
T}IE UNIVERSITY OF MANITOBA

A COI,]PUTER MODEL OF PRI¡,ITTTVE PLAITT MORPHOGENESTS

A THESIS SUBMITTED TO

THE FACULTY OF GRADUATE STUDIES AND RESEARCH

IN PARTIAL FULFII,MENT OF THE REQUIREMENT FOR

THE DEGREE OF }IASTER OF SCIENCE

by

I{illíam George Sínpson

December 1975



''A COI'IPUTER MODEL OF PRIMITIVE PLANT MORPHOGENESIS"

A clissert:¡tion subnritted to the Facutty of Gracluate stucties of
the university of Manitobl in purtial fulfìllment ol' the rcquirements
ol'the tlcgrce of'

TTASTER OF SCIENCE

by

I,IiLLIAI4 GEORGE SIMPSON

Per¡nission l¡as beo¡r grantcd to the LtBRARy ot' Tll u uNlvuR-
slrY ot' MANlrotlA to lr:nd or sell copies of this dissertation, to
thc NATIoNAL LttsRARy otì cANAt)A to ¡nicnrfilnr this
dissertatio¡l and to lend or scll copics t¡f the t'ilnr, und uNlvulìslry
MICROFILMS to publish rr¡l ¿rbstruct of this dissertation.

Tlte autlror reserves other ¡lublicatio¡r rights, ancl neither the

dissertation nor extensivc cxtracts tionl it rnay be printetl or tlther-
wise reprocluced without thu ¿rrrthor's writtc¡l ¡renrrissiou.

@ tgto



A COMPUTER MODEL OF PRTùITTTVE PLANT I,TORPI.IOGENESIS

bg

Wil_l_ian George Simpson

The hypothesÍs that cel1s in a plant are internally and

geneLically controlled and that morphogenesís is a cooperative activity
of cells, rather than a centrally controlled one, is taken as a

conditíon on rvhich to construct a computeï model of plant morphogenesis.
The maín parts of the model are (1) a method of reconciling differenr
ce11 growth rates rvithin a semi-rigid structure of cells and (2) a set
of cel1 parameters and equatíons used to define the behaviour of
individual cells.

ABSTRACT

The model, ín the form of a computer progran, is capable of
producing very irregular structures which coulcl be considered to
represent very prímitive aggregations of ce11s. The present stage of
the rnodel is described in detail. Analogies with real plant growth and

possibilities for further development of the model are díscussed.
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It is a r¡/onderful cycle that causes a seed or a leaf broken from

a plant to grov/ and eventually become a whole plant, like the one from

which the seed or leaf fe1l. These cycles have come to be understood,

partially, in trvo different \¡/ays. The first is as the result of

evolution, the ancienË and contínuing series of changes, brought abouË

by many qauses, ín r,rhich the sËructures and cycles of structures that are

unstable break dov¡n and in which those that are more stable survíve,

for á time, to undergo more changes. This relentless series of changes

has led, Ëhrough uncountable numbers of cycles, to the life cycles

knou¡n as plants and animals. The complexity of the growth and change

makíng up one of these cycles is comprehensible if the cycle is
regarded as just slightly changed from the cycle precedíng it and this
in turn as slightly different from its predecessor and each in turn

slightly different back through countless cycles and changes. The

second way of understanding the cycles ís, so to speak, internally.
What happens at each step of the cycle to produce the next step?

Considering the extraordinary series of changes that have nevertheless

restrltecl , f.or the moment, in a particular cycle, one can say that, aË

each step in the cyc1e, the next step ís almost inevitable (barring

misfortune) . There is a machinery at work in the p1ant, continuing the

cycle. This machinery has been found to be largely determined by

molecules of DNA found in each ce11 of the plant. (Largely but not

wholly, for reasons not critÍcal in this discussíon.) The long

molecules of DNA are essentially stable, reproducible codes describíng

other molecules (proteins) and determining, through the proteins, the

chemical processes of which thecell is capable. TheDNA and proteíns also

control which part of the potential activíty of a cell occurs at a

particular tíme and place in the cel1. This control depends on complex

and highly specific enzynes, proteins which have the capability of

controlling rates of biochemical reactíons and whích, in turn, have

their actions enhanced or inhíbited by the presence of other molecules.

GENERAL TNTRODUCTTON

CHAPTER f
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(These molecules may be native to the cel1 or from another cell of the

plant or from outsicle the p1ant.) The enzlnnes act ín complex patterns

at different levels of control and on different tíme scales. As v¡ell

as producíng other materials, they interact ivith the DNA, aiding or

suppressing íts reproduction and iEs decoding, as rue11 as repairing
damage to it. The variety of behaviour of these molecules and their
proclucts is enormous ancl is just beginning to be understood. This

variety permits a great nurnber of dífferent types of behaviour in cells
and hence in plants and plant cycles. Tn facL, it apparently accounts

for all the plant cycles seen on earth. Thus, ín a sense, ít is
possíble to claim that DNA and its associates and their activities
explain all plant cycles. Horvever, the explanatíon, for even one

p1ant, ís very complex.

In this study, the attenpt is made to understand parL of a plant

cycle in a rvay conpatíble ruith the genetíc explanation. Altirough the

details of the biochernical- mechanÍsms are not consÍderecl in thís study,

they are part of the essentí41 background to ít. The study assurnes

that bÍochemical control mechanísms are available in the plant cell as

requíred. For example, it mighr be convenient to assume that, if other

factors ale constant, the groivth rate of a cell is proportíonal Eo the

square root of the concentration of a certain molecule up to a critical

concentration and ís constant above that concentration. It ís taken

for granted ín this study that if such a rule were useful to a plant,

that species could have evolved a control mechanism to implement that

rule. This assumpLion alloros the study to concentTaLe on the relation-

ship of cellular controls to tl-re shape of the rvhole plant, rather than

on the mechanism of the controls.

The approach used can norr be described in general. It is to

start rvith a se.E of assuîlptions about hory ce11s grorv and dir'Íde
(expressed in natllematical equations) and to attempt to model the

resulting grorvth and form of a plant made up of such cells. Within the

framework of a computel proglam, tl-re cells are allo\,/ed to grow and

divide as decided by the equations. T1-re computel program keeps a

recorcl of the number, sLze and positions of the cells and periodically
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drav¡s the resulLarLt arrangement of cel1s (which is called, optimistÍcally
a computer pJant). After inspection of these planLs, the equatíons can

be modified and the process repeated. In the desirable, but by no means

certaín, event that this series of cor,rputer trials results in a computer

plant thaL resembles a knor,¡n plant, the experiment is regardeci as having

a posÍtive outcome. This can give some understanding of the ways in
r,rhich t1-re shape of plants may be controlled by their component cells,
both ín terms of the behaviour of indi-vidual cells and in terms of cell
ínteractions.

In the less desirable event that the computer plants cannot be

saíd to resemble any knor^m plants, Ít ís possible to contend that they

represent plants more primitive than any knor,¡n plants. Although thís

seems 1ogical, it is not useful by ítse1f. Hor+ever, if a'series of

computer plants were found, related through their equatíons, ín røhich

some plants were recognizable, to some degree, as real plants, then the

series míght be considered as a possible evolutíonary series and míght

gÍve some insight into evolutÍon. This possibílíty ís explored ín

Chapter 8.

The approach described above is quite general and potentíal1y

far-reaching. In order to give the inítial stages of the study more

definite limits and direction, a more specific objective was chosen.

This objective is to produce conputer plants vhich increase their

number of cells by divísion at identífiable meristems and meristematíc

zorres rather than by divisions distributed ¡rrore or less equally through-

out the inass of cel1s. If this objectíve is reached, the properties

required by cornputer cells 1-o enable them to forn meristems may be

analogous to the genetÍc coding developed at an early stage ín plant

evolution. (It is bound to be an earTg or primitive stage because of

the relatively simple naiure of ti-re equatíons used. It is emphasízecl ,

however, that thís study did not atl-emp[ to chose ar-r specifíc stage of

evolutíon, or any specific p1ant, as an object to be node11ed.)

The general hypothesis of the study can no$/ be stated, although

further explanation and sub-hypotheses i¿íll be necessary. The llypo-
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thesis Ís that the form and gror,/tir of a plant is derermíned by the cell
grorrth and divísíon and by the nature of the connections bet\,¡een its cells
and, furthermore, that the grorvth and dívision of each cell ís regulated
r¿ithin that cell and, furthermore, thaE a simple regulation scheme,

based on a few properties of a cell and its immedÍate neighbours, is
sufficient to prodi.lce a plant witl-r a rleristematic division pattern and,

furthermore, that such a plant can be represented by a computer model.

ThÍs brief ou[líne of the hypothesis and the metl-rod used to test
ít r+ill be expanded in the followÍng chapiers. Chapter 2 ís a survey

of some líterature related to the subject. T1-ie hypothesis .is discussed

in detail in Chapter 3. Various matters are included in Chapter 4

under the heading rrevolutíonary and environmental context". Chapter 5

deals wíth the ce1l parameters (tl-rat is, the properties of the cells)
and with Ehe equations used to calculate grov/th and dívision from these

parameters. Chapter 6 is a detailed díscussion of the method.

' To summaríze, it has been lcnov¿n for centuries thaL t1-re seeds of
a plant produce plants r,¡hích are very similar to the parent. This is
now knov¡n to be determined by the genetic materÍal contaíned ín each

cell whích controls the bíochemical processes of the cel1. It ís clear
from this that cell biochemistry must sonehor.r control plant shape.

This control, which operates over r rrtrg" of magnitucle from molecules

to gÍanL trees, is a very complex one. This project explores horu such

a control might operate in simple cases. The method used is to assune

a specifíc set of cellular controls and attempt to derive, through a

computer model, the appearance of the resulting p1ant.



Although the basic idea for this study rras conceived. indepen-
dently, it has, not wÍth great surpríse, sj_nce been learnecl that it is
not oríginal. J. Bonner ín 1965 suggestecl the principle of a systematíc
method by which planr cells might differentiare. rt is a relatively
formal scheme. ft includes the idea of a cel1 testing whether it is an

apical cell and whether it. is inside or outside the ce11 structure.
rt also tests for the size of the mass of meristematic cells.
He concludes generally:

"It has been repeatedly discovered that analysis of a physíca1
problem in terms specific and detailed enough to permit programming of
that problem for a computer gives us deeper insíght into the nature of
the problem itself. The same may well be true of the problem of
differentíation. It wíll be of ínterest to clevelop such programmes in
much greater depth and detail than the example considered here.

t'Since no detailed prografirne or model of a developmental process
has as yet been made, we do not yet know with certainty íf the approach
wí1l be a fruitful one. rt does, however, appear to me that the
approach to understanding of the genetic-switching network by conceptual
modelling holds promise; that by this approach we may hope ín tíme Èo

generate a sound theory of the nature of development.t,

CHAPTER 2

REI.ATED LTTERATURE

Raup (f969) díscussed the simulalion of morphology, from the
point of view of paleontology, in the following terms:

"There are three ínrportant justifications for the sinulation of
morphology: (r) successful simulation provides confirmation of the
underlying models as va1íd descriptions of rhe actual biological
situatíon. (2) Unsuccessful sj-mulation shows flarvs in the postulated
model and may suggest the changes that should be macle j-n the model to
correct the flaws. (3) Non-occurring forms, perhaps íntermediate



between acLual species, mây be simulatecl and this may lead Eo

understanding of the relationsirips betr+een the real forms and

evolutionar:y or ecological processes that may have transformed

the other. In other \vords, the siinulation process enables the

paleontologist to 1oo1c at the forins tirat couLd have evolved as

those thaL did evolve.

