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Abstract:

In this paper, we present a method that allows designers to interactively create
partially self-similar manifold surfaces without relying on shape grammars or
fractal methods. The modellers that are based on traditional fractal methods or
shape grammars usually create disconnected surfaces and restrict the creative
freedom of users. In most cases, the shapes through conventional fractal or
shape grammar methods are defined by hard coded schemes that allow limited
interactivity for the design process. We present a new approach for modelling
such shapes. With this approach, we have developed a simple generative tool
with given adjustable parameters to achieve variety of conceptual forms.
Using this tool, designers can interactively create a variety of partially selfsimilar manifold surfaces.

1.

INTRODUCTION

In the framework of conceptual modelling there is always a motivation for
achieving unconventional shapes through a generative design process. There
exists a strong interest in contemporary architecture to extend the limits of
conceptual design by utilizing rule-based generative systems. Several design
studios in some architecture schools experiment with rule-based approaches
and try to include computational and algorithmic conceptual design content.
Designers in these studios use a wide variety of rule-based techniques such
as L-systems or cellular automata. For designers, it is important to easily
develop new generative procedures to have variety of alternatives. The
design of rules and iteration depths may return interesting results, however it
is hard to identify the rules and iteration depths. Our key question motivating
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this paper was “Is it possible to blend rule based techniques such as fractals
and L-systems with increased interactivity for designers?” Although, our
motivation comes from fractal and L-system, we wanted to give designers
interactive control of modifiers to achieve conceptual shapes.

Figure 1. Perspective and two sectional views of a conceptual structure formed from repeated
modules that are created with our system.

In this paper we present a simple approach that allows interactive
extensions to fractal and L-system methods. Using this approach, we have
developed a system that enables designers to control each step of the shape
generation process, to increase the interactivity level during generation and
to utilize a flexible set of modifiers to achieve shape variety. Our approach is
composed of 3 steps: colour based face grouping, modifier applications and
remeshing.
– Basically, colour based face grouping is the breakdown process of the
given 3D model into certain groups that act together in each iteration. We
start with a geometric shape which will be the basis for the final product.
The desired face group in this object is labelled by a colour in the
material assignment. This allows the designer to create a layout for object
development.
– The second step is under control of the designer: in our own interface we
give designer the opportunity to apply a set of classical extrusions or
extended extrusion methods, face deletion, or crust generation tools.
– Remeshing schemes are for smoothing the surface structure to have
different look and surface topology.
Our system is implemented in C++ and FLTK. The system can run on
UNIX, Linux and Windows platforms. For face grouping operation and
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further development of the 3D model we use MAYA software. The software
is capable to generate Alias OBJ files to establish a connection between
popular 3D software like MAYA and 3D Studio MAX/VIZ. Examples in
this paper were created interactively using this prototype system.
One of the main advantages of our system is to create models which are
ready to be prototyped trough a 3D Printer. We are using manifold surfaces
as a core concept and they gave us a connected surface structure ready for
3D printing. This important feature allows us to create and evaluate models
in our system and extend them for fabrication.
The usability of the system was tested in a graduate level shapemodelling course in which a majority of the students had an architecture
undergraduate background.

2.

