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Abstract — A plant is made up of components of various types and shapes. The geometrical and topological organisation of these
components defines thant architecture Before the early 1970’s, botanical drawings were the only means to represent plant archi-
tecture. In the past two decades, high-performance computers have become available for plant growth analysis and sgnulation, tr
gering the development of various formal representations and notations of plant architecture (strings of characters, #&dal tree
graphs, multiscale graphs, linked lists of records, object-oriented representations, matrices, fractals, sets of diggtistd. pdm

this paper, we review the main representations of plant architecture and make explicit their common structure and disTlepancies
apparent heterogeneity of these representations makes it difficult to collect plant architecture information in a genddaftnma

multiple uses. However, the collection of plant architecture data is an increasingly important issue, which is alsoytntietdari-

suming. At the end of this review, we suggest that a task of primary importance for the plant-modelling community isconaefine

mon data formats and tools in order to create standard plant architecture database systems that may be shared by research teams

plant architecture / geometry / topology / scales of representation / encoding

Résumé — Représentation et codage de I'architecture des plantdse plante est constituée d’entités ayant des types et des formes
variés. L'organisation géométrique et topologique de ses entités définit «I'architecture de la plante ». Avant le débesdés &nné

seule facon de représenter I'architecture des plantes était de faire des dessins botaniques précis. Dans les deuxeaferigigres déc
I'utilisation d’ordinateurs de plus en plus puissants a permis de concevoir des modeles de simulation de croissancepiebiésnte ¢

de produire des architectures détaillées et de les visualiser. Ceci a favorisé I'émergence d’'un ensemble varié de mgphé@des de r
sentation de I'architecture des plantes (chaines de caractéres, «axial trees», graphes arborescents, graphes mutegdelles, i

nées, représentations objet, matrices, fractales, ensemble de points digitalisés, etc.). Dans ce papier, nous passtes en revue
principales représentations de I'architecture des plantes, en insistant sur leurs spécificités, mais aussi sur leurmpoits 'téne-

rogénéité apparente de ces représentations rend la collecte des informations décrivant I'architecture des plantes défitiiement

sable. Toutefois, la mesure de «données architecturales» est un élément d'une importance capitale dans la conception de modéles
structure/fonction. C’est aussi une tache particulierement longue et fastidieuse. C’est pourquoi nous suggérons a ttsseeutde ce

qu’une action de premiére importance a mener dans la communauté de modélisation est de définir des formats de dontiées et des ou
communs pour créer des bases de données architecturales standard. Ces bases de données pourraient étre spécifiées, recueillies
exploitées par différentes équipes de recherches, factorisant ainsi les efforts et se dottant des moyens de compdtatdeuns résu

des bases communes.

architecture des plantes / géometrie / topologie / échelles de représentation / codage
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1. INTRODUCTION growth modelling [36], plant measurement [112, 115],
and in carbon partitioning [88].

Representations of plant architecture are commonly | compliance with these latter definitions, | shall use
used to model plant structure and function, e.g. carborihe term plant architecture in this paper to denote the
partitioning, water transfer, root uptake and growth, srycture of an individual plant crown and/or root system.
architectural analysis, interaction with the microenviron- Tjs is intended to emphasise the difference with the con-
ment, wood mechanics, ecology and developmental Ofcept of an architectural model mentioned above. More
visual models. Because the languages and aims are quitgrecisely, in order to encompass the various usages of the
different from one application to another, a wide variety tarm in the different application fields, | shall consider
of representations have been proposed, using differenpant architecture aany individual description based on
formalisms and having different properties. The aim of gecomposition of the plant into components, specifying
this paper is to provide guiding principles to bring some thejr piological type and/or their shape, and/or their
order to these numerous plant architecture representapcation/orientation in space and/or the way these com-
tions. A similar approach was followed for plant growth ponents are physically related one with another
models by Kurth [73], who proposed a classification of . . - .
the models into 3 main categories: aggregated (statistica] ~ccording to this definition, a representation of plant
models of populations), morphological (making use of _archltect_urg contains at least one of the following types of
plant modularity) and process (physiological based) mod-Information:
els. Similarly, Thornley, Johnson [121] and * Decompositiorinformation, describing how the plant
Prusinkiewicz [92], proposed that computer models be is made up of several components, possibly of differ-
divided into empirical (descriptive) and causal (mecha- ent types;

nistic, physiologically based). Room et al. [103] proposed . Geometricalinformation, describing the shapes and
a classification based on the presence or absence of topo- spatial positions of components. Here, the components
logical and geometric information in models. This paper  are considered independently one from another;

P P nents are connected with others. This information

ture. This classification is itself based on the level of . .
structural detail of the plant representation. expresses a notion of hierarchy among the components
of a branching system.

Although t.he notion of plgnt archi@ecture s frequently_ These sources of information may be combined to form a
used in the literature, there is no universally agreed defi- tati f plant hitect leading t
nition. The understanding of this concept varies depend- cPresentation of plant architecture, iéading to more or
ing on context. A few authors use the term architecture €S COmPplex descriptions. In this paper, plant architecture
explicitly Accérding to Hallé et al. [61], the phrase representations are _dlsc_ussed according to the complexity
“plant ar.chitecture” is frequently uséd to, refer to the of their decomp_osmon Into cpmponents. At th(_—) lowest
architectural modebf a tree species, i.e. the description f\\ll\%glfecc;nr:gl?ﬁgﬁgﬁ?};‘rgg:ﬁgt;:gsn?gzjg?%?ggﬁ?sass
of the growth patterns of an ideal individual of a spec.|es,[12’ 60,’63, 128] is not taken into account in the repre-
e.g. [11, 14, 20, 21, 40, 44, 99] or in modelling domains, sentation. Thesglobal representationare described in