"The ultimate objective of a model used in símulation is to
replicate the geneËic structures, or genetic "program", used by an

organism. This goal is rarely, if ever, attained and the closen_ess of

a given model Eo the goal is difficult or impossible to test. Sti11,
the attempt to mimic genetic programs provides a useful rationale in
selection of moclels. The best practical criteria presently available
for justifyir-rg a given model are its relative simplícity, that ís,
requiring rela[ively few parameters to describe morphology, and its
applicability to a large and varied array of organÍ-sms, including
ontogenetic stages. "

The nature of the ce1l v¡all v¡as discussed by Esau (1953):

6

a better
of

one ínto

r,¡e11 as

"Ce11 walls shorv varyÍng degrees of pJas'ticity(property of
becoming pernanently deformed r^rhen subjected to changes in shape or

size), elasticitg (properEy of recovery of the original síze and shape

after deformatÍon) , and tensj Je strenç¡th ín relatíon to their chemical

composition and theír microscopic and submicroscopíc structure.
Plastícity of ce11s is rvell illustrated by their permanent e;<tension in
certain stages of growth of cells in volume; elarsticíty, by the

reversible changes in volume (30 percent or more in mesopl-iy11 cells) ín

response to changes in turgor pressure. Notable tensile strength is
characteristic of mechanical cells, particulally of extraxylary fibers
of monocotyledons and dicotyledorrs.

"A1thougl'r the cells in tire merístematic tissue are generally

closely packed, duríng tissue dífferentiaEíon the íntimate connectÍon

betr,¡een r^¡al1s of adjacent cells may be partly broken, r'rith the

appearance of íntercellular spaces, The most common intercellular



spaces result fron a separation of cel1 wal1s from each other along
more or less extended areas of their contact." (References omíttecl.)

Bonner (L974) consídered the basic processes involved in
development. From his conclusíons:

"In large measure the developmental control of this proportíonality
(of form) ís achieved bychemical signals. hlhere tl-re living uníts are
separate, as in social insects, certain stages in the life cycle of
cellular slíme molds, and various fungi, there are pheromones or other
chemical messengers that act at a distance. In mu1tice11u1ar organisms
the mechanisms of transport of the signals (hormones and inductions)
ínclude diffusion, ce11 movement, active transport, and polar movement.

From the very fact that the ce1ls are touching, the chemical messengers

can be passed ín a greater variety of ways, and the possibílities of
control are thereby increased. In the smaller level of síngle cells we

begin to see form-maki-ng phenomena that could best be ínterpreted in
terms of a combination of macromolecular interactions, active transport,
and chemical signals diffusing over short distances. Note that the
order of these three levels of organi zatíon is in a rough sense the

reverse of that which occurred during evolution."

Many points raísed by l,lardlaw (f952) are very relevant to thÍs
study. A few are quoted from various parts in hís book:

"This r¡ras a recognition of the fact that the changes ín
confíguration undergone by an organ or tissue, e.g. the vascular sysLem,

duríng d.evelopment, migirt be referable not so much to íntrinsic factors
as to extrinsic factors, e.B. general physíological, physical or other
factors rvhi-ch become incident r,¡ith increase ín size."

"These contemporary studies are, and must be, essentially dynamíc

in outlook. Furthermore, there must be an integration of tire data of
morphology, physiology and genetics. The l-reredítary constitutíon of a

species, itself a small fragment of the evolutionary picture, is
conceived as being subdivisible into genes. These are ínvolved ín all
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developmental processes: they find expression in the ac.tion of chemícal
substances rvhich, in conjunction rvith various factors, are dírectly or
indirectly effective in morphogenetic processes ancl culninate in the
dlstínctive confíguration of the adu1t. rt lvi11 be of the utmost

ímportance to accumulate information on genic ac[ion ín morphogenetic
processes. These several investigaEions should c1o much to enhance our

knowledge of form and structure in plants. The conclusions and

inferences derived from this multí-aspect approach may, rvith due cautíon,
be applied to the organisatj-on shov¡n by fossí1s from dífferent geological
horizons. In essentials, our interpretation of fossil planbs is based

orr. our understanding of living ones and, therefore, if an adequate

analysis of the factors underlying t-he organísation and changes ín
organisation of living plants can be achieved, a fuller ancl more exact

interpretation of the event índicated by the fossíl record should also
become possible, though it can never be absolute."

"trdhere a particular form or structure can in the main be referred
to the action of physical factors, and 1-o physiologícal processes common

to âutotrophic plants ín general, it can have 1Ítt1e phylogenetic
sígnificance, however interesting and disi-inctive Ehe forr¡ or structure
may be. The shoot or axiate type of organísatíon, found in lhe
garnetophytes of mosses, in the sporophytes of pteridophytes ancl seed

plants, and perhaps even among the larger algae, nay rue11 be of thís
nature. "

The classíc "on Grorvth and Form'i by DtArcy Thornpson is, on this
subjectj more helpful Í-n general than in specific terms:

"The search for differences or funclamental contrasts between the
phenomena of organic and inorganic, of animate and inanirnate things,
has occupied many ments minds, rvhile ihe search for comnrunity of
principles or essential sirnilitudes has been pursued by feru; and the
contrasts are apt '{:o loom too 1arge, great ihough they may be. "
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"The r,¡aves of the sea, the little ripples on the shore, the
sweeping curve of the sandy bay between the headlands, the outline of
the hi11s, the shape of tire clouds, all these are so many ridclles of
form, so many problems of morphology, and all of them the physÍcist can

more or less easí1y read and adequately solve: solving thembyreference
to their antecedent phenomena, in the materj-al system of mechanical
forces to rvhich they belong, and to which we interpret them as beíng
due. Nor is it otherwise with the material forms of 1ivíng things.
cell and tissue, shell and bone, leaf and flower, are so many portions
of matter, and ít is in obedience to the laws of physics that tl-reir
particles have been moved, moulcled and conformed. Theír problems of
form are in the first instance mathematical problems, their problems of
growth are essentÍally physical problems, and the morphologist ís, ipso
facto, a student of physícal science.rt

BOM{ER, JAMES, lg65:
Press, Oxford.

BOl{i{ER, JOFll,i r., L974: 0n Developmenr (The Biology of Form), Harvard
Univ. Press., Cambridge, Mass.

ESAU, K., 1953: "!lgr!_4r.!ory.", J. lliley
RAUP, D.M., 1969: l,lodellíng and Sj-mularíon

The I'Iolecular Biology of Developrnent, Clarendon

THOIÍPSON, DTARCY I^I., L9L7, Lg42: "on Gror¡th and

Proc. North American Paleontologícal Convention: 1969, part B,

pp.7L-83.
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I^IARDLAW, C.W., L952: Phylogeny

& Sons, lJerv York.
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Univ. Press. )
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The main hypothesis r¡/as stated in Chapter I
r¡ill be restated and discussed in detail.

ControL at ceLL LeveL

The first part of the hypothesís is that the specificity shov¡n ín
the form and growth of a plant is determíned fully by the growth and

divísionofitsce11sandbythenatureoftheconnectionsbetween
cells and, furthermore, that the growth and divisfon of each cell is
regulaËed within that ce1l. This means thaÈ plants consi-st of cells
and cell products. IL also means that there is no supra-cellular
control mechanism operating in the plant. This part of the hypothesís

seems to follor,¡ from genetic theory. It is emphasized here not because

iË is in question but because it is so remarkable and yet apparently

true. The cooperatj-on betrveen cells which is so apparent in the

outward symmetry (Fig. 3-1) and ínternail organLzation of the plant is
achieved not through'a central control but by each cel1 following
explícit instructions contained in its own fabríc. The necessary

íntegrative mechanísms act through physical and chemical interactions
(or messages) between cel1s which rnay, in effect, signal a cel1 to read

a different part of its instructions. In thinking of the highly
sophisticated messages and integrative mechanisms used by higher plants,

the distínction between cenLralízed control and control residing in
each cel1 may seem to become lost or to involve just choíce of
terminology, rather than matters of real substance. In primitive
plants, however, the autonomy of indivídual ce1ls r^ras almost certainly
much more obvious (though possibly no more real) than it is in modern

ones and, in this study, this autonomy is emphasized and protected as

much as possible. (A partÍal compromise of the principle of autonomy

ís discussed in Chapter 6 under the headíng "Reconciliation". The

autonomy of cel1s in prímitive plants is considered in a speculative

rvay in Chapter 8.)

DÏSCUSSTON OF HYPOTHESTS

CHAPTER 3

10

Now, each part
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This hypothesis ímplies that the computer model must contairi
j-nstructions determínÍng the grorvth rate and divisíon rate of each cel1.
A cel1 is instructed to gro&r, as nearly as it can, at a constant rate
untii iL reaches a certain síze ancl then to stop. Â ce1l is instrucLed.
to dj-víde if and only if it meets several criteria. It is emphasizecl

that the ínstructions given the cel1s are extremely simple ancl straight-
forward. These ínstructions are expressecl in quantitative terms in
Chapter 5.

In orcler to produce a rvorlcing mociel, a number of sub-hypotheses
and assumptions of several lcincls are necessary. The attempt is to
frame them all in accorclance r¿ith the nain hypothesís. For exàmple, a

sub-hypothesis that the plant lvil1 not grow taller than seventeen feet
v¡ould be inappropriate since it is not a control at the cellular level.
0n the other hand, a sub-hypothesis Ehat a ce11 will not gror^/ íf no

nutrients reach it would be appropriate and, furthermore, in conjunction
rvíth other hypotheses, rníght restríct Ehe height of the plant in a

reasonable v/ay.

Thís hypothesis of cellular control raises t1-re question r,¡hether

the instluctions for growth and division are genetíc or direct (or ín
the language of CTtapLer 2, intrinsic or extrinsÍc). As regards the
mode1, this ques[ion is not relevant. The instructions are arbitrary
and their mode of ímplementatÍon need not be thought of as genetic or
direct. This same question ís considered for primitive plants in
Chapter B. (As with tire earlier question of autonomy, this question,
rvhen appliecl to higher plants, becomes nore complicated ancl largely a

matter of terminology. Ii ís probably true that for higher plants,
ce1l control is partly direcE but mostly genetic.)

Ì'ler is tcmatic divi s ion
The second part of the main hypothesís is that a sírnple ce1lu1ar

regulation scheme, based on a ferv properties of a cell and its
neighbours, is suf.[icient to produce a rneristematic division pattern.
llle Key r,/oros are "sinrple" and "based on a f ew properties" for r,¡ithout
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them tl're proposiEion is obvious, as r¿itness nost hígher plants. It is
possíb1e that \^rith a cellular control scheme of suffícíently great
complexity, the growLh of a plant Lhrough i-ts cornplete life cycle could

be modelled. Iiorvever, Lhis rvoulcl be most Eedious and unlikely to

succeed at the pl:esent state of lcnowledge. The attempt in Ehis stucly

is to mociel some aspects of a real plant ivith a l-ery controls. These

controls rvil1 be as simple and intuÍLívely reasonable as possible.
This ís not because iE ís assurned that plants actually operate in a

simple, íntuÍtively reasonable way but because jt seems potentía11y
more instructive to work this rvay.

The choice of meristematic ciivisÍon as a specífic goal in the

study ivas made for three principal reasons. It is a ciraracterÍstic of

higher plants and, therefore, probably started early in their evolution
and, therefore, might be expected to have occurred in some quíte
prirnitive plants. Second, a computer plant wíll be quíte different in
appearance with merÍstematic actívity than v¡ithout. That ís, it is a

f.airly clear distinction. Third, it seems plausíble that íf each ce11

of a plant can sense if its neíghbours are dividing ar-rd divide only if
they are, then concentrated centres of divísion should occur. In otller
\,rol:ds, Í-t seems as if it míght be amenable to a simple mathematical

treatment.