MOTIVATION

Our goal in this paper is to blend rule based techniques such as fractals or Lsystems with increased interactivity for designers. Although our motivation
comes from fractals and L-systems, we want to give designers interactive
control of modifiers to achieve conceptual shapes. We also want the
resulting shapes to be physically constructible using 3D printers.
In this paper we present a simple approach that allows interactive and 3D
extensions to Fractal and L-system methods. Using this approach, we have
developed a system that enables designers to control each step of the shape
generation process with a high level of interactivity.
With the new approach, novice users can easily create a large set of
connected “self-similar” manifold surfaces. Disconnected surfaces are
acceptable for “virtual” computer graphics applications in which the objects
are used for only display purposes. However, in Architecture we usually
want to physically construct the resulting shapes. To be able to construct the
shapes, the shapes need to be connected and manifold surfaces. Figure 1
shows one example of how users can add finer details with our method.
Disconnected manifold surfaces (if individual surfaces are manifold) can
be printed but it is not possible to guarantee that the resulting physical object
will stay together. If individual surfaces are not manifold they will not even
be suitable for 3D printing. For instance, two methods based on Iterated
Function Systems (IFS) (Barnsley, 1988) create a set of disconnected points
or shapes, which can never be printed. In contrast, our method allows us to
construct connected manifold surfaces which can be realized a 3D printer.
Our approach is based on face replacements, which are a generalization
of the line replacements of 2D fractal geometry. Face replacements are
created by using local mesh operators. These operators can be applied to one
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face of the mesh without affecting the rest. They replace the face with
multiple faces. A local operator can be defined by a set of insert edge and
create vertex operations (Akleman and Chen, 2005) (Akleman, Chen et al.,
2003). The local mesh operations such as extrusions guarantee that the
resulting shape continues to be connected and manifold.
Landreneau et al. recently introduced Platonic extrusions as local mesh
operators (Landreneau, Akleman, et al., 2005). These extrusions, except
tetrahedral extrusion, are generalized pipes in which bottom and top polygons have the same number of sides (Landreneau, Akleman et al., 2005).
For this paper, we have extended Platonic extrusions to certain
Archimedean extrusions as shown in Figure 2. Having a large variety of
extrusions provides novice users a simple way to make face replacements. In
addition to using these general extrusions, we introduce four new concepts
for interactive modeling of connected and self-similar manifold surfaces: (1)
Face Grouping using colors; (see Figure 3) (2) Group extrusions; (3)
Automatic Face Regrouping and (4) Remeshing Schemes. Our method based
on these concepts is guaranteed to create connected manifold surfaces.

Figure 2. Examples of local mesh operators.

This modelling approach moves towards a more hands-on approach to
grammar based surface modelling. A user can assert much more control over
the surface beyond the traditional plug-in-a-formula-and-wait method of
generating grammar based models. Our approach will particularly be useful
in Architectural concept modeling, in which users can quickly determine the
effects of various approaches by simply recoloring the faces. With this
approach, users can rapidly learn how to create a wide variety of polygonal
meshes that resemble grammar based shapes. The approach is not only
limited to fractal looking shapes, however, it can also be used for creating a
wide variety of shapes.
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3.

PREVIOUS WORK

From an architectural viewpoint, generative systems and fractals provide an
extreme experimental domain for architectural design. The link between
mathematical generation methods and architectural design is significant in
contemporary architecture (Batty, 2005). For instance only three years after
Benoit Mandelbrot has coined the term Fractal”, Peter Eisenman has
designed House 11a, a composition of L shapes combined in rule based
rotational and vertical symmetries (Eisenman, 1999). On the other hand,
revolutionary designers like Greg Lynn, Karl Chu fully utilize the power of
computational shape generation methods in their design studios (Achten,
2001). Chu uses a combinatorial system that branches recursively according
to a primitive set of rules that include replication, combination and nesting to
generative architectural forms (Chu, 1998). Generative systems in 2D pattern
creation and 3D massing often experimented by design researchers (Datta
et al., 1998) (Carlson and Woodbury, 1994). Implementations of different
methods contribute to design/form variety, return unconventional results
with aesthetical complexity. We observe that all the methods that allow
creation of fine details are based on replacements. We will discuss previous
work in three categories: Iterated Function Systems, Fractal Algorithms that
depend on initial shape, and L-Systems.
”

3.1

Iterated Function Systems (IFS)

Fractal shapes most commonly are constructed with Iterated Function
Systems, a simple procedure that exploits their self-similarity property, and
introduced by Barnsley (Barnsley, 1988). The Iterated Function Systems
approach is based on the concept that self-similar shapes can be considered
as a union of transformed (e.g. scaled, rotated, translated and mirrored)
copies of itself. For instance, if a self-similar Fractal shape can be given as

where Ak is a 4×4 transformation matrix in homogenous coordinates.
Barnsley introduced deterministic and probabilistic algorithms to construct
such self-similar shapes. In other words if a shape can be expressed as the
union of its transformations (e.g. affine transformations like scale, rotate,
translate and mirror) it is possible to create recursive algorithms for creation
of fractal shapes.
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Because of their simplicity, IFS are widely used to create fractal shapes.
Another important property of these algorithms is that they are dimension
independent. The same conceptual algorithm can be used both for 2D and
3D shape construction. For a successful application of IFS in 3D, see the
XenoDream software (Thornton and Sterling, 2005). There are two major
problems in this approach prevents designers to use them effectively. First
these algorithms do not allow construction of different target shapes from
different initial shapes. The second problem with IFS based algorithms is
that the constructed shapes are usually not connected, and thus cannot be
prototyped in 3D.

