribution of deletion events does not influence the appearance of the
map.
8. The superimposition of rectangles creates complex buildings with an
authentic appearance.
9. Guiding intervention by the operator during the random process creates
complex maps with hierarchy, resembling urban maps.
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10. The decisions and definitions, which create the algorithm, based on
rendition of the processes and definitions in architecture, i.e. the mathematical
model is not independent, but is rooted in architecture.
11. It is possible to formulate simple and minimal rules and definitions that can
create complexity.

Figure 8: A growth from one point: 50, 200, 400 & 1000 cells

Conclusion
My goal was to find a computerized process that would create maps that have
the appearance of existing maps, thus repeating familiar typologies and
morphologies. I sought non-arbitrary components resulting from basic human
needs, the basic physical needs of life in a community, and universal
economic forces. I selected architectural properties that may be formulated in
a formal and geometrical manner. The method present in this study is similar
in conceptual terms to that of an urban building plan. In both, definitions are
formulated and formal laws are applied to such urban elements as: roads,
streets, housing units, plots, building lines, density, etc. On the other hand,
construction in the computerized model develops as the result of individual
needs, adapting to and taking into consideration the immediate environment.
This process resembles the development of architectural phenomena in the
absence of a comprehensive mechanism: i.e., architecture without architects. I
expected my “instant maps” to be less rich and interesting than those
representing life, history and culture. I hoped that the common aspects of
these two types of maps, and the revealed connection between life and
simulation would reflect universal properties, enabling a new and different
understanding of cities, or urban life, and of processes of planning and
creation. The goal was to create a “machine” that simulates urban building in a
computerized manner and creates virtual maps, thus providing a research tool
for urbanism and may become a new planning medium.
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