Compu'ter modef

The last part of the hypothesis is that a plant of Lhis general

t)¡pe can be represented by a computer nodel, If the previous parts of

the hypothesís are correct this does not sèen to be a fundamental question

but rather a test of modelling ability and skill (ancl good fortune) in
choosing methods, equatíons and numbers. The cornplexity of the problem

requi.res an expel:Ímen[a1 or 1-rial-anc]-error approach, inl,¡hich the results
of one attempt are analysed to give clues as to l'rorv the model üright be

changed to gíve better results on the next attenpt. (The analogy

beLrveen tìri-s process and evolution is conside::ed in Chapter B. )



This chapter attempts to describe detaíls of t1-re type of plants
vÍsualized as prototypes for the compuLer plants. rt dÍscusses horv

these details are treated (or ignored) in the moclel. some nore
speculatÍve paths related to this discussÍon are explored in Chapter B.

State of evoLution

This study is concerned, as íts main hypothesis, with multÍ-
cel1ed plants governed by cellular controls. The sÍmplicity of the
controls limitsthe study Lo prinitive plants. If more complex controls
were used, a sími1ar type of model might well produce inore sophisticated.
plant development. It is not the inherent nature of the model whích
limíts it to primitive plants, but rather the choice of controls. rt
ís noted that the structures being produced in the model míght be so

simple or so unlike modern plants Lhat they could not be consíd.ered as
plants at all. Despíte this possibility, the term "computer plants"
is used for the products of the computer program. rn the study,
interaction between cells is assumed to take place through chemÍcal
messages betv¡een adjacent cel1s. This interchange of messages and the
resultant cooperation of ce11s seems to justify referring to these
structures as cooperating nul-ticefLed structures. rt nay not jus[Ífy
calling them organÍsms. One possible interpretatÍon of this situatíon
is that of dealíng with a group of cells startíng the evolutíonary
stage of learníng horv to cooperate to their mutual benefit. The

question of the place of Lhese plants in evolution is discussecl ín
Chapter B at greater length.

EcoTogicaL niches

DESCRTPTTON OF PROTOTYPES;

EVOLUTIONARY AND ENVTRONIIENTAL CONTEXT

CTIAPTER 4
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The model is not highly specific in regard to the ecological
situation that its plants occupy. rt can represent land or \^/ater

plants, with the fo1lowíng qualÍfications. The model has no constraints



as to dírection of growth. For example, there is no equatíon

representing the directÍon oÍ. gravity. Also there is no simulated

light source in the model to add a dírectional effect. i^Iithout such

directional guidance, the model probably applíes better (in this
respect, at least) to free-floating \^rater plants which, f irst of all ,

are close to the density of water and, therefore, líttle affected by

gravity and secondly, are free to turn so that all sides are exposed

to 1ight. It may apply, though less well, to sma11 primitive land

plants that are both sma11 enough that gravity has no important direct
or external effect and primitive enough that they have evolved no major

internal responses to gravity (if such a state of prirnítiveness is
possible). It would be possible to add to the cafculation process-a

term takíng gravity into effect with which plants could be made to lean

or to grow dovrnward as much as was desired. Then, however, there would

arise the much more diffícult problem of modelling the defiance of
gravity Èhat is sho\,m by land plants. It seems advísable not to enter

this complex area before it becomes necessary to do so and the field of
study represented by vrater plants and sma11 land plants is not a

restrictive one. One effect of the lack of gravity j-s that there is no

part of the model which calculates the required strength of structures.
Because of thís there is no necessary tendency for the lower part of
the plant to be thícker or stronger than the upper branches (except

that the lower parË presumably started to grow first and has had

more time to gro\^r larger and stronger).

The model is versatile enough to represent both free-floating
(water) plants and plants anchored or rooted in a fixed location (on

land or ín water). The base cells, (discussed in Chapter 6) which are

essential to the calculati-on method, can be thought of as lrepresenting a

rigid surface to r¿hich the plänt is attached, or, in the case of a

rooted p1ant, below which the root system has developed (although

there is no speci-fic represenLatj-on of the root system in the nodel).
If a large number of base cel1s are used, they will influence and

constrain the growth to the extent that the plant is unlikely to grow

through the plane of the base cells (although it is possible for it to

T4



do so). rf the pararneter nouriture (which represents nutrition
conveyed to the plant from the base) ís used rvith natl)/ base ce11s,

this combination clearly corresponds to a plant drar+ing foocl through
some sort of root systern. on the otl'rer extreme, if only a ferv base

cel1s are usecl (three is the minj-mum possible), they will have little
effecl on the plant r,zhich is then quite free to gro\r around thern.

(They simpty províde a fj-xed position relative to rvhich the positions
of other cells are calculared.) rn this case, Ehe plant ís free to
gror{ to, for example, a spherical shape r+ithouE external constraínts
(that is,a free-floating plant). Tire parameter surface míght be

interpreted as the availability of nuEriti_on through tl're outer
surfaces of the plants in this case. A combination of nutritíon
through a ïoot system and from the immediate surrounclings (air or
rvater) is also possible in the mociel"

There are many environmental factors wirích influence fhe shape

of a p1ant" These include the method of propagation, the supply of
nutrÍents, \,/ater supply, amount and type and dírection of ligfit,
díurnal and annual cycles, atmospheríc conditíons, ruind or \^/-ave action.
Each of these factors has many dífferent components and many other
factors míght be listed. lJevertheless, it is true that the species of
a planL specimen ís usuaily recogní-zable despite variations iLr any or
all of these factors. Of course, if the varÍation is too extreme, the

plant may not gro\,/ at all but if the combination of factors is suitable
to permit gror.rth,. the genus, if not species, will normally be

recognizable. ThÍs is true no matter hol tire plant is propagated.

Sínce in this project r,re are concernecl luith the effects of internal-
control mechanisms, these external enviror-rmental facEors are ignored Íf
possible and, if no[, they are brought into the modelinas unobtrusive
a manner as possible, For example, the supply of ligllt to a ce1l may

be consiclered to be included ín the parameter SFC. This simple

interpr:etation ignores both the shading of Lhe lower parts of a plant
by tl-re ui)per part and ll're distínc[ion betr¿een [he sunny síde and the

shady side of a p1ant. Ilavlng disposed of a great number of environ-
mental factors in a similar surunary manner, it remains to be noted
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that one effect of these neglected external influences is to íntroduce
some írregularity into the developing p1ant. rf the computer program
produced plants r,¡hich \^/ere very sJnnmetric and regular, they would not
appear natural. rt seems reasonable, because of thís, to insert a

variab.le degree of randomness into the equations which can be used if
necessary to disturb the mathematically regularity of the computer

plants.

Although environmental influences are ígnored as nearly as

possible' some of them, could be incorporated into the model at a later
s tage.

rn summary, the prototype for the computer plants is a primitive
rnulticelled plant in a very sheltered environment. There is
cooperatíon between cells but nothing like the degree of integration of
a modern p1ant. To conform to Lhe main hypothesis, íË has developed

meristems. rt may be either a \./ater plant, free-f loating or anchored,
or a small land plant, depending on which parameters are used in the
cellular controls.



control of cel1 grorvth and division j-s hypothesi zed. to be based
ontta few properties of a cell and its neighbours". Inle now define a
set of cell parameters rvhich are used in the model to represent the cell
properties. To be consistent with the hypothesis and tire rnodelling
process, Ëhese must meet several criteria. They must be biologícalIy
meaníngfu1 if the'resulting model is to have any biological signifícance.
Related to this, they must be consistent wÍth bÍochemical control of the
cel1' That is, the biochemical apparatus of the cell must ínclude these
parameters ín some rvay- This does not mean that the parameters rvill be
defíned directly in biochemical terms. They must be rnathematically
definable and calculable in the computer program. They must depencr,
for each ce1l, only on it ancl its Ímnrediate neÍghbours; that is, rocal
contro l.

Justificatíon for the choice of parameters can only cone, in
this type of study, by deriving sígnificant results from them. The
díscussion of each parameter presented here ís intencled to explaÍn why
they were chosen for srudy

i^Je now define the parameters. Tl-iis list includes all paraneters
presently calculated in the model, though some of them have not been
used. Many others could be defÍnecl but rnuch more can be done using
only the Present parameters and variations of them. For each parameter,
we discuss the follol+íng poÍnts. First, a qualítaEive and quantitative
definition is given. (Details of the calculation are in the computer
program i-n chapter 6, but all essential points are includecl here
including sone practical problems regarcling their use and behavíour.)
second, r,rhy, from a biological poÍnt of view, is tl-iís parameter
expected to affec.t gror'rth and division; tl-iat is, rvhy is it biologically
rel-evant? Third, how might this parameter be realizecl in biochemical
and physical terms; that ís, how ís ít biologicaL-Ly feasible? rr is
emphasized that there is no intention of trying to specify in detail

CELL PARAÌ,IETERS AND EQUATTONS

CTIAPTER 5
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the underlyÍng bÍochemical mechanisms but merely to make a reasonable

case that these could exist.

Linear dimension parameter - LIN

Ce1l size ís well-defined and straightforward in princíple but

because of the nature of the model it is convenient to calculate it in
a somewhat peculiar way. The posibion of each cell in the structur:e is
specifÍed by the three coordinates (X, Y and Z) of the centre of the

cel1. The linear dimension parameter of a ce11, LIN, is'the average

of the distances between the centre of the cell and the centre of each

of its neighbours. (Tn the rest of this thesís, LIIT is used ín this
specific serrse and t'sízett in a general sense but Lhey refer. to the same

basic property.) Because of the nature of tl-re definition, the total of
the volumes (LII'I cubed) of al1 the ce1ls of a structure may not equal

the actual volume of the structure. But if one compares two plants,
Ídentical except that one ís twice the linear sLze of the other, then

LIN for each cell of the larger wí1I be twice LIN of each cell of the

smaller. This relative accuracy is adequate for the purposes to which

LIIIT is put. The distances between cell centres are the more

fund.amental dístances in this model and, compared. to them, LII{ Ís a

statistical, approximate parameter but it is convenient to use. The

main calculation of cel1 position is done using actual centre-to-centre
distances and LIN enters this calculation only in a secondary role in
which its relative nature is quite adequate.

The values of LIN in actual studies so far have ranged from

about 0.1 to 2.0. Smaller ce1ls cause calculation problems; to prevent

these, the minimum size cell produced was limited by the mínimum size
ce11 allowed to divide. Ce1ls larger tlnan 2.0 cause no calculati-on
problems; this upper size 1imit, determined by the grovrth equatíon, is
an arbitrary one. The size range established by these constraints
should be regarded merely as a framev¡ork relative to r.rhich to experiment.

The relatíve nature of this parameter v¡i1l become clearer in later
díscussion.
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In a third sense, LIItr is relative. lJo actual length unÍts are

specified. The plant shape and its nunber of cells is modelled but not

the cell size. l,lith this limitation, LIltr is suítable for its role in
the mode1.

It is clear that cell síze is both a relevant and a feasible
par:ameter. There must be some size below which a ce1l is íncapable of

division. Size can affect growth rate ín many rrTays. Consider why a

cel1 stops growing at a certaín size. It may be because some material
produced in lirnited quantity at cel1 division becomes used up or because

large size introduces great inefficiency into the growth mechanism and

stops further growth

CeLL AGE

This parameter ís defined for each cell as the time elapsed from

the division of the parent ce1l which produced it. The program runs in
loops or time-steps. At each time-step, Lhe AGE of nelv cells forned by

dÍvision is set xo zero and the AGE of each cel1 is íncreased by one.

