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Abstract Recent advances in computer fechnology have made it possible fo create virtuel planfs by simulabing the
structural development of individual plants, opening up new application areas for plant modelling. The simulation of
s Architectural models tend to focus on capluring

plant developument has been approached from two very different angles.
the three-dimensional structure of a single plant s a product of an internat developmental program, while crop models
iology into account fo estimate biomass production as a consequence of environmental inputs.
Integration of these approaches will provide benefits on both sides. Architeotural models will gain the ability to react to
broad environmental conditions, incorporabing physiclogical parameters of the plant parts being modelled. Physiological
sirnulations such as crop models will gaby a visualisailon component and could use the added stractural detail to respend to
spatial variations in conditions that result from plant growth, This integration requires the resolution of the fundamentally
different time scales underlying present models. Avchitectural models are usually based on physiological time: each time
step encompasses the same amount of developrent In the plant, without regard to the passage of real time. In contrast,
physiological models have time stops based in real tine the amount of development in a time step is dependent on
environmental conditions during the period. This paper presents a case study i which an architectural plant model based
on parametric L-systems is extended to allow the incorporation of crop modelling routines which respond to environmental
conditions. Dovelopmental rules that operate in real vather than physiological time are developed, based on widely used
concepts of thermal time.

take aspects of pland phy

Figure 1: Visualisation of three stages of a virtual bean plant modelied nsing Losystems.




INTRODUCTION

The recent rapid development of computer technology has
made it feasible to simulate the structural developroent of
plants as individuals made up of components like ap
internedes, and leaves (Room el of. [1894]). When the
simulations are run, the behaviour of a plant’s api

temns and their products are reprod
memory. The resulting virtwal plont ¢

&
al meris-
d 1n the computer’s
aptures the changes
that oceur in the amrangement of component parts as the
plant develops and grows.

Virtual plants are founded on architectural models that
sitnulase the developing three-dimensional (3-D) structure
of plants, These models focus on the plant’s internal de-
velopmental program expressed as “rules of growth” ap-
plied to plant components ln suce
particular rule to be used depends on she component’s
current state ag identified by internal factors like compo-
pant age and pasition, or the presence of signals due to
hormone flow and internal resource partitioning. Envi-
Focts are considered to be implicit in the cur-

sive time steps. The

ronmental e
rent state of the componenss. This is particularly true in
stochastic models, where both internal and cavironmen-
tal effects are exprogsed in the probabilibies of meristem
development derived from meagsurements nnder varying
conditions {Jacger and de Reffve [1902]). More explana-
tory models of structural i\'n(mms can be developad by
explicit simmulation of internal control mechanisms, as i
possible using an approach based on Lindenme
tems {Prusinkiewics and Lindenmayer {1990]). This ap-
proach allows interacsive development of models incorpo-
rating both deterministic and stochastic rules in the same
model, and has been used successfully in modelling a w ice
variety of plant types. Tt serves as the basis for further dis-
cugsion in this paper.
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Besides ailowing for highly reatistic visualisation of plant
development (Figure 1), virtual plants provide a dynamic
platform for analysing how 3-I3 structare affects a plant’s
jmteractions with its environment. VFor instance, virtual
plants could be used in simulations supporting research in
pesticide deposition or insect behaviour. In order to do
this effectively and to be useful in the widest variety of
applications, the modelling system which ghves the virtial
plant its “life” must allow the incorporation of models
of physiolog processes to represent development under

)
arying environmental conditions,

The extensive research into crop modelling {see review by
Whisler et al. [1986]) provides a broad range of plysio-
logical models for use with virtual plants. These systems
focus on predicting blomass production ab a crop level as
a consequence of environmental Inputs, capturing the pro-

cesses al work either cmpivically or mechanistically. They
commonty take agronomic and weather data as input, and
may include detailed sub-models of systems components
such as soik-water processes, nutrient avallability, and pho-
tosynthate production and distribution. They varely tread
plant merphology in detail other than at a collective, fopo-
logical level.

