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ABSTRACT

L-Atur is a web application with the essence of human and machine collaboration that assists users who don't have coding or
design skills to generate their customized products. We noticed that our previous version only supported small-scale designs
properly, and the generated shapes didn't provide enough visual complexity for large-scale results. In this paper, we improved
the supported grammatical properties in order to expand design variations. We offered random and specified color choices,
variable line thickness, and multi-rule L-systems grammars as the new options for the current version of L-Atur. We also
provided an in-depth analysis of how these new suggested properties can have fundamental impacts on the generated designs
visually. We also discussed grammatical evolution as a solution to improve grammatical diversity by using machine-generated
ones. As a result, the current version can cover broadened design aspects ranging from small-scale products to large ones with
diverse levels of complexity and a high level of visual novelty.

Keywords— L-systems, Human-Machine Collaboration, Grammatical Evolution, , Computational Aesthetics.

1. Introduction

L-Atur [1] (L is borrowed from Lindenmayer and Atur
means fire in middle Persian language) is a web application
that integrates generative design and Lindenmayer systems
(L-systems) based functionalities with human and machine
cooperation. As a web application, our goal is to help
individuals lacking coding or design skills personalize and
design their unique products, which are computer-generated.
Currently, there is no web application available at an
affordable price that offers a high variety of products with
diverse designs and also includes colorful generative shapes
for non-designer users. However, L-Atur provides all of these
features. Our method is focused on L-systems because, by
using grammar theory, they generate innovative and
fascinating geometric patterns [2]. L-Atur's web application
earlier version was modified for creating small items,
particularly accessories.

We must keep in mind that L-Atur is intended to be
adjusted for a wide range of design probabilities. For
resolving all these issues, we proposed a new logical diagram
of L-Atur’s web application. We also observed that our
current system has a number of significant issues, including a
dearth of grammar. Since humans wrote the prior version of
our dataset, there weren't as many grammars to choose from.
Although it worked as intended for small-scale items and
users had the option to alter the parameters to their liking,
there were two major problems. One of them was the lack of
inclusion of colors in the design procedure, as many products
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cannot be made available without incorporating colors into
the design. The other one, which was much more
fundamental, is the fact that we needed to improve our
supported grammars. We wanted to let our users to utilize
broadened grammatical options, hence it makes much more
diverse design possibilities.

In this paper, we offer a solution to provide greater design
possibilities by expanding the supported grammars. We
added several grammatical properties, which led to dramatic
visual differences in the final results. These key grammatical
properties are variable line thickness, color, and an expanded
number of rules, which results in an adjustable complexity
level for different practical usages. We also had an in-depth
analysis of the provided results to showcase the effect of the
referred parameters in the final design. We took one step
further and discussed about generative grammars, we believe
that using computationally generated grammars based on
grammatical evolution is the right approach [3]. The initial
stage of the new design process is based on machine
generations. Then, we would provide a number of factors so
that our consumers could create outcomes based on their
personal preferences.

We should be aware that discussing computational
aesthetics for our fitness function is necessary because the
bulk of computationally created outputs won't seem pleasing
[4]. Users will be able to modify the results depending on
their individual choices because beauty is subjective. It is
essential to note that since all of the designs are geometric,
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we can explain aesthetic preferences from a formalistic
perspective. There are some calculative qualities existing in
the final shapes that can be appealing or unappealing to the
majority of our users.

Finally, we did a comparative study of relevant startups
and web applications to showcase how our current changes
benefits L-Atur compared to currently available tools.

2. Related Works

In the fashion industry, attempts have been made to make
computational design physically and three dimensionally
replicable [5]. Thanks to the advances in 3D printing and
laser cutting, designers are now able to create their designs
freely available for public consumption at affordable prices

[6].

L-systems, the new type of grammar Lindenmayer
proposed in 1968 [7], at first were used to simulate plant
growth. This system has attracted computer scientists, who
are drawn to it and discovered fresh ways to use computer
graphics and realistic plant images [8]. New applications have
recently been used in fields like architecture [9], clothing
design [5], and agriculture [10].

A major challenge in the use of these methods is to
develop a proper grammar for L-systems. Using algorithms to
generate grammars, certain researchers try to overcome this
problem. In [11], Genetic Algorithms (GA) are used to
generate context-free L-systems. Other researchers [12] try to
consider L-systems in a competitive environment.

