Figure 12: A tree model with branches competing for access to
light, shown without the leaves

Figure 14: A model of deciduous trees competing for light. The
trees are shown in the position of growth (top) and moved apart
(bottom) to reveal the adaptation of crown geometry to the presence
of the neighbor tree.

of apices in unfavorable local light conditions, and shedding of
branches which do not receive enough light to contribute to the
whole tree. Both phenomena limit the extent of branching, thus
controlling the density of the crown. This property of the model
is supported by the simulation results shown in Figure 11. If the
growth was unlimited (production 6 was always chosen over 7
and 8 ), the number of terminal branch segments would double
every year. Due to the competition for light, however, the number
of terminal segments observed in an actual simulation increases
more slowly. For related statistics using a different tree architecture
see [52].

p

Figure 13: A climbing plant growing on the tree from the previous
figure

N

is above a threshold min . If these conditions are not satisfied,
production 11 removes (sheds) the branch from the tree using the
cut symbol %.

p

Simulations. The competition for light between tree branches is
manifested by two phenomena: reduced branching or dormancy

p

p

A tree image synthesized using an extension of the presented model
is shown in Figure 12. The key additional feature is a gradual
reduction of the branching angle of a young branch whose sister
branch has been shed. As the result, the remaining branch assumes
the role of the leading shoot, following the general growth direction
of its supporting segment. Branch segments are represented as
texture-mapped generalized cylinders, smoothly connected at the
branching points (cf. [6]). The bark texture was created using a
paint program.
As an illustration of the flexibility of the modeling framework presented in this paper, Figure 13 shows the effect of seeding a hypothetical climbing plant near the same tree. The plant follows the
surface of the tree trunk and branches, and avoids excessively dense

Figure 16: Relationship between tree form and its position in a
stand.

Figure 15: A model of coniferous trees competing for light. The
trees are shown in the position of growth (top) and moved apart
(bottom).

colonization of any particular area. Thus, the model integrates several environmentally-controlled phenomena: the competition of tree
branches for light, the following of surfaces by a climbing plant, and
the prevention of crowding as discussed in Section 6. Leaves were
modeled using cubic patches (cf. [46]).
In the simulations shown in Figure 14 two trees described by the
same set of rules (younger specimens of the tree from Figure 12)
compete for light from the sky hemisphere. Moving the trees apart
after they have grown reveals the adaptation of their crowns to the
presence of the neighbor tree. This simulation illustrates both the
necessity and the possibility of incorporating the adaptive behavior
into tree models used for landscape design purposes.
The same phenomenon applies to coniferous trees, as illustrated
in Figure 15. The tree model is similar to the original model by
Takenaka [52] and can be viewed as consisting of approximately
horizontal tiers (as discussed in Section 5) produced in sequence
by the apex of the tree stem. The lower tiers are created first and
therefore potentially can spread more widely then the younger tiers
higher up (the phase effect [46]). This pattern of development is
affected by the presence of the neighboring tree: the competition
for light prevents the crowns from growing into each other.
The trees in Figure 15 retain branches that do not receive enough
light. In contrast, the trees in the stand presented in Figure 16 shed

branches that do not contribute photosynthates to the entire tree,
using the same mechanism as described for the deciduous trees.
The resulting simulation reveals essential differences between the
shape of the tree crown in the middle of a stand, at the edge, or
at the corner. In particular, the tree in the middle retains only
the upper part of its crown. In lumber industry, the loss of lower
branches is usually a desirable phenomenon, as it reduces knots
in the wood and the amount of cleaning that trees require before
transport. Simulations may assist in choosing an optimal distance
for planting trees, where self-pruning is maximized, yet there is
sufficient space between trees too allow for unimpeded growth of
trunks in height and diameter.