Integration of architectural and physiological : pproaches

will provide benefits on both sides.  Architectural mod-
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Flgure 2 L-system string representation of the develop-
ment of & simple plant.

ols will gain the ability to react to broad environmental
conditions, incorporating physiological parameters of the
structural componerts. In simulating plant-insect interac-
tiong, for example, it would be possible to determine the
nitrogen status of plant components serving as food for
the insects, in addition $o having both insects and plants
reach appropriately o temperature fluctuations. Physio-
logical sirulations suck ag crop models will gain a visuali-
salion component making thelr performance easier to un-
derstand and communicate to farmers and students. Crop
wodels eould use the added structural detail to respond
to spatial variations in conditions which result from plant
growth, for instance by incorporating more detailed mod-
els of light interception.

This paper describes how the features of a plank mod-
elling system based on Lindenmayer systems {(L-systems)
can be used to incorporate models of physiological pro-
cosses into virtual plants, First, a brief background on the
L-gystems formalism underlying the models will be given,
and the main features of the plant modefling system will
be described. The following section will look at 1ssues re-
lated to integrating the two types of models based on the
commonty used concept of thermal time. Then a simmple
case study is used to present the application of these tech-
nigaies. Finally, the paper is summed up and avenues for
arch are presented.

further re

2. L-SYSTEMDS

L-systems were developed by Lindenmayer [LU68] as a
mathematical formalism for modelling the development
of the branching architecture of plants at a topological
fevel, Wikh the extension of the formalism to include con-
tintous parameters quantilying component attributes and
the addition of procedures for 3-D graphical interpreta-
pion based on turtle peometry, they became suitable for
the creation of vir tual plants. For a history and formal
description of parametric L-systems with turtle interproe-
tation see Prusinkdewicz and Lindemnayer [1990]. The
remainder of this section will provide an overview.

At

I the L-system formalism, symbols are used to represent
particular plant components. For instance, Filgure 2,
the letters T L oand A stand for internode, leaf and apex,
respeciively, To represent an entire plant, symbols for




Command | Description

+ - turn loft and right

N/ voll feft and right

Tk pitch ap and down

; set colour

# get Hne width

£ save burtle albiributes

] retrieve turtle attribates

Table 1t Sample turtle commands.

each component making § up are assembled into o se-
ring) capturing the topologieal connections
08ing

quence {or s
befween components. Braaching is handled by eacl
all components of a branch betwoen matching brackoss, {
and ], marking its besinning and end, This is pm:imm*d
between the two svibols in the string that mark itz point
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of attactunont.

s, the representation of 2 compo-
ary nopaber of numeric

In parametric L-s
e s expanded Lo allow an arbit
ssociated with a svmbol
s of a component’s
iore This
V-

parameters to he
armeters can be used 1o capture aspec
such as age, length, or chemical composit
ssech as the
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sentation, termaed amodule, is expre

repr
hob followed by a comma-separated list of parareters
closed n parenthesis. The wmodeller chooses the svmbol

S

to represont A cornponent and assigns meaning to the pa-
ratneters according to the order that they appear in the
list. & leal might be represented by L(4.3,2) where the
number 4.3 at the fizst position repregents ity length and
wcond position represents ks age. An

the munber 2 af the
le concentration of

internode of ape 3 with half its pos
a bormone might be represented by 1(3,.8) and an apex
any parameters by the lzt::)f:luif\ A

nuoE Tequiring
Inorder to create a vickual plant, the topological informa-
tiom inheeent o the L-system sbring representation st
bie complemented by gmc’armel v En&:rzrl'-tl-iun Sinee prowth
or bending of an internode at the bass of a :]glm will affect
the positions of all components above ik, it i most appro-
priate to specify geometry in o relative way, Rather than
cluttoring m(h\-l(.m}.l modules with parameters to describe
thelr geometric placement wi
bours, o predefined set of modules (Table 1) is used to
encode coranands Tor an interpreter, ealied 2 turtte due

Borespect o thelr neigh-

he origin of this technigque tn LOGO-stvle turtle ae-
As the commands are encountered in o left to
[)ms of the string, they cause the burtle to modily
ita position and utu;zui.ttm.n and to change attributes such

amneter of the maod-
s handled by saving

as width and colour. The Hrst

Branching
It is encountoered and

wle quantifies the chan
the turtle’s atéributes when a bra
restoring them when the branch has been completely in-
] h

Lerprets A commponent’s position and orlentation are
then defined by those of the turtle when the moduke Tep-

resenting the component Is encountered in the string. For
example, the third plant in Figure 2 could be represented
14