[33, 35, 47, 97]. In this context, plant architecture refers ection 2. By contrasmodular representationgely on
to a set of rules that express the structure and growth opcclon 2. by e P! y
specific decomposition of a plant into modules of a par-

individuals in some identified group on average in non

limiting conditions. However, the phrase can also be usecf'ncufr;%'epn?;f ?’hggr?gdrize%rtg\t,\ilérr]]sn\;[/?]’i ?ﬁiﬁﬁ;grzﬂgh{o
in the same context to refer to the structural expression of"9 SY ' P ! P

the growth process of a given individual. In this case, thegn |n_tl;ar(rjn¢d|ate level of hst(rjucl:tur?l fcomplexn)ll, are
term “plant architecture” denotes the 3-dimensional escribed in section 3. A third level of structural com-

structure of an individual, and includes both the topolog- plexity can be defined when plants are decomposed info a

ical arrangement of the plant components and their coars%'ﬁTg;gg{eor];msggrelfagggg ggirriebnet dSIiieSé(;:LeanelsElj'll:[]lgg
geometric characters (e.g. orthotropis plagiotropic P '

components). This second meaning is closer to that pro_fmal section discusses the properties of these representa-

posed by Ross [104], for whom plant architecture is takengg‘nS d;rr%n:jaet‘ar?c?r?r?gggar?;;zgfscg\é(ae dapodbceogg#:]de%s that
to mean “a set of features delineating the shape, size :
geometry and external structure of a plant”, hence putting
considerable emphasis on the geometry of individuals: ths adjective is not used in the conventional mathematical
[110, 117]. Similar meanings are used in several othersense. It is widely used in the context of plant modelling to

fields of plant research, e.g. hydraulics [123, 132], plant denote the connectedness properties of branching structures.
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In this paper, descriptions of plant architectures are 2. GLOBAL REPRESENTATIONS

considered within a limited range of scales. At the finest

scale, descriptions of rings in the wood e.g. see [18], tis- The first approach consists of representing the plant (or
sues e.g. [76] or vascular systems [3] are not consideredhe plant functions) as a whole, not decomposed into mod-
At the coarsest scale, the review is restricted to the repreules. Rather, modules (or organs) of similar types are con-
sentation of individual plants. Representations of standssidered as a whole which bears a global function (water
or forests [16], orchards [69] or plant eco-systems e.g.uptake, transport, photosynthesis, etc.). The plant archi-
[38] are not addressed. tecture is thus represented by one or several compartments

“— Peripheral line

Stem base

extracted plant
outlines

side image front image

¢ d

Figure 1. Global geometric representations of plant architecture asisignple parametric model (from [84)) complex parametric
model (from [22])c. a non-parametric model (from [2&]) a contour description (from [106]).
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whose functions are defined by a global model. These In other studies, flexibility in the geometric represen-
global representations can be divided into two categoriestation is achieved by usingon-parametric models
Cluzeau et al. [26] explored the use of a polyhedral rep-
resentation of crown shapdiglre 19. According to
2.1. Geometric representations these authors, such a representation “is intermediate in
terms of computation costs and efficiency between clas-
At a global scale, geometric representations of crownssical geometric shapes and more elaborated computer
are used to model plant/environment interactions. Twographic representations”. Another example is provided by
types of geometric representations can be distinguished.the non-parametric reconstruction of shapes from pho-
A simple and economic representation of plant geome_tographs. Sh'mr;Z‘.J and Hetljnscgl%(]j for 'r!Sta”fe u'srel pho-
try can be constructed usipgrametric representations togrametry techniques and edge detection algorithms to
Spheres or ellipses are used for instance to model Iighf:OmIOUte the _connected outlines of a vervain plant from
interception by tree crowns [84fidure 13. Cylinders, photographsfigure 19.
cone frustums or paraboloids are used to study the
mechanical properties of plants [6] or in forestry applica- )
tions to model trunk or crown shapes e.g. [81]. In order to ~ 2.2. Compartment representations
account for wider spectra of shapes, these simple paramet-
ric representations can be refined by using more complex Compartment-based approaches are intended to model
geometric models, i.e. containing slightly more parame- exchanges of substances within the plant at a global scale.
ters. Cescatti [22], for instance, introduced an asymmetricPlants are decomposed into two or more compartments
geometric model of the tree crown to account for the vari- representing sinks or sources for substance transfer within
ability of crown shapes in a forest stafigyre 1b. the plant or at the interface between the plant and its

Transpiration

Vair=
] -50 MPa

kboundary tayer

kvapour

Ay

rkliquid

| Ysoil =
-0-05 MPa

Absorption

a b

Figure 2. Compartment representations of plant architecaune carbon partitioning models. Compartments are represented by dif-
ferent pools of carbor. in water transport models, compartments are associated with condudtéinoes[123]).
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environment. Compartment representations may be con- To summarise, global representations of plant archi-
sidered as coarse topological descriptions of the planttecture are representations of either plant geometry or
architecture. A compartment may, for example, corre-topology at a coarse scale. They allow the modeller to
spond to pools of leaves, roots, fruits or wood with con- design parsimonious models, i.e. models with a small
nections between one another. In these pools, the organsumber of parameters, which in turn favours a biological
are not differentiated one from another. They are consid-interpretation of the model structure. However, for many
ered as biomass with certain global properties (photosyn-applications such as studying microclimate, assimilate
thetic efficiency, mass, temperature, transfer rates, etc.)repartition, wood properties, or fruit production in plant
The first compartment models were introduced to modelcrowns, visualising the branching structure of a plant
the diffusion of assimilates in plants [119, 120]. These architecture, simulating crown development etc., these
models initially contained a leaf and a root compartment models are considered too reductive since they oversim-
and described exchanges between these compartmengdify the plant architecture. In such cases, more complex
using differential equations. Since then, compartmentrepresentations have to be considered.

