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Abstract. The final configuration of the architectural shape is deeply
conditioned by all constraints that the environmental context imposes.
These, duly codified, can therefore generative elements that can be
managed by the designer. Following a parametric approach, the
architectural envelope is directly related to the constraints emerging
from the urban context. In this paper we present the development and
implementation of an application, which allows to generating threedimensional models of buildings, directly within a three-dimensional
geo-referenced environment. The application offers the user many
innovative suggestions, associating the modeling ability, typical of the
CAD systems, to the opportunity offered by the geo-referenced
systems, to evaluate in real time the impact of the buildings directly on
its environment, within which it can be generated and manipulated.
The designer is able to explore several alternative solutions, according
to formal requirements and style preferences. Three experiments are
presented for different urban scenarios.
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1. Related Work
The development of new methodologies and software which implement
complex algorithms based on parametric techniques, evolutionary
algorithms, and shape grammar to model architectural shape has been the
focus of interest over the past years. New digital design tools enable
architects and engineers to manage an interactive architectural design
process to generate one building or a very large urban context (City
modelling).
More specifically, CityCAD is a new system for the automatic generation
of buildings. By allowing analysis of urban master plans in the early design
stages, it can improve productivity on city design, planning and
development projects. It calculates floor areas, densities, costs, car parking
requirements and spaces and a wide range of other planning, environmental
and financial data.
Some generative systems make it possible to bridge the gap between
architectural shape and various forces or constraints emerging from the
context. Among these, particularly interesting are those systems which
implement a generative process based on constraints derived from urban
regulations.
One of the most remarkable examples is CityZoom (Turkienicz et al.,
2004). It is a decision support system for urban planning: buildings are
generated by applying urban regulations on plot geometry, according to
input parameters. It determines the building characteristics which are to be
assessed or optimised, such as number of floors, front or size width, and plot
occupation. It is a powerful tool to evaluate the impact of urban regulations.
Other decision support systems simulate several options for the building
envelope, according to the parameters required by city zoning planning,
such as the Buildable coefficient and the Site coverage coefficient (Donath
and Lobos, 2008). The Floor Area Ratio inspires the generative architectural
process based on a Multi-Agent System (Biao et al., 2008). Another
example is the Parametric Envelope (Mellantoni, 2006), which allows
designers to create prototypes in REVIT: the urban code is turned into
computable data and theoretical volume is shown in real time.
Besides, formal local planning codes, patterns of movement, social
codes, and other interventions which affect the physical form of settlement
can be included within the architectural process to obtain a new modelling
technique (Erickson and Lloyd-Jones, 1997). These patterns may be used to
explore the emergent properties of different types of urban settlement.
Moreover, they can suggest ways in which planners could beneficially
influence development processes that are otherwise beyond their control.In
the architectural design process, users are able to handle other constraints
such as architectural characteristics of the envelope, type of façade as well
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as type of windows and roofs. An interesting example is Split Grammars
(Müller et al., 2006). This is a technique derived from shape grammar which
generates many configuration alternatives for the building façade.
The morphogenesis of architectural shape could be performed by using
climatic or physical elements, such as solar radiation (Caldas, 2005) and
solar passive evaluation (Marin et al., 2008), the latter being based on a
Unified Day Degree (UDD) method. They lead to the optimisation of
architectural envelopes through a genetic algorithm to minimise HVAC and
lighting energy respectively, in the first case, and solar passive qualities in
the second case.
A tool based on the CGA Shape, CityEngine (Parish and Müller, 2001)
was developed to enable designers to generate many digital models of
buildings and cities by changing a set of specific rules that can be managed
by designers themselves. The most recent development of Geo-Visual
Analytics, offers designers and city planners new opportunities. Some
systems, such as World Wind (NASA), Google Earth (GOOGLE), Virtual
Earth (Microsoft), provide three-dimensional models of earth surface. The
information available through geographical services can be employed to
create 3D representations at territorial scale that are useful for land planning
and urban design.
Wall Grammar is used to automatically generate building exteriors
(Larive and Gaildrat, 2006). The system imports building footprints defined
by polygons and building heights. The building outlines and heights can be
either obtained automatically or defined by the user in a GIS environment.
Subsequently, the system uses such data to create 3D building models.
2. Introduction to the System
The paper will describe recent developments of our research on the creation
of an innovative architecture modelling system in a particular GIS
environment: the World Wind. This is an open source software application
developed by NASA.
Two main aspects can be observed in the relevant literature. More
specifically, the complexity of all spatial relations between architectural
shape and the realm of environmental constraints produces very interesting
morphogenesis processes. Such processes rely on many aspects of the
architectural design, such as energy computing, structural computing, and
sustainability. New opportunities offered by more innovative GIS systems
allow designers both to access spatial information made available from the
public administration, which is particularly useful for land planning and
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urban design, and use the GIS environment as three-dimensional space
modelling.
Whilst in relevant works on the subject, these two issues are not
integrated into a single system, but are always used separately; our piece of
research brings them together within a single generative process. Our
research is aimed at developing an application that combines the modelling
ability of CAD systems with the numerous opportunities offered by georeferenced systems. Therefore, designers can generate three-dimensional
models of buildings inside a three-dimensional geo-browser. The system
allows users to produce an interactive design of the architectural shape.
Users can change geometric features of architectural shape in order to
optimise specific formal requirements, or generate building models
according to urban and seismic constraints linked to the specific
environment. As a result, designers are enabled to interactively operate in
the generative design process: they can explore unlimited scenarios and
various possible alternatives by changing the value of selected parameters
and verify the results of such changes in real time. Furthermore, the
development of this system entails the following significant results:
- Optimization of the architectural envelope shape and volume.
- Optimization of façade configuration, based on the most important local
architectural features.
- Interoperable access to planning and, more generally, to geographical
information available at the public administration level.
- Access to processing functionalities which are necessary for land
management and urban design.
The workflow pivots around the two following issues: 1) formal
definition of the Field of forces; 2) implementation of the environmental
constraints (generative rules).
3. Formal Definition of the Field of Forces
The development of architectural morphology and city configuration may be
considered as the result of a complex process involving all environmental
constraints. Hence, knowledge of the action exerted on the architectural
envelope by those constraints is essential to set the early stages of the
generative process. Some environmental elements can be easily identified
and encoded: geometric components as height, floors number, area of
building footprint and other aspects derived from general regulations to
name but a few. Therefore, they may be easily translated into generative
rules. However, other types of environmental factors, such as social codes,
economic factors and psychological aspects, are very often difficult to
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translate into generative rules. Nonetheless, we encoded and implemented
the major environmental constraints which influence architectural shape.
We formalized the concept of Field of forces in order to implement the
generative architectural process. Its formal framework consists of two
categories with different features, namely Parameters and Spatial Relations
that are directly or indirectly linked to each other.
3.1. PARAMETERS