No real time units are specified, AGE is relative to other factors in
the rnodel. For example, íf cells are not allowed to dívíde before AGE

20, then 20 is the minímum generation time and this gives a type of

scale to the model. If the growth equations are such that a cell can

grow from mínírnum to maximum allowed size ín 100 time-steps, this gives

a different meaning to time and AGE. The equations must be adjusted so

these meanings are somehovü compatible. For example, if cells are noË

allor,¡ed to divide with AGE less than 20 or LII{ less than 0.5 and if ,

because of the growth equations, cel1s do not reach LIN = 0.5 until AGE

40, then the generation time is 40, not 20. Also size at division
affects the size of the new ce11s formed and hence the tíme requíred

for new cells to gro\^r large enough to divide again. Thís parameter

interaction is important in the mode1. 0ther parameters cause further
compli-cations. Stating specific time and length uníts would be meaníng-

less unless this was done after the study vras completed.
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AGE is a relevant parameter since a young cel1 requires some

time to "get organized" before dividing anci a very olcl cell can become

incapable of further grovitll or divÍsion (uncler nornial- circunstances, aL

least). AGE could affect cel1 biociremistry thr:ough a substance producecl

at ce1l division tine whÍch subsequently ciecayed so tfiat AGE is inversely
related to the amount of substance remainíng. Thus the parameter is
feasíb1e.

Surface effect - SFC

This property called SFC is dependent on Ehe position of the ce1l
in the cell tissue.
for surface ce1ls and lorvest for cells ínternal to the p1ant. rt is
defined as the \¡ector sum of the distances fron the ce1l centre to the
centre of each of its neJ-ghbours divíded by the scalar sum of the same

clistances (ancl then multipliecl by 10) . lüitirout going into great detail,
note that if a1l the neíghbours of a ce1l are j-n the same direction from
it (Fig. 5-1), then j-t ís at an apex. in thís case, the vector and

scalar sums are nearly the same ancl sFC is close to 10. rf the neígh-
bours of the cel1 are al1 arouncl ÍL, Ehen the vectors cancel each other
and SFC ruíll be lorv (Fíg. 5-2). (If rhe neÍghbours were perfecriy
symmetrícally distributed, sFC rvoulcl be zero. This is unlílcely.)
Actual values of SFC are shor,rn in Fig. 5-3.

This parameter is íntenclecl as a measure of the degree to rvhicl'r [he

cell ís exposed to the external environment. liany factors in ihe ce1l
biochemistr:y cou1cl be changed by this exposure so thaL SFC ís an omnibus

parameter. Differences in SFC coul-d represent differences in the ligirt
level at the cell, ín the rate of exchange of gases betrveen ce1l and

environment, in the degree of interaction r.¡ith other cells ancl ín t1-ie

\^/ater content of the cell . (In a dry environment, ce1ls !/ith high SFC

would be dryer Eiran those r.¡ith lorv SFC.) The ciependence of ce11 bio-
chemistry on these factors and inclirectly on SFC seems beyond question.
lnie conclude tirat SFC is a feasible paremeter (even Lhougll the nature of
the dependence ís obviously potentialllz very comple>l). Since, clearly,
differences ín grorvth ancl division rates betr^ieen ce1ls of hígh and. loru

SFC would produce differences ín form, SFC is a relevant paraneter.

It is irighest for apical cells, íntermediate



Division rate - ÌIER

Tite parameter merism or MER Ís related to the dívision rate of
the neighbours of a cell; [hat is, it is a measure of meristeniatic
aclivity. It ís defíned as the avel:age for all neighbour cells of

L/(AGE3/tooo+1)

This ís largest f or ce11s rvith neighbours that 1'rave recently
divíded and decreases as the neighbours get older. The problem of
parameter interaction ís further complicated by l"iER.

This paraüìetelr is obviously relevant to meristeni dívision. It
is feasíble through a mechanism such as a substance produced during
cell divÍsion r^¡hich díffuses or otherwise moves to neighbouring cells
carryíng the message of divisíon. Ii decays corresponding to the

decrease of I"IER.

Grov¡th t:ate - VtrAX

The waxing or I{AX of a ce1l is def ined síiriply as Ehe avel:age grorr'th

rate of its neighbours (expressed as percentage growth per timestep).
Thís parameLer seems relevant since it implies gror,rtir can either
stímulate or depress other grorvth or division. But thís has not yet

been testecl in rhe model to see if it is a useful parameter. hlaxing Ís
feasible through a substance procluced duríng cell grorvth anci at a rate
proporEional to the gror^rth rate lvhich then carríes the message to

surrounding ce11s in a similar rvay to that hypotiresized f.or merism.

Nutrient supplg - Ì'|OU

The paraineter nouriture (or lìOU in the computel: program)

represents a nutríent and Tnrater source at the base of the plant (a root).
Ilutrient is visualized as beÍr-rg transported through the plant from its
base. It is calculated as f ollov¡s . The ì'lOU of the base cells is
constant. The NOU of any other cell in the plant is equal to that of

the nearest ce1l belor,¡ it less a certain amount. Tl-ris amount depends

on the size of the cell and on its growth rate. Thatis, ITOUrepresents

nutríents movíng through the plant and being used so tl-rat the supply

decreases rsitl-r distance from the base. Ti-ris can be regarclecl either as
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díffusion out from a sour:ce or as a type of polar transport. This
parameter should be useful in the model but it l'ras not been used to
date. l{OU is obviousll' relevant to higller plants ancl m-igirt be to
primi[ive ones. It ís f easible in the narror./ sense that nutrient
supply can affect cell biochemistry. hhether it is feasíble in the

sense that the rate of clecrease of llOU throughout a slructure is
appropriate ís not irnorøn yet. I'Iuch further work could be done wíth
thÍs parameter or one like it.

Further discussion of paramel:ers

One of the requirenìents of the parameters is that [hey are 1oca1

in nature. LIN and AGE are depenclent only on the ce11 for rvhích they

are defined. SFC, l,lER and I,IA)í depend only oil t1-re position and acEivity
of the neighbouring ce11s. IIOU ís not properly a 1oca1 parameter

since, although it ís calculaEed for each cell from the nearest neígh-

bour, it depencls on the acLivity of many other cells in the plant"

trrTe consíder bríefly tire evolutionary status of these pararneters

as cellular controls. Size and AGE are applicable to single ce1ls
(though the method of calculating LIIrT is r-rot) and they ar:e l¡ery

fundamental and probably applÍed to tire earliest cells. SFC is also

very fundamental and p::obably affected the earliest clusters of cel1s.
(In a sense, the SFC concept applies to single ce1ls since a síngle cell
in a very restricted space could be thought of as having a 1or¡ surface

effect and rvould behave differently than an unconfíned cell. ) MER and

i^lAX are perhaps less primirive si-nce rhey ínply materíal exchange

between cells. NOU as presently defined does not:app1y tovery primitive
cel1 structures (rhoughasinpler form of transporE or diffusion of

nutrient would).

During gror,iLh ai-rd cÌívision in the mode1, the ce11 paranìeters

ci-range. These changes can be ínterpreted as differenLiation. For

example, a small rapidly dividíng cel1 (parT- of a meristem) sEops

dividing? gro\^/s Targer, and becones a stabie pa;:t of Ehe si:rlicture.
Thís seems like a limíted type of dj-fferentíation. ldhen a cell under-

goes these changes, the equations of groi+th and dívision cl-range or'
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more precisely, different parts of these equations apply to the changed

cel1. Thus Ëhe equations lead to differentiaÈion and v¡ith this rnay

come changes in control representing different parts of the genetic
rnaterial being expressed. Tn this way the model is fundamentally

similar to nature.

If a parameter can be shovm through this model to be signifícant
for control, then it is likely that biochemícal specíes roughly
corresponding to the parameter have been evolved by cells; thus the

parameters may be identifiable as specífíc bíochemical species. By

describing in detail the variation of the parameters, the study may

suggest critical experiments with real plants. (I.n the computer program

output, the parameter values are periodically listed for each cell so

that comparisons can be made.) However, the parameters used are

primitive like the rest of the model and may be only dÍstantly related
to biochemical species in modern ce1ls.



Grov,tth and division equations

A1though the equatíons governing celJ- grolvth and dívisÍon are

essential to Lhe model, they are a small parL of the total size of the

program. They can be compared to DNA molecules rvhich, though a sma1l part
of the cell , reqr-rire (in both senses) the rest of t-he cell to f u1f ill
their potential. In the same \^/ay, therest of ti-re program is requirecl to
dentonstrate Ehe potential expressed ín the equatíons. The rvorhíngs of
the moclel are describecl in detail in the next chapter. Here rve examine

the equations themselves "

The ul[-lmate point of tire study is to learn the potentíal of
clifferent equatíons. ßecause of [hís, many sets of equations have been

tried. Hor.rever, one growtir equatíon \{as used for most of the sLudy so

rve r"il1 describe it. Three different dívision equations rvill be

described representing stages in the stuclv

Grovth equation

The grorvth equaLion te1ls horv much a cel1 ís to grow in one

tÍmes'cep, expressed. as a multiplícatíve factor. (Grorvth = 1.02 means

tr^lo percent grovrth ín linear dimension. The corresponding volume

grorvtl-r would be 1.02 cube.J or 1. 0612 or about síx percent.) Thegrorvth

equation used and a graph of its shape are in Fíg. 5-4. The main

points to no-te are that very small cells (LIl{ less than 0.07) have the

lrighest percentage groruth rate (l .20 or tr,/enty percent)., large cells
(LIN greater than I.22) have no grorvth, and the variation of the rate
betr.¡een these extremes is such that the groroth as an absolute rate
(rather than a. percenr) is roug'oly constant. Ì'lo special properties
are claimecl for this equation; it ivas chosen through experiment as one

lvhich produced reasonable gror+th ín a set of ce1ls. Thereafter, thÍs
equation rvas usecl consístentiy rvhí1e dífferent forms of division
equation rvere used. Thus \üe have had little experience l.¡íth the effects
of dífferent gro\,¡th equations. Fígures 5-5, 5-6 and 5-7 illustrate the

grol.rth produced by tbís ecluation ancl r,r¿r-v be compared to Fig. 5-B and 5-9

shoruing the results of a constant grol.rth t:ate of 1.02 until LII'T = 10.