models have undergone substantial development [15, 77,
80, 124] and have given rise to extensions containing addi-
tional compartments to refine the modelling of element
exchanges within the plant. A stem compartment can be
added, for instance, to model the growth process of the
stem and to take into account the consumption of assimi- This step towards refined representation is based on
lates in the diffusion process [3Tigure 29. Similarly, to the consideration of plants as modular organisms: plants
model water transport, plants are represented as a series afe made up by the repetition of certain types of compo-
compartments at the interface between the soil and thaents [10, 13, 61, 63]. Modular representations rely on the
atmosphere. Each compartment has a specific hydraulicescription of these repeated components. Such represen-
conductivity and the flow of water through the plant results tations are more complex than the global representations
from the difference in water potential between the surfacesince their specifications are intrinsically longer and usu-
of the leaves and the soil/roots [41, 11&]jure 28. ally contain far more information.

3. MODULAR REPRESENTATIONS

a b ¢

Figure 3. Modular representations of plant architectarspatial decomposition. Cells that contain vegetal elements are tagged with
grey.b. organ-based decomposition of the same plant including only geometrical information aboutleages-based decompo-
sition of the same plant including topological information.
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Two basic types of plant architecture decompositions 3.2. Geometric representations
into modules can be carried out: spatial or organ-based
decompositions. In spatial decompositions, the distribu- A second solution consists of decomposing plants into
tion of plant modules in 3-dimensional space is approxi- organs such as leaves, fruits, internodes or different types
mated by tiling of the 3-dimensional space, using cells of growth units, and considering their shapes and spatial
with simple and constant shape and tagging those thabrganisation. The connections between the organs are not
contain plant moduledigure 3g. Organ-based decom- taken into account and not all types of plant organs need
positions make use of plant modules and can be dividedo be considered. One may be interested for example in
into two classes: in geometric decompositions, only thethe spatial distribution of leaves (e.g. in application deal-
geometric aspects of the modules and their spatial posiing with light interception), or roots (e.g. to identify the
tions are consideredidure 39 whereas in topological areas of water uptake in the soil). These types of modular
representations, the connections between the modules amepresentations are frequently used to obtain accurate
taken into accounfigure 39. descriptions of the plant exchange surface in applications
studying the interaction between plants and their micro-
environment [23, 30, 113figure 4h.

3.1. Spatial representations

Plant modularity can be indirectly exploited by subdi- ~ 3-3- Topological representations
viding the space in which the plant is embedded into reg- _ .
ular cells, called voxeldigure 4g. Plant components are Topological representations are organ-based decom-
not directly considered in such representations. InsteadP0sitions in which emphasis is placed on the connections
the plant is represented by the voxels containing the manpetwee_n organs. Such representations are used in an
components. Biological attributes characterising these!lcreasing number of plant structure/function modelling
components (leaf density, optical properties, etc.) can pdields to model either substance transfer_s within plants,
attached to each voxel. The size of the voxels is deterPlant growth or to measure plant architecture. Some
mined according to the application. The plant is repre-€xamples of this are given below.
sentedn fine by a set of voxels in 3-dimensional space.  Several models of water fluxes in plants have been
Voxel-based representations have been used in the corproposed based on an electrical analogy [32, 35, 51]. The
text of light interception modelling, e.g. [111] and plant plant is decomposed into components that are associated
growth simulation [59]. with hydraulic conductance. The water flux through a

il

voxels

a b

Figure 4. Representation of plant canopies usingoxels with varying leaf densitiels. a geometric decomposition of the plant into
leaves (made from digitised grapevine leaves and used to assess irradiance models — from [113]).
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Figure 5. Modular description used with the pipe model themrZlassical representation of a plant in the pipe model theory (from
[107]) b. representation of a branching system with unit pipes: each segment of a tree is represented by a bundle of pipes. A
Kirchhoff's current law expresses flux conservatiofiree graph associated with the model from b. Each bundle of pipe is represented

by a vertex and connection between bundles is represented by an edge.

component is assumed to be proportional to its conduc-124]. Complex branching structures can be represented
tance (Ohm’s law). Water transfers within the plant are by connecting together unit pipes modelling plant com-
thus defined by a “hydraulic network” which relies on the ponents. The resulting structure, illustratedigure 5b,
plant topology: as in the electronic analogy, Kirchhoff's defines a sapwood network for which Kirchhoff's current
current law (see e.g. [25]) is satisfied for each componentjaw is satisfied with the following significance: the num-
i.e. the flux of water entering a component is equal to theber of unit pipes in a component is equal to the total num-
sum of fluxes leaving. ber of unit pipes that compose the components connected

Plant topology is also used to address carbon partition-200Ve it [88].
ing problems. In the pipe model theory, for instance, a Topological representations are also used in a more
plant is considered to be a "bundle of unit pipes” abstract manner to simulate the propagation of substances
(figure 53, each pipe bearing a unit of leaves [83, 108, through plant components. A first problem here consists
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of simulating the competition between branches for lim- to obtain realistic 3-dimensional rendering of computed
iting resources through the plant component network [19,plant architectures, e.g. [34, 39, 45, 46, 48, 97, 127]. This
35]. A second problem lies in the study of signal propa- use of 3-dimensional representations was initiated by
gation through plant topology. Such modelling may be Honda [65] who demonstrated that complex crown
used to explain time of flowering in branching inflores- shapes could be obtained using a limited number of geo-
cences for example [68]. metric parameters and that plant architecture is very sen-

As computers have become increasingly powen‘ul,SItIVe to changes in these parameters.