TR +(4B0 (3. 5,233 103 [~ (45)L(3. 5,20 ] 402
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} Operator | Description
Do/ multiplication and division
+ - addition and subtraction
< <= less than, less than or equal to
> »= greater than, greater than or equal to
j == = equality and incquality
LA logical und and or

Table 20 Arithmetic and logical operators

where the I modules represent internodes with a length
parameter, L omodules represent leaves with length and
width parameters, and the & module represents an apex of
age 2. The command +(48) canses the turtle to be turned
feft by 45 degrees and the command -(45) causes it to be
turned right by 45 degrees. For clarity, turtle commands
will he ignered for the remainder of the discussion in this

paper.
The developmend and growth of 2 component is defined
by rales wr productions describing how it will change in
a thme step. The rules are expressed ag a replacement, or
rowtiring operation written as

sser 1 condifion —=> successor

predec

wssoris the module to be replaced and the

suceessor is a string of zero o more modules representing
the rosult of developruent for that time step. The mod-
ule in the predecessor has a formal parameter, a unigue
varlahle name, for each positional parameter appearing
in the actoal modole. The conditien is a logicalvalued
exprossion and the parameters of successor modules are
sions which may be formed by combin-

arithmetic exp
ing these variable names and/or constants using a stan-
durd sot of operators and syntax (see Table 2).

A rule is considersd for application to a particular module
ifthe symbol in the predecessor mabches that in the mod-
ule belng considered. The variable names are assigned a
value from the corresponding position in the actual mod-
ule parameter list in much the same w 19 in a subroutine
call in an ordinary programming language. For example,

the rule

I{len,age) : {(age<B) --> I(lenxl.l,age+l}
describes exponential growth of an il’li’@l‘r.i()(.lﬂ until it reaches
age 6. Given the module T(7,5), the variable lex i3 as-
gipned the value 7 and the varia :)le age Is assigned the
value 5. The condition is then evalnated and, # its value
s true, as ik s in this ¢ the replacement takes place.
The expressions appearing ju the successor are evaluated
to determine the values appearing in the resulting mod-
ules. Io this r:mmph* the module T{7,5) would be rewrit-
tem as I(7.7,8). In the next time step. this rule would
ot be applied, since the condition does not evaluate us
brue when the value 6 1s assigned to len. [f no other rule
matches a module it Is rewritten as itself. For the purposes
of this paper, details of modciimg information flow in the
structure using context-sensitive rules and the possibilitios
of stochastic production application will be ignored.




Plant development 15 modelled by raking an asiom or

starting string of modules rt:pu-.b(.'utmg all m’ztiz.tl stage of

the plant and rewriting it to produce a new string rep-
resenting the next stage of prowsh., A string is rewrit-
ten by applving the appropriate rules to each module in
the string, conceptually In parailel, je. all ab the same
time. The rewritten modules maintain their topological
15
repeated Lo give a series of strings representing suceessive

neighbourhood in the siring. This derivelion process

stages in the plant’s life. For example the fellowing 1-
system would produce the sequence of strings in Figure 2

i three time steps.

Note that turtle cormmaids and attribute parameters such
as length have been left out,

3. L-SYSTEMS AS MODELLING LANGUAGE

The L-system formalisi as described to this point can
be considered as a speclal-purpose language for express-
mg structural models of plaxt developrent. This fan-

gnage can be made more Hexible and useful by oadding
features commonly found in general-purpose programming

iption of the
> found in

languages {Hanan [1992]). A detailed d
current implementation of the language
the User’s Manual (James ef af [1993]).

The most important extension is the introduction of global
variables, along with an assignment staternent allowing
maodification of their value. Global variables are accessi-
ble from within all productions in an L-system.  These
variables allow the expression of environmental effects or
the collection of statistics related to the complete plant.
Syntactically, a list of statements 15 specified in braces af-
tar the condition, and is evaluated only if the condition is
true. For example, the following production captures the
transformasion of a bud B into a flower F:

Blage) (age>2) {b=b-1; f=f+1;} --> F

ke global variables b and £ are updated once for each
occurrence of the module B with parameter value g
than 2 in the current string, thus capturing the e
this rule on the count of buds and Howers represented in

the next string.

