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Computer graphics has dedicated a considerable amount of effort to gener-
ating realistic models of trees and plants. Many existing methods leverage
procedural modeling algorithms - that often consider biological findings - to
generate branching structures of individual trees. While the realism of tree
models generated by these algorithms steadily increases, most approaches
neglect to model the root system of trees. However, the root system not
only adds to the visual realism of tree models but also plays an important
role in the development of trees. In this paper, we advance tree modeling
in the following ways: First, we define a physically-plausible soil model to
simulate resource gradients, such as water and nutrients. Second, we propose
a novel developmental procedural model for tree roots that enables us to
emergently develop root systems that adapt to various soil types. Third, we
define long-distance signaling to coordinate the development of shoots and
roots. We show that our advanced procedural model of tree development
enables — for the first time — the generation of trees with their root systems.
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1 INTRODUCTION

The ubiquitousness of vegetation in real scenes renders models of
trees and plants an integral asset for applications in visual com-
puting. Models of plants are used in settings as diverse as games
and movies, architecture and urban planning, forestry and agri-
culture, and the training of autonomous agents or smart farming
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Fig. 1. A rendering of a simulated tree with our method. Our biologically-
plausible model captures the coordinated development of shoot and root
branches, as well as their interaction with the environment by taking up
water and nutrients.

systems [Klein et al. 2023]. As the overall realism of virtual scenes
increases across these domains, so do the requirements for the fi-
delity of plant models. This does not just include the visual aspects
but also extends to the simulation of intricate biological and phys-
ical processes to drive the generation of plausible animations or
to advance the understanding of a studied phenomenon, such as
wildfires [Hadrich et al. 2021], erosion [Cordonnier et al. 2017], cli-
matic gradients [Makowski et al. 2019; Patubicki et al. 2022], and
animal behavior [Ecormier-Nocca et al. 2021]. However, despite
these advances, the development of complete trees, consisting of
above-ground branching structures and their root systems, has not
yet been modeled.

Arguably, in many situations root systems of trees may well be
neglected. Roots are often not visually present and do not obviously
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contribute to what is visible to the observer. However, it is challeng-
ing to model them realistically for applications where roots are of
main interest. This ranges from complex ground-root interactions
to enhance the visual realism, e.g., for trees growing on rocky ter-
rain or at slopes, to simulations of root systems for predicting tree
development, e.g., in farming or utility planning scenarios. Roots
grow in response to different soil types, according to the availability
of resources (nutrients and water), and the overall development of
trees. The complex interplay between root and shoot development
leads to intricate geometric traits, which are difficult to model man-
ually. Besides increasing the visual realism through the modeled
roots, realistically simulating the growth of roots along with their
resource uptake from the soil also enables modeling more realistic
tree form in response to environmental conditions (e.g., for drought
or nutrient availability). A number of methods model root systems
geometrically [Leitner et al. 2010; Méch and Prusinkiewicz 1996].
However, these methods either only model the root system in isola-
tion, without root-soil interaction, or only use simplified geometry
for representing root systems. To the best of our knowledge, root-
soil interactions and the physically-plausible simulation of resource
uptake for developmental tree models have not yet been studied.

In this paper, we aim to advance tree modeling in the following
ways: first, we define a soil model based on a grid-based solver.
The soil representation not only allows us to define different soil
types and their properties (e.g., permeability and water capacity)
but also to simulate the distribution of resource gradients for wa-
ter and nutrients. Second, we define a novel developmental model
for trees that are defined by a set of parameters that also enables
modeling the specific morphology of developing roots. We abstain
from a categorical description of roots (taproots, heart roots, lat-
eral roots, etc.), but instead define our developmental model so as
to express different root types emergently — roots grow based on
species-specific characteristics and develop in response to different
soil types and available resources.

Our framework allows us to interactively model the development
of complete trees (above- and below-ground branching structures)
and define the long-distance signaling between shoots and roots
based on environmental stimuli (light, water, nutrients, and other
soil properties). With this more complete approach to tree modeling,
we can generate a range of results that could not be modeled before.
Specifically, we show for the first time the whole 3D development of
complex trees, including roots. As we model the interaction of roots
and soil, our framework also allows us to model tree development
in response to different levels of water and nutrient availability —
trees in different soil conditions express various root architectures.

An example tree model generated with our framework showing a
developed shoot and root system is shown in Fig. 1. In summary, the
contributions of our method are as follows: (1) we propose a novel
developmental model that also enables us to emergently simulate
roots of different tree species in response to the soil model; (2) We
model the long-distance signaling to coordinate the development of
shoots and roots; (3) we propose a lightweight, dynamic soil model
based on soil properties relevant to root development.
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2 RELATED WORK

Early approaches modeled branching structures as rule-based algo-
rithms [Honda 1971; Prusinkiewicz and Lindenmayer 1990], gram-
mars [Aono and Kunii 1984], particles [Reeves and Blau 1985], and
fractals [Oppenheimer 1986]. L-systems are one of the most promi-
nent formal descriptions for modeling plant structures [Prusinkiewicz
1986] that have also been used for modeling roots systems [Leitner
et al. 2010; Méch and Prusinkiewicz 1996]. Procedural modeling
methods (parameterized algorithms) expand on the success of these
early approaches by defining powerful mathematical models for
phenomenological or self-organizing tree growth that can generate
a large variety of tree architectures [Guo et al. 2020; Palubicki et al.
2009; Runions et al. 2007; Stava et al. 2014]. Only a few approaches
exist to model root systems of trees [Tobin et al. 2007], Greene [1991]
used voxels space automata for root-obstacle development simula-
tion. However, existing approaches do not generate complete trees
or root systems interacting with soil.

Sketch-based methods aim to facilitate the generation of tree
models through user-defined gestures that are used to drive the
procedural modeling of branching structures of trees [Chen et al.
2008; Okabe et al. 2007; Tan et al. 2008], plants [Anastacio et al.
2006] and flowers [jiri et al. 2006]. TreeSketch is an advanced ap-
proach for combing user-defined sketches with procedural mod-
eling [Longay et al. 2012]. Moreover, sketches can also be used
to define intermediate representations for tree modeling, such as
envelope shapes [Benes et al. 2009], to guide the modeling pro-
cess [Wither et al. 2009] or for guiding particle flows [Neubert et al.
2007]. These methods focus on the user interaction to generate the
upper tree part and do not provide root systems.