plant growth simulation programs have made extensive The above list of applications using a topological
use of the topological representation of plant architecturerepresentation of plant architecture is naturally not

G

B2

@ {6 nodes;10cm}

U4o A
< ®
e N4 ®
O, ©
{8 nodes;15cm} ¥ @/_‘_‘v
cataphyls

c d

Figure 6. a A tree — considered as a set of branches -batte tree graph representation of its branch topatogy oak tree branch-
ing system described in terms of growth-units dnids corresponding augmented tree graph (from [52]).
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exhaustive. However, it is intended to reflect the wide mation may correspond to the spatial position of an organ
variety of fields in which plant topology has been adopt- in space, its geometry, or any other characteristic of the
ed to refine plant representations. All these plant repre-organ. The resulting representation is called an augment-
sentations have a common underlying structure, namelyed tree graphfigures 6c¢,

that of atree graph A slightly different way of representing plant modu-

larity by a graph, called axial trees, has been proposed by
Prusinkiewicz and Lindenmayer [96] in the context of
plant growth simulation with L-systems. In axial trees,
plants are described as tree graphs where vertices repre-
sent connecting points between plant components and
g ges represent the components themselves. This con-
vention mirrors that presented above (vertices in one rep-
resentation are edges in the secondvécelversy, and is
“equivalent to augmented tree grapfigufes 7a, b.

3.3.1. Tree graphs

Let us consider the set of components resulting from
decomposition of a plant into modules. The network
made by these connected components can be represent
by a binary relation defined over the set of plant compo-
nents, i.ea graph Because of the special nature of plant
growth, graphs representing plant topology are of a par
ticular type [52], known as tree graphs (for an introduc-
tion to graph theory see e.g. [57, 8%gures 6a, b ) .
illustrates a tree graph in which each branch is represent- 3-3-2. Computational representation of tree graphs
ed by a vertex and connections between branches are
represented by edges between vertices. Two types of con- In all the preceding examples, plant topology can be
nections can be distinguished to mark the hierarchicalmodelled by a tree graph whose vertices have different
organisation of components in plants. A < (precedes)types of attributes: conductance, water flux, number of
denotes the connection between two components that havenit pipes, geometry, etc. For example, in the case of unit
been created by the same apical meristem. A + (bearspipes, the pipe representation of a tfggute 58 can be
denotes the connection between two components thaglternatively represented as a tree grafipufe 59,
have been created by different apical meristems.which emphasises the topology of the tree and defines a
Additional information can be associated with plant representation independent of the modelling context
organs in topological representations by adding featureghere, independent of the pipes). However, whereas tree
to the corresponding vertices in the tree graph. This infor-graphs are very general means of representing plant

Zero order (main) axis

Tree top ——1:5
%

OTerminal node

First order
axis

eBranching point | #
....-> Apex
——J>Internode
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. “1-1Branch
. g Branch
.'\-_:’- | base top
N
> N N
& Straight '\
Lateral | segment
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Figure 7. Equivalence between an axial tree (from [%6]and an augmented tree grdph
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Figure 8. Representation of plant topology by chained lists of
records.

parent vertex. Since each vertex in a tree graph has only
one parent at most, a single pointer is needed for each
record. In addition, each record may store further infor-
mation associated with the corresponding vertex (such as
position, geometry, light environment, etc.). This solution
is flexible: new components can easily be added or
removed and the use of memory to describe the topology
is reasonably efficient since the storage of a graph con-
tainingN vertices takes a space proportionaNtahough

this is not optimal. Also, the search for the parent vertex
of a vertex is very efficient and can be made in constant
time. Variations can be made in such implementations to
reduce either access time or storage space, see e.g. [2,
57];

Tree graphs can also be represented as matrices. Here,
the vertices and the edges of a tree graph are indexed. A
matrix M is considered whose rows and columns are
respectively associated with the vertex and edge indexes.
This matrix is called the incidence matrix of the tree
graph {igure 9. If an edgeeis incident to a vertex and
directed away from vertex then cell ¢, €) contains 1. If

modularity, there is no universal method to computation- an edgee is incident at a vertex and directed toward,
ally represent them. By contrast, various methods withthen cell ¢, €) contains —1. Otherwise ceil, () contains
specific computational properties may be consideredg. A matrix representation of graphs can be used to write

[2, 57, 118]. A brief description of the major
implementations of tree graphs is given below.

equations to describe the flows on these graphs in a syn-
thetic algebraic manner. For instance, Kirchhoff’s current

graph is to use a chained list of recorfigufe 8. Each

by the following equation:

vertex representing a plant component is associated with
a record containing a pointer to the record representing its MI=0

2 3 45 6 7 8 910
1 1 1
2 11 1 1
31 1 1 1
4 A 1
5 A
6 A
7 A
8 A
9 A
10 A

b

Figure 9. Representation of plant topology by a matsixa tree graph with fluxes going through its nodes (flyasses through node
n). b. Corresponding incidence matrix: lines correspond to vertices and columns correspond to edges (see text for detailausgxplanati
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wherel is the column vector composed of the value of the characters. Axillary branches can be added by inserting
flux entering each vertex in the graph. However, matrix their string representation into the previous string using a
representations of tree graphs have one major drawbackracket notationfigure 19. A whole branching system is
Because each vertex in a tree graph is only connected tthus defined by nested strings of characters. String repre-
a few other vertices, the resulting matrix is sparse, i.e. asentations are concise and provide optimal topology rep-
matrix with many null cellsfigure 99. When describing  resentation in terms of storage efficiency (one vertex =
a plant with a large number of components, this causene letter and no pointers are used). However, seeking for
storage problems (the storage of a graph Witrertices the parent of a component may take a time proportional
andM edges takes a space proportionaNts M. Since to n, n being the length of the string up to the letter asso-
in a treeM = N — 1, the space is of the order of magni- ciated with this component. Thus, computation that
tude ofN?). However, techniques have been developed inmakes use of the topological connections of a component,
applied mathematics for efficient computation using for all plant components (e.g. propagating substances
sparse matrices, e.g. [90]. Fourcaud for instance [49, 50]through plant topology), may take a time proportional to
used a matrix representation and a specific sparse matrif?, N being the number of plant components.
decomposition scheme to apply efficiently a finite ele-
ment method for modelling the mechanical constraints
within the branches of a growing tree.