Standard programming constructs such as buili-in func-
tions, input/output procedures, arrays, charncter strings,
and How-of-comtrol statements are also added to the mod-
cller’s set of tools. Of particular interest for this paper
is the input procedure read (3; which allows data to be

5

input to the model from a separate file.

tion, update, and oubput at the
oo

In order to allow initialise
appropriate times, the basic procvessing cyele of steg
ter step of parallel production application is maodified to

include sequential processing segments. Fach segment is
compased of a list of statements euclosed in braces, la-
belled to indicate its position in the cvele. The sequence

is tHustrated by the following pseudocode

set axiom
process Start statements
loop over derivation steps
process StartEach statements
parallel derivatiocn
~ process statements in productioms
process EndEach statements
endloop
process End statements

The Start statements are proc  before the L-svstem
derivation beging, in order to initialise plobal variables
used for accwmulating counts over the complete develop-
ment cycle or representing environmental factors.  The
StartEach statements are processed hefore each deriva-
tlon step. in order to nitialise variables used within a step
and o modify environment variables over time.  State-
ments appearing in a production are processed each time
the rule is applied during the parallel derivation of the
next Lesystem SU'}'HH‘ The EndEach statemeuts are pro-
cessed ab the end of each derivation step, to output cur-
rent stop results or store therm in global variables. Finally,
the End statements are processed ab the end of the entive
derivation process, to calenlate and report overall statis-
ties,

4. INCORPORATING PHYSIOLOGY

There are two possible approaches fo Inlegrating phys-
tology into the architectural model underlying a virtual
piam or existing modules expressing physiology
can be (uldod to the avchitectural modelling systemn or a
tertace allowing communication between the ar-
tural system and a crop model could be developed,
(mmimg, duplication of computer code. [n either case, the
kev to integrating physiology into architectural models is
to resolve the differences between the time scales under-
lying the models.

Architectural models are usually based ou physiclogical
timne; each fime step capturing the same amount of de-
veloprnent in the plant, without regard o the passage of
real tHime. This can be thought of a8 an internal view of
tirme, with intervals beginning and ending at significant
events in a plant’s life. The units of the time step depand
on the basic structural unit of the model. Some models
increment growth by the addition of a metamer, an “in-
ternade+Heaf+axial bud” complex, in each tine siep. In
this ¢ the time step will typically be some fraction of
a plastechron, the interval between the formation of two

suceessive leal primordia on the apical meristemn. Tf the
model works at the level of branch complexes, the time
step will be some portion of a growth cyele, for instance
the duration of a growth Hush for a tree.

In contrast, physiological models have time steps based
in real tlme, with the amount of development that occurs
dependent on the environmental conditions during each
successive perdod. This is an external view of time, with
hitervals measured by a clock and r(ﬁzlat(s(l to the plant’s
hnternal processes through environmental effects on de-
velopment, and growth rates. Researchers have found that
duration of growth is directly proportional to temperature

L



for many plants. and technigues based on simation of
temperatures over time have been applied in crop models
with great success. These techniques have been variously
termed growing degree-days, heat units, hoeat sums, and
thermal time, the Jatter term probably best expressing the
concept. A detatled discussion of the value and potential
problems of nsing thermal thne to predict plant devel-
opment, ag well as methods for determining temperature
response functions, is presented by Bitchie and NeSmith
16011

There are several ways of calenlating thermal time, the
stmplest being Ly accumulation of daily dilferences be-
bween mean alr temperature and the base temperature
below which the plant's development stops. This method
is appropriate if the plant’s developmental response is lin-
the range of mean temperatures experienced and

2al Ve

if the dad

: E,(?!El}'}{!i'%ltll[‘(‘, does

perature or rise above a pealk developmental threshold
This method will be
wiion, though thers

for significant portions of the sy

used in the case study in the ey
is no reason why more complicated approaches that give
amore precise estimate of thermal time could uob be fm-
plezrented.

siological to

To convert an archifcetural taodel from ph
real time, the Ltemperature sununation approach is used to
determine the amount of development that should ocour
a real time interval, usually a day. Tn cachi stop, average or
mazimum and mininam temperatures are vead from the
appropriate weather data file and the daily contribution
o thermal thne is calealated. All productions cxpressing
development are modified to trigger when the appropriate
amount of thermal time has pasi. For instance, the main
stem apex will produce a new metamer after the passage
of the amount of thermal tine representing a plastochron.
Al rules expressing growth ave modilied to reftect the vari-
se of thormal time Ina step, with growth rates
wl ag a Mnction of thermal time. An example of
stemn approach s given

abide pa

oEpre
an mplemnentation using the L-
in the next gection.