(Details necessary to the unclerstanding of the figur:es are together prececling

the f igr-rres. Plotting conventions are explained early in Chapter 6. )
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Division equations

rn this model, a division takes place in one timestep; there is
no provision for extending the process over a 10nger time. Thus the
dívision equation has to determine v¡hether or not a ce1l divides, not
ho¡¿ much or how fast. Three main methods of doing thís have been tried.
since the fÍrst t\^/o rvere dropped in favour of the third, rve outline
them without going ínt.o full detail. rn the first, an equation \üas
used to calculate tihe probabiTitg of cel1 divísion from the cell para-
meters. Then a random-number mechanism in the computer program is used
to decíde, wíth this probability, wirether or not the cell actually
dívides. This method can be made to work but it creates awkrvard
problems in writing suitable equatíons.

rn the second method , a cJass of cells is clefÍned by a set of
parameter ranges. If al.J. the parameters fall in their ranges, the ce11
is Ín the class. A class and a probability are specified and ce1ls not
in the class cannot dÍvide. For tl-rose in the c1ass, the random
mechanism and the fixed probability cletermine wl'rether or not the ce1l
divides. The third method is an elaboration of tirís. Two classes ancl

two probabilitíes are given. If the cel1 fits a class tiren it has the
corresponding probability of division. If it doesnrt fit either class, i-t
cannot dívide. This method could be extendecl to give very specialized
control of divisíon by increasing the number of classes or in other
rÀ/ays . rf the probabíli ty f or a class is 1. o (that is , cer tainty) , then
a cell will always divide if it falrs ín that class. r¡ thi-s case, no
randomness is involved. I^/ith l-righ probabilities, smaller classes are
needed to prevent excessive clivision. I{any of the later runs in the
study r^rere done in tl-ris way. For example, in run llrs3, only cel1s in
the class

Lrli 0.5 to 0.8, MER 0.02 ro 0.13, sFC 7 to 8.5 and AGE 5 ro 100
divided. (This proved to result eventually in too niuch division a¡d
a very confused "computer plantt'.)
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equatÍon, rve continue to refer torrgrowth ancl divísion equations" for
simpliciLy.
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To summarize, the gror,/th and division equations are vital to the

study but very unimpressive in themselves. Theír potential Ís expressed

through the computer program discussed in the next chapter.



rn this chapter, we discuss each part of the program in order,
explaining what it does and, in outline form, how it does ít.
A complete description of the stucly would inclucle cletails of the many
steps in development of the program to the present form. , This would be
long and tiresor¿e. rnstead, in the discussíon, the development of the
most important features is given briefly. A listing of the computer
program is included in this chaprer. rr is the FORTRAII language.
Following it are technical notes regard.ing the program. At the end of
the chapter j-s a note on the method of experimenting with this program.
In both the discussíon and the technical notes we deal with the parts
of the program in their normal order except that the last main sectj-on
of the program, the rouEine ttplot planÈ'r used to draw the computer
plants, is discussed first. An unclerstanding of what it does will make

the figures referred to later more meaningful. (A11 "plants" referred
to in this chapter are computer plants. )

COTIPUTER PROGRAT4 A.ND T,IETHOD

CHAPTER 6

The plots (for example, Fig. 6-9) are intended to shorv tl-re
general shape of plant produced and, rvhen sËudied carefully, to provide
more detailed information about the plant. They show a side vierv (Z

axis up and Y to the righË nornally). only rhe lines joining the
centres of neighbouring cells are plotted. There are lines from each
cell to at least three neighbours. The centres of cells can be
recognized as the points r¿here the línes meet. Since the cell r,¡alls
are not drav.rn, the outside surface of the plant ís not shor¡n. rf it
was' it would be larger but the same general shape as the plot. rn fact,
it cannot be dravm r¿ith the iniormation available in the moclel without
making assumptions about cell shape. Figure 6-1 shows one of the
computer plots with an outlíne superimposed showing the outer edges of
the plant (assuming the ce1ls are spherical). when looklng at the plots,
the fact that they are somer,/hat smaller than the plant they represent is
not a serious problem.
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Scale, date, run nunber, number of cel1s and number of loops are
printed on each p1ot. The scale factor used is chosen to fit the plot
into an B-Ll2 by 11 inch area. rn comparíng clrawíngs it is important
to note the scale factors unless only shapes are being compared. If
tr+o plants are the same size in the plots but one is scale factor 0.5

and the other 1.0, the one r,iith factor 0.5 represents the larger plant
sínce íL is plotted at half its calculated size. trrlit-h scale 0.5, a

plant of calculated height 10 l¡ou1d be plotted 5 inches high. The run
number identifíes the computer job i_n r,¡hich the plant \./as produced.

The number of loops is [he number of timesteps that have occurred. Run

number togerher v¡ith nunber of loops uníquely ídenrífíes a p1ot. Aplot
r¡íth zero loops is the initial plant usecl to start t1-ie computer run.
Number of cells includes both active cells and the base cells
(díscussecl later) rvhích do not nove or divicle. Increases in the number

of cel1s cluring a t:un represent clivision of active ce1ls

Cal.cul-ations

The first section of the progran specifies the storage requíre-
ments ancl the information to be stored about each cell. Thís ís a

suítable place to say jusL what is kno¡,rn and wirat is not knorvn about

tl-re ce1ls in the computer moclel. Fundamentally, the )(, Y anð. Z

coorclinates of the centre of the ce1-1 , the AGE, and Ehe grorvth rate are

knorrn. All the other par:arreters are calculated from thís data. 0n1y

tlre cell coordinates ("ce11 coordinates" means the X, Y and Z

coordinates of the centre of the cell) and the list of neíghbours (rvhích

is obtained using cell coordinates) are used by "Plot Plants". There

is no information about cel1 shape. Therefore, the measure of ce1l

size (LIN) basecl on cell coorclinates is only approximate.

The section t'Read Parameters

which are changed frequentiy durir-rg

The impo::tant ones are cliscusscd in
l-he,v are used.

and Controls" reads those numbers

e>;perimentation r,¡ith tire program.

the sec tion of thc prograr,r rvhere
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In "Set-Up Inítial Plant'r, a set of cells, callecl the initial, ís
specifíed rvhich is used as the starting poínt of subsequent growth.
rt is built up as a series of layers of cells. The nurnber of layers
and the spacing, AGE and nutnber of cells in each layer can l¡e Índepen-
dently specifiecl . Ti'rís alfor,¡s consid.erable variety in the initial.
Also, a randonness factor can be used to nake the ínitial less
regular. If it is zero, the cells on each layer form a squaïe gríd.
Tlre bottom layer cel1s are the base ceLfs. During the running of tire
program, these do not change but they are necessary to the calculation
(as a set of fixed reference points). The other cells are callecl
active ce11s. "set-up rnitial Flant" is used only once in a conputer
run. The rest of the program forms the main loop which can be used

many Limes.

The section "Reorder" has two vital functions rvhich are carried
out together. The fírst is to arrange the cells ín order startl-ng rvith
the base cells (which are alr"'ays first). The desired order ís one in
ivhich cel1s closest to the base come first ancl those at the top of the
plant (or the típs of bra.nches) come last, That is, they are in order
of dÍslance from the base measured through t|'te pJant, not straight 1íne

distance. Another LTay of expressing [his is, if cel1s at the end of
the order \.Jere one by one removed from the plant, the plant r¿ou1d

shrinlc but rvould remaÍn ín one piece, but if cells r.rere removed that
r,¡ere early ín the order, Lhe plant r.¡ould start to fall apart. The

seconci function is to obta-in foi: each cell a list of the nearest neígh-
bours l'ihich are bef ore it in order. R-eordering is done as f ollov¡s
The fírst active ce1l Ín order after the base ce11s is the one which is
ttnearestt'to the base cel-is, The next in orcler is the one,nearestttto
the base cells arld iiìe first actjve cell. The third ín orcler Ls the

one "nearestrr to the base cells ancl the first trvo active ce1ls and so

on throughout the ruhole plant. The technical meaning of beíng "nearest"
to a group of cells ís explained in a technical note. During this
process, a record is kept for each cell of the nearest neigl-rbours v¡hich

prececle it in order. These are called irs "neíghbours belor+". Thís ís
important in understanding the rest of the program. "l.leighbours below"

a cell may actually be higl-rer, that i-s, have a larger Z coordinate, íf
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they are on a dov¡nrøard groling branch. The term "neighbour abovett is
also used. Cell A ís a "neighbour above" cel1 B íf B is a "neighbour
below" A. (There is no such thing in this program as neighbours side-
by-side. "Reorder" always assigns a definíte order to tvro cells close

together and the first in this order is "be1ow" the other.) A ce1l

always has neigirbours below ít and unless ít is a prominent ce11 on

the surface or an apíca1 ce1l, ít will have neighl¡ours above it.

To understand r,rhy this process is necessary ít is'helpful to

explain earlier methods used to order the cells. First, they were

ordered accordíng to the distance from the plane of base cells; from

the ground rp, so to spealc. I{owever, in the case of a branch growing

sideways, ce1ls at the end of the branch could come before those at the

base and this order is not correct. The next method used was ín order

of distance upward and outward from the centre of the base. This works

as long as the plant gro\^/s upward and outr¿ard but in a dov¡nward growing

branch, the order ís wrong. Other more complex methods ín which dov¡n-

ward growing branches were ordered by a different method than the rest
of the plant were tried before the present one r¿as devised. This

method deals with branches growing in any directíon. Fig. 6-2 shows

the ce1l centres in a vertical section through a computer plant. The

exact order calculated using the method is not shov¡n but the first
several cells Ín order are marked ttltt, the next group t'2", and so on.

The order is upward and outward in a reasonable r+ay.

The section "Calculate Ce1l Parameters" is a straightforward
calculation of the parameters as defined ín the previous chapter.

There is one important poínt to note. The parameters SFC, MER, trn/Ax

LIN depend on neighbour ce11s. This includes neighbours both above

below (ín other words, al1 around). The parameters MER and I"JAX are

visualized as depending on substances which move from one cell to

another. The implication of using neighbours both above and belorv is
that there ís transport in all directions (not polar transport).

The section "Calculate Growth and Division" ís a straíghtforward
application ro each cell of the growth and division equations. Also

and

and



the frequency distrÍbutíon of the parameters and the growth rate is
obtained and printed.

rn the section "rmplement Divisíonst', those celrs v¡hich were
determined by the division equation are actually divided. rn this
process, their AGE is set to zero. One new cel1 retaíns the coordinates
and number of the parent ce11. The other is given a new number and a

position between the parent position and Lhe average position of tl-re

four nearest neighbours below (four unless there are only three such
neighbours). Thus, very simply, there are trÀro new ce1ls vrhere there
Íras one older one before. The positions of the new cells relative to
the neighbours below are shov¡n 1n skerches (Fig. 6. 3). They fal1 in
li-ne with the centre of the four cells below. one new cell Ís above

the other or further from the base of the p1ant. Although there is
consíderable variation depending on which are the four nearest neigh-
bours, the position after dividing may be descri-bed roughly as one

above the other rather than side-by-side. To explain this in a

dífferent way, if the cell that divided was promÍnent on the surface
of the plant, then the division pattern would be períclinal rather than
anticlinal. That isr. one new ce1l would be more exposed at the surface
than the other one. This is a general pattern in which there can be

considerable varíation.
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The next section "Reconciliation" is the most complex ancl

interesting part of the program. Developing it was the main work of
this study.

consider the situation in the model after al1 the preceding
sections have been run. The previous positions of the ce11s are knol,¡n

but most of them have now grown and some may have divided. How has the
shape of the structure changed because of this groruth ancl division?
Consíder the following cases. If there ís only one active cel1 resting
on the plane of base cells, then íf it gro\,¡s, it will move up\,rard by an

amount proportional to its growth rate. rn a structure of several
layers of ce1ls, if. aIL the cellsgrowby the same amount, the structure
will expand by that amount. If only the lower cells in the structure
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gro\{, the upper cei-ls rvill nevertheless move because the lor,ter cells
lvi1l push tirein. The sirnpler case is rvhen only the upper cells grorv

since the lorver ce11s are not affected. The latter is frequently
the case j-n real plants. The cells in tire apical rneristem are dívidíng.
The cel-ls belor^¡ thís a-i:e growing. Tire lor.¡er part of the plant is
relatívely inactive in gror,rth or divisíon, disregarding lateral
meristems rul-rich clon't aff ect tiris analogy. The fact that this is a

símpler case ÍnvolvÍng less relatíve mor¡ement of cel1s is another

reason why rnerístematic growth rvas chosen as an objective in the model.

Perhaps ít is also a lreason why plants chose rneristem growth. ) If the

ce1ls in one side of the structure gro\^r, then it will bend to the other

side (for example, Fíg. 8-2). Consideríng all these different types of

interaction, a general approach was developed for calculating new cell
positions and the nerv shape of a structure due to ce1l grorvtl-r. The

follor,ring general descr:iptíon of this approach is quoted from the

proposal prepared prior to the sEucly.

"The neLhocl to be tríecl has the clisadvantages that it ís arbítrary
and cloes not perrnÍ-t the shape of individual ce1ls to be studied. It has

the advantages that it is possible to calculate, allor.rs grorvth to be

governed by inberLral ce1l controls and preserves to a large extent the

relative positíons of ce11s. The size of a cell is specífied by its
volume. At each time s[ep in the grorvth, after the new set of ce11s

have been calculated, another step occurs ín r,¡hich each cell lvi1l if
necessary have its coordinates adjusted so thaL it is not i'crorvdingt'

its neighbours. The routine lvhich carrÍes this out works systematically
up the stem and along each branch of the plant. The metirod r¿i11 result
ín sma1l relative movements of neighbouring cel1s but the cumulative

change in shape and size of rhe plant ma)/ be consiclerable. This is
reasonable in ter-rns of real plants."

Aside from the fact that the size of a cell is not specífied by

its r¡ol-ume, [his rvas accompJ-ished basically as proposecl . Lre r^¡il1 nor¡

clescribe the overall process ín more cletail. For each cel1, the neigh-

bours beloru are knor,rn. Starting rvl-th tlie f irst cel1 j-n the order (we

ref er to it in thís d.iscussion as cell 1), all of r.¡hose neighbours beloru
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are base ce1ls whích never move, v¡e consíder the distance from ce11 I
to each of the neighbours belorv and using the growth rate of cel1 1,

calculate what these dístances should nor,r be. I^/ith three such distances,
r¡/e can calculaLe the new position of ce11 1. (In three-dimensional
space, three distances are needed; this ís why t'Reorderttis set up to
fínd at least three neighbours for each ce11.) If we use three other
base cel1s, a cliffeïent position rvi11 usually result. If two different
positions are obtained, a compromise positíon between the two Ís used.

This position is the new position of ce11 1. Next the same calculation
is done for the second ce1l and so on for each ce1l in the order. The

calculatíon becomes more complicated since most cells will not have

fixed base ce11s as their neighbours belor,i. In th.is case, distances
between ol.d cell positions are adjusted according to growth and then

used rvith the neø cell positions of the neighbours below to find the

new position of the cell being reconcí1ed,

We now consíder the "Reconciliation" in more detail. Figure 6-4
íllustrates "Reconciliation" through a simple example. As noted earlier,
when only cells in the upper part of the plant are growíng and dividing,
cells belorv them r,rí11 not move. (We are assumíng that the lower cells
are strong enough to support the upper cells r¡ithout shape changes to
themselves; that ís, the effect of gravity is ignored.) To save

unnecessary reconcilíations, cells that cannot move (that is, ce11s

which have neither grown nor divided and for which all cells below them

in order have neither grovrn nor divided) bypass the reconcilíation
process and retain their o1d coordinates.

The calculation of the ner¡ distance between neighbouríng ce1ls
from the old distance and ce11 growth rates is done as fo11ovrs. The

new distance is the old distance multiplied by an average of the growth

rates of the two cel1s. rf the two cells have the same size (that is,
the same LIN) a simple average is used. If not, a weighted average is
used gíving greater weight to the growth rate of the larger ce1l. (If
the ce1ls rvere spherical, this calculation would be precisely accurate.
It ís a reasonable calculation for cells of the same general shape.)
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The average growth rate of the ti¡o cel1s is used to determine
the "allowable variation" in the new distance betrveen the cells. The
relationship of the varÍation to the average growth rate can be ciranged
for experimental puïposes. The 'lallowable variation', that was used in
most runs increases with grorvth rate. This means that Ín a group of
cells with díffering growth rates, the slower growíng cells are more
rigÍd. The allowable varíation enters into the reconcíliation
calculation in a complex way but briefly rvhat happens is as follows.
rf only three neighbours below a cell are usecl, the nerv posítíon can
be calculated exactly. rf four or more are used, they will generally
noË agree (that ís, the position calculated from the first three will
be too near or too far from the fourth, and so on). rn this situation,
a compromise is used rvhích takes into account the allowable variations
ín the distances. rf the allowable variatíons are equa1, the ce11
positíon is chosen so that the worst actual variation ís as small as
possible. If one allowable variation ís larger than the rest, the cell
posÍtion is chosen so that the other dÍstances are moïe closely
maintaíned, at Ëhe expense of greater actual variatÍon in the dístance
with greater alloruable variation.

To summarize, "Reconcili-ation" moves cells ín such a ivay that
their calculated growth is taken into account as nearly as possible in
their movement.

"Reconciliation'' is a compromise of the principle of havÍng a1l
controls applicable at the cellular leve1 because it explicitly takes
into account ínteractions between cells. .rn cases where there are
considerable differences in growth rates between cel1s, the actual
growth achieved is not alrvays equal to the calculated growth. The

cel1s, in plain r¿ords, are not just pushÍng each other aLouncì, which is
valid and does not vÍolate the main hypothesis, but ín some cases they
are crowdÍng so much as to prevent some cells from grorving accorciing to
the dictates of their internal growth equation, ancl this cloes violate
the hypothesls of strict cellular control. The extent of the compromise
can be gauged, in a relative rvay, using measures of error rvhich are
incorporated ín the program. rnprovements to "Reconciliation" could



reduce this problem to some degree but Ít cannot be avoi<led enti::ely
unless growth rates vary only very slowly throughout the structuïe or
the structure is a very thin one so that al1 cells have room to grow.

The next section of the progïam I'SmoothÍng" also ís a compromise
of the cel1u1ar control. In ít the movements of cells calculated in
"Reconciliation", that is, the dÍfferences between olcl and new positions
are averaged between neighbours. This is under tl-ìe control of a factor
r¿hích can vary between zero and one. rf it j_s one, the "smooLhing" has
no effect at all; the movement of each cell is exactly as calculated ín
"Reconcí1íation". Othenvise, the actual movement ís a weighted average
of the calculated movement and the average movement of the neighbourÍng
cells. The factor 0.75 which has been usually used gives 0.75 of the
calculated movement and 0.25 of the neighbourts movenent. Cells nearby
thus move more nearly the same amount and directÍon and the structure
is more stable. Figures 6-5 to 6-8 show the sarûe stages of growth from
the same initíal as Figs . 5-7 and 6-9 but l¡ith dif ferent snootl-ring
factors. The least smootl-ied case (Figs. 6-5 and 6-6) gror,/s nìost
quíckly and stops growing first. rn the most snoothed (nigs . 6-7 and,

6-8), growth j-s slowed dor,¡n consiclerably. Ii'r structures that are wider
or that have divísion taking place, some amount of smoothing is
necessary to keep the structure together. A subjective judgement is
ínvolved as Lo how much irregularity in the growth is suítab1e.
rncreasing uniformity of growth is at the expense of the principle of
cellular control. The general effects of smoothing are to decrease the
relative movements of cells and increase their rígídity. It ivould be

desirable to revise "Reconciliation" so that ce11 rigíclity and extent
of relative movements r\Tere explícitly controlled within it rather than
being imposed in a more arbitrary way through "Srnoothing,'.
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The rest of the program consists of "plot plant" rvrrich has

already been discussed, "store Plant" used to store data about a plant
for future use, and the control lvhich eiLher starts anoLher loop at
"Reordertt or stops the run.

A listÍng of the computer program follor+s
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1 /// troRr4AT îF C9,lC,11 ¿FFF IS(3X,T:72.5).2 ,/// FvF = r:trACTIat NAL.¿, F. IGFJT USED IN ST,4OOTHING.4 /// I,D"|'JT2=FtrFoI)ENcY DF LIST ING LJNGS T t)osITISNS (O__ No LIST}5 '//,/ TPi?NT3= FRFOUtrNCY oF LISTINc If IST.OF pARAMETERS (C= NO Liérl.5 ./// IPLOT= FRf nUtrNCY oF PLCTTING INTERMEDJATE R=SULTS (C= NC pLoT).
B /'/,/ ISTaIRS = FREoU-NCY CF STO"ING IrlTFRMEDIATE PESULTS (O= NC SrCr? ING. )9 ,/ // ¡¡aECCN = NC. OF tìECDNS l4rAr{rÊD( INCL. THOSE DIJNF pR IOR TC THiS RUN. )3 ./// IUNIT = IST UNI T # f C USE Tf STnqE A DAIASET.I //,/ MTUNIT = LASI UNIT 'r TI USE Ti] STORF A INrÃSÈr.2. /.// ISTI',IJ\I" STORE gCUTINE STA?TS AT NPEcoN = ISTI,lIN oR I-ARGER.3 /// DLII,4TT 1S SQUARF îF DISTANCE LTMIT FOR NEIGI-IBIUFIS.LAST CAF'D DF THIS GRîUP IS C23.
M[4ENT: THFSE CAaDS ARE IN NUMFR IC,aL ORDER FXCFpT THATr DUF TO FTROGaAM CHANGES,THFSE NUMBEFS ARE t.loT USãDz CàrCl7rCl3, c7)c3¡C4tC6

PAPAi,4ETER CARDS FCLLOWI IN STANDA.qD FORMAT ( 6X,FI5.8) . STI.JCE TFFSE CHANGEFREoUENTLYT íìFFE,Q To pEAD ST,ATEfcENT AND Tl .CALcULAiE Geo.ulTH î- CtvrSIot!,.FCrr DETAILS OF TH=. .pARAt4ETERS. _

GL1
GL_ 5
DL1
DA2

VID2rñ

rFl5oEr
rFl5.8r
rFl5.Br

ct= )t ¡ .r O.) I
rF:15.8"
rt-15"ô'

GL2
GL6
DL2
DN.4 1

DL -IDA4

I rF15t ¡F15
r ,F 15
I rFli->
I rs15.,F15

c.)t

Br
a
o

âr

GL3
DSI
D52
D;4?
LI L4
tl:''! 3

rFl5.Br
rF15.3r
rF15o8r
rF15.Br
rFl5"8¡
rF:15. 3 r

CL¿+ | ;F 15.8,/
DAI trF75.g/
DIVIDE t tFl5.g/
DS3 ttFl5.8/
Ds4 | .tr 75.8/
DM4 rrFl5og)

+ *** * + ** * *+ ** *È *'r * * ** +* ++ * + ** ** * * * * + + * t(** t+ t * * t* + * * *** r *
ìk*** DATA lìEcl<r AFTER ccNTRoLS AND PARAMETFRST coNSIsrs +*+* oF f 1) CARDS DESCRISING Il'¡TTIAL' tF INTTIAL IS r*

'<* 
TO AE CALCT.JLATED (IE.IF IINIT = I)rAND **

**** (,2) ONE CARD DESCRIBING PLOT. .. **'
'ô+ t'+*+
**., SEE THESE ROUTINtrS F3R DETATLS.. UElAlLì>o ,r*+,ñ ** PAGE 3



c
c
c
c
c
c
c
c
c

c
c
c
c
c
c
c
c
c
c

* :!x tr *,t * * *,F * * + * * È )F * * *'X * * t< * :t* * ** *,: *** * * * + * )k + +* * *: )i * *

¡rqFrT-UP INITI AL )LANTrt

lF( iINIT.GT.C)GO T1 2a2

FJTHER CALCULATF I\lI T i AL !TLANT { IF I I1'' lT = C )

NILAYER=# NF 
'4Y1.-iìS 

NF CELLS' NPLYEF = # AF CFLLS PFR LAYFR' RL IN
OF CSLLST RANDF = P^N,lOr''lNESS FACTCR IN CFLL PIISITItN ItiG' f4ORE =

CTHER LAYFRS OF: CELLS AAE T3 i]E ADDF-D. AGEC IS INI TI AL AGE
CqLLS ANO I'Ii.ìUC I S N:JURI TUF:E ASS I GIIqD TO RASE CFLLS.

NI.AYER O¡J IST CARD IS TAKEN AS I ( REG,ARDLESS DF # I:ìN CARD) .
I S DNLY ONE L AYER OF EASE CTLLS.

>k >:* r! * +*,k * **** ** * 4 a1** * * +* * *** * *t **** * È *1,< 'k * +** #+* + ** **** *

75e'

452

READ( 5,2
FÛRMAT(3X
wRI T5{6'4
FORMAT( TO

1,.ìV,'ING INF
N=t r F6'" 2 r
FCPMAT ( I

çFt,"?t
IF(NI--LYE

NT LYER =N
Do 253 I-
IYC=2*l
I XC= IYC- I
LIN( I)=RL
LING(I)=1
INEXT( I )=
P3l ( I)=0o
P3?lI)=Co
P11(I)=CO
plZ(¡¡=pl
P?1( I )=CO
P2? < I )=ø2
AGE ( I )=AG
NOU ( I )=NO

Hl IT=C "OTHEIT=O"O
IYM=NPLYER
NPR F V=}

I
2

453
1

5 E) t¡L AYEtr TNpLYER r RL IN r?,Ar'lDF r ¡r'cRF, AGFO r |IOUC RFAn ++
¡ ?Í 5 ¡ 2f:t' "? r | | r ?-F 6. ?)
52) NLAY=tr' NPLYER' RLIh' RANDF' AGEC rNOUOI T13O {'*I)/ ' IT{ITIAL DLANT h'AS CALCULATED FPDM THE FCLL
oRMATICNI ?),/l?\tI?¡¡ | LAYËQS CFr'I3or CELLS PEP LAYER; PLI
? 

' aAr.lí)F=r'F6'?rr , AGEO=¡ tF6o2.¡r' NCUO=rttr6.21
ABnVE TlllS,r,I3rr LAYERS |F'r I3e' CELLS PFR LAYERi RLIN=r
!, PANDF=r çF6'.2.1, AGÍO=t rF€'.?,
R "GT.32 )NpLyFR =32
PLYFR
1 

" 
NPLYER

I¡'t+1.24
. coo
I+l
ooolotol
ORD( IXC)*AL]N
1( I)
CJRD( IYC)+PLIN
1(r)
tr-ô
UO
oo I
c01

253

*
*******+*** **** lr+t>l+* *;++ *

O IF NO
êss fGNED TO

I.E",TH9RE

t
rl
*
ìt

P AGE 4



1+66 IF lMOeE"EO.3)GO TO 263
f?trAIf (51?.5 B) NLÄ YERr NÞLYiR r ?L T ÀI , RANDF I i\4 IRE,AGEO
t'/p I Tl ( í: t 4 5-3 ) NLA Y.P ' NPL Y ER r ÞLI Nl r RAI'.JDF r AGEC
r\L 14 1 =1.:L AY 5 R
HFI T=Tl.l= IT
NiPAFY=\tl'1-NDLY-A
Cî TI 257

257 nO ?54 II=l,l'jLVl
lrìR=:¡t'-i\l PL Y=t?

RA\DCV CF\I EEATÍS A 5-T Ntr RA¡.J DCM L!NKI NG \IUI{,3EPS BETWEENI +1,. AANDF,/2.
DC 1ç,7 l=l rlrl pF

NF?A=l'\tr4*ó5539
lF ( t\:ËA .l- T. O ) NÞA=Ntr \+2 747 4e3647 +L

lç7 RAI'll-r ( I )={ NaA*4 .6565135- 1¡ ) * ?ANDF-FANDF/?,.
CM= I

îC 255 f'4= ! ' \Pl-Y 5R
MìT/=IU'+I J J<i\}PLY5A +NÞR=V
P-:,rI ( Vlt4) =tr¡ilAT( I I ) rRLI N+R,AI.Jn( CF) +iJf IT
I l/- ¡ t¡.ç I
IYC=2x14
I XC= I YC-1pl I ( MM) =CCîÊD ( I XC) +RL I N+RAND{ O¡4 )
CM=C¡\'+l
tr?_l I M1"!) =CarJRD ( I YC ) *RL I N+FAND ( CM )
CM-'V+I
INEXT( elM)=i'lM+1
LIN(vlvi)=i¡¡IN*1.24
LING(f.,'! M)=l.OCC5
AGE(Ml'¡)=AGl3
\¡JRITF(6,952) M;U, Pl 1( f.,!Nl ) , p21 ( Mt'4), p3l ( MM )

95" FORMAT( lXr I5r3F lC,3)
255 CCNT INUE

TF'E IT=FI '|)AT( T J ) *trL IN+H5IT
254 CCI NTINUE

ca r1 466
263 frJ = tfM /

INFXT(N)=O
Nll-rl =NILYER+lN1L1=NILYEP-l

C'O TO 2t+ 5

c
c

c

c
cc-- ->
c
c
L

OR tr,FAD STORED PLANT TO USE ,Ê,S INI TIAL ( IF I INI T = T )

PFA D **;.

PAN DI M
RAFJDOM
Ð AN DOM
PA N DOM
RA N DÛM

PAGE 5



252

6el
642

r)u|]

IG=1O
F EAD ( I Q r ó I 1 I l'J r NRECCN. NMX r N lLY EI? r N I P 1 r N'ìU ( t )
ÞEAD(IOr6O2- l(LIN(I)çI=1'Nl.4X)r(Pll(I)'I--1'Nr-4Xr,("21 (I)'I=1rNl'1 X)r

I {Ð31 ( I ) ' i=l rNvX ) r (LING( I ) t I -1 r5l MX ) r (AGF( I ) ' I=1 'Nr4X)FOeMAT( 5 I 6,E1 -3. 7, 37X)
FORI'4AT( óF 1 3.7 '2 X )

D| óAl. I=lrN1LYER
INf XT( I )=I+1
Pl2{I)=P1 1(I)
P2-2(, I)=rr21(I)
P32(T)=C.3?Cl
NDIJ(I)=NCU(1)
NlLl=NlLYtrQ-l
DO 6C7 I=NlPlrN
IN=XT{l)=I+l
CNNT I T.JUF

I NFXT( x¡ =g
607

cCr
C END 

'F 
S5T_UD_TNITIAL +

C)k
C * t: * + + +-t t: * +r: i * +* ** * * * li* * å ** + * *** * ** * * *** j< *)k ** * * t* Ë * * * + **>k + **:t * * *+ ***# + +.** ** ** ** *
C*
c
C I'STÂ-RT CF I4A]N LCCP'T
c

?.45 CC¡ NT I NTJE
c

t4s 3?q 1î?,!ã'"'" srAr
c
C CCUNT # OF LOCPS (NRFC{:]N).

NtrECCN=NRECON+1
c
c
c******f i:**'t*+**+***trË>F*****>k**+*****f******************t****+'r**+**>F+*rr***++*>k+

)kcc*
I'f?ÊORDFRtIC ,1?EORDFRII

c1*
C Atr'PANJGF CFLLS IN ORDFR 3F TNCEEAS IN6 D ISTANCF FROÀ4 RASE AND
C OBTAIN LISTS OF NIAREST NEIGHBCL'RS IF EACH CELL..
çc

DO ZOI I=Nlplrtrl
Dn 393 J=l r8
NN( IrJ)=C

39:i DN( I"J)=C.O P AGE 6



.c)Go To 203

DO 7C3 I=l,rrl 1Ll
Da ?-C3 J=l.{1 pl , N'

P7=P31(I)-p3 l(J)
P7=PZxa7.
Itr(P7.GT.DLI14 IT) G{:l TO 2.'3PY=P21(I)-p21(J)
DY= PY* ?Y +Pz
IF( PY.GT.I)LIUIT ) GN TO 2N3FjX=P I t ( I ) -.r I i ( J )
PX=PX*ÞX+DY
IF(PX.GTODL JIrIÏ)GO TO 2A3

TD( J) =TD( J ) +l .C,/{pX+! .IF( PX. GEODN( J, 8) .AND. NN( JDD ?.29 K=l, JfJtJ
IF(DN( J.K) "GT,PX}GC T{:I 3?7
IF ( DN( J¡K) OLT")ELTA)GO TD
CONTINUtr
IF(INl.l .EQ.K)GC TO 328
IT:O=INN-K
Df 331 IMX=1 r ITFO
TM=INN+1-I¡4X
Nl'l( J r I1"1 )=NN( J,I M-l )
DN( J rI À4)=DN( J, I l'{-l )
DtJ(JrK)=DX
NN( JrK)=I
cct.JTIl\rgc
CNNTINUE

IST AP=N1 Pt
I=NILYFR

DO 2C4 IJK=Nl P1 rN
TDMAX--C.O
J=IlrFXT(NlLyEfl) ..
L=NILYEPpz=P3t(I)-Þ31(J)
97=PZ*PZ
IF{PZ.GT.DLIMIT)GCI TÐ 2C5PY=P21(I)-p2t(J)
P Y= PY*P y+PZ
IF ( PY "GT.DL IM IT )GO TO 205
PX=Pl1(I)-pt1(J)
PX=PX*PX+PY
IF{PX.GT"DLI¡4 IT)GC TO 2)5TD( J)=TD( J )+1 .C./ (PX+l . 3c)

IF ( PX "GE"DN( J, 8 ) "ANDO NN( J¡
DO 379 K=l r I NN

P AGE

3)
rB).NE

ID ( I )=C.0
2AI CC¡.JTINUE

32e

2C2
c

8).N8.0)G0 TO 2C5

329
3?7

33r
32e
20:l
703

315



379
3Al

IF(DN(J,K)
Itr(DN(,J,K)
CCI{ T T \IUF
1F( INN.f O"
I TFO=I NN-K
DÛ 383 I¡4X
Ifv=lNN+1-I
\l'J( Jo I,V)=l'.J
DN(JrI14)=D
nl.j(JrK)=PX
NN( JrK)=l
crìNTIt.lt.,E
IF( TD( J).L
ITDV=J

3nf
3A?

20s

.GT.PX)cO TO 391
NLT'DELTA)G¡ Til 382

I TDI',lL] =L
TD¡4AX=ïD( J )

316¡ L=J
J=INEXT(J)
IF(JoNEoC)CD T-l 315
IF( N^'t( i TDv,3) .5c.O.OR. TD,À4AX ol_E" 0..1 ) G{--ì TO 3¿+C
KLIú( lSTAÊ))=ITDV
I ST Aa= J S-r-AF+ I
INEXT( I TDr',{L1 } = I NEXT ( ITDv )
I=TTDN4

2O4 CCNT TNUF

K)

-1
N4 X
il(
r.r (

CO TO 3B?-

, I Tf Q

J
J

r I ['- 1 )
,I v-l)

E.TD

c

¡.4AX)GO TC 316

J=\ I LYiR
TF JtrST=KLM
DO ,?38 III
D1( III)=0.
D2(lII)=C.
D3(IfI)=C"
5FC(T!I)=O
I=KLM( I Il )
INEXT(J)=I
J=I
DO 389 K=l
DN( LK ) =SQ
CC NT ] I.IUF
lNãXr(I)=O
GD TO 3qI

3a9
338

34Q

(

=
c
0
'j

NIDl)
f\l 1P1 'N

c

c

I I'JN
T(DN(I.K))

lll-I lv IT=DL. It4 IT*l "5ST^ T( 3) =STAT( 3 ) +1
INEXT(NILYER)=N1Pt
DO 341 I=NlÞt,N
TD( I )=C.C
DO 39? J=1 r B

-

STA T

P AGE a
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IF( N I.EO
MÊr(lI)=
hAX( II )=
1l-T( II )=
IF{NI"LT
fi/FR(¡rJ)=
wAX(NI)=
IHT(NI )=
CINT iNUE
CDINÏ INUE

J--1
II=IFIQS
vEP( Il )=
WAX( III=

KL
NI=NN( I I
LCSS= C.
L CSS=Aù,I A
NCU(II)=
II=ïNEXT
Itr( II"N-

451
45a

.0 ) G3 ïO 451
Matr ( I I ) +1 . c. / ( AG=(N I )*ÂGF{t.,t I )
VJAX( I l) +L J¡.lG(N I )r.l OC. C- 10O. 0
I HT ( I I ) + 1

.NlPl )\;n TO 45L
M=r? ( NI ) +1 .Q/ ( AG-( I I )*AGE( I I )
I'JAX ( N I ) +L INI G( I I ) *1,iC u l- 1CC. C
I HT ( \l T ) + I

4?2

c
c
c *+***
c
c

T
ME"(1!),/
\¡JAX(II)/
V{ I I )=C
rl )
1C+t- I N( N
XI (L3SS,
AI'4AXI ( NC
(II)
.î)Gî Tt)

FLOAT( Il-1T( I I) )
FLOAT( THT{ I I) )

I )*LIN ( NI ) + (LING( Ì.]I
0.10)

u(NI)-t-rlssr0nc)

''CALCUI-A.TF GR,:!¡,TH AND DIVISICN'' .

K=O
DO 41+g J=t'l 1P1rN
Il-tT( I)=O
GL= GL5
IF{ L IN( I ) "LT.GL 1 )GO TD 446
GL=GLZ/ (L I ^.J 

( I ) +CL3 ) +GL4

+AGE(NI),/100C.+1")

446 GL=AMAX1 (1'OCrA't4INl(GLS'GL))
IF(GL.LT. GL6 )GL=l.3OO
L ING( I )=GL
Ir:(L ING( I ),GT. 1 .tC)KLM( t)=1

çrIV=?cC
IF ( SFC( I ) . cT.f)S I n AND. SFC( I ) .LT. DS2 o AND. AGF( I ) . GT.DAI oAND. AGE( I ) .LT

1 "DA2 "AND"L I\I( I ) .GTODLl' AND'LI N( I )'LT'DL 2'ÂND'MER ( I ) "GT "DM I . AND.
2 MeR(I).LT"Dr42) DIV=DIVIDE

IF( SFC( I ) . GT .DS--" O ANDO SFC( I )'LT' DS4' AND. AGF( I )'GT'DA3' AND. AGE( I ) .LT
I oDAli oAFJD.L f I'J ( I ) .GT " DL 3.AND.L I N( I ) .LT " DL 4 " A¡JD.À4ER ( I ) .GT "DM3. AND.
2 ME-P (!).LT"DM4) DIV=DLvID"

NR4=t\RAlj(65539
IF( NRA oLTo ? ) NRA=NRA+21 47 483ó47+ I
DR AtrD= NtrA* 4 "65 65 I E- I O

1+2 2

J'AGF(II)/111C.+1.)

)-1.0)'1.5.O

*

PAGE 1O



IF(DRAND"GT.D]V )GO TC 449
K=K+ l
I HT ( K ) = I

KLM ( I ) = I449 CCNTINUE

ilBTÊll'l DISTTTJai.JTIfr'.j AF ÞAq^Ml:TíaS ANn LIFJG.

+t 2l

BUTIDN OF EAPA\iETEIIS WAS AS FOLLO
.r /TDAGE: l t 14(51€'r t l rl /
5I6rtlr¡7t MER: l',4(516¡.lr)/
516rr l, I lr LrNG:l',4(516" l')/

XYZAGE
SFC KLM I )

)GA TO 455

PAGE 11
.tl:

c
C ET\ID OF CÂLCULATE GRCWTH AND DIVISIONc*
C *-t,!** * i< + * * * !_*;<* 4: *+ * * + * * >k >k)F * * * * + + * * ** ** * i< * * È + * * È* * * * ** *# * * t * * * * * * + tr+ * * ** ìr * * *+ + * +
c+
C*
C "IMPLEI'IENT DIVISICNS.IT *c+

IF( K,8Q.0 )Grl TO 495

1.1 trFCCl.l

t

2l

455
)
N, LT.

)GO TO
I PI-? NT 3
" t\Pl: C,l

,9)+
.9)*
19.9)+41

Itr( IPR¡JT3"FO.3
I T= V CD ( NPECON,
If.( IT.NE.t.Aht [)
DC 456. I=l 'l4OISTAT(l)=O
CC I'I T I NI.J E
DC 457 I=NlPl ¡'!I=MINr(AGE(Il
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c
C CELLS TI_IAT HAVE \FI
C HAVE
c

II=IFIRSî
472 IF(,<L¡¡(II )"8n.

STAT(24)=STAT(2
Plz(If)=P1l(II)
lj)-?{Il)=P21(II)
Þ3?-{II)=P31(Il)

I1= I'rlFXT{ I i )
IF( II.EQOC) GN
GO TC 472

c
c
c

START RFCON.IC.]LIATIrlI.J ¡F CELL I I.
127 J=C

KLM(I!)=1
STAT( 2) =STAT{-?,1 + 1 STAT
Dn 10C I=1' I NN

THEfr Ge n''fi N NaD D I V
hi EITHL.R GRNVJN I!îE

1)GC
4)+1

NR( J )=O
NII=trN(II'I)

IF(t\II.=O.0)Gl TC lCl
J=J+!

TC T27

TO 47j

NP( J)=NII
ÂvLI NG= (L 1N( I I ) *-L lt'.t G( I I ) +L IÎ.j ( NI T) *L ING( NI
LF: ( J )=DN( 1 I " I )'¡AVLING
LRNGE ( J )=LR ¡ ¡);t AMI N1 ( C9r C1C *AVL ING+C1 1 )
cc, NrIl.rgE
KJ= J+4
STAT(KJ)=STAT(KJ)+l

lCO
101

c
c
c

fD=iI AN!¡-) FLI;ì \,-,HICH ALI.- CFLL.S BELOVJ THEM
DTVIDED DO Ài DT RECUIRE tr-ECONCTLIAT ICN.

STA T

FIND SET OF NEAiIEST NIF:IGHBOUÍ?S SU ITABLE FOR

,\- I

R=2
. C=3

lCA=3

Î.1 )/ {L IN( I I )+L TN(N I I) )

STA T
STA T

USE IN RFCONCILIATICN.
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lrR!=NFr(A)
llX=tr12{ NR2
DY-P2? ( N¡ì2
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( Xr 2
DAE= l)

ccccccccccr-.FcK r
1L 14=3

ICB=3
ICI'l=1
f þòr f \=[- i

)
)
)
X
'rl

Ih¡ (

c

I)*LIN

109 NR3=l'.lQ(C)
DXX=P1 2( NR3) -PI2 (N"1 )
DYY=tr22(NR3l -P?2(Na1 )
D77-=P32(NR3) -P32(¡Jal I
f-AC= DXX*DX X+NYYI¡DYY+DZ
I l1 4=2
IF( DAC.LT.DD¡¡I:.I )GC TO 1 1 4
DBC= ( PLZ ( i'J R2 ) -P1 2 (NR3 )

1 + ( P32{ NR2) -P32 ( NR3 ) )**2
I I l4=l
iF(DBC,LT.DDMIhT )GO TO 114

DAC= SQí?T ( DA C )

IF( DAB.LT.DDMI¡J )GO TO
D AR= SORT ( D A'3 )

-ir12(
-D ?.? (

-'):'2 (

*DX+DY*
AT :)CIf'

TT'/9.

Nt Ã1)
NÊI )
\l trl)
DY+D 7-7,D7-
TS A!?E \3T TOC CLCSE TCGFTHSD"

cccccccccccccr-itrcK THA T
IF ( ABANGo GT.O o ÇC
AA= DZ*DYY-DY*_D7_Z
3B= D X*D ZZ-D7-*D X X

.. cc=DY*DXX-DX*DYY

l7l4=4
Ar'JG= ( DX*DXX+f) Y* DYY+DZ*DZZ),/ ( DA3*DAC )

A RANG=ABS ( AN G )

114

CCT=SCRT ( AA*AA+ BB*BB+ CC*CC )
CAhG= SORT ( 1 . -AN G*ANG)
COO= AA+ (pl1( I I )-P1 1(NRl ) )+L3B*(P21

I P3l (Np1 ) )
COl = ABS ( CAC )./CCT

CO= CC 1 /SOR T ( DI\B *DAC'tCA NG )
CCCCCCCCCFECK THAT NãW POINT IS NCT NEARLY

. . IF(CA.LTuCo2C.AND.CO1.LToC.2C)GO TO
c

XC P=DACx ANG
YCP=DAC *CANG
AO=LF(A)'kLa(A)
XP= ( AC-LR ( B)*LR{ B)+DAB*D Ael /( 2" *DAB }

z*D7 Z

) **?+ ( P22( NP 2) -P22 ( NR3 ) ) +*2

THE
)GA

THREE POTNTS ARE
Ta 114

t\l OT NEAF?LY lN LINE.

( I I ) -P21(NRl) )+CC+(P3l ( I r ) -

IN PLANIE OF THE OTHERS.
I l4
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OE
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GO
ccD
IF(
Lr-
CI=
GO
OF=
1C=
Ll-

X

z
TES

1F
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GO

381

( ,ao+ uAc
AQ-XPi.X
7P"G-.1
T(14)=S
TC T74
SCÐT ( ZP
A=DX /DA
D Y,/C AB
D Z/i Ar3
( DXX_NA
- ( DYY-¡
{OZZ-OG
=ABS(CC
CCD.LT.
SCRT(1"
( CA't CG +
( CD* OG+
Îa ?_94
=ABS ( AA
ccD.LT.
SORT ( 1 .
( cA+ cD+
( cA+oG+
TC 294
sotrT(1.
{ CA*CD+
( f Lì+ nG+

I
=CA+ XP+
=CD*XP+
=cGi. xP+
T=(ÂArr(
(TEST.G
=X-2 oO*
=]-2.Q#
=l-2 oQ:F
TO 113

IF(A
lCNoGT.
T( l3)=S
ICA.FO"
ICA.EO"
fcA.Eo"
ICR"GT"
=lrfl( ICA
lCA)=NR
ICB)=NR

. ..,,..-a.---..1-. ...,

*DAC-LR ( C )+La{ C) -? "xXC.)*X ") 
/{ ?-. +Y CP )

P-YP'! YP
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o

xxcÞl /YCff
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x-pL?_ (NRl ) )+13B#lY-p22 {ftRl ) )+CC''(Z-P32
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oF >F ZP
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.EQ.4)GC TO 177
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TAT(13)+l
Ill4)ICA=ICA-l
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3) ICR=ICB+l
J ) ICB=4
)
i rcst
T
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?"9 |
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294

37t
c

114
IF(
STA
TF(
IF(
IF(
IF(
NRT
NR(
NR(

STA T

{NF1)))/COO

STA T



LRT=LR( ICA
Liì( ICA)=LP
LR( ICB)=LR
LFT=Li?NGE (

LRNCF( ICA )
LRNGi( ICF)
ICA= IC A-1
IF( ICA.trA.
ICN= ICN+1
Itr( ICA"EO.
GC TC 183

c
c
c
c

)
(
ï
I
=
=

ICB)

cA )
Lar!GF( IC3)
L;ì T

ÜNF, SUITABLE SET FCUND' CHãCK

113 IