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Abstract - This paper presents a technique of evolutionary design for plants in virtual worlds, inspired from Richard
Dawkins' adaptive walks within the space of biomorph structures. The design is carried out by interactive sessions with
a multi-agent platform of generic virtual plants. The plants, growing in a three-dimensional environment, are based
upon the fusion between a two-substrate transport-resistance model and an L-system formalism. Two simulations
highlight the interest of modeling interactions with the environment and a framework of physiological processes for
resource management. Resource assimilation allows obtaining growth differences between the individuals depending
on their access to light and soil minerals. Resource flow and allocation inside the virtual plants induce phenotypic
plasticity. These dynamics contribute to a range of adaptive growth patterns.
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1.0 Introduction
Virtual worlds are fascinating from both the science and entertainment point of view. Aside from immersed
users, they may be populated with inanimate objects, but also with life-like elements such as animals and
plants. However in current virtual worlds, plants are most often represented as either static items or, at best,
structures based on a set of morphological growth rules without physiology and important interactions with
their environment [1,2,3]. Yet the development of a natural plant depends on the environment it is exposed
to. A deficiency in important resources may lead to reduced growth or even death. Moreover, the
morphology of many natural plant species significantly adapts to local environmental conditions, a
phenomenon called phenotypic plasticity [4]. In order to embrace these aspects for virtual plants, it stands to
reason to consider virtual worlds which incorporate the fundamental mechanisms that control plant growth
in nature.
As the creation of three-dimensional models of complex objects such as plants is a difficult task,
conventional modeling tools like manual CSG based systems often turn out to be inappropriate, and
alternative design methods must be considered. In his book “The Blind Watchmaker” [5], Dawkins
describes adaptive walks within the genetic search space of simple two-dimensional structures called
biomorphs (figure 1). For each generation, the user selects a biomorph to survive and reproduce, so that the
structures gradually adapt to a given design purpose. This process is a form of evolutionary algorithm [6],
inspired from the concept of natural and artificial evolution as originally proclaimed by Darwin [7].
Interactive design of plants has been performed using models based on both procedurally generated [8] and
L-system generated [9,10] structures, but these approaches only considered morphological development,
whereas physiology was not taken into account. This paper presents the evolutionary designs of plants and
highlights the interest of modeling interactions with the environment, combined with a conceptual
framework of physiological processes for resource assimilation, flow and allocation. Both aspects contribute
to a range of adaptive growth patterns.
The next section gives an introduction to the modeling of plants. After the presentation of the virtual plant
model in section three, some design sessions and relevant simulations are described in section four. Section
five concludes the paper with reflections on the approach.

2.0 Background
The origins of computer modeling and visualization of plants can be traced back to the 1960s, when Ulam
simulated the development of branching patterns using cellular automata [11]. About ten years later, Honda
was probably the first to introduce a computer model of tree structures [12]. Since then a huge amount of
work has been devoted to this research field. As the aims of study can differ from one plant model to
another, there exists a variety of approaches. According to the traditional classification suggested by Kurth
[13], physiological and morphological models can be distinguished.

Figure 1: Biomorphs

Figure 2: Iterations of the L-system {A , P , }

2.1 Physiological models
Physiological models, also called process-based models, reflect metabolic processes inside a plant. Their
architectural structure remains low detailed, as the individual plant is merely decomposed into a fixed
number of compartments such as root, stem and crown, exchanging substances in terms of mass variables.
The attention is primarily turned to carbon balance, due to its importance for plant growth, by modeling
photosynthesis, carbon allocation and respiration. However other influential substances such as soil
nutrients can equally be taken into account. Because of their manageable architecture and their small
number of parameters, physiological models are convenient for plant representations at a rather coarse scale
[14].

2.2 Morphological models
Morphological models primarily describe plant architecture by making use of its modular structure [15].
They consider the plant as a composition of repeated modules like leaf, fruit or fine root which dynamically
appear and disappear during the plant development according to a number of morphological growth rules.
The probably most widely used representations of plant morphology are based on L-systems [16]. L-systems
are formal grammars with the possibility of recursive applications in a parallel rewriting process. Starting
from an initial axiom  , a set of rules P is iteratively applied in order to form a string of characters from an
alphabet A . The string represents the plant, whereas each character represents an elementary unit.
Positional information of the units can be integrated by using a bracketed notation. The translation of the
string into a geometric structure is achieved by graphical interpretation using turtle geometry [16]. As an
example, figure 2 illustrates a simple L-system and the resulting plant after several iterations.

2.3 Virtual plants
Morphological and physiological processes of plant development are profoundly interwoven [17], and in the
last decade many models emerged as the coupling of both aspects. They typically hold characteristics of
process-based models and depict a 3D representation of the plant structure. Because of their complete
picture of plant development, these models are also termed “virtual plants” [18].

3.0 The plant model
There exists a large number of virtual plant models, but they are most often specifically designed for or
adapted to representing given plant species [19,20,21] and not intended for performing evolutionary
dynamics. A new model has been conceived which closes this gap.

3.1 Environment
The physical environment is a continuous 3D space composed of the soil and the sky, homogeneously
divided into a number of voxels each of which holds local environmental information. Light and minerals
are resources of prime importance for the growth of natural plants [22]. The sky voxels provide light which

Figure 3: Shadow casting in sky voxels

Figure 4: Diffusion among mold and soil voxels

is captured by the leaves in order to produce carbon via photosynthesis. If an object is situated aboveground,
it casts shadows. In such case, the light intensity of all sky voxels following the angle of incidence is
decreased (figure 3). Soil voxels contain minerals which are assimilated by the fine roots. Diffusion, a
passive movement from regions of high concentration to regions of low concentration, leads to mineral
balance between neighboring voxels (figure 4).

3.2 Virtual plant
A virtual plant is divided into an aboveground and belowground component called shoot and root
respectively. Their morphologies are expressed by an L-system whose alphabet is detailed in table 1. The
geometric shape of the plant modules is based on sphyls (cylinders with spherical ends). The shoot and root
morphologies of virtual plant seedlings both start with the single non-terminal character A which is
subsequently modified by the respective L-system production rules. A small amount of initially available
biomass allows the young plant to develop its first modules, but subsequently it has to rely on the
acquisition of resources. In the scope of this paper, only deterministic context free L-systems, also called
D0L-systems [16], are applied. The predecessor character of the first rule is A , that of the second rule is B
and so on. As an example, figure 5 shows the sample L-system of a simple bush.
The physiological processes of a plant are based on a two-substrate version of the transport-resistance model
[23]. Shoot and root hold separate substrate pools for carbon and minerals. Photosynthesis charges the shoot
carbon pool, and root assimilation supplies the root mineral pool. Growth occurs through the conversion of
carbon and minerals into biomass, deducting a certain loss to litter. The exchange between the carbon and
mineral pools is represented as a function of substrate concentration difference divided by a resistance.
Thornley [24] suggested that all physiological models of plant development should start with this irreducible
framework. When shoot and root produce new biomass, it is redistributed to the apex modules according to
the quality of locally available resources. Advantageously situated apexes receive proportionately more
biomass than apexes with low access to resources. Once the biomass of an apex reaches the required cost, its
corresponding production rule is applied. After a limited span of life the plant dies and its resources are
restituted to the environment.
Character
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Function

l
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captures virtual light

b
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creates a branching structure

r

root

sphyl

assimilates minerals in the soil

c

root

sphyl

creates a branching structure

A... Z

shoot / root

none

predecessors of the production rules

[]

shoot / root

none

indicate a ramification

+-<>$&

shoot / root

none

represent 3D rotations by fixed angles

Table 1: The L-system alphabet

Figure 5: Sample L-system of a bush

3.3 Genotype
The development of the virtual plants is ruled by a set of “genetic information” recorded in a genotype. It
contains the parameters and production rules of the L-systems as well as the variables regarding the
transport-resistance model. In order to restrict the genetic search space, the evolving elements within the
genotype are limited to those which have the greatest impact on the resulting plant morphology. Evolution
only affects the L-system production rules, the geometric shapes of the plant modules and the rotation
angles. All other parameters described in the genotype are fixed. In particular, the physiological processes of
the transport-resistance model are predefined and not subjected to evolution. Mutations are introduced by
several genetic operators each of which is associated with a probability. Some act on the entire production
rules and some on the characters of the successor strings. The operators acting on the characters are applied
to each production rule. The used operators are
–
–
–
–
–
–
–
–
–

Delete character: A random character in a rule is deleted
Insert character: A random character in a rule is inserted
Permute character: Two adjacent characters are switched
Duplicate character: A random character is duplicated
Mutate character: A random character is replaced by a new character
Delete rule : A randomly selected rule of the L-system is deleted
Insert rule: An empty rule is appended
Duplicate rule: A randomly selected rule is duplicated
Mutate parameter: Shapes and rotation angles are slightly modified

4.0 Results
The following section presents the procedure of evolutionary design and some of its results. Two
simulations regarding resource deficiency and phenotypic plasticity are conducted in order to point out the
potential impact of modeling plant physiology in virtual worlds.