TF s important Lo nole that the relationship between de-
velopment and time and between growth and time are not
icwlar, development dura-

e cthe game. In pa
tions and growth dura

in each plastochron, while individual

oms differ. I tho case of intern-

ades, one s inikiate
internodes way expand over amuch longer period of time,
Crrowth rates hring a thme period may also depend on
the availability of resources, which may be handled by de-
termining the optimal rate according Lo the temperature,
then reducing it according to lmiting factors.

The th
corporating other
other physical proces:
availability in the soil. Gehers may simply be signaled by

errnal time approach provides a fonndation for in-
5. Some may require modelling of

w5, for example to determine waler

envirommental events; such as photoperiod effect on inifi-
ation of flowering, The Hnal exmuple i the next section
will present a simple model of this phenomens,

5. CASE 5TUDY

I this section, a series of L-systems dlustrate the con-

sion of a model from a physiological to a real time
basis. The example is a simplification of a prototype bean
(Phaseolus vidgards 1)) model. 4 wvisualisation of some
stages of development of a complete 3-D model of a bean
can be seen in Figure 1, The plant forms a main stem with
lateral leaves and buds, following a monopodial growth
habit. At some point in the growsh of the axis, a de-

veloprnental switch occurs and the apex stops vegetative
growth, subsequent development forming a monopodial
inflorescence. Detalls of interncde growth, leaf, lateral
branch and Hower development and commands expressing
reornetty have been leff out of this discussion to focus on
the tmplementation of thermal tme.

The following L-system represents a typical plastochron-
based model for the switeh from vegetative to reproductive
development in this plant.

#define FSTART &

Axiom: A(3)

(age<FSTART) --> I[L]A(age+l}
(age>=FSTART} --> I[Fla(age+i)

A{age)
A{age}

The #define statement is used to give meaningful names
to constants appearing in the L-system. The plant’s apex
or meristenn is represented by the module A with a single
parameter, age. The time step is assumed to be a complete
plastochron. The vegetative stage of growth is controlled
by the first production. During this thne, marked by apex
age less then the constant FSTART, the apex produces a
new internode and a leal in each time step, along with an
aged version of . Flowering is inttiated once the apex
reaches the age specified in the constant FSTART and the
apex produces lateral Howers from that point on according
to the second production. The following strings capture
the first few stages of development for this L-system:

A(3}

TELI&(D
IILITILIACE)
IELII{LIT{FlA(S)
ILLIT(LILOFIE(FIACT)

Graphical representations for apex ages 5 Lo 7 are shown
n Figure 3.

In order to convert this model to real time, development
] ag a function of thermal time. In the
following L-system, the time step is a day and the weather
dataget, containg daily minimum and maximum tempera-
Lures.

mush be expre

#define DURATIGN 30
#define BASETEMP 8
#define FSTART &

Start: { tt=0; }

StartEach: {
read{min,max) ;

— AR —
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Figure 3: Visualisation of 2 developraental switeh

£t = £t + (max+min)/2 ~ BASETENE;

Axiem: A(3,0)

A{age,start) : tt-start>=DURATION && ape<FSTART
--> I[L]A{age+l, start+DURATION)

Alage,start) : tt-start>=DURATION && age>=FSTART
-—> I[F]A(age+l,start+DURATION)

where DURATION is a constant equal to the thermal time
between the initiation of snecessive internodes, BASETEMP
is the base temperature for bean development, and FSTART
has the same meaning as in the last L-system. The module
A representing the apex now has two parameters, the frst
recording age in plastochrons ag before and the second
recording the time when tlids apex was intliated in thermal

time units.

ther-

In this L-s m, the global variable tt accumnlotes
mal thme, acting as the plant’s mternal clock. Tt s inl
talised to zero n the Start: code section, and is updated
in the StartEach: section by the appropriate caleulation
nsing the piven base temperabure and the daily minimum
and maximum temperatures read from the weather file.