The Parameters category comprises four classes of variables: Urban
Constraints, Seismic Constraints, Generic Constraints and Architectural
Constraints.
The Urban Constraints class is the key component to obtain the
theoretical volume and the shape of the architectural envelope. It is a list of
the most important and useful parameters established in compliance with
urban planning regulations, such as:
- Building ratio index (Ie). It is the ratio between the maximum
theoretical volume of the building and the area of the site (building plot).
- Site coverage coefficient (Rc). It is the ratio between area of building
plot and area of the site.
- Maximum building height (Hmax) allowed by the natural ground level.
- Maximum building storey number (SNmax) allowed by the natural
ground level.
- Minimum distance between building plot boundaries and building
footprint (DBmin).
- Minimum distance (Dmin) between the building and generic elements
of urban landscape, as roads, parks or other buildings.
The Seismic Constraints class contains some parameters provided for by
seismic regulations. Actually, the building static/seismic behaviour as well
as mass and distribution of its structural elements (pillars, beams) are
unknown in our process. However, some constraints established by seismic
regulations may be related to the geometry of the architectural envelope by
using the following constraints:
- Maximum building height. This parameter depends on the type of
building structure (skeleton, walls), materials (steel, concrete, wood) and
width of the roads.
- Minimum distance between building plot boundaries and other
buildings.
The Architectural Constraints class is a list of geometric parameters.
Those parameters are used to generate the digital model of the building and
to locate it in the NASA World Wind. They are: a) minimum and maximum
storey height (Hs), b) size and type of external windows and doors, c)
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building footprint, d) vertex angles ( i) of the building plot and building
footprint, e) theoretical volume of the building, f) Area (A) and perimeter
(P) of building plot and building footprint.
General regulations do not impose specific values for those parameters.
Parameters are set directly by the designer (a, b), or automatically computed
by the system (c, d, e, f).
The elaboration of Generic Constraints class is still in progress. This
class was intended to include some particular environmental factors within
the generative architectural design process. These factors are listed below:
- Type of urban zone (trade, industrial, housing).
- Presence of significant architectural works (monuments and historic
buildings).
- Elements of natural landscape (rivers, lakes, parks, mountains,
vegetation).
- Vehicles, people and information flux.
The action of those elements is not easy to define. A parameter was set
for each factor. Each parameter is linked to all geometric features in the
Seismic Constraints and Urban Constraints classes. The values of those
parameters may be set by the user, or provided by some complex functions
or polynomials. Polynomials must be defined by expert users. In this stage,
we do not use specific functions to define the parameters, but only selected
numbers.
3.1. SPATIAL RELATIONS