4.1 Evolutionary design
The design is performed by interactive sessions conducted with a simulation platform. The plants are
growing in a “virtual garden” which typically holds not more than nine specimens per generation. Just as for
Dawkins' biomorphs, a small population is displayed on the screen, and the user chooses one shape for
reproduction, according to his/her fancy. Each plant constitutes the phenotype which results from
developmental processes, based on the information in the genotype, and interactions with the environment.
A seed of the mother plant is situated in one corner, and a number of mutated children are seeded at even
distances. Figure 7 presents the virtual garden from a bird's eye view. It can be observed that, due to
disadvantageous mutations, not every plant develops complex structures. Among the sample population, one
plant grows poorly and another plant does not germinate at all. Plant growth is simulated during a fixed
period of time. The user can manually move the camera angle of the 3D visualization and assess each plant
from arbitrary points of view.

Figure 6: Evolved virtual plants
To grant evolution as much freedom as possible, the genotype of the initial mother plant only contains
empty L-system production rules. Since there are no rules to apply, this plant does not germinate. However,
mutations may lead to the appearance of non-trivial rules. After a few generations, the first individuals
which develop root and leaf modules allowing to obtain the resources necessary for growth emerge, and
evolution takes off. Figure 6 shows some of the achieved results. The individuals have especially been
designed for appealing screenshots, by selecting crooked shapes and non-functional aerial roots.

4.2 Plant physiology and interactions with the environment
The integration of resource assimilation into the model allows to obtain developmental differences between
individuals depending on their local environmental conditions. Insufficient light or soil minerals result in
reduced growth. In order to highlight this phenomenon, two simple familiar looking virtual plants have been
evolved. The first plant grows high and adopts a tree-like shape. The second plant grows close to the ground
and represents a herbaceous species.

Figure 7: Virtual Garden

Figure 8: Growth depending on lighting conditions

Figure 9: Phenotypic plasticity in response to lighting conditions
Figure 8 shows a number of herbaceous plants which have been seeded in the vicinity of a tree. The light is
shining vertically, so that the area beneath its large crown is shaded. Due to low photosynthesis, the herbs
located under the tree grow poorly compared to those without restricted lighting conditions.
A second motivation of modeling interactions between a plant and its environment is the phenomenon of
phenotypic plasticity. Natural plants tend to grow towards major resources, in particular towards light [25].
Phenotypic adaptation to a given light source is illustrated in figure 9. Two individuals of the designed tree
species are grown under light at different angles of incidence. Instead of vertical illumination, the plants are
exposed to a lateral light source. It can be observed that the typical large crown of figure 8 is replaced by
rather bushy forms. Due to the modified lighting conditions, different apexes are stimulated. Those situated
on the opposite side of the tree gradually find themselves in the shadow and are penalized by less resource
allocation.

5.0 Conclusion
Interactive evolution offers a convenient way to design complex three-dimensional objects for virtual
worlds. In particular, this technique allows creating models without caring about or even knowing the
underlying processes involved. The user simply inspects a population of individuals and selects an arbitrary
shape, according to his/her design purpose, which is subsequently used for reproduction. Several genetic
operators produce slightly mutated genotypes and allow to explore new phenotypic variations of the
evolving object.
In this paper, a virtual plant model and its simulation platform have been presented and demonstrated to be
an appropriate tool for the interactive evolutionary design of plants. The virtual plants are based on an Lsystem formalism and integrate resource management by a two-substrate version of the transport-resistance
model. Two simulations highlighted the impact of physiological processes on plant growth. Due to
interactions with the environment, a genotype produces different variants of the same originally selected
phenotype. Resource assimilation allows obtaining growth differences between individuals depending on
their access to light and soil minerals. Resource flow and allocation inside virtual plants induce phenotypic
plasticity. Instead of designing a large number of predefined phenotypes, diversification can be achieved by
one genotype which produces an unlimited number of distinguishable individuals. Apart from a gain in
aesthetics and authenticity, this variety is an important step to the creation of biologically inspired virtual
ecosystems.