All these implementations of tree graphs can actually
represent a plant architecture within a computer system.
As discussed above, they have different computational

Tree graphs can also be represented by strings of chaproperties, but they can all be used in plant growth simu-
acters. This is a common scheme in computer science (&tion programs: a growing architecture will be represent-
computer program for instance can be thought of as aed either by a chained list with an number of records
string of characters representing a (tree graph) hierarchyncreasing with time, by a matrix with an increasing num-
of expressions). This has proved particularly useful in ber of rows and columns, or by a string with an increas-
plant models based on L-systems (see [92] for a review)ing length.

In this case, vertices are represented by letters. To repre-
sent an axis, letters associated with vertices representing
successive components in the axis are concatenated one 3 4 Encoding plant architecture
after the other. A branch is thus represented by a string of

It is sometimes necessary to represent plant architec-
ture topology in a legible manner. This can be used for
example to describe the topology of a plant observed in
the field or to transfer plant architecture data between two
computer programs. Such encoding schemes rely on the
representation of tree graphs as strings of characters.

Several such encoding strategies have been described
in the literature. Certain strategies have been developed
for specific plant species, e.g. cotton [126] and soybean
[71] (figure 119. Others are more generic and do not
depend on plant species [62, 101figres 11b, &
However, these approaches focus on a particular plant
modularity, most frequently at the internode or growth
unit levels. These schemes enable the user to describe the
topology of plant individuals. In a slightly different per-
spective, Robinson [102] proposed an encoding scheme
to formalise the description of architectural models [61],

@ (figure 12.

01 [9 [5] 8] 2 [6] [10] 3 [7] 4 3.5. Discussion
To conclude this section, let us summarise the advan-

Figure 10. String representing a tree graph. Such strings aretages and dfaWbaCkS of using modular representations in
used to encode plant architectures. plant modelling.
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Figure 11.Different encoding schemes used to record plant topology in the field. Encoding strategies have been designed for specif-
ic plantsa. (soybean plant from [71]) or for general plabt¢from [101] ) anct. (from [62]).

A basic advantage of using modular representations isamount of data and computation, e.g. [38]. Second, since
directly inherited from the classicahalytical methoabf the level at which the plant is described is finer, modellers
tackling complex phenomena: the phenomenon (here thdrequently attempt to tackle new phenomena that appear
plant) is decomposed into small components that can beat this more detailed scale. For example, modelling tree
treated more simply. The phenomenon is then assumed terown geometry at the level of branches requires that the
be adequately described as the union of these basic conmodel integrates some description of the branch distribu-
ponent models. The hope here is that this will lead totion along the trunk. This information need not be taken
greater understanding and more accurate modelling Ofinto account when using a global model of tree crown
biological phenomena than use of global representationsgeometry (see Sect. 2). Similarly, models that use an elec-

However, this approach has some drawbacks. First, thdrical analogy for substance propagation within the tree
use of a modular rather than global representation greatlystructure contain a number of parameters proportional to
increases the size of the plant description. Special techthe number of plant components. Again, a coarse model
nigues must therefore be designed to control the overalldescribing substance transfer at the tree scale would be far
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Holttum’s [O]
Corner’s O)
Tomlinson’s b[O] or b(O) or ufO] or u(O)
Schoute’s [(O]d[O]d or b[O]d[O]d or u[O]d[O]d
Chamberlain’s  t[O]
McClure’s u[OP]¢[P]c
Leeuwenberg’s  [O]t[O]t
Koriba’s t[O]t[O]t
Prévost’s t[O]t[PO]t or z[OP}z[PO]t
Fagerlind’s (O)r[PO]t or (O)r[PO]z
Petit’s (O)c[PO]t
Nozeran’s t[O]t[P]t or t[O]y(P)
Aubréville’s (O)r(PO)z
Massart’s (O)x(P) or (O)r(P)r
Roux’s (O)c( )c or (O)c{P]t
Cook’s (O)c(P) or (O)c[P]
Scarrone’s (O)r[O]t

Stone’s (O)c[O]t or [O])c[O]t

roe Rauh’s {O)r(Ojr or b(O)r(O)r

Attims’s {O)c(O)c

Mangenot’s z(OP)z(OP)z or z[OP]z[OP]z
Champagnat’s z(0)z(O)z
Troll’s z(P)z(P)z

a b

Figure 12.Encoding scheme for architectural models (from [102]). O stands for orthotropic, P for Plagiotropic, t for terminal, d for
dichotomous, [O] means determinate unit, (O) indeterminate, etc.

more parsimonious. Therefore, more detailed descriptions 4. MULTISCALE REPRESENTATIONS
frequently lead to an increase in the size of the model, i.e.

the use of a larger number of parameters. Finally, an addi- - tpg first informal multiscale descriptions were used in
tional shortcoming of modular representations results 5rchitectural analysis where accuracy in architectural
from their dependence on thepriori choice of alevel of  qqe| description is achieved using details from many
description. A particular type of module is chosen 10 rep- yiterent scalesFigure 13 illustrates such multiscale
resent a plant and this is frequently determined by theyescrintions [85]. This picture contains details at forest,
application aims and constraints. Classical modules argeq * hranching system, axis and inter-branch segment
branching systems, axes, different types of growth-unitsgcajes The need to formalise such multiscale descriptions

and internodes. The plant is then decomposed into COMy¢ piant architectures was recently advocated by several
ponents corresponding to the repetition of this module ing ;ihqrs [56, 88, 100].