Moreover, shape grammar [13] has many similarities with
L-systems. In shape grammar, a set of language rules can be
applied to generate shapes, and in this manner, they are
derived from Chomsky grammar theory. In a variety of
applications, particularly in architectural designs and indoor
environments [14], shape grammars are applied.

Grammatical evolution (GE) is a subfield of evolutionary
computing that uses context-free grammars to generate
strings [3]. GE used to create a grammar from an image [15]
or a string. GE is used in many applications. For example,
architectural design [16] and fractal design [17]. Finding a
fitness function for GE is a crucial work, and the construction
of such a challenge is discussed in various applications. For
example, sorting networks [18], optimization of structures
[19] and architectural design [16].

There have been many researchers who have tried to find
a mathematical explanation of the aesthetic parameters of
geometric shapes and patterns. Since many of the outputs'
visual characteristics are shared with fractals, it's important to
mention that many researchers have provided explanations of
the beauty of fractal patterns as well [20]. The existing
preference for moderately low dimensions of fractal patterns
in natural scenes is mentioned by Hagerhall [21]. Birkhoff [4]
tried to explain aesthetic value based on the ratio of order and
complexity. His description of aesthetics was completely
mathematical, unlike the majority of psychological
explanations.

3. Methodology

For covering a wide range of products, especially colorful
and large-scale complex ones, the previous L-Atur's web
application architecture was not appropriate. As a result, a
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new logical model for L-Atur's web application was prepared,
as illustrated in Figure 1. The process is simple for the user
without any coding or designing skills; the user just changes
the parameters of the grammar. Grammars are generated by
Grammatical Evolution (GE). For small-scale design, these
generated grammars were used as input in the previous L-
Atur architecture; and for large-scale and colorful design, a
new model is used for more complex grammars with several
rules, in which if the user wants color, a colorful shape
generation can also be included.

3.1. L-Systems

L-systems are parallel rewriting rule systems that were
developed to simulate plant growth [7], but the basic concept
has been extended to a wide range of applications.
Traditional grammars use a sequential rewriting method to
generate grammar sentences, but L-systems use a parallel
approach. This means that at each step of the rewriting
process, every grammar symbol will be replaced by
rewriting symbols specified in grammar. As a result, L-
systems can generate strings that are not producible by any
context-free Sequential grammars [2].

L-system grammars are classified into two types:
context-free L-systems and context-sensitive L-systems [8].
The rewriting rules in context-free L-systems are
independent of the context in which predecessors appear.
Symbols will thus be replaced with their predecessors,
regardless of their position in the string. Context-free L-
systems are used as a base grammar in this paper to generate
artifacts. Rewriting rules in Context-sensitive L-systems, on
the other hand, are dependent on their predecessors. As a
result, a specific symbol or group of symbols may be
replaced with different successors, depending on the position
of the symbol(s) in the string [23].

One of the most serious practical issues in L-systems is
that the generated strings from the grammar are identical. If
we generate a forest of plants from a grammar, the plants
that result are all identical. Stochastic L-systems add
probabilities to the rewriting rules, allowing the system to
generate different strings from a given grammar because
each rule has a different probability of being executed. As a
result, the generated strings will have more variations.
Another type of L-system is parameterized L-systems, which
use parameters in rewriting rules, which means that each
parameter can change the final generated string. Against
deterministic grammars, the final string will be completely
dynamic [2].
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Figure. 1. Logical diagram of the new version of L-Atur’s web application
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A OL-systems is a triplet G = (3, v, P) where Y is the
alphabets of the system, y € Y+ is a nonempty symbol(s)
called an axiom and P © 3 x Y+ is a finite set of rewrite
rules. Each rewrite rule represented as o — P that a is known
as the predecessor (a € ) and P is also called successor of
this rewriting rule (B € >*). OL-systems are called
deterministic (DOL) if and only if there is exactly one § €
> * for each a € ) [22].

Consider we are starting from an axiom y and a rewrite
rule o — [, and suppose that y can be expanded by this rule.
So, a new derivation is generated in each parallel iteration,
and after n iteration, we have a derivation of length n. This
derivation sequence can be represented by:

A 2dp =22 A,

Such that Ay =.