6.0 References
[1] K. J. Mock. “Wildwood: The evolution of L-system plants for virtual environments”. In Int. Conf. on
Evolutionary Computation, Anchorage, AK: 476—480, 1998.
[2] B. Damer, K. Marcelo, F. Revi. “Nerve garden: A virtual terrarium in cyberspace”. In Heudin, J.-C.,
editor, Virtual Worlds, Springer-Verlag, 177—185, 1998.
[3] D. Steinberg, S. Sikora, C. Lattaud, C. Fournier, B. Andrieu. “Plant growth simulation in virtual worlds :

towards online artificial ecosystems”. In Proceedings of the First Workshop on Artificial Life Integration in
Virtual Environment, Lausanne, Switzerland, 1999.
[4] S.C. Stearns. “The evolutionary significance of phenotypic plasticity”, BioScience 39, 436—445, 1989.
[5] R. Dawkins. “The Blind Watchmaker”. WW Norton, New York, 1986.
[6] J.H. Holland. “Adaptation in Natural and Artificial Systems”. Ann Arbor MI: University of Michigan
Press, 1975.
[7] C. Darwin. “The Origin of Species”, Penguin Paperbacks, 1859.
[8] K. Sims. “Artificial Evolution for Computer Graphics”, Computer Graphics, 25(4) : 319—328, 1991.
[9] C. Traxler, M. Gervautz. “Using Genetic Algorithms to Improve the Visual Quality of Fractal Plants
Generated with CSG-PL Systems,” Proceedings of the Fourth International Conference in Central Europe on
Computer Graphics and Visualization, N. Magnenat-Thalmann and V. Skala, editors, University of West
Bohemia, Plzen, Czech Republic, 1996.
[10] J. McCormack. “Interactive evolution of L-system grammars for computer graphics modelling”. In D.G.
Green and T. Bossomaier, editors, Complex Systems: from Biology to Computation, IOS Press, Amsterdam,
Netherlands, 118—130,1993.
[11] S. Ulam. “On some mathematical properties connected with patterns of growth of figures”. In
Proceedings of Symposia on Applied Mathematics, Am. Math. Soc. 14: 215—224, 1962.
[12] H. Honda. “Description of the form of trees by the parameters of the tree-like body: Effects of the
branching angle and the branch length on the shape of the tree-like body”. Journal of Theoretical Biology
31: 331—338, 1971.
[13] W. Kurth. “Morphological models of plant growth: Possibilities and ecological relevance”. Ecol.
Modell. 75-76: 299—308, 1994.
[14] J.J. Landsberg, S.T. Gower. “Applications of Physiological Ecology to Forest Management”. Academic
Press, London, 1997.
[15] J.L. Harper, B.R. Rosen, J. White. “The growth and form of modular organisms”. The Royal Society,
London, UK, 1986.
[16] P. Prusinkiewicz, A. Lindenmayer. “The Algorithmic Beauty of Plants”, Springer-Verlag, Berlin, 1990.
[17] X. Le Roux, A. Lacointe, A. Escobar-Gutiérrez, A., S. LeDizès, “Carbon-based models of individual
tree growth: A critical appraisal”. Ann. For. Sci. 58: 469—506, 2001.
[18] P. Room, J. Hanan, P. Prusinkiewicz. “Virtual plants: new perspectives for ecologists, pathologists and
agricultural scientists”. Trends in Plant Science 1: 33—38, 1996.
[19] J. Perttunen, R. Sievänen, E. Nikinmaa, H. Salminen, H. Saarenmaa, J. Väkevä. “LIGNUM: A tree
model based on simple structural units”. Ann. Bot. 77: 87—98, 1996.
[20] C. Fournier, B. Andrieu, S. Ljutovac, S. Saint-Jean. “ADEL-Wheat: A 3D architectural model of wheat
development”. In B.-G. Hu and M. Jaeger, editors, 2003 International Symposium on plant growth
modeling, simulation, visualization and their applications. Tsinghua University Press - Springer Verlag,
Beijing, P.R.China, 54—63, 2003.
[21] P. de Reffye, T. Fourcaud, F. Blaise, D. Barthélémy, F. Houllier. “A functional model of tree growth
and tree architecture”. Silva Fenn. 31: 297—311, 1997.
[22] M. Westoby, D.S. Falster, A.T. Moles, P.A. Vesk, I.J. Wright. “Plant ecological strategies: some
leading dimensions of variation between species”. Annual Review of Ecology & Systematics 33: 125—159,
2002.
[23] J.H.M. Thornley. “A balanced quantitative model for root:shoot ratios in vegetative plants”. Ann.
Botany 36: 431—441, 1972.
[24] J.H.M. Thornley. “Modelling shoot:root relations: the only way forward?”. Annals of Botany 81: 165—
171, 1998.
[25] R. Firn. “Phototropism”. In RE Kendrick, GHM Kronenberg, editors, Photomorphogensis in Plants, Ed
2. Kluwer Academic Publishers, Dordrecht, The Netherlands, 659—681, 1994.