the plant architecture. The assumption (made explicitly or

not) is that the chosen level of description corresponds to In parallel to the work conducted in architectural
the optimal level at which the studied phenomenon can beanalysis, preliminary attempts were made to quantify
decomposed into pieces and analysed. This suffers from anultiscale aspects of plant architecture in the 1980's,
lack of flexibility: first, facts from different levels of inspired by a new emerging field of mathematics: fractals
description may be related to the observation of a phe{78, 79]. Mathematicians, e.g. [78, 79], are often reluctant
nomenon at a given scale. Second, in order to account foto give formal definitions of fractals. However, a fractal
this possibility, modular representations must be modified object has in general two important properties: it is char-
to support information from other scales. Systematic acterised by irregularities at every scale and has a homo-
approaches to the integration of phenomena occurring ageneous mass distribution, e.g. [122]. If the distribution is
different levels of detail in plant architectures have result- heterogeneous, one speaks of multifractal objects [4, 58,
ed in multiscale representations. 78]. Intuitively the fractal (or multifractal) character of an
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Figure 13. Architectural description of a forest showing various levels of detail (from [85]).

object is related to the fact that new details appear whertal-like aspect only within a limited range of scales
zooming in on the object. If new details appear at every(figure 148. This property can be brought to light in every
scale, the “length” (or surface or volume) of ideal fractal tree-like structure by considering that such structures can
objects must be infinite (e.g. [82]). A case of particular be approximated at scdléy their branches up to order
importance occurs if fine grain details are similar to and that zooming in on these structures reveals new
coarse grain details, then the object is said to be self-simdetails corresponding to orderl branches. In this sense,
ilar (figure 143. every branching structure exhibits fractal behaviour, at

In the strict sense, branching systems in plants are not€2St within a certain range of scalégures 14a, h
fractal objects. They do have complex structures with As illustrated by this remark, modelling plants in the
more or less obvious self-similarity [33, 96], but they do context of fractals has effects on two major aspects of the
not have infinite length: actually, real plants have a frac- modelling strategy. The first concerns the simulation of
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b

Figure 14. a.Self-similar formal tree resulting from a fractal process. The theoretical output is a fractal object, i.e. it has details at
every scale and has an infinite length (from [82])Virtual and realistic tree obtained from a fractal process (e.g. [125], Photo by
Viennot).

plant growth: similarly to fractal object generation, plant tiscale phenomena within tree crowns since the 1980’s.
growth can be simulated using a recursive process [86Both result in different types of multiscale representa-
94, 114]. The second, central to our subject, concerns théions of plant architecture that are reviewed hereafter. As
nature of the plant structure itself: similarly to fractal already seen for modular representations, these approach-
objects, the plant structure contains details at differentes can be divided into three categories depending on the
scalesof description. type of multiscale decomposition, i.e. either spatial, geo-

For plants as for fractals, we may define a notion of metric or topological.

scale from the process of tiling an object using some cho-
sen measurement unit [58, 78, 122]. A scale (of descrip-
tion) is defined by the choice of a unit used to tile up the

object (here a plant). The finer the unit, the finer the , . . i
description (i.e. the higher the scale of description). In. The first type of representation consists of decompos

this sense, we can speak of the description of a plant at th'é?getg? ;}uccgiglr}ssggge tgéc;g%xcilss%favipilrlpg z'é?i‘;" _'I;Eg
annual shoot scale (for instance), meaning that the pIan? y P P 9 y:

has been decomposed and described (tiled) in terms of itgno;e; w:edgular the shap?{ the;mer the (\j/(;xels. Such hier-
annual shoots. archical data structures have been used for many years in

engineering to deal with partial differential equations
The architectural or fractal approach (or sometimesusing finite or discrete element methods on domains with
both) have been at the origin of attempts to represent mulcomplex shapes (e.g. [98]). A similar tiling is also used to

4.1. Multiscale spatial representations
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Figure 15.Multiscale voxel-space: the plant architecture is approximated by voxels whose sizes are locally adapted to the irregulari-
ty of the plant geometry (From [109]).

compute the Hausdorff dimension of a fractal object (e.g. 4.2. Multiscale geometric representations

[42]). Recently, Sillion et al. adapted a hierarchical

approach of radiosity methods to model the energy A second type of representation consists of decompos-
exchanges between vegetation elements [28, 109]. Tdng the global shape into smaller shapes, and so on until
increase the efficiency of radiosity methods, plant archi- the desired level of accuracy is obtained. Zeide [130, 131]

tecture is decomposed into voxels of different sizes andused such multiscale geometric decompositions in

radiosity properties corresponding to the actual vegeta-forestry applications to characterise the complex shape of
tion elements they contain. An octree technique is used tdorest-tree crowns, assumed to have a fractal nature, by
locally adapt the size of the voxels to the level of detail of comparing the surface of the geometric representations of
the plant componentfidure 15. trees at different scales, see “the two surface method”
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[129]. Multiscale geometric representations have recently
been used in computer graphics to model the complex
geometry of biological organs in a hierarchical manner
[7]. These methods are currently being investigated to
introduce multiscale geometric representations of tree
crowns to model radiative transfers in canopies.

4.3. Multiscale topological representations

The fractal aspect of plant architectures has lead sev:
eral researchers to design plant growth simulation sys-
tems using fractal concepts such as self-similarity, scale,
recursion, dimension, etc. [24, 86, 94, 114, 125], (e.g.
figure 140. In these approaches, the plant representation
is not fundamentally different from that used in modullar Figure 16. Developmental sequence of a branching system
approachgs. The fractal aspect of these appro_ac_hes lies modelled using a tDOL-system (from [96]). New details corre-
the recursive process that generates a self-similar strucspond to new branching orders.
ture in a few steps [9, 92]. Like for modular approaches,
the plant topology is represented by a tree graph, using
single “unit” of description (for instance internodes). growth unit, axis and reiteration [17, 6@ipre 17. This
Increasing levels of detail are expressed by additionaldata structure is used in plant growth simulation to adapt
branching structures, e.g. by increasing branching ordersmeristem production to the nature (age, order and physi-
(figure 19. ological state) of their embedding growth unit and axis. A

In the 1990’s, other types of multiscale plant represen-similar plant representation is used in INCA [74] where
tations were introduced, making explicit the existence of the paradigm of expert systems is used to model the plant
entities at different levels of detail. Relying on architec- growth process. This growth is governed by a set of rules
tural analysis concepts, AMAP simulation software uses (written in Prolog) expressing the conditions of meristem
a layered data structure where different types of plantgrowth and differentiation as a function of the physiolog-
component are represented at different scales: internodecal state of the plant components at different scales. In

Tree (1 ] Topological structure
m—q o Treel ‘&----- >
Lﬂ-_ié‘ A I
.'"i".
- :-‘—'-""'""’-‘. _- ----------- .F -----------
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i3 r"I"- Fr-=-=n el
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Figure 17.Organisation of records representing plant architecture in AMAPpara software (from [18]).
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turn, the multiscale data structure representing plantcrown aspect, etc.) will derive from a local but detailed
architecture is updated with new physiological values andmodelling of the interaction between plant components.

with new components at different scales. These approaches were designed to account for inter-

Multiscale plant models can also be found in object- actions occurring between components at different scales
oriented approaches. Here, the intention is to describe theluring plant growth simulations and did not place much
structural-functional properties and the relationships emphasis on the multiscale representation of the plant
between the components as closely to reality as possibldtself. Godin and Caraglio [52] formalised the notion of
The emphasis is therefore on the design of objects thagrowing multiscale structures and studied their mathemat-
represent plant components. In object—oriented approachical properties. The resulting plant architecture represen-
es, objects are more than simple data structures in theation model is called a multiscale tree graph (MTG) and
sense that objects also define the manner in which thés the multiscale counterpart of the tree graph model
data they contain may be accessed and used (e.g. [64]ylescribed in the previous section. Following the definition
Salminen et al. [105] used an object-oriented approach taf the notion of scale used in fractal geometry (see above),
specify the nature of plant components at different scalesa scale in a MTG is associated with a unit of decomposi-
and determine their structural and functional connectionstion. Infigure 19the plant has been decomposed at three
(figure 183. With such a specification, the simulation different scales corresponding to three units of decompo-
program builds up a plant representation which containssition, axis, growth units and internode. At each scale, the
components at different levels of detail, i.e. a multiscale plant structure is represented by a tree graph. All these tree
data structurefigure 181). Here, it is expected that emer- graphs are integrated within a MTG by making explicit
gent properties (such as plant morphology, trunk volume,the decomposition relationships between the components.

| Tlssue

I TreePart
Connects to Tissue ’ Connects to Organ

RootSystem || Stem || Crown m

Latemlﬁoﬂ FineRoot Shool” Leail Bud LFemaIeFloworl Cone

| | | | | \ |
(Epldertl ’Mesophyﬂ ReslnDuct] \Eﬂ lConeScale] ISQameﬂ IPhloemI ’—;;%l
‘Cutlculuﬂ lsromatumJ l_N_od—e] ConeStem Cambium @ @

Notation
Generallzatlon Aggregation Assoclation:
many-to-many
-
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a

Figure 18.0bject oriented approach. Formal specification of the functions and structural relationships between plant organs (from
[105]) b. Plant architecture representation produced by a program using such an object-oriented specification. The different types of
grey levels represent the different types of objects as defined in a.
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Figure 20.Variation of the decomposition relationship with time in the topological description of a branching system (illustration on
the differentiation of a reiterated complex from the trunk of a plant). A trunk is made of several components, here mindtéeséor
During plant growth, any macroscopic component (such as the tdnknay lose some of its components (in blagk (o the ben-

efit of new macroscopic componentg (e.g. a reiterated complex) (from [52]).

A growing plant is represented by a time-varying MTG plete string represents the plant containing a maximum of
where each tree graph at any scale is a growing tree graplaetails. From this detailed description, plant description
Using this formalism, Godin and Caraglio showed that at a coarser scale can be obtained by removing substrings
decomposition relationships between components duringncluded between square brackets corresponding to high
plant growth may vary over timéigure 20. This proper- levels of detail from the initial string.

ty can be used to model the growth of complex structures. 5 special encoding scheme has been designed for
MTGs are used in AMAPmod software_dedicated to plant \iTGs to describe the multiscale topology of plants
architecture measurement and analysis [53, 55, 56], as gpserved in the field [53]figure 21). Recently, this

central data structure used to organise all the informationg.heme has been extended to integrate the description of

collected on plants. component geometry in a consistent way within the mul-
tiscale representation using 3D digitising [27, 54, 112]. A
plant described in this manner can be reconstructed
4.4. Multiscale structure encoding (figure 22 and analysed using AMAPmod software.