3.2. Turtle Graphics

As explained in the previous section, L-systems can
generate strings of derived length of n. Then we a need a
method to convert these strings to a graphic shapes and act
as a function from strings to images. Let us consider P is a
2D matrix which representing an image. 3D matrices are
used to represent colored images, but only black and white
images are used in various applications in the current version
of L-Atur. Now we need a function F: S — P that maps the
input string S to the output P matrix. Turtle Graphics is just
that function [22].

Turtle Graphics work on a 2D Cartesian coordinates and
each state of a turtle can be represented by a triplet (X, y, ).
The position of turtle which is determined by (X, y), and
angle o is referred to as its heading and denotes the turtle's
facing direction.

The basic commands listed below can draw an image
from a starting position of (Xo, Yo, do) if you take into account
that 1 is the step size and 0 is the turtle's rotational degree
[22]:

e F: Move forward with a step size 1, so (X, y, 9)
location changed to (x’, y’, &°). As a result, a line
segment between two mentioned points, is drawn.

o f: Move forward with a step size | without drawing

aline

e +: Turn left by angle 0, so the turtle change to state
(x,y,90-0)

e -: Turn right by angle 0, so the turtle change to state
(x,y, 0+ 0).

Let S be a string, (Xo, Yo, 80) be the initial position of the
turtle and 1, O are constants parameters that described above,
Turtle Graphics can generate an image from a string that is
generated by the L-systems grammar.

Consider the following simple L-system grammar in Equ
(-
v:F
P:F—>F+F+FF
0:60° (1)

L-Atur Generative Design L-Systems Based Web Application: New
Challenges and Novel Application Horizons

Figure 2 shows the result for n = 3. What if we used more
complex grammar with more than just rewriting rules?
Consider the following grammar of Equ (2), which is more
complicated than Equ (1):

¥ XyXy
P{
F—->+FFF+F+F+F+F
x—=xFx+Fx+FxFy
y—>+Fx+FxFy-Fy-Fy
}
0:135° (2

Figure 3 shows the output for n = 3 and obviously it is a
more complicated image than Figure 2.

Figure. 2. A simple grammar with one rewrite rule as described in Equ (1)

Figure. 3. A complicated grammar with multiple rewrite rules as described
in Equ (2)
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3.3. Evolutionary Computation

Evolutionary Computation (EC) inspired from search in
biological evolution. Based on the concept of Darwinian
natural selection, these group of algorithms try to simulate
evolution in computers. In EC, algorithm begin by
generating random population of individuals. In each
iteration of the algorithm, selection mechanism choose fittest
individuals and use them to reproduction process. In
reproduction phase, genetic operators such as crossover and
mutation is used to create new offspring. This process
continues until a termination condition is satisfied [24].

EC is a broad field and contained different subfields. The
most important of this subfields is Genetic Algorithms (GA)
[25]. GA is used in wide range of applications from
engineering to finance and specially applied in optimization
problems. Evolutionary Strategies is also another famous
subfield of EC for designing optimization algorithms.
Moreover, we can mention Swarm Intelligence and Acrtificial
Life in this area.

In EC, genotype and phenotype are essential concepts to
understand this process. Genotype can be represented by a
string especially in binary form, but phenotype is a
representation of the genotype in real world. So we need a
mapping function from coded genotype to a real sample in
example as phenotype. Genotype is expressed by a general
string form and can be used in wide range of applications,
but a mapping function is essential to convert it to real
sample in specific application.

3.4. Grammatical Evolution

Genetic programming (GP) is a subfield of evolutionary
computing designed to generate programs. Automatic
programming (AP) has a long history, from GP and
inductive logic programming to advanced deep learning
methods. The ultimate goal of AP is to enable programmers
to write their code in a high-level abstract form. GP starts
with a population of parse trees created from the grammar of
the target language. Based on an evolutionary paradigm, this
population evolves through generation by genetic operators
(mutation and crossover).

Grammatical Evolution (GE) is a type of GP that uses a
gene as a string concept. In GE, a genotype of string is
randomly generated to make the initial population.
Genotype-phenotype mapping occurs based on a Backus—
Naur Form or Backus Normal Form (BNF) notation in
grammar which is translated by bit-string genotype to the
phenotype described by the grammar. Like other
evolutionary algorithms, the search continues from the
current generation to the next generation.