3.2

Fractal Algorithms that Depend on Initial Shape

Fortunately, IFS is not the only method for constructing fractal shapes.
There exist alternative approaches in which the resulting shape depends on
initial shape. However, these alternative approaches are usually not
dimension independent and are hard to implement in 3D; they have not been
widely used in 3D applications.

3.3

Line Segments Replacements

The line segments replacement method introduced by Mandelbrot is one
such algorithm. Using line replacements, a wide variety of 2D fractals can be
constructed (Mandelbrot, 1980), however, line replacements are useless in
3D.
For 3D, instead of line replacements we have to use face replacements.
However, faces are not as simple entities as line segments. Line segments are
always the same. They are straight and have a starting point and an ending
point. After the replacement, one line segment is transformed into a set of
line segments, which is exactly the same entity. Therefore, we can apply the
algorithm iteratively.
It is not the same for faces. A face can have any number of corners and it
may not be planar. Therefore, a face replacement method must be able to
work on any type of face without affecting the rest of the mesh. Local mesh
operations such as extrusions can exactly satisfy this criterion. They can be
applied to any face and they do not affect the rest of the mesh. For face
replacements it is also important to create a similar version of the original
face. Most extrusions also provide this property since they usually are
generalized pipes in which the bottom and the top polygons have the same
number of sides (Akleman and Chen, 2005). Although they cannot be
applied locally, some subdivision algorithms such as the Doo-Sabin and
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Loop subdivision schemes (Doo and Sabin, 1978) (Loop, 1987) (Zorin,
2000) (Sabin, 2000) can also be used as face replacements since they can
provide smaller versions of faces of an initial mesh. Checkerboard
subdivision, a scheme we have also introduced, provides the same property.

3.4

L-Systems

L-systems are a much more powerful version of Fractal geometry’s line
segment replacement algorithms. In L-systems each line segment can have a
label; based on the labels, each line can be replaced by different sets of lines.
Because of their grammar based nature, L-systems can include context
sensitivity and even parameters. These properties of L-systems make them
very useful for designing the shapes of plants and trees. Despite their power
over simple line-replacements, L-systems suffer similar problems to those of
line-replacements. 3D shapes from L-systems are created by replacing the
original lines with surfaces (usually cylinders). Since its is hard to connect
these surfaces, the shapes described by L-systems usually consist of
disconnected pieces.

4.

METHODOLOGY

Our goal in this paper is to achieve the grammar based power of L-systems
for constructing connected and manifold surfaces by combining face
replacements with face grouping. In this section, we discuss four concepts
introduced together in this paper: (1) Face Grouping using colors; (2) Group
extrusions; (3) Automatic Face Regrouping and (4) Remeshing Schemes.
Our method based on these concepts is guaranteed to create connected
manifold surfaces.

4.1

Face Grouping Using Colors

Face grouping using colors allows users to easily group the faces in any
modeling software. In face grouping, users classify faces by assigning a
color to each. Faces are classified by colors, with identically colored faces
belonging to a common group. Note that this stage is completely under the
user’s control. The faces do not have to be geometrically or topologically
similar, so there are no restrictions for assigning a color to a face.
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Group extrusions

Group extrusions simplify multiple extrusions. The users can apply the same
extrusion operation to all identically colored faces by selecting only one face
(see Figure 3).

Figure 3. Face coloring and group extrusions.

Extrusions (except tetrahedral) produce a “top” face similar to the parent
face, which is connected to the parent edges by “side” faces. The top face
can inherent the group of the parent face. However, after a few iterations of
remeshing or grouped extrusions, the number of side faces increases
exponentially. We have provided automatic face regrouping to simplify the
users’ job regroup newly created side faces (see Figure 4).

Figure 4. Automatic coloring newly created faces and group extrusions based on automatic
coloring.