In order to automatically generate the architectural shape, we need to know
the relationship between:
- The geometric components of the architectural envelope.
- The architectural envelope and the most relevant constraints provided
for by urban and seismic regulations.
Spatial Relations are the engine of the whole system. They are geometric,
topological and algebraic relations closely connected with each other. The
Field of forces is expressed through Spatial Relations. The goal is to link
Architectural Constraints to Urban Constraints (1-5), Seismic Constraints
and Generic Constraints respectively. Other relations link the geometric
elements of the architectural envelope to each other (6-9).
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The Final Ab (6) gives us the area of the building footprint, building plot
and all building floors. The parameter d (8) is the equidistance between the
sides of the building footprint and the boundaries of the building plot.
Because the system is very complex, we cannot show all Spatial
Relations, such as the relationship between the vertex of the building plot
and its base. Many relations we have been encoded in order to obtain an
extensive Java code, which is very difficult to represent. Users can access
and modify some of the parameters mentioned above, but cannot change the
Spatial Relations algebraic framework.
4. Implementation of environmental constraints
Implementing environmental constraints is essential to set out generative
rules. Generative rules enable users to automatically generate and transform
architectural forms. Firstly, we converted all environmental constraints
(Spatial Relations, see section 3.2) into a java code. Subsequently, the java
code was embedded into the NASA World Wind through a SDK (Software
Development Kit). The architecture of the whole client-server system
developed is based on a Java Enterprise Edition Environment. The client has
been developed on top of NASA World Wind libraries while each
component at the server side is developed as an Enterprise JavaBeans in line
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with component-based distributed business applications. Enterprise
JavaBeans are scalable, transactional, and multi-user secure. These
applications may be written once, and then deployed on any server platform
that supports the Enterprise JavaBeans specifications.
4.1. INTERACTION USER-SYSTEM: THE GENERATIVE PROCESS

The system allows designers to explore any possible scenarios. Those
scenarios are generated by changing one or more values of the elements in
the Field of force. The process implemented consists of three stages (Figure
1), namely Input, Data processing and Output.

Figure 1. Generative process: interaction scheme User-System.

Input − The first step is managed by the user, who sets the Field of
forces. The Field of forces is the focus of the whole generative process. The
user sets all the parameters in the Urban Constraints, Seismic Constraints,
Generic Constraints classes and some in the Architectural Constraints class,
as shown below:
- Minimum and maximum storey height (Hs).
- Window type and size.
- Building plot. It is the site where a three-dimensional model of the
building will be generated. The user defines a building plot by using the
coordinates of the vertices. Coordinates are referred to a Cartesian system
with origin at the centre of earth. The building plot may be any type of
polygon, such as a convex, concave, regular or irregular one.
Data Processing − From this stage onwards, the control of the process is
shifted from the user to the system. Through generative rules, the Field of
forces shapes all architectural objects within an urban context. This is a
computational stage, during which all generative parameters of the
architectural envelope are calculated, as explained below:
- Building footprints. The system converts the coordinates of the building
plots from meter to longitude and latitude values, and the vertices of
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building footprints are calculated. At this point, the building footprint
coordinates can be displayed within the three-dimensional geo-browser.
- Architectural envelope. The system works out the values of other
parameters in the Architectural Constraints class: more specifically, building
height, number of storeys, storeys height, number of windows and distance
between windows. Those values are combined with the Generic Constraints
ones so as to establish the generative parameters.
Output − The three-dimensional building models are automatically
generated by the system, through a simple extrusion process, and they are
shown on the NASA World Wind. After the main elements of the buildings
are laid off, the system works on texture mapping. The textures to be used
are known, thanks to the pre-processing task performed by the EJB along
with texture coordinates for each texture. As a result, a multi-pass texture
creation process produces the optimal texture, which represents the most
suitable material combination according to the force field applied to the
area. A similar approach can be used to calculate the texture coordinates as
regards the textures employed for openings.
4.2. SCENARIOS AND PERFORMANCE