3.5. A Review on L-Atur Architecture

L-Atur's main goal is to produce designs for customers at
reasonable prices. Users can work with the web application
to select the design of their products. The primary goal of
this start-up is to facilitate interaction between customers and
the system.

This startup’s web application uses L-systems to generate
strings, which are then transformed into pictures by turtle
graphics. L-Atur has a set of parameters with which users
can interact to find the final proposed design.
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Finally, when the user has finished interacting with the
system and has found the final design, this high-level L-
system code is sent to the server side, where it is converted
to a low-level code via a sophisticated process, and this is the
input of the third phase.

This low-level code will be prepared for use as input for
the laser cutting machine during the third phase. The user
design will be converted into a physical accessory during the
cutting process. The finished physical product will be given
to the customers at the end of this process. Figure 4 describes
the L-Atur architecture in detail, and [1] discusses
implementation specifics.

3.6. Complex L-Systems’ Grammar

The earlier L-Atur approach was best suited for small-
scale designs, particularly accessories, which were the focus
of our main production. The potential of L-systems helps us
imagine a wider range of design applications for L-Atur. It
fundamentally wasn't a good fit for our strategy of pairing
human and computer cooperation, so we had to make some
adjustments to our web-based application. We discovered
that while the current approach creates appropriate designs
for small-scale and fragile objects, it falls short in other
contexts, such as large-scale designs. Of course, there were
certain technological constraints on producing new goods
that needed to be taken into account as well.

client
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L-system
code

@
=
o
=

<

Turtle Graphics GUI

High-level
code output

Server

~

Low-level
L-system
code

Detailed Turtle Graphics GUI

output file generator

-
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PHG JPEG

SVG output
output
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Laser machine software

Figure. 4. General schema of L-Atur
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We must keep in mind that the majority of our customers  can be offered as multiple panels in the developed version of
lack design skill, thus it is crucial that we take into account L-Atur inspired by traditional Persian tile making.
our primary motivation to increase the likelihood of visually
pleasing designs while maintaining high levels of
customizability. We need a more advanced version of the L-
Systems since the created goods are not only aesthetic items;
their functionality in real life is also crucial.

For a better understanding, pay attention to the grammars
mentioned in Equ (3) and Equ (4):

v : fHHAH
P : f — T
0:30° 3)

y « [£]--[f]--[f]-[f]+ff
P f — <{{{fff} }[{][--F][+fff]
0:12° @)

Figure 5 shows the result of grammar in Equ (3) with n =
5 and Figure 6 shows Equ (4) with n =5 but in a colorful
example. L-systems grammar in Equ (4) uses the "<" symbol
as a decrement of color. For saving state (position and
direction), "["is used and"]" restores the state. Now,
consider the following more complex grammar:

Y XYYXyXTXyXyXyX
P:{
x— fx+Hx+Hxfy-fy+fy+fy

y— +Hxfy-fy-fyx
f — f+H+Hf

}
0:120° )

Figure 7 shows Equ (5) with n = 5. However, to
manufacture Figure 7, the complexity of the example makes
it impossible for creation, and the design won't turn out
appealing for a small-scale object. Although if we have any
desire to reproduce the referred model as a wall decoration,
it can turn out intriguing for visual investigation.

From a technical standpoint, our previous designs were
based on L-systems, which were written with only one rule
(grammars in Equ (3) and (4)). With a more extensive scope
of utilizations, we should grow the quantity of rules to make
a more prominent possibility of visual intricacy (grammar in
Equ (5)). We should provide separated sections for various
products because they can bring out a variety of visual
complexities and technical limitations. Improving the user
experience is a crucial component, and if we ignore such
essential features, it can lead to their frustration.

