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Abstract. This paper describes a system for simulating the evolution o artificial
2D plant morphdogies. Virtual plant genotypes are inspired by the mathemati-
cd formalism known as Lindenmayer systems (L-systems). The phenotypes are
the branching structures resulting from the derivation and gaphic interpretation
of the genotypes. Evolutionis smulated using a genetic dgorithm with a fitness
function inspired by current evolutionary hypaheses concerning the fadors that
have had the greaest effed on dant evolution. The system also provides inter-
adive seledion, alowing the user to dred simulated evolution towards pre-
ferred phenotypes. Simulation results demonstrate many interesting structures,
suggesting that artificial evolution constitutes a powerful tool for (1) exploring
the large, complex space of branching structures foundin nature, and (2) gen-
erating nowd ones. Finally, we enmphasize that Lindenmayer systems constitute
a highly suitable encoding for artificial evolution studies.

0. Introduction

Natural computation techniques can play a vita role in computer graphics, anima-
tion, and virtual redity. Several models have been developed that redisticadly emu-
late abroad variety of living beings, from lower organisms all the way up the evolu-
tionary ladder to humans (Dawkins, 1986 Oppenheimer, 1986 Sims 1991, 1994
Reynadlds 1987). In Particular, the work of Karl Sims (1991 ill ustrates the potential
of artificial evolution as atod for the aeaion d proceduraly generated structures,
textures and motions. Evolution turns out to be amethod for exploring and creding
complexity that does nat require human understanding d the very last detail s of the
process involved.

Little work has been dore in computer-simulated evolution d plants. Among the
few isthe work of the batanist Karl J. Niklas (1985, 1988, 1997 Niklas' model aims
to simulate the evolution d branching petternsin ealy land dants. Firstly, he stated
some spedfic hypaheses concerning dant evolution, then developed mathematicd
techniques for quantifying the hypahesized competitive advantages offered by vari-
ous feaures. To encode aplant branching pettern, threeparameters or charaderistics
were used: (1) probability of branching, (2) branching angle and (3) rotation angle.
Using these daraderistics, plant growth is smulated through severa branching
cycles. For modeling evolution, a deterministic scheme for seaching among the



neaest neighbasin the treeparameter spaceis employed. The fittest of the explored
neighbas beames the starting pant for the next seach cycle. This processis reiter-
ated urtil the computer has identified a set of morphdogicd charaderistics that is
more dficient than any immediate neighba in the seach space Niklas' simula-
tion model has sme limitations. Clealy, the three parameters are an oversimplifica
tion d plant geometry. Many more fadors may influence plant shape. Other limita-
tions concern the way evolutionis smulated. The seach method popcsed can easily
get stuck in locd minima. Furthermore, a single organism instead of a popuation is
maintained, and sexual reproduction is not considered.

In this paper we describe anovel use of genetic dgorithms and Lindenmayer sys-
tems with the am of evolving artificial plant morphdogies. The model described
simulates the evolution d 2D plant morphdogies. Virtua plant genotypes are in-
spired by the mathematicd formalism known as Lindenmayer systems (L-systems).
The phenatypes are the branching structures resulting from the derivation and
graphic interpretation d the genatypes. The system al ows for two types of artificial
evolution. Interadive seledion, kased on human perception d the plant-like struc-
tures, allows the user to dred simulated evolution towards preferred forms. Alterna-
tively, automated evolution is smulated using a genetic dgorithm with a fitness
functioninspired by current evolutionary hypaheses concerning the fadors that have
had the greatest effect on plant evolution.

Previous work has been dore in combining artificial evolution and L-systems. Ja-
cob (1994 presents the “ Genetic L-systems Programming’ (GLP) paradigm, a gen-
eral framework for evolutionary creaion and development of parallel rewriting sys-
tems, which demonstrates that these systems can be designed by evolutionary proc-
eses. However, Jamb's example targets a somewhat simple problem: generate L-
systems that form space onstrained structures with a predefined number of branches.
Here, we suggest amore awmplex fitnessfunction with the am of evolving structures
that resemble natural plants.

Next sedion describes the formalism of L-systems and their graphic interpreta-
tion. Sedion 2 dbscribes the proposed model: how L-systems are used as genetic
encoding, the dharaderistics of the genetic dgorithm employed, the genetic operators
designed, and the fitness function's inspiration and design. Sedion 3 shows smula
tion results. Finally, section 4 discusses conclusions and suggesesviork.

1. Lindenmayer Systems

L-systems are amathematicad formalism proposed by the biologist Aristid Linden-
mayer in 1968 as a foundition for an axiomatic theory of biologicd development.
More recently, L-systems have found several applicaions in computer graphics
(Smith, 1987 Prusinkiewicz and Lindenmayer, 1990. Two principal areas include
generation of fractals and realistic modeling of plants.

Central to L-systems, is the nation d rewriting, where the basic ideais to define
complex objeds by successvely repladng parts of a simple objed using a set of



rewriting rules or productions. The rewriting can be caried ou reaursively. The most
extensively studied and the best understood rewriting systems operate on charader
strings. Aristid Lindenmayer's work introduced a new type of string rewriting
medanism, subsequently termed L-systems. The eseential difference between the
most known Chomsky grammars and L-systems lies in the method d applying pro-
ductions. In Chomsky grammars productions are goplied sequentially, whereas in L-
systems they are gplied in parallel, repladng smultaneously al |etters in a given
word. This difference refleds the biologicd motivation d L-systems. Productions
are intended to capture cdl divisions in multicdlular organisms, where many dvi-
sions may occur at the same time.

1.1. DOL-systems

In this ®dion, we introduce the simplest class of L-systems, termed DOL-systems
(Deterministic and context fre€). To provide an intuitive understanding o the main
idea, let us consider the example given by Prusinkiewicz et al. (1990). See Fig. 1.

Lets us consider strings built of two letters a and b (they may occur many times
in astring). For ead letter we spedfy arewriting rule. The rulea - ab means
that the letter a isto be replaced by the string ab, andthe ruleb - a means that
the letter b is to be replacal by a. The rewriting pocess sarts from a distin-
guished string cdled the aciom. Let us assume that it consist of asingle letter b.
In the first derivation step (the first step of rewriting) the aiom b isreplaced by
ausing podwctionb - a. In the secondstep a is replacead by ab using the pro-
ductiona - ab. The word ab consist of two letters, bath of which are simulta-
neously replaced in the next derivation step. Thus, ais replacal byab , b isre-
placal by a, and the string aba results. In a similar way (by the simultaneous
replacement of all |etters), the string aba yields abaab which in turn yields
abaababa, thenabaababaabaab, and so on.

b

L
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baabiba

Fig. 1. Example of a derivation in a DOL-system.

1.2. Graphicinterpretation of strings

Lindenmayer systems were concdved as a mathematica theory of development.
Thus, geometric aspeds were beyond the scope of the theory. Subsequently, several



geometric interpretations of L-systems were propcsed in order to turn them into a
versatile tod for frada and dant modeling. An interpretation besed onturtle geome-
try, was proposed by Prusinkiewics et a. (1990. The basic ideaof turtle interpreta-
tion is given below.

A state of the turtle is defined as atriplet (x, y, a), where the Cartesian coordinates
(x, y) represent the turtle's pasition, and the angle a, cdled the heading, is interpreted
as the diredion in which the turtle is faang. Given the step sized and the angle in-
crement 9, the turtle can respond to the commands represented by the following
symbols:

F Moveforward astep of length d. The state of the turtle changesto (x’, y', ),
wherex’ =x+dcosaand y =y+dsina. .A line segment between pants
(x,y) and (x, y') is drawn.

f Moveforwards astep o length dwithou drawing aline. The state of the tur-
tle changes as above.

+ Turn left by anglé. The next state of the turtle is (xoy+0).

- Turn left by angl®. The next state of the turtle is (xpy:0).

To represent branching structures, the L-system alphabet is extended with two
new symbals, ‘' and T, to delimit a branch. They are interpreted by the turtle &
follows:

[ Push the current state of the turtle onto a pushdown stack.

] Pop a state from the stackcamake it the current state of the turtle.

Given astringv, theinitial state of the turtle (x,, y,, a,), and fixed parametersd and
d, the turtle interpretation d v is the figure (set of lines) drawn by the turtle in re-
sporee to the string v. This description gves us a rigorous method for mapping
strings to pictures, which may be applied to interpret strings generated by L-systems.
An example of a bradketed L-system and its turtle interpretation, oliained in deri-
vations of lengthn=1- 4, is srown in Fig. 2. These figures were obtained by inter-
preting strings generated by the following L-system:

{w: F,p: F - F[-F]F[+F][F]}.

Fig. 2. Generating a plant-like structure.



2. TheModd

Bradeted DOL-systems are used for encoding virtual organisms. A chromosome is
constituted by a DOL-system with a single rewriting rule whose aiom (starting sym-
bad) is aways the symbad F. More predsely, the chromosome is the successor of the
rule, there is no red to store the predecessor becaise it is always the symbal F. For
example, the DOL-system showed in Fig. 2is encoded as: F[-F]F[+F][F]. The phe-
notypes are the structures produced after deriving and interpreting the L-systems
following the turtle graphic method.