The user, architect, engineer or builder, can generate various scenarios by
changing the building plot and/or the Field of forces.
Original scenario: digital models of buildings appear in the GIS
environment through an interaction between the Field of forces and all the
building plots.
Other scenarios: users focus on the architectural shapes that have been
previously generated. Users can modify the configuration of buildings and
of the whole city by changing the vertices coordinates of the building plots
and/or the Field of forces parameters.
In this stage, the evolution of all scenarios is managed by the user
(Figure 1), who chooses the parameter values and sets the constraints. The
process continues until the architectural shape satisfies specific formal
requirements. Hence, the user can analyse both the theoretical volume and
final shape of the architectural envelope through the scenarios generated.
Moreover, the Field of forces specificity allows designers to manage the
generative process according to two following criteria:
- Optimization of the Urban Constraints class. Building plots and
maximum and minimum storey height are set by focusing on the Urban
Constraints parameters and changing their values to simulate the scenarios
and assess the impact of urban regulations. The process is completed when
the best set of parameters is obtained.
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- Optimization of the Architectural Constraints class. The user focuses on
two classes, namely Architectural Constraints and Generic Constraints. The
Urban Constraints and Seismic Constraints classes are set in compliance
with specific town planning regulations.
Designers can adopt two different approaches to the architectural design
process; according to the approach used, some specific classes can be
focused on. Users have greater freedom of action in the generative process
in the first case, as the system becomes a strong tool to support the planner
to evaluate the impact of urban regulations.
5. Parametric Generation of Buildings within NASA World Wind: A
Simulation
An application of the system developed is shown below. An example shows
how the system allows users to manage shape and external configuration of
the architectural envelope. This test is designed to generate of a set of
buildings in an existing zone within the territory of Trento (Italy). The area
under examination includes three zones subject to different local
regulations. The test will help us verify the impact of the Urban Constraints
class on the environment.
5.1. THE SELECTED URBAN ZONES

The areas selected are defined zone A, zone B and zone C (Figure 2). For
each of them, specific values for the Urban Constraints and Seismic
Constraints parameters were established in compliance with local
regulations. Such parameters were considered the starting point of the
simulation. Their value was changed so as to obtain three different Fields of
forces (Table 1).
The vertices coordinates of the building plots have the same value in all
scenarios. The value of the Generic Constraints parameters is 1.
We defined two scenarios for the zone A (Figure 3), and three scenarios
for the zone B (Figure 4) and zone C respectively (Figure 5), according to
the process described in section 4.1.

Figure 2. Site and location of the proposed zones, Trento (Italy).
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TABLE 1. Parameter values of the Field of forces.
Field of forces
1

Scenarios
2

3

Urban constraints
Ie (m3/m2)
Rc (m2/m2)
DB min (m)
Dmin (m)
Hmax (m)
SNmax

2,20
0,40
5,00
No limits
10,5
4

1,50
0,40
5,00
No limits
16,50
6

2,40
0,50
5,00
No limits
12
4

Seismic Constraints
Hmax (m)
Distance, min (m)

No limits
No limits

No limits
No limits

No limits
No limits

Architectural constraints
Min storey height (m)
Max storey height (m)
Height windows (m)
Length windows (m)

2,90
3.20
1,60
1,20

3,00
3.40
1,60
1,20

3,00
3,20
1,60
1,20

Figure 3. Zone A - Scenario 1 and scenario 2 (from top to bottom).
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Figure 4. Zone B – Scenario 1, scenario 2 and scenario 3 (from top to bottom).
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Figure 5. Zone C - Scenario 1, scenario 2 and scenario 3 (from top to bottom).
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6. Evaluation and Future Work
Many difficulties have arisen when collecting information. More
specifically, the most complex issues dealt with finding and implementing
the relations between various types of elements, as well as defining
significant parameters that characterise the architectural shape and
environmental context.
On the whole, the system has some limitations.
- More specifically, users can manage geometrical solids with a polygon
base, but NURBS surface or curves and non-planar roofs cannot be
employed.
- There is no relationship between architectural envelope and the
functional/distribution aspects of internals rooms.
- The Seismic Constraints class does not take into account the structural
aspects and all elements related to mass distribution of the building.
Since parameters linked to environmental features are difficult to
evaluate and encode into an appropriate algorithm, they are to be provided
by some complex functions or polynomials.
As to our next goals, these entail:
- Developing an appropriate user-system graphics interface.
- Improving the algorithm so as to increase the efficiency of the application
and, consequently, manage more and more complex architectural shapes.
Besides, other environmental elements will be added to the Field of
forces to better enable the system to simulate the effects of the context. For
instance, physical and climatic factors such as solar radiation, intensity and
direction of dominant winds may be included in the generative process.
Finally, a study is being carried out to automate the generative process of
the scenarios by means of evolutionary algorithms. To date, we have
analysed genetics algorithms (GAs) and the bee colony optimization
algorithm.
Conclusion
The new techniques open new fields for the development and exploration of
more and more complex as well as innovative architectural shapes, where
complexity is considered not only in the sense of geometric and topological
properties of the shapes, but also in the relationship that links architecture to
the elements of the surrounding environment. The most complex problem is
the difficulty in finding the relations between the elements that are often of
different nature, defining significant variables that characterize the urban
context. Many of the actions which limit the shape derive from
considerations that can not be immediately translated and represented
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according to pre-defined codes, therefore giving origin to qualitative nature
evaluations. These difficulties, aside from the complexity itself bound to
concepts that rules a planning process, sometimes also force to a partial
behavior in coping with the planning aspects, leaving out some that may be,
at times, necessary, in order to research simplifications that the complexity
of the system requires.
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