9

CONCLUSIONS

In this paper, we introduced a framework for the modeling and visualization of plants interacting with their environment. The essential
elements of this framework are:

 a system design, in which the plant and the environment are
treated as two separate processes, communicating using a standard interface, and
 the language of open L-systems, used to specify plant models
that can exchange information with the environment.
We demonstrated the operation of this framework by implementing
models that capture collisions between branches, the propagation of
clonal plants, the development of roots in soil, and the development
of tree crowns competing for light. We found that the proposed
framework makes it possible to easily create and modify models
spanning a wide range of plant structures and environmental processes. Simulations of the presented phenomena were fast enough
to allow interactive experimentation with the models (Table 1).
There are many research topics that may be addressed using the
simulation and visualization capabilities of the proposed framework.
They include, for instance:

 Fundamental analysis of the role of different forms of information flow in plant morphogenesis (in particular, the relationship

Fig.
5
7
9
10
12
15

Number of
branch
leaf
segments clusters
138
140
786
229
4194
34b
37228
448b
22462
19195
13502
3448

Derivation
steps yrs
5
182
186
301
744
194

5
NA
NA
NA
24
15

Timea
sim.
render.
1s
50 s
67 s
15 min
22 min
4 min

1s
2s
3s
70 s
13 sc
8 sd

a Simulation and rendering using OpenGL on a 200MHz/64MB Indigo2 Extreme
b active apices
c without generalized cylinders and texture mapping
d branching structure without needles

Table 1: Numbers of primitives and simulation/rendering times for
generating and visualizing selected models

between endogenous and exogenous flow). This is a continuation
of the research pioneered by Bell [4] and Honda et al. [7, 33].

 Development of a comprehensive plant model describing the
cycling of nutrients from the soil through the roots and branches
to the leaves, then back to the soil in the form of substances
released by fallen leaves.
 Development of models of specific plants for research, crop and
forest management, and for landscape design purposes. The
models may include environmental phenomena not discussed in
this paper, such as the global distribution of radiative energy in
the tree crowns, which affects the amount of light reaching the
leaves and the local temperature of plant organs.
The presented framework itself is also open to further research. To
begin, the precise functional specification of the environment, implied by the design of the modeling framework, is suitable for a
formal analysis of algorithms that capture various environmental
processes. This analysis may highlight tradeoffs between time,
memory, and communication complexity, and lead to programs
matching the needs of the model to available system resources in an
optimal manner.
A deeper understanding of the spectrum of processes taking place in
the environment may lead to the design of a mini-language for environment specification. Analogous to the language of L-systems for
plant specification, this mini-language would simplify the modeling
of various environments, relieving the modeler from the burden of
low-level programming in a general-purpose language. Fleischer
and Barr’s work on the specification of environments supporting
collisions and reaction-diffusion processes [20] is an inspiring step
in this direction.
Complexity issues are not limited to the environment, but also arise
in plant models. They become particularly relevant as the scope of
modeling increases from individual plants to groups of plants and,
eventually, entire plant communities. This raises the problem of
selecting the proper level of abstraction for designing plant models,
including careful selection of physiological processes incorporated
into the model and the spatial resolution of the resulting structures.
The complexity of the modeling task can be also addressed at the
level of system design, by assigning various components of the
model (individual plants and aspects of the environment) to different
components of a distributed computing system. The communication

structure should then be redesigned to accommodate information
transfers between numerous processes within the system.
In summary, we believe that the proposed modeling methodology
and its extensions will prove useful in many applications of plant
modeling, from research in plant development and ecology to landscape design and realistic image synthesis.
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models of plant development. In Handbook of formal languages,
G. Rozenberg and A. Salomaa, Eds. Springer-Verlag, Berlin, 1996. To
appear.
[44] PRUSINKIEWICZ, P., AND HANAN, J. L-systems: From formalism
to programming languages. In Lindenmayer systems: Impacts on
theoretical computer science, computer graphics, and developmental
biology, G. Rozenberg and A. Salomaa, Eds. Springer-Verlag, Berlin,
1992, pp. 193–211.
[45] PRUSINKIEWICZ, P., JAMES, M., AND MĚCH, R. Synthetic topiary.
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