2.1. Genetic Operations

When using a spedal genetic encoding for organisms, ore must define spedal repro-
duction operations as well. These operations are often more daborated than thase in
the canonicd Genetic Algorithm. Our chromosomes have awell-defined syntadic
structure stemming from the L-Systems formalism. To alow for a proper derivation
and interpretation d genotypes, our genetic operations must produce off spring with
valid syntadic structures. Three main operators were designed: crossover and two
types of mutation.

* Crossover: The designed crossover is inspired by the Genetic Programming
crosover operation (Koza, 1992. Kozas Lisp subtrees can be considered analo-
gous to corredly bradketed substrings within an L-system. Fig. 3 shows an ex-
ample of crosver. The hierarchicd representation d the parents can be ill us-
trated as:

Fl+ | -FF | Fl+| -FF] | |
-FF FFF F-F +F -F-F +F-F F
where the underlined substrings are to be interchanged.
Parents Offspring

F[-FF+[FFF]-FH-F-F]  F[+F]+[-F-F-FR+FI[-FI[F]  F[-FFI+[FFF]-FF[+F]  F[+F]+[-F-F]-FF[-F-F][-F][F]
Fig. 3. Parents and offspring of a crossover. The underlined substrings arhantged.

» Mutation: The mutation operation introduces random variations in structures of
the popuation. Two types of mutation were designed. Each ore ading on dstinct
parts of chromosomes (Fig. 4).



— Symbol Mutation: A randamly seleded symbad of the chromosome in the set
{F, +, -} is substituted by a random but syntactically correct string.

— Block Mutation: A randamly seleded bock in the ciromosome is substituted
by a random syntactically correct string.

Symbol Mutation Block Mutation

F[+F]+[+F-F-F-FF[-F-F] F[+F]+[+F-F-F]-H-F][-F-F] FF[+FF][-F+F[FFF]IF  FF[+FF][-F+F[-F]F

Fig. 4. Parent and dfspring o the two types of mutation. The mutated segments are indicaed
in bold font.

2.2. TheGenetic Algorithm

The implemented GA differs from the canoncd GA (Goldberg, 1989 in severa
ways. Firstly, rather than binary fixed length string encoding, ou genotypes are
based onL-systems. They are of variable lengths and have adefined syntadic struc-
ture. Moreover, stealy-state seledion (Mitchell, 1996 is employed; only 1/5 of the
popuation, the least fit individuals, are replaceal in eat generation. Given that sev-
eral genetic operations were designed, a scheme of seleding ogerators for ead re-
productive event, according to given proportions, was also employed (Davis, 1991).

2.3. FitnessFunction

Severa reseaches modeling the evolution d morphdogicd aspeds in artificia or-
ganisms (Dawkins, 1986 Oppenheimer, 1986 Sims, 199) have pointed ou the
difficulty of automaticdly measuring the aethetic or functional successof simulated
objeds. It istrivial to seled organisms acording to a particular formulaif you have
accessto al their genes. However, natural seledion deesn’'t ad diredly upon gnes,
but rather upontheir effeds on aganism bodes or phenatypes. The human eye is
goodat seleding prenatypic &feds, bu to construct computer programs that diredly
seled phenatypic patterns is a difficult and sophisticaed task. So, the usual pradice
is to rely on human perception as the selective pressure to evolve preferred forms.
Here, we pursue ahigher degree of automation. So, the design d an adequate fit-
nessfunctionis necessary. In order to have afitnessfunction that indeed gudes the



simulated evolution towards gructures resembling retural plants, we have to formu-
late hypaheses concerning the fadors that have had the greaest effed on gant evo-
lution. The hypaheses employed in ou model are those formulated by Karl Niklas
in his work (Niklas, 1985):

[..] the majority of plants can be seen as dructural solutions to constraints im-
posed by the biochemicd processof phaosynthesis. Plants with branching pet-
terns that gather the most light can then be predicted to be the most successul.
Consequently changes in the plant’s shape or internal structure that incresse its
ability to gather light should confer competitive advantages.

To be dfedive mmpetitors for light and space plants must perform certain
other tasks. In particular they must be ale to stay ered: to sustain the mechani-
cd stresses invalved in verticd growth. A second hypahesis, then, might be
that evolution d plants was driven by the need to reconcil e the aility to suppat
vertical branching structures.

Thus, the designed fitness function is based on these hypaheses. To model the
feaures there mentioned: light gathering ability, and structure stability, in an explicit
analytic procedure, we mnstructed a function made of the following comporents: (a)
phaotropism (growth movement of plants in resporse to stimulus of light), (b) bil at-
eral symmetry, (c) light gathering ability, (d) structural stability and (€) propation o
branching padnts. Simple dgorithmic techniques have been developed for quantify-
ing the competitive adveages offered by these features.