The productions ave only applied if the duration in ther-
mal time since the las 1t time Is greater than the re
guired amount, a3 specified in the tt~start>=DURATION
clause in both conditions. The switch to Howering is con-
trolled by age using the same mechanism as in the previ-
ous example. The start time of the new A module rep-
resenting the continning apex i determined Ly adding
DURATION to the previous start time. This accounts for
any thermal time units in the daily increment that are
in excess of those required for the initiafion of the new

INETAneT,

Care must bo taken when designing rales based on ther-
mal time. For example, tlis model will become unsyn-
chronised if the increment in thermal time in a single day
is greater than twice the duration of a plastochron. Only
one new internode will be inttiated that day although two
should appesr. This problem can be overcome by intro-

ducing another producilon initiating two internodes for
Lhis case.

The L-systems presented so far have modelled the devel-
opmental switch as a preprogrammerd event in the plant’s
life cycle. Onee the apex has produced enough vegetative
metamers, as indicated by its age in plastochrons, it be-
gins reproductive development. This process may also be
influenced by environmental events. In the case of beans,
the switeh is often controlled by photoperiod. Since the
model Is now running in real time, the photoperiod can
he determined for each day of the simuilation, and Hower-
ing induced on the appropriate day. I the simulation is
rien with different weather inputs, this may result in a dif-
ferent nuumber of main stem nodes being produced before
Howsering ocours.

#define DUBRATION 30
#define BASETEMP 8
fidefine FINIT 14

Start:4 tt=0; }

StartEach: {
read{min,max,period);
tt = Lt + {maxtmin)/2 - BASETEMP;

fxiom: A(Q)

Alstart) tt-start>=DURATION && pericd>FINIT
—> TTL]A(start+DURATICH)

A{start) tt-start>=DURATION & period<=FINIT
—~» I[FlA{start+DURATION)

In this case, the model asswnes a short day variety. The
length of the daily photoperiod is read into the variable
paried, When its value falls below the threshold specified
hy FINIT, flowering will be initiated, Since the age of
. 5 &
the apex is no longer required, the 4 module has a single
parameter recording the initiation time of the motamer as
in the previous example.

6. CONCLUSIONS AND FUTURE RESEARCH

This paper has presented o preliminary step in integrat-
ing architectural and physiological plant models. A plant
cribed as

tems was des
Lem capable of creating

modaliing language based on L
an example of an architectural sys
virtual plants. The underlying parameiric L-system for-
sing plant stroc-

malism provides a natural way of expre
sral developrient as the consequence of rules of growth
or individual plant components. Extensions to the {or-
malism added programining language features to create a
Aexible system for cxpressing plant models of all kinds.

;
f

I ovder to integrate physiological models with Lesystemns,
hoth must operate on the same time scale. The concept
of thermal time can be used to translate from the inter-
nal view of time cotmmonly used in architectural models
to the external, real-time base yequired for physiological
modelling, as illusteated by the case study in this paper.

T



Future rescarch will look at integrating more detailed phys-
ological models into virgual plants, The most promising
approach appears to be the development of & generic in-
terface capable of communicating between L-svstems and
various crop models, There are some major huedles to
be overcome. Techpiques must be developed to partition

biomass accumulation specified at a collective Tevel by the
crop model to the tndividual paris of the virtual plant.

Crop models often express phenology in the average, re-

silting in the appearance of fractions of parts n o time
step. This mss be translated into the vecessarily
crate events of the struetural model, possibly by modeiling
a nurnber of plants in an area rather than an individaal
plant. Once crop models can be used to sepply physiology
to virtual plants, more detailed analysis will be required
to determine whether the dypamic structural information
available in the virtual plant can be used to improve the
crop models.

13-

The integration of physiolozy inte virtual plar only
part of a larger story, Rosearch is in progress
gystems to model plant responses to insect damage at a
gstructural level in beans, cotton, parthenium, and other
crops and weods. A 3D digitiser 1s used to collect strue-
tural data as the plant develops and the data are analyzed
Lo determine rules of growth for an Lesystems model. It s

hoped that the resulting virtual plants can be used to gain
adeeper insight into plant-insect inderactions, resulting in

advances in pest management technigues.
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