As part of our large-scale designs, we are currently
concentrating on the production of wall decorations,
particularly decorative mirrors Figure 8. We faced some
technical limitations in the laser cutting process, and since
we want to offer affordable prices, we should have provided
a suitable design solution for the available scale of sheets for Figure. 7. A complex grammar according to Equ (5), n=5
our current market place. Extremely large-scale wall decors
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Figure. 8. A decorative mirror wall instalation generated by L-Atur’s web
application

We noticed that we can choose from a wide range of
colors and materials when it comes to laser cutting fabrics.
Additionally, all of our options are offered at an affordable
price. Table mats and runners provide us with a chance to
offer moderately complex L-system-based designs. Textile
design is also another option that we want to include in the
next versions. Considering different color choices in L-
systems enables us to provide interesting, colorful prints that
have wide usage in the fashion industry, as shown in Figure
9.

4. Computational Aesthetics of L-Atur

As it was explained in section 5, we need to generate
grammars with considerable amount of variety so that an
evolutionary method (grammatical evolution) is needed.
Grammatical evolution operates based on fitness function.
There are two strategies to make fitness function possible;
one relies on computer and human interaction to finally
reach some thresholds of what is deemed aesthetically
beautiful depending on user reactions. We evaluated this
approach on a few candidates, but we found that it won't be
useful for our purpose because it demands extreme patience
from users. The alternative method, which brings us to
machine aesthetics, is to provide certain aesthetic metrics to
enable the machine to generate visually pleasing grammars.

It's essential to define calculative aesthetic preferences to
provide a proper fitness function. A crucial component for us
is to define the most significant characteristics of L-systems
that affect the aesthetic preferences of our users and alter
their judgments. Of course, it's challenging to find a clear
definition of what qualities make a shape pleasant because of
diverse individual definitions of beauty, which can be varied
among different age groups, personal experiences, etc., but
it's possible to find some characteristics that are considered
by the majority of users to be aesthetically pleasing or
unappealing.

Considering that L-systems are mainly associated with
plant growth and branching modeling, the existing qualities
are rooted in nature, so obviously that's considered pleasant
for humans. That's why we can witness a wide usage of L-
systems in design and architecture because it brings such
visual fascination, especially if we want to put terms like
biomimetic design under the spotlight.

Geometric shapes generated by L-systems have some
mathematical qualities that can be helpful when it comes to
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Figure. 9. A prototype of a textile design generated with L-systems

defining beauty from a mathematical perspective. L-systems
possess order and complexity as two considerable qualities,
and some researchers have tried to offer a mathematical
explanation of beauty based on these features. Birkhoff [4]
took a mathematical approach to aesthetics by formalizing
aesthetic qualities. In his book [4], he considers order and
complexity as two main features to achieve an aesthetic
measure. M, which is a ratio between the shape's order and
complexity: M= f (OC), and f stands for the function of this
ratio. There are different definitions of O (order) and C
(complexity) in various classes of objects, and their aesthetic
measure was calculated by Birkhoff for a wide range of art
objects. Berlyne [26] tried to achieve such a goal by
considering patterns instead of polygons. He defined
physical complexity, which affects the numerosity of pattern
content like the amount of material, the number of units, and
the symmetry of the pattern.

5. Extended Fields in the Current Version

In the current version of L-Atur, we have expanded the
supported grammatical rules, making it much more suitable
for different products. Considering various material
properties and applications, it was essential for us to provide
a wider range of supported grammatical rules to generate
shapes with extreme visual diversity. We have identified
some fundamental elements that we decided to incorporate
into our current version. These key grammatical properties
include variable line thickness, color, and an expanded set of
rules for increased visual complexity. Combining these
options opens up a whole new realm of design possibilities.
In the previous version of L-Atur, we did not consider these
fundamental elements since we did not cover such an
extensive scope of design.

Color: We have adjusted our current color palette based
on the available materials for laser cutting. We offer opaque
and transparent plexiglass, MDF, and fabrics, providing a
considerable range of colors. Additionally, we support
multimaterial designs, allowing users to choose different
material properties in various colors. We have also added 2D
image printing as a new option. With the expanded shape
complexity in our current version, we can create more
intricate designs that remain visually captivating as Figure
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10. However, in the previous version, our designs were
simpler and appeared dull as 2D patterns on flat surfaces
Figure 11. Users have the flexibility to select their preferred
colors based on their taste and specific preferences, such as
key colors for interior design like Figure 12. Furthermore,
we offer a random color option for more vibrant results as
Figure 13.