Seledive presaures ad upon plenctypes. So, before we can evaluate an arganism,
its encoding L-system must be derived and geometricdly interpreted. Each compo-
nent of the fitnessfunction is quantified by a procedure that uses as inpu the geo-
metric information produced while drawing the figure; and returns a red number
between 0 and 1. A brief description of the procedures, is given below.

Let us consider a 2D Cartesian coordinate system, the origin of this g/stem is the
figure starting pant. Each vertex in a figure will be represented as a pair (X, y). The
five features mentioned are quantified as follows:

» Positive phototropism (a): High fitnessis given to structures whose maximum y
coordinate is ‘high'. While low fitness sgiven to structures whose maximum y
coordinate is ‘low’. This is intended to force the “growth” of structures toward
light. Furthermore tall structures are supposed to be better at disseminating seeds.

» Bilateral Symmetry (b): The ‘weight' balance of the structure is estimated. The
absolute values of vertices' x coordinates at left and at right of the verticd axis
are alded up. Higher fitness is given to structures whose left to right ratio is
closer to one, in other words, to better balanced structures.

» Light gathering ability (c): The &ility to gather light is estimated by quantifying
the surface aeaof the plant ‘leaves’ --- ending segments --- exposed to light. The
leaves exposed to light are those that are nat shadowed by dher learves when we
assume that the light rays are vertical lines from top to bottom.

e Structural stability (d): The branches garting from ead branching pant in the
structure ae urted. It is assumed that branching pants possessng too many
branches are unstable. Thus, plants posessng a high popation d this type of



nodes are rated low, while plants possssng a majority of ‘stable’ branching
points are rated high.

» Proportion of branching points (e€): The total number of branching pants with
more than ore branch leaving is cdculated. This number isin dred propartion to
the total number of branches in a structure. It is assumed that plants with a high
number of branches are better at gathering light and disseminating seeds.

Weight parameters (w,, w,, w_, w,, W) are then used for tuning the dfed of eah
component on the final fithess function:

awg +bwp +cwee +dw +ewe

F (Phenotype) =
Wq + Wy +We + Wy +Wg

This fitnessfunction takes us one step further in automating the seledion o phe-
notypic traits. However, the human participation has not been eliminated altogether.
Our model maintains the user determination of the fithess function weights.

3. Simulation Results

Many experiments were caried ou. A typicd experiment consisted o running the
GA starting from arandom generated popuation. The values used for GA parameters
are: popuation size = 50, number of generations = 100, gneration gap = 20 %, and
chromosome length range = 7-30.

Distinct plant-like morphdogies were obtained depending onthe seleded fitness
function weights. Figures 5 and 6 show some of the fittest structures for different
fitness function weights.

Fig. 5. Fitness function with weight values of 50 for all components



Fig. 6. Fitness function with component weights of: a = 100, b = 90, ¢ =40, d = 20, e = 30.

Finally, structures that resemble animals were dso oltained with afitnessfunction
favoring bilateral symmetric organisms (Fig. 7).

Fig. 7. Organisms obtained with fitness function favoring bilateral symmetric structures.

4. Discussion

A model has been described that can generate complex 2D branching structures
withou requiring cumbersome user spedficaions, design efforts, or knowledge of
algorithmic details. We ague that L-Systems constitute an adequate genetic repre-
sentation for studies which simulate natural morphdogicd evolution. They allow the
necessary, and very convenient, distinction between genotype and prenatype, and
provide awell-defined process (morphogenesis) to generate the latter from the for-
mer. Moreover, they satisfy most of the important properties identified by Jefferson
et a. (1997 for genetic encodings in hiologicdly motivated studies. Among them:
(a) L-systems provide asimple, uniform model of computation, becaise derivation
and turtle interpretation d strings constitute awell defined way to gofrom genatypes
to phrenatypes; (b) they are syntactically closed under the designed genetic opera-
tions; and (c) they are well conditioned under genetic operators. This last requirement
is not formally defined. Esentidly, it requires that “small” mutational changes
shoud (usually) cause “small” phenatypic changes, and that crossover usually pro-
duces off spring whase phenctypes are in some sense a“mixture” of the parents
pherotypes, with occasional jumps and discontinuities.

The model has employed the simplest type of L-systems (DOL-systems). Further
studies may be done using complex ones, considering, for example, genotypes with
several rules, context sensitive L-systems, and inclusion o 3D morphdogies



(Prusinkiewicz and Lindenmayer, 1990Q. Simulation results indicate that L-systems
constitute asuitable encoding for artificial evolution studies. Thus, the esolution o
other biologicd structures may be modeled using L-systems as genotypes. Findly,
the model shows considerable aedive power in generating nowel and urexpeded
morphologies.
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