4.3

Automatic Face Regrouping with Modulus
Colouring

To regroup side faces, we introduce the modulus colouring concept. The side
faces are regrouped according to a modulus scheme. Starting from a
randomly chosen side face, new groups are generated using a user supplied
modulus. With a modulus of 1, every side face would share the same group.
A modulus of 2 would generate two alternating groups. A modulus of 3 will
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make every third side face the same group, and so on. Using a modulus
equal to the number of side faces of the extrusion, equal to the number of
edges in the parent face, will assign a unique group identity for each side
face. The modulus ensures that side faces will exhibit radial symmetry, due
to side faces sharing colours. The modulus operation is not unique since the
regrouping can be different based on the choices of initial side faces.
Because of this, regrouping can introduce slight irregularities all allow to
break overall symmetry of the object as seen in Figure 4.

4.4

Remeshing Schemes with Group Extrusions

Based on the recent research on subdivision surfaces, there now exists a
wide selection of remeshing schemes that can be used in interactive
applications. It is possible to view these remeshing operations as face
replacements that are applied in parallel. By combining these schemes with
group extrusions we provide additional flexibility. In fact, Loop style
remeshing is particularly common in fractal algorithms (Fournier, Fussel
et al., 1982). Using Loop style remeshing, it is possible to create generalizations of Koch islands (see Figure 5). Loop style remeshing with random vertex
displacements is widely used for terrain generation.

Figure 5. Loop remeshing scheme with tetrahedral extrusion. Using this procedure one can
create Generalized 2-Manifold Koch Islands.

Existing subdivision remeshing algorithms can be categorized into two
main classes (Akleman, Srinivasan et al., 2004). These are conversion
schemes and preservation schemes. Each of these can further be divided into
primary and dual schemes. The most apparent reason behind the popularity
of Loop style remeshing among Fractal algorithms is that Loop preserves
initial faces in every iteration. This property is particularly useful for face
replacements since some of the newly created faces inherit the properties of
initial faces. However, Loop is not the only one that can provide this
property. All dual conversion schemes such as Corner Cutting, Simplest or
Honeycomb and all preservation schemes (Loop belongs to this group)
preserve initial faces in every iteration. They all can easily be used for
interactive face replacement applications.
This classification is also helpful to identify missing remeshing schemes
that can be useful for rule-based application. One such scheme we have
identified and implemented is the so-called “checkerboard scheme”.

442

Eric Landreneau et al.

Checkerboard is a quadrilateral preservation scheme and it preserves initial
faces. Checkerboard is not really a new scheme; it is used in Fractal
geometry to create generalized Menger Sponges.

5.

IMPLEMENTATION AND RESULTS

The concepts that are discussed in methodology section are implemented and
included in our existing 2-manifold mesh modelling system (Akleman,
Chen et al., 2003). Our system is implemented in C++ and OpenGL. All the
examples in this paper were created using this system. Figure 6 shows the
interface of the system with two different examples.

Figure 6. The interface of the system that is screen captured during while designing two
different objects.

Our system is used in a short term design experiment by graduate design
students. They are given a small sketch problem to create self similar spatial
structures. Starting from simple geometric objects, students were able to
design structural modules. Results from the experiment showed that our
system is very robust to create modular objects. Figures 7, 8 and 9 show
design examples created with the system. The main goal of this design
experiment was to show that the power of our system to create rule-based
architectonic spatial structures. Figure (6) is an example for coloured
modular object under development.
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Figure 7. A conceptual Spatial Structure formed from repeated modules that are created using
our system. In this case, shell itself is considered as the main architectural form. Interface
snapshot is from the mass creation process with our software

Figure 8. A roof canopy created by modules that are constructed with our system.

444

6.

Eric Landreneau et al.

CONCLUSION AND FUTURE WORK

In this paper we have presented an approach that allows designers to
interactively create partially self-similar manifold surfaces without relying
on shape grammars or fractal generation methods. Using this approach, we
have developed a system that enables designers to control each step of the
shape generation processes with a high level of interactivity.

Figure 9. A conceptual structure that can be constructed as tensile structure.

Figure 10. A roof canopy created by modules that are constructed with our system. Interface
snapshot is from the mass creation process with our software
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With the new approach designers can easily create a large set of
connected “self-similar” manifold surfaces. Future work includes implementing more modifiers for form variety and connecting our approach
with small scale manufacturing methods. Our method allows us to construct
connected manifold surfaces which can be realized by rapid prototyping
processes.

7.
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