With images and point clouds becoming common data modali-
ties, researchers have attempted to reconstruct tree models from
data. Various methods exist to reconstruct trees and foliage from
multiple [Bradley et al. 2013; Neubert et al. 2007; Reche-Martinez
et al. 2004] or single photographs [Quan et al. 2006; Tan et al. 2008],
segmentation masks [Argudo et al. 2016], point clouds [Liu et al.
2021; Livny et al. 2011; Xu et al. 2007], time varying data [Li et al.
2013], and videos [Li et al. 2011]. More recently, it has also been rec-
ognized that neural networks can be leveraged as powerful function
approximators to facilitate the reconstruction of tree models. While
explicit tree geometry cannot yet directly be reconstructed with
neural networks, methods use intermediate representations, such
radial bounding volumes [Li et al. 2021] or branch parts [Liu et al.
2021] to reconstruct trees from images or point clouds. Due to the
inherent difficulty of capturing roots, only a handful of approaches
exist to reconstruct 3D models of roots through the structure from
motion [Lu et al. 2021] or by obtaining a 3D model after excavating
the root system [Ohashi et al. 2019].

Recently, researchers also simulated the biological development
of plant models and their physical response to environmental factors.
This ranges from methods that realize the dynamic development of
tree models [Longay et al. 2012; Pirk et al. 2012a], the interaction
of plants with their environment [Hadrich et al. 2017; Pirk et al.
2012b; Wong and Chen 2015], wind and tree interactions [Habel
et al. 2009; Pirk et al. 2014; Quigley et al. 2018; Shao et al. 2021],
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Fig. 2. Plants are represented as a hierarchical graph. (a): At its lowest scale, we define branch segments as nodes. Branch segments define whole root and
shoot branches represented as nodes at the next scale. (b): At the third scale of the graph, we represent the shoot and the root systems as individual nodes.
(c): The highest scale describes the whole plant. (d): The plant graph is embedded into representations of the soil and the atmosphere with a soil grid and
a radial bounding volume. (e): Environmental stimuli of light, water, and nutrients are integrated into the plant graph as shoot flux, root flux, and root

competition signal.

tree combustion [Pirk et al. 2017], the development of the cam-
bium [Kratt et al. 2015], and even physical material properties based
on FEM methods [Wang et al. 2017; Zhao and Barbi¢ 2013]. Similar
to these approaches, we aim to improve tree modeling by combin-
ing procedurally generated root and branching structures with a
physics-based solver for soil.

Understanding the root systems is of central interest in agricul-
ture and botany. Researchers not only study the function of root
systems and their growth [Coutts 1987, 1989] but also their 3D
distribution [Dobson et al. 1995] and how they vary for different
tree species [Becker and Castillo 1990; Sutton 1980; Vercambre et al.
2003]. Furthermore, researchers are interested in understanding the
morphology of roots [Busgen 2007; Cutler et al. 1990], how deep
they grow [Gasson and Cutler 1990; Gilman 1990], and how far they
spread around a tree [Hodgkins and Nichols 1977; Stone and Kalisz
1991; Stout 1956]. Roots can also cause damage to buildings and
pipes [Biddle 2001], and they play a major role in maintaining the
structural integrity of soil [Sutton 1991]. A survey on assessing and
analyzing 3D architectures of root systems was provided by Danjon
and Reubens [2008]. Our work is inspired by these approaches, but
we focus on shape and appearance as an emergent phenomenon
from interaction with the soil and nutrients.

3 OVERVIEW

Our main goal is to advance individual plant modeling by empha-
sizing the role of the coordinated development of the shoot and
root (rhizae) shape (morph) — which leads to the name of our model
Rhizomorph!. To this end, we carefully describe environmental stim-
uli and their integration into a long-distance signaling network
representing plant development.

In our method, we have extended established approaches for
generating realistic 3D geometries of botanical plants [Palubicki
et al. 2009; Stava et al. 2014]. Plant models are represented by an
acyclic Hierarchical Plant Graph (HPG) from which we obtain surface
meshes representing the plant structure. The HPG has four scales:

'The term rhizomorph derives from Ancient Greek “rhiza” meaning “root” and “morph¢”
meaning “shape”. It is commonly used in the context of branching and filamentous
structures in fungi, and can be generalized to any type of root structures such as in
botanical trees and plants.

% Fine Roots
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Fig. 3. Roots are commonly categorized as Tap Roots, Heart Roots, Lateral
Roots, Sinker Roots, and Fine Roots (image adapted from [Plus 2023]).
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segment, branch, system, and plant scale. At the lowest scale of
the hierarchy, we describe information processing between plant
segments representing organs such as buds, internodes, and leaves.
The node attributes of the HPG store plant parameters such as
organ state and size. The node attributes of the HPG are updated
in a series of simulation steps representing plant development in
our model. The computations for a single node may depend on
attribute values of other nodes in the HPG, which then represent
plant-internal signaling that coordinates the joint development of
organs. At subsequent scales, we describe the signaling between
branches, the shoot and root system, and the plant as a whole. The
information propagation occurs both between nodes of a single
scale as well as between different scales of the HPG (Fig. 2a-c).

We couple our plant model with a soil and atmospheric model.
The soil model is defined by a set of coupled differential equations
considering a 3D spatial domain represented by a discrete grid (soil
grid). With this representation, our method is capable of express-
ing various types of soil with differing structural compositions and
nutrient qualities, such as loam, sand, or humus. We define a light-
weight atmosphere model allowing us to assess light availability
using a discrete radial bounding volume (RBV) data structure [Li
et al. 2021] (Fig. 2d).

Environmental information stored in the soil and atmospheric
model is integrated into the developmental process of the plant
represented by the HPG. We consider three distinct sources of en-
vironmental stimuli: light, water, and nutrients. Information about
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light exposure of shoot segments is obtained from the atmospheric
model and integrated into the HPG as an abstract plant signal called
Shoot Flux (Sg). In contrast, water and nutrient availability for root
segments is obtained from the soil model and integrated as Root
Competition Signal (R) and Root Flux (Rr), shown in Fig. 2e. We com-
pute updated values for all signals in simulation steps. A glossary
for biological terminology is provided in the Appendix.

4 BIOLOGICAL BACKGROUND

The overall form of a plant is largely determined by the primary
growth of organs at the tips of shoots and roots (apical bud). The rela-
tive development of shoots and roots is a response to environmental
stimuli as well as genetic programming. Shoot and root systems
perform different functions for the plant: shoots produce photosyn-
thates by interacting with light, while roots take up water and nutri-
ents. Since these systems integrate different resources necessary for
plant development, their growth has to be coordinated according
to the current requirements of the plant. Consequently, the spa-
tial separation between shoot and root buds requires long-distance
signaling to coordinate the growth of these two systems [Berleth
and Sachs 2001; Leyser 2011]. Research in biology indicates that the
majority of this signaling is mediated by hormones carried upstream
or downstream through the plant vascular system. Other important
signals include sugar produced in leaves by photosynthesis and
nitrate directly obtained from the soil [Morris et al. 2017]. Shoot
and root systems not only perform different functions for the plant,
but the developmental processes controlling their form also differ
significantly, as observed by research in biology [Puig et al. 2012].

Specifically, the root system, which is unique to land plants, is
assumed to be one of the key factors that contributed to the over-
whelming success of plants as an organism in evolution. Root form
is highly dependent on the soil in which it is growing and can take
on one of many possible configurations. In botany, a common cate-
gorization of root systems is in three classes: Taproot System, Lateral
Root System, and Heart (aka Oblique) Root System. The taproot sys-
tem is characterized by a prominent, vertically growing branch
called a tap root. This root type is shared by all tree species and
appears at the beginning of their development but is later usually
outgrown by other root types. The lateral root system is character-
ized by a large number of lateral roots that grow close to the soil
surface. The heart root system is made up of root branches that
grow diagonally (heart roots), often into a spherical pattern. Other
types of roots which are separately classified include sinker roots
that can sprout vertically downwards from lateral roots. All the
aforementioned types of roots can give rise to fine roots, which are
much thinner and shorter in comparison but can directly absorb
nutrients and water (Fig. 3).

The form of the whole root system is rarely directly observable by
humans but, perhaps surprisingly, often differs significantly from
the form of the attached shoot system of a plant. Consider the
examples shown in Fig. 4.

5 MODEL

We introduce a plant growth model that describes environmental
interaction with light, water, and nutrients. In the following sections,
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Fig. 4. lllustrations of root systems of the four tree species Betula Pen-
dula (top left), Pinus Sylvestris (top right), Quercus Robur (bottom left), and
Castanea Sativa (bottom right). The illustrations are courtesy of Wagenin-
gen University & Research - Image Collections.

we introduce the hypotheses formalized in our model, the spatial
domains of information transfer, and provide a definition of our
complete plant model based on long-distance signaling and our soil
model.

5.1 Hypotheses

The construction of our plant model follows a phenomenological
approach where we formalize a set of key biological hypotheses. We
carefully selected a parsimonious set of assumptions to represent
internal plant processes as well as plastic responses to environ-
mental stimuli and their coordinated integration that represents
development in our model. The key hypotheses are:

(1) Basipetal information transfer determines apical dominance
(Organ Activation Signal) and apical control (Shoot Competi-
tion Signal); Eq. 3 and Eq. 4.

(2) Shoot branch growth is dependent on light availability (Shoot
Flux Signal); Eq. 8.

(3) Root branch growth is dependent on acropetal water uptake
(Root Flux Signal); Eq. 9.

(4) Local nutrient gradients and shoot-root ratio specify root
branch development (Root Competition Signal); Eq. 6.

(5) External resource acquisition leads to growth potential (Vigor
Signal) for organ development dependent on size; Eq. 15.

(6) Organs have maintenance and growth requirements depen-
dent on their size (Organ State); Eq. 2

(7) The coordinated shoot and root information processing deter-
mine root-branch competition (long-range signaling); Eq. 10
- Eq. 12

(8) Nutrients are advected by water; Eq. 30.

Hypotheses (1)-(7) apply to the plant model, whereas hypothesis

(8) to the soil model. The formalization of (1)-(7) is based on discrete
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Fig. 5. Signal flow in the Hierarchical Plant Graph (HPG) occurs at the segment scale (a) for the Root Competition, Shoot Competition, and Organ Activation
signals. Shoot Competition, Shoot Flux, and Root Flux signals are passed up the hierarchies of the HPG until the plant scale (b-d). At the plant scale, these
signals are transformed into a Vigor signal, which is propagated downwards to the segment scale, until each segment is allotted an amount of vigor. The Root

Competition signal is directly aggregated at the plant scale from the segment scale. The upwards and downwards propagation of signals at the different scales

of the HPG represents long-distance signaling in our model.

graph node computations, whereas for (8), we rely on a set of partial
differential equations resolved in a 3D domain. We couple both
models by embedding the discrete soil grid and HPG in the same
continuous Euclidean space.

5.2 Spaces

The main challenge in describing plastic plant development is to
express the joint action of environmental and intrinsic processes.
We express plant developmental dynamics using a hierarchical tree
graph of connected nodes to accommodate this challenge. A hierar-
chical graph allows propagating signals both within a single scale as
well as between scales. At the lowest scale of the hierarchy, nodes
n € N represent segments of shoot or root branches (Fig. 5a). At the
next higher scale, nodes b € B represent branches of the shoot or
root (Fig. 5b). At the following scale, nodes s € S represent the shoot
and root system (Fig. 5c), and, finally, node p € P represents the
whole plant system (Fig. 5d). Long-distance signaling that controls
local developmental decisions is passed on at the segment scale,
while signals that carry global developmental decisions are passed
across the hierarchy. Each node is a data structure defined by a
number of attributes (Tab. 1 and Appx. 9: List of Symbols).

Our soil model uses a 3D uniform grid that spatially discretizes
the 3D domain of the partial differential equations. Each grid cell
stores information about soil attributes such as growth resistance d,
water capacity ¢, water permeability p, as well as variables water
w and nutrients v representing soil dynamics. The atmosphere in
our model is represented by a Radial Bounding Volume (RBV) data
structure which is used to obtain estimates for light exposure (q)
of plant organs [Li et al. 2021]. The atmospheric model also stores
information for the temperature T in a given simulation step as
specified directly by the modeler.

5.3 Tree Model

The HPG is composed of nodes at different scales. At the segment
scale, nodes store values in attributes to generate the geometric
shape of the plant and to represent the physiological plant state.

Shoot Flux

Signal '\

Root Flux
Signal

Environmental
Stimulus

Root Competition

Shoot Competition g AR

Plant Stimulus

Fig. 6. In our model, the information processing of plants is encapsulated
through the interaction of a number of signals. Shoot and Root Flux signals
represent light and water stimuli, whereas Shoot Competition and Organ
Activation signals express genetic programming. The Root Competition
signal has a dual role in our model. All five signals are then aggregated by
propagation through the HPG to two higher-level signals. The Vigor signal
represents the growth potential of organs, whereas the Organ State signal
represents the developmental requirements of organs. Vigor and Organ
State signals together define development in our plant model.

Nodes belonging to the shoot system have different attributes com-
pared to nodes belonging to the root system. Both types of nodes
share the attributes of position x, diameter d, length I, bud num-
ber Ny, vigor V, optimal growth direction g, and orientation o. Shoot
nodes also possess the attributes Shoot Flux Signal S, Activation
Signal A, leaf number Nj. Root nodes contain the attributes Root
Flux Signal Rr and Root Competition Signal R (Tab. 1).

5.3.1 Long-distance Signaling. The essence of our method is the
node attribute update computation which represents signaling ac-
tion in plants. We distinguish node computations that initially de-
pend on data stored in the soil or atmosphere model such as Shoot
Flux Sr and Root Flux Rp Signals, and node computations that
solely depend on node attribute values. The shoot competition S,
root competition R, and activation A signals represent plant inter-
nal information processing (Fig. 6). In our model, we update these
variables in a sequential manner.
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First, we compute the organ Sianal 2 wsp =0.8
state O(n;) = (Gj, Mj, A;, Si) Propggation 2
for each node n € N. The or-
gan state represents informa- 2 / (2+2)*0.8=32

tion about how much vigor
V is required for maximum
growth G and maintenance M,
as well as signals A control-
ling bud activation and S con-
trolling overall growth of child
branches (Fig. 6). For all apical
nodes of the shoot system of the HPG, we initialize organ state
variables in the following way,

(32+2)*0.8=42

42*08=32

Gyl = shooty (I - di + Ny - ), M
aaread g @)
AP~ (G4 M) - A )
Sl.(apical) = (Gi+M;)-¢acp, ©)

where shoot, is the overall growth rate of the shoot system com-
puted at each previous simulation step (Eq. 16, in the first iteration
we initialize this variable with a default value) and ¢4pp @acD
global coefficients describing the overall inhibition capability of
apical nodes of a plant species in regard to bud activation and in-
ternode growth. For root nodes the maintenance requirement M
is computed exactly as for the shoots, but the maximum growth
requirement is defined by

. l 1
Gi(apzca ) _ rooty - (S)(PRG , (5)

where ¢rg is a parameter describing how quickly a root can grow
through the soil, rooty the overall growth rate of the root, and § the
growth resistance of the soil. In addition, we also initialize for the
root node a root competition signal R as

RPN — G4 ;. )

Once all apical nodes have been initialized, we accumulate the main-
tenance requirement M, maximum growth requirement G, shoot
competition signal S and the root competition signal R to the shoot
and root base nodes until the total amount of maintenance, growth
requirement and root competition signal is stored there. In the inset
figure, we show how we accumulate values R, S and A at bifurca-
tions and scale them with a coefficient (psp < 1) that represents
signal decay. Light exposure values L are used to compute the Shoot
Flux signal Sr for each node of the HPG at the segment scale. We
use the local light availability L(n;) for node i to compute Sg:

L(n;) = /QLj(wj)dwj, (7)

Sk fo(L(ny)) - maxy, ()

where max; denotes the maximum light availability that can be
transformed into Shoot Flux Sf, L;(®j) the incoming light from
direction wj, Q a sphere, and f; is the sigmoid function. While we
calculate the integral for apical nodes, we also compute the optimal
growth direction y. This direction is selected to point to the location
of the highest light availability on the sphere Q [Palubicki et al.
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Table 1. Dynamic Parameters: node attribute values are calculated at each
simulation step. They represent the shape and physiological information
about plant segments. Most attributes are shared between shoot and root
nodes (indicated by check marks), but some differ (indicated by the minus
sign). The symbols refer to: position (x), diameter (d), length (I), bud number
(Np), leaf number (Nj), vigor (V), optimal growth direction (g), orientation
(0),Shoot Flux Signal (Sr), Activation Signal (A), Root Competition Signal
(R), and Shoot Competition Signal (S)

Node x d | N, N V g o S, A Rr R
Shoot v Vv VvV V V V VvV v VvV Vv - -
Root v v Vv v - Vv Vv Vv - - Vv V

2009]. Then the Shoot Flux Sr is accumulated at nodes of each
higher hierarchy until we obtain the total Shoot Flux at the plant
scale.

Similarly to the calculation of the Shoot Flux Sg, we also compute
the Root Flux R for all nodes of the root. However, instead of
computing light availability L(n;) using the RBV, we use the water
value w stored in the soil grid cell (i, j, k), where the root node is
located. Again, we use the notion of a maximum water availability
maxyy that can be transformed in Root Flux:

Rp = fo(wjjk) - maxy . 9)

Similar to the Shoot Flux, the Root Flux Rp is accumulated at nodes of
each hierarchy until the total Root Flux is computed at the plant scale.
Once the total Shoot and Root Flux are obtained, we compute the
total vigor VP12t wwhich represents the available growth potential
for the plant:

Vplant — min(R;,OOt, Sf:hoot) ) (10)

This expresses water- or light-limited computation of vigor. In case
Rr < Sf, the water uptake is limiting overall plant growth, while
in the converse case light is limiting overall plant growth. We then
compute the Vigor V"9 available for the shoot system:

hoot
Vshoot — Vplant . Moo

Moo o .
where M denotes the vigor required for organ maintenance. The
Vigor V' js equal to 1 — V3190t In our HPG we define two base
nodes at segment scale for the root and shoot system which are
connected to each other. Then, we calculate the Vigor vy, for the base
nodes of the shoot and root. The base nodes are treated separately
from all other nodes:

Mb + Gb
My +Gp+ Yecc(Me +Ge)’

v, = Vplant (12)

where ¢ € C are the directly connected nodes of the base node b.
Once we have computed the vigor for the base nodes we propagate
vigor values upwards from the shoot base node to the apical nodes of
the shoot system. At each branching point we determine how much
vigor is distributed towards the next node of the current branch
(Vin) and how much to the node of the child branch (V;) based on



the vigor of the parent node (V}):

@ac = min(A - e~ PAFP:shooty 1y (13)
oac(Sm)

Vin =V, - , 14

=V acGm) + (1 — pac)(50) (14

Ve = (Vp = Vm). (15)

where ¢4¢ corresponds to the weight A used in [Palubicki et al.
2009], but instead of a user specified value it is a derived value
based on a tree age factor parameter ¢aF, the age of the tree p,
and the shoot growth potential shooty. This means that as the tree
ages in our simulation, the weight to distribute vigor decreases.
Consequently, the older the tree becomes the smaller the inhibition
of growth on child branches gets.

5.3.2 Development. Once the node updates have been computed,
we update the HPG to express the developmental changes of the
plant. First, we calculate the growth potential of the shoot shooty and
root rooty. These variables represent the overall growth potential
of the shoot and root system:

Vshoot

shoot; = pshoot (16)
Vroot

rooty = W. (17)

Next, we determine which branches should be pruned from the
shoot system of the HPG at the branch scale. We remove the branch
from the HPG if the following inequality is true:

gbranch
Jbranch < OPT; (18)
where [P"@7¢h denotes the total length of a branch. We perform this

test for all branch nodes of the branch graph. Then for all nodes
of the segment graph of the shoot system, we compute potential
internode extension. This is calculated using a plant-specific param-
eter plant;, which defines the maximum length of internodes as a
function of plant age following [Stava et al. 2014]:

I = (Gi = M;) - plant; (age). (19)

The direction of internode extension is defined by weights and
phototropism parameters following the method from [Palubicki
et al. 2009]. The direction of extension of an internode is the sum of
three weighted vectors: the previous direction, the optimal growth
direction obtained when calculating light availability (weight ¢pr),
and a tropism vector (weight 7). For all nodes that have a number
of dormant buds attributed to them, we compute if a bud activates
and a new node is attached to the segment graph. We compute the
probability that a bud activates as:

T —miny [V;\%84
()
where miny and maxr denote the lower and upper limit of the
temperature range in the climate model, and ¢4 is a modulator of
bud activation probability representing a plant species preference
for activation, and sb a bud attached to a node. Please note that in
the implementation we clamp differences with 0 to avoid negative
probabilities. Each new apical node of the HPG may generate a
number of dormant buds that may develop later in the simulation

Pa(sbj) = e - shooty - (20)

max7 — minrt
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into new nodes. The number of buds and leaves as well as their
arrangement on a shoot branch follows [Stava et al. 2014], but in
contrast to the original approach, we use the allotted vigor V; of
nodes to compute varying instead of constant numbers of buds for
apical nodes:

Np(bud;) = V;/G; - onLB - (21)

We update root node attributes analogously to the shoot nodes

with several exceptions. First, we compute the extension of intern-

odes of the root system by taking into account the growth resistance
of the soil § (described in Sec. 6):

lant
liz(Gi_Mi)'p5 Y (22)

Second, the change in diameter is calculated according to the pipe
model introduced by Shinozaki et al. [1964]. Third, the extension
direction of new root internodes is calculated by computing the
optimal growth direction y. We sample the local soil grid cell of a
node and set its orientation pointing to the highest amount of nutri-
ents to compute y. Please note that water may control root branch
growth direction indirectly by advecting nutrient concentrations
in the soil. We also employ a user-specified tropism vector 7 and
the previous growth direction. These three vectors are scaled by
weight { for tropism and # for growth direction to weigh their rela-
tive contribution to determine the root orientation (see [Palubicki
et al. 2009] for more details). Contrary to the shoot nodes, the root
nodes select a tropism vector locally as controlled by the probability
P(n;) to switch between lateral and vertical tropism vectors:

Pr(ni) = ¢st - f/)gT(Bb) , (23)
where ¢sT denotes a user parameter controlling a global probability
to switch tropism (ST), ¢sTp a second probability derived from the
graph distance (STD) between current node i and the base node b.
Consequently, the further away a node is from the base node, the
less likely it will switch tropism vectors. Finally, the formation of
new root branches, contrary to the shoot branching, depends on
the Root Competition signal R as well as a branching strength ¢ps
to account for the effects of nutrients:

Pra(rb;)) =R; - A; - rooty - ¢Bs - (24)

Altogether, this defines a single step in the simulation of our plant
model.

6 SOIL MODEL

Roots grow by absorbing water w and nutrients v from the soil. Root
development is affected by soil growth resistance. In our model, we
describe soil by three static soil properties: (1) the growth resistance
of the soil § : Q — R*, (2) the capacity to store water ¢ : Q — RY,
and (3) the soil permeability p : @ C R3. The soil domain Q is a 3D
space where soil properties are defined for each position.

The changes in w are modeled by the following equation:

ow

—+V:-j=8 N 25

™ J (25)
where t is the time, S is a source/sink term and V- j is the divergence

of the water flux. The flux consists of multiple components:

j=p- (jdiﬁ + jgrav) > (26)
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Fig. 7. The soil texture triangle chart is used for the classification of different
soil types based on their composition of loam, clay, silt, and sand. Our soil
model based on permeability (left to right) and water capacity (top to
bottom) can express varying infiltration and drainage patterns as indicated
by the blue contours. The blue color indicates the time (light is a longer
simulation) and the vertical extent of the contour indicates the depth to
which 80% of the water infiltrated. Based on these water flow properties,
we can map our soil simulation to soil types such as clay (1), clay loam (2),
sandy clay loam (3), sandy loam (4), silt loam (5), and silt (6).

where the permeability p at each position is used as a scaling factor
for the fluxes. A permeability of zero, therefore, acts as an obstacle
to the water flux. The flow of water due to diffusion is denoted
by jaif- Different regions of the soil may have varying capacities ¢
for storing water. Therefore, the relative water content is computed
as:

a=—. (27)

c

For numerical stability, water capacity is always greater than zero.
Then, the diffusion flux is relative to the negative gradient of the
water content times the global diffusion strength fy5 € R:

Jaif = =V - fair - (28)
Note that for appropriate scaling and homogeneous capacity, this
simplifies to jg4i¢ = —Vw. The gravity flux feray € R3 is:

jgrav = fgrav W (29)
Water is the dominant medium through which nutrients may be
transported in the soil. In our model, we account for the advection
due to gravity as well as diffusion:

ov

—+V-(j-v)=0. 30

o (- (30)
Since soil permeability and capacity control water flow, the transport
of nutrients is also affected by the soil properties. A summary of

the used symbols of our soil model can be found in Tab. 2.

Mapping to Soil Types. Agriculture often classifies soils by using
the soil texture triangle chart (Fig. 7, left), which describes soil types
in terms of proportions of sand, clay, loam, and silt. Our soil model
is based on the static soil properties of growth resistance §, perme-
ability p, and water capacity c, as well as dynamic soil properties
of water w and nutrients v. It has been observed that different soil
types have different hydraulic properties [Groenendyk et al. 2015].
For example, water in sandy soil infiltrates quickly, whereas in clay
the flow is very slow. We demonstrate the capabilities of our method
to simulate different hydraulic properties of soil in Fig. 7 (right).
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Table 2. Soil parameters used in our model.

Symbol Name Units

t Time 1h

X Position 1m

Q Soil Volume 1m

8 Growth Resistance 1

P Permeability 1m/h

¢ Capacity unit/cm®
w Water unit/cm?
v Nutrients unit/cm?
Saife Diffusion force 1

farav Gravity 1

S Source / Sink unit/cm?
Ax Voxel Size 1m

At Time Step 1h

We simulate a slower infiltration of water by specifying low per-
meability values p and fast infiltration of water with higher values
(e.g., sandy types of soil). The index numbers in Fig. 7 correspond to
well-known types of soil and their hydraulic properties. In addition
to the various soil types shown in the soil triangle, soils are often
heterogeneous. For example, rocks of various sizes may be embed-
ded in the soil, which affects water flow. Another factor might be
nutrient-rich regions e.g., due to decomposing animal cadavers. To
account for this heterogeneity, we employ 3D noise functions to
control the placement of regions with permeability p = 0 (rocks) or
sources of nutrients v. Specifically, we used the following parameter
values for water capacity C and permeability P in the simulation
results shown in Fig. 7: (1) C = 10, P = 0.0015, (2) C = 5, P = 0.0015,
(3) C=75,P =0.033,(4) C = 150, P = 0.5, (5) C = 100, P = 0.5, (6) C =
50, P = 0.033.

7 IMPLEMENTATION

We have implemented our interactive standalone framework with
C++, OpenGL, GLSL, and Vulcan with OptiX as the rendering engine.
We also used CUDA to speed up numerical calculations. All results
were generated on a computer with an RTX 3090 (24GB), an Intel
® i9-10850K processor, and 32GB of memory.

Discretization. At the beginning of each simulation step, we first
update the temperature value for the atmospheric model. Then we
compute the changes of water w and nutrients v. The soil volume is
discretized into voxels with equal size dx in each dimension. Gra-
dients for the diffusion flux jz; ¢ (Sec. 6) are computed using the
simple finite difference scheme. We use the Lax-Wendroff scheme to
calculate advection Eq. 30. Time integration dt is performed using
the Forward-Euler method. We use absorbing boundary conditions
for the bottom and blocking boundary conditions where the per-
meability is set to zero of the soil grid. We compute the absorbing
boundary conditions to modulate the water amount in voxels using:
witl = wit - aj, with a; € [0..1] with decay factor g; of:

1

) 1)
0.2 - width? )~

For the absorbing boundary conditions, we use a width of five.
We compute 24 iterations with our Lax-Wendroff scheme and 50
iterations for the diffusion integration for each plant simulation step
(Alg. 1, lines 3-4).

ai:1—exp(
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Heart Root System

Lateral Root System

**L
(9 (h)

Taproot System

Fig. 8. Developmental progression of different tree species and their root systems. Different tree species tend to develop diverse root systems, such as the
heart root system (a)-(f), the later root system (g)-(l), and the taproot system (m)-(s). Please note that the development of the root system is not linearly
proportional to the development of the shoot system. In the early growth stages, the root systems develop faster.

Fig. 9. As roots interact with the environment, our method enables the generation of diverse root systems. Commonly known root types (tap, lateral, heart,
sinker roots) emergently develop while trees grow and interact with the soil. Here we show a heart root system (a), a taproot system (b), lateral root system
with sinker roots (d). Different soil types cause trees to adapt their root system, which can lead to asymmetrically developed roots (c).
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ALGORITHM 1: Overview of our numerical procedure.

Input: Current system state.
Output: Updated system state.
1 Procedure:

2 Update temperature values T in atmosphere model (Sec. 5.2).
3 foreachyeT do
4+ | Compute water w and nutrient changes v for each soil
5 grid cell y (Sec. 6).
¢ for each n € N(apical) do
7 | Initialize growth G, maintenance M, root signal R, shoot
signal S and activation signal A(Egs. 1-6).
s foreachn e N do
9 | Accumulate maintenance M, maximum growth G, root
signal R, shoot signal S and activation signal A horizontally
through the HPG (Sec. 5.3.1).
10 foreachn e N do
11 | Compute light availability L for each node n (Eq. 7)
12 | Compute Sf, Rr (Eq. 8, 9).
13 for each (n,b,s) € (N, B, S, P) do
14 | Accumulate Sr and Rf vertically through the HPG.
15 for each (n,b,s) € (N, B, S, P) do
16 | Compute V and propagate vertically (Egs. 10, 11) and
17 horizontally (Egs. 12-15) through the HPG.
18 for each (n,b) € (N, B) do
19 | Compute growth rates for shoot and root (Egs. 16, 17).
20 | Prune branches (Eq. 18).
21 | Compute internode elongation and
22 radial extension (Eq. 22).
23 | Compute node tropism (Eq. 23).
24 | Activate dormant buds (Eq. 20).
25 | Compute bud number for nodes (Eq. 21).
26 end

Tree Simulation. Once the water w and nutrient v values have
been updated, we initialize the organ state variable G and M for all
apical nodes of the HPG (Alg. 1, lines 5-6). Then, we accumulate
values M for all non-apical nodes using downwards propagation for
the shoot and upwards propagation for the root (Alg. 1, lines 6-7).
Next, we compute the light availability (Alg. 1, line 12) for each node
of the segment graph by numerical integration and compute the
Shoot Flux Sp and Root Flux Signals Rr (Alg. 1, lines 14-15). After
this step, we propagate vigor values V vertically and horizontally
in the HPG (Alg. 1, lines 16-18). Once the vigor values are allotted
to all nodes, we perform pruning at the branch scale, calculate the
internode elongation and radial extension, buds activation, and the
addition of new buds at segment scale, (Alg. 1, lines 191f.).

8 RESULTS AND EVALUATION

Our model depends on a number of parameters, and we aim to
carefully explore different parameter settings through numerous
examples. A tree model emerges through the interaction of the
different components of the HPG. We simulate different root types,
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Fig. 10. A close-up of a fully developed root system of the tree shown in
Fig. 8f. Our method is able to generate highly complex root systems, also
including fine roots.

Fig. 11. Our method enables simulating root-soil interactions, and root
systems can automatically adapt to different soil configurations. In this
example, a root system has adapted to a mountain slope and grew out of
the soil (left), resulting in visible roots on top of the soil (right).

such as lateral or sinker roots, and their interaction with the soil. We
also use the information gathered by the root system and show how
it affects the upper part of the tree. Simultaneously, we propagate
the information from the crown down to the root system.

8.1 Results

In Fig. 8, we show the temporal progression of plant growth from
sapling to mature trees for three different species. We selected a
parameter value configuration to model a heart (a-f), a lateral (g-1),
and a taproot system (m-s). To model a heart root system, we choose
a small value for the tropism weight {’ to compute the extension of
an internode. This will emphasize root growth for optimal growth
directions. While the lateral and taproot systems are modeled by
choosing high or low values for gs1 together with a high value
for the tropism weight , respectively. This emphasizes switching
between lateral and/or vertical root branch growth.

In Fig. 9, we show detailed close-ups of two heart root systems (a),
a taproot (b), an asymmetrically developed heart root system, and a
dense lateral root system (d). In Fig. 10, we show a close-up rendering
of a heart root system from a bottom perspective showcasing the
geometric intricacy and complex architecture. We also explore the
parameter space of our model by selecting parameter values to
model 5 distinct species of trees. In Fig. 12, we show renderings of a
simulated maple tree grown on a slope (a), an apple tree grown next
to a low-permeability region (b), a young oak with a deep taproot
(c), a poplar (d), and a cherry tree forming a wide lateral root system
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Fig. 12. We demonstrate the capabilities of our method by generating five tree species by manually selecting parameter values: a maple grown on a slope (a),
an apple tree grown next to a low permeability region (b), an oak with a deep taproot (c), a poplar with a root distinct from the shoot architecture (d), and a
cherry tree with a wide lateral root system (e). Trees can develop different root systems based on their parametrization and the interaction with soil properties.

(e). For a comparison to our simulation, we show a reconstruction
of a real root system in Fig. 13 (Fig. 4 in Danjon and Reubens [2008],
Species: P. pinaster). Finally, to illustrate our simulated root shapes
from a different viewpoint, we show top-down views of two root
systems in Fig. 17.

8.1.1 Root-Soil Interaction. Roots are plastic organs that adapt to
environmental stimuli. We show that our method captures this
important aspect of root development in Fig. 11. We placed a plant
model on the slope of a hill. Since root development is affected
by nutrients that are only located in the soil (see Egs. 6, 24), the
generated root geometry follows closely the slope of the terrain.
This creates the appearance of roots partially sticking out of the
ground, which is a commonly observed feature of real tree growth
and an important visual asset for rendering scenes containing trees.

In our model, we can set varying values for soil properties. Es-
pecially important for root development is the growth resistance
factor § since it impacts the growth rate of root branches. In Fig. 14,
we show the same tree model grown on soils with a heterogeneous
growth resistance distribution. In (a), a thin layer of soil with low
growth resistance is placed on top of a reddish layer of high growth
resistance. The root architecture exhibits an asymmetric shape due
to avoiding the high growth resistance soil layer. In (b), the low
growth resistance layer is thicker compared to the other scene. As a
result, the root branches grow faster into a more spherical and less
dense shape. Due to the feedback between root and shoot growth,

Fig. 13. A reconstruction of a real root system shown in Danjon et al. [2008]
(Fig. 4 in their paper). Real trees often develop complex root systems with
dense branch distributions. As shown in Fig. 12e, our method is able to
generate root systems with similar visual features.

the shape of the above-ground part of the tree is also different from
the one shown in scene (a); it grows slightly faster, forming a more
well-defined trunk.

To further illustrate the dependence of root development on soil
properties, we also evaluated the impact of dynamic soil properties
of water capacity and permeability. We map these properties to dif-
ferent soil types as defined by the soil texture triangle (introduced
in Sec. 6) to provide a visual, comparative analysis in Fig. 15. The
vertical axis indicates varying values for water capacity and perme-
ability, whereas the horizontal axis indicates root development over
time. In sandy clay loam (a), the tree first develops a pronounced
taproot but later switches to a lateral root system. In silt loam (b), the
same tree produces a pronounced tap root system because nutrients
infiltrate deeper into the soil compared to sandy clay loam soil. Clay
soils (c) are characterized in our simulation by very slow water flow

ACM Trans. Graph., Vol. 42, No. 4, Article . Publication date: August 2023.
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Fig. 14. A visualization of the interaction of the same plant species and two different kinds of soil. The top row (a) illustrates the development of a tree model
in soil with a thin layer of low growth resistance properties and the bottom row (b) the development of a tree model in soil with a thick layer of low growth
resistance properties. In the latter case, the root branches grow longer and develop into a more spherical shape compared to the former case, where the high

growth resistance bottom layer constraints root growth.

characteristics resulting in high nutrient concentrations close to the
surface. As a result, the same tree develops a lateral root system.

8.2 Evaluation

We evaluated our tree model qualitatively and quantitatively by
assessing the similarity of generated roots to observations of real
root systems. Most scientific research focuses on observations of
small flowering plants such as Arabidopsis thaliana and not trees, as
is the focus of our method. We compare our results with quantitative
measurements of oak roots, qualitatively with a root penetration
depth of different tree species, and by comparing to the nitrate
response of a split root experiment. Furthermore, we also provide
examples of the runtime of our method for different simulation time
steps and trees in Table 3 of the Appendix.

8.2.1 Root-Shoot Ratio. Trees are
known to have different root-to-
shoot ratios throughout their de-
velopment. This progression of ra- 07
tios is particularly pronounced for
oak trees that usually develop a
tap root system. Therefore, we 05
compare the development of a
simulated oak tree to a real oak
tree [Konopka et al. 2010]. In the ~ ©3
inset figure, we show the root-to-
shoot ratio as a function of the di-
ameter at the base of the tree of a simulated tree (blue) and a real
tree (orange). Our method generates a root-to-shoot distribution
similar to the real oak tree. A naive simulation approach of adding a
root growth model without coordination with a shoot growth model
would not allow to easily produce specific shoot-to-root ratios.

—— Simulated Oak
—— Real Oak
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Fig. 15. In our model, trees express different root architectures in soils with
different properties. We demonstrate this dependence by developing the
same tree species (defined by the same parameter value configuration) in
three different types of soils. We use the parameterization for sandy clay
loam (a), silt loam (b), and clay (c).

8.2.2  Split Root. Plant root development is highly dependent on ni-
trate availability in the soil. Nitrate acts as a resource for the growth
and can limit growth in case there is not enough nitrate available
(Fig.16a). When nitrate levels are too high the plant can repress the
growth of the root, since optimal nitrate uptake is facilitated also
with a smaller root system (Fig.16b). However, in a scenario where
a part of the root system is in high nitrate conditions while the
other part is in low nitrate conditions a competition of root branch
growth may occur. This competitive root growth is hypothesized
to be the result of long-distance signaling between shoot and root
system [Boer et al. 2020]. In this asymmetric nitrate distribution
scenario the root branches in the high nitrate conditions develop
even more vigorously compared to the case when the whole root
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Fig. 16. Nutrients may have intricate effects on root development. In low nutrient regimes, root system development may be limited (a). Whereas, in high
nutrient regimes, the root system might develop in a repressed way because further investment in root biomass might be unnecessary to obtain optimal
resource requirement (b). In case part of the root system is embedded in high and another part in low nutrient regions, an asymmetric competition scenario
arises. The root branches in higher nutrient regions develop faster at the expense of the root branches embedded in lower nutrient regions (c).

Fig. 17. Top-down views of two root systems: if not blocked by obstacles
root systems naturally develop in all radial directions.

system is embedded in high nitrate conditions. Conversely, the root
branches which are exposed to low nitrate conditions develop slower
compared to the control experiment (Fig.16¢). This means that our
model based on long-distance signaling can reproduce intricate de-
velopmental responses of roots to nitrate distributions. In Fig. 19
we show a rendering of a tree grown close to a nutrient pocket
(terracotta region) that further illustrates the asymmetric compe-
tition between root branches induced by heterogeneous nutrient
distribution. The left part of the root system contains more branches
compared to the right part due to a higher activation probability
Pra(rb) (Eq. 24).

8.3 Discussion and Limitations

Modeling the 3D geometric development of roots has not received
much attention in computer graphics or in other research areas
for that matter. The main reason is not the lack of significance of
this developmental phenomenon but rather that most of the root
system cannot be directly observed. Root systems embedded in soil
have to be scanned with X-ray computer tomography (X-Ray CT) or
magnetic resonance imaging (MRI) which is observation expensive.
As a result, human understanding of how developmental processes
are controlled by biology is limited. This complicates formulating
and formalizing hypotheses of the development of root systems. In
our method this is reflected, e.g., by the modeling decision that root
tropism is to a large degree a random process (see Eq. 23). While this

does not noticeably affect the expressive capabilities of our modeling
approach, a more thorough evaluation of potential hypotheses may
lead to a more accurate simulation.

On the other hand, work in developmental biology indicates a
number of plant signals that seem important in root growth, e.g.,
auxin, sugar and nitrate. Currently, our framework based on long-
distance signaling reflects certain plant signal actions, such as bud
activation being inhibited by buds higher up in the plant structure,
which is known to be attributed to the action of auxin flow. However,
we refrained to tie in closer to actual plant signaling dynamics due
an increased model and computational complexity. A more realistic
model would describe signaling dynamics more accurately, which
could lead to the emergent description of other important plant
developmental phenomena such as adventitious bud formation or a
plausible wounding response.

9 CONCLUSION AND FUTURE WORK

We have advanced plant modeling in computer graphics by intro-
ducing a novel method for simulating the coordinated development
of shoot and root systems. We extend existing methods for the light-
mediated generation of plant models by introducing a hierarchical
graph representation for the information processing between shoots
and roots. The long-distance signaling between roots and shoots
not only enables - for the first time — to generate complete models
of trees but also to emergently grow complex root systems with
known root types, such as tap roots, heart roots, lateral roots, and
sinker roots.

A developing root system interacts with soil and dynamically
adjusts to varying soil properties as well as nutrient and water
gradients. Through numerous examples, we have shown that our
method is able to enhance the visual realism of tree models signifi-
cantly. Furthermore, we have validated our results based on three
experiments: root development in different soil types, root-to-shoot
ratio, and the split root experiment. This indicates that our method
is able to model root development with a high degree of realism.

A model for the plant growth of complete trees enables multiple
avenues for future work. For one, it seems interesting to further
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Fig. 18. A tree model grown in soil with a nutrient pocket (terracotta region)
exhibits an asymmetric root architecture. As a consequence, on the left side
of the root system there are more root branches compared to the right.
These results conform to the ones shown in Fig. 16.

Fig. 19. Regions in the soil with high growth resistance represent obstacles
for root growth. A tree model is growing around such a region indicated by
the terracotta color. This results in an asymmetric root shape.

increase the realism of our procedural models and the interaction
of roots with soil. Our current model does not consider physical
root-root interactions. Resolving these interactions, also consider-
ing root-soil collisions, is challenging. However, it is expected that
resolving these interactions would further increase the realism of
the generated roots. Second, it would be interesting to calibrate our
model with measurements of real roots. While this is a challenging
effort — captures of real root systems are inherently difficult to ob-
tain — a more carefully calibrated model would likely be useful to
understand root systems further and to develop new hypotheses for
tree growth. Third, a model for tree development that also considers
root systems and the response of trees to water and nutrient gradi-
ents can be useful for applications in urban planning and agriculture
to predict the development of trees more realistically.
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APPENDIX
Glossary
Acropetal Upward from the base or the point of
attachment.
Apical bud The bud located at the end of a branch, which

is the location where shoot growth occurs.

Apical control is the inhibition of lateral branch growth by
shoots above it (distal shoots). If the distal shoots
are cut off to remove apical control, the lateral

branch can grow larger and may bend upwards.

Apical dominance is the inhibition of lateral bud growth by buds
above it (distal buds). If the distal buds are cut
off to remove apical dominance, the lateral bud

can grow out.

Basipetal Downward toward the base or point of

attachment.

Lateral bud A lateral or axillary bud is located in the axil
of a leaf. Each bud has the potential to form
shoots, and may be specialized in producing ei-
ther vegetative shoots (stems and branches) or

reproductive shoots (flowers).

Morphology the study of the form and structure of organisms

and their specific structural features.

Root A branch typically sprouting from the under-
ground stock of a plant which attaches it to the
soil.

Shoot A young branch sprouting from the above-
ground stock of a plant.

Tropism the turning of all or part of an organism in a
particular direction in response to an external
stimulus. Phototropism: growth of a plant in
response to a light. Gravitropism: growth of a

plant in response of gravity.

Vigor is the vitality of a plant and its subsequent
performance.
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List of Symbols

maximum growth requirement of node
maintenance growth requirement
bud activation signal

root competition signal

shoot competition signal
internode length

internode diameter

light availability

shoot flux

root flux

soil water

soil nutrients

soil growth resistance factor

soil water capacity

soil permeability

soil water content

a source/sink

diffusion force

?%Qﬁﬁ%<g$¥1h&“‘mw>gﬁ

Sarav gravity

q light value calculated from sampling the RBV
\4 vigor of nodes

shooty growth potential of shoot

rootg growth potential of root

Np bud number

N; leaf number

T day temperature

sb shoot bud

rb root bud

Py (sb) probability to activate shoot bud

Pr(n) probability to switch between lateral- and gravitropism
P,p(n) probability to activate root bud

T tropism vector

14 tropism vector weight

4 optimal growth direction vector

n optimal growth direction vector weight

PBA bud activation coefficient

@pPT pruning threshold

@sT global probability to switch tropism

@STD local probability to switch tropism

¢NLB number of buds produced

Pac capacity of apical nodes to control growth of other nodes
PRG root growth rate

PACD capacity of apical nodes to control activation of buds
®BS branching strength

®sD signal decay

neN node in segment graph

beB node in branch graph

N segment graph

B branch graph

P global plant state

P tree age
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Simulation Time

Table 3. Computation times in seconds for simulations with time steps
of 1 day, 1 week, and 1 month (rows) for trees with varying node counts
ranging from 10k to 60k (columns). Simulations with monthly time steps can
be computed at interactive rates at all levels of plant structure complexity.

Time step 10k 20k 30k 40k 60k
1 day 15.4s 32.5s 46.9s 62.4s 93.7s
1 week 2.1s 43s 6.2s 83s 12.5s
1 month 0.45s 091s 1.37s 1.82s 2.73s

Parameter Values

Table 4. A list of parameter values for each species used to generate the

results shown in Figure 12.

Parameters Cherry Apple Oak Poplar Maple
19 1.0 0.5 0.1 0.3 1.0
®ACD 3.0 30 20 1.0 0.5
PRG 14.5 8.5 12.5 10.0 11.0
T 0.7 0.05 0.85 0.65 0.1
@sT 0.95 1.0 06 075 1.0
#STD 0.01 002 001  0.07 0.0
@sp 1.0 0.9 0.95 0.99 0.95
N, 2 2 1 2 1
N, 1 1 1 1 1
®ACD 0.0 40 1.0 0.5 1.0
l 0.03 0.03 0.04 0.03 0.03
PAC 0.0 003 01 025 0.15
T 0.04 0.01 0.02 0.03 0.05
@sD 0.99 0.91 0.85 0.96 1.0
@pT 0.05 0.03 0.01 0.0 0.02
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