Multiscale representation of plant architecture is a
rather recent issue in plant architecture modelling. Little 5. DISCUSSION
work has been carried out on encoding such multiscale
representations. For plants whose multiscale architecture In this paper, a wide variety of models for representing
is generated using fractal-based mechanisms or L-sysplant architectures have been outlined, ranging from
tems, the first possibility consists of reusing the string global to multiscale representations. These models
notation for encoding tree graphs (see Sect. 3). The comhave been shown to correspond to a few formal
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Figure 21.Encoding multiscale plant architecture representat@rtbe plant is decomposed into components at different stales.
A MTG formally represents this decompositiorThe MTG is encoded using a string notation [53].

representations. Tree graph representations are at the commsition of the architecture into basic components makes
of modular representations (when topology is taken intoit possible to support more applications. They are, how-
account) whereas multiscale tree graph representationsver, less concise.

play a similar role for multiscale representations. .
] . If we assume, for example, that the geometrical

The three types of plant architecture representationnarameters for every component in the modular represen-
described in this paper, namely the global, modular andiation of a plant’s architecture are known, this representa-
muluscale representations, actually correspond to anjgp may be used without modification in various
increasing degree ebbustness applications: estimating light interception in crowns [31,

Non-robustmodels are those that work solely for the 113, 117], modelling water/assimilate fluxes through the
goal for which they were initially designed. A change of plant architecture [32, 51], realistic 3D rendering of
goal requires at least a modification in the model or moreplants [34, 95], modelling the mechanical strengths in
drastically a change of model. This is the case forbranches [50], computing the distribution of component
instance in global models which reduce to a minimum thegeometric and topological characteristics in crowns [27]
plant representation, taking account of the modelling or in root systems [29, 70, 87], making spatial statistics in
objective and nothing more. Because of their restrictedthe tree crown [5], studying the motion of insects on
range of use, non-robust models are often concise. Bystems [62], estimating the distribution of water under a
contrastrobustmodels have the ability to adapt to objec- vegetal canopy during rain, modelling the node structure
tives for which they were not initially designed. In this in log sections [67], and more. The robustness of modu-
sense, modular representations of plant architecture aréar representations is a key factor supporting their
more robust than global representations since the decomincreasingly frequent use in modelling applications.
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@ blush <70 %
O 70% =< blush < 80 %
80% =< blush < 90%
® 90% =< blush < 95%
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Figure 22.Side and top view of a digitised tree in a multiscale context. The representation contains both geometric and multiscale topo-
logical information. Fruit attributes (like red colouring or “blush”) can be analysed according to their architecturalftontg2{]).

Multiscale representations are even more robust tharincreasing. On the one hand, scaling up models from
modular representations since they contain more structurplant individuals to forest stands requires global and effi-
al information. They potentially allow the user to address cient representations of plant architecture. On the other
different scales of space or time within a modelling appli- hand, a detailed understanding of plant growth, at differ-
cation. However, they are also more complex, which lim- ent time scales, relies on the modelling of plant architec-
its their current use in plant modelling. Nonetheless, ture at different spatial scales.

current research in plant modelling highlights the need to The choice of a plant architecture representation is
integrate informgtion at different scales in plant archite_c— often associated with the problem of collecting plant
ture representations [8, 27, 56, 88, 100]. Such a growing, pjtectyre data in the field. This can be used either to
consensus should favour the use of multiscale representa, 5y se different types of distributions within plant archi-
tion of plants in future_ structure/function models. This tecture, to define reference data for building plant struc-
will only be the case if adequate tools and models areyre/fynction models or initial data for simulations of
built to handle these complex plant representations. plant growth, or to assess model output compared with
As underlined by this review of the literature, modular actual data. The increasing interest of the research com-
representations are currently the most widely used repremunity in plant structure/function models makes the
sentation in plant structural-functional modelling. They collection of plant architecture data an increasingly
currently correspond to the best compromise betweenimportant issue. However, collecting architecture data
complexity and robustness. However, the interest inrequires the definition of complex experimental and
developing global or multiscale representations is observation protocols. This is a time-consuming task (e.g.
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[54]) and the apparent heterogeneity of plant architecture [10] Barthélémy D., Edelin C., Halle F., Architectural con-
representations, discussed above, makes it difficult to coliée?tls fOIrE tf(OEDc;C&; tgees, in: Holm-¥|els¢n|L':.B., '\tlI6|SAend|-C-,_
- - . Al i alslev E. (Eds.), Symposium on Tropical Forests, Academic
1;;; architecture information in the field in a reusable Press, London, Aarhus, Danemark, 1989, pp. 89-100.
) ] [11] Barthélémy D., Edelin C., Halle F., Canopy architec-
The research community currently lacks such reusablewre, in: Raghavendra A.S. (Ed.) Physiology of trees, John
databases and associated tools. However, we have show#iley and Sons Inc., 1991, pp. 1-20.
in this paper that there are actually only a few different  [12] Bell A.D., The simulation of branching patterns in mod-
formalisms to represent plant architecture and that toolsular organisms, Phil. Trans. R. Soc. London 313 (1986) 143-
to deal with such representations are emerging, e.g. [11°9:
43,54, 55, 62, 72, 75, 91, 93]. This suggests that a task of [13] Bell A.D., Plant form, An illustrated guide to flowering
primary importance for the plant modelling community is P/ant morphology, Oxford University Press, Oxford, 1991.
to define i) translation schemes to exchange plant archi- _[14] Bell A.D., Roberts D., Smith A., Branching patterns: the
tecture data and i) common data formats and tools to Cre_'$|mulat|on of plant architecture, J. Theor. Biol. 81 (1979) 351-
ate standard plant architecture database systems that

. : [15] Bertin N., Environnement climatique, compétition pour
could be shared by research teams, with different modeh g 3ssimilats et modélisation de la nouaison de la tomate en cul-

ling goals, throughout the world. ture sous serre, Ph.D. Thesis, INRA, Paris Grignon, 1993.
. [16] Birnbaum P., Modalités d’occupation de I'espace par les
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