Variable line thickness: In the current version, users have
greater freedom to adjust line thickness. In the previous
version, such an extensive choice of line thickness was not
available, and the overall thickness remained the same. As
evident in Figure 14, this element can lead to significant
changes in the final designs.

Expanded number of rules: Users can now choose from a
combination of different grammatical rules to create much
more complex designs. In the previous version, which was
limited to small-scale designs, we only offered a single rule
for product generation. A simple comparison between Figure ! ) o »
11 and Figure 15 reveals the noticeable differences resulting Figure. 12. A prototype of curtain design W_lth specified color made by the
from this expansion. new version

The combination of all these key elements improves
design possibilities to an extraordinary range. Figure 16
showcase designs from the previous version, which clearly
cannot match the level of interest achieved by the designs
produced in our current version Figure 17 and Figure 18.

Figure. 13. Complex patterns generated by random color option and
specified color choice.

Figure. 14. A step by step shape generation highly affected by variable line
thickness option.

Figure. 10. A colorful visually complex notebook cover generated by the
current L-Atur version .

A M AN AN
LR RO
LS NM AN Y
""“.
"".

Figure. 15. A shape generated by several grammatical rules .

Figure. 11. Exampels of simple designs generated by the previous version
and singular grammatical rule .
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6. Comparative Study of Results

Because of different methodologies, there are not actually
the same web applications or startups to compare with L-
Atur. The main reason is that the available tools require
design skills, and these softwares follow their designer
aspect, which results in similar output shapes with not that
much variation. And also, these tools are designed for
specific products, like a necklace or bracelet [27, 28], and do
not cover a wide range of products. Because they do not use
laser-cutting machine technology in production,
products are expensive. The generation of colors not included

in all of them. The comparison results are in Table 1.

Figure. 16. Prototypes made by the previous version. As it is obvious such
simple shapes are only suitable for small scale designs.

Figure. 17. Mug design made with a combination of current extended

options.
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7. Conclusions and Furthur Research

The practical limits of the present L-Atur are discussed in
this paper. Since a wide range of products were intended to
be covered, we realized we needed to create a developed
version of the present web application. We explained about
various adjustments that would provide a less constrained
experience for our users. It should be remembered that while
our consumers may not be experienced designers, they do
have their own subjective preferences. They can experiment
with a wide variety of designs thanks to L-Atur while staying
away from the majority of the aesthetically unattractive
outcomes that can be generated by the machine.

We discussed techniques that provide the items varying
degrees of aesthetic complexity dependent on their
functioning. Additionally, automated grammar generation
would result in an infinite amount of possible visual
exploration options. Such approach can make the machine's
role more prominent as the designing assistant in startup
scene.

A more detailed explanation of machine aesthetics can be
really crucial in such applications. If we want to provide
proper machine assistants in artistic fields for users who are
not experts, we need to define measures of beauty. Generally
saying it seems impossible to achieve such machine-based
judgments. However, when it comes to geometric shapes,
there is still some chance to define what seems appealing to
the majority of humans. There are still some mathematical
parameters that can clearly display what seems visually
pleasing to the majority. But of course, we can't find an exact
explanation of what makes a geometric shape beautiful.
There are still personal preferences that vary among users,
and we cannot ignore the subjective nature of beauty. There
must be a chance of adjustment and exploration for the best
results possible.

Our next plan is to investigate characteristics of geometric
beauty based on different visual traditions. A strong
geometric base is noticeable in traditional Persian crafts and
architecture. It's possible to reproduce such patterns and
objects based on grammar theory by using machines.

Ideals of beauty can be easily explained because existing
visuals share the same characteristics. It is noticeable that
producing these abstract patterns, known as part of Islamic
art, was affected by technical limitations. Due to
advancements in technology, we would be able to generate
such aesthetic standards in a way that has long been
impossible. The human-machine collaboration nature of L-
Atur can change the mentioned patterns to a developed
version of what they used to be.

Table 1. Comparison of generative design apps

Figure. 18. A medium scale artificial leather table runner made with the
current L-Atur.

App Product Variation | Shape Complexity | Color | Cost
L-Atur High High Yes | Low
Old L-Atur Medium Medium No Low
Fusilli Low Low No High
Radiolaria Medium Low No High
Hexatope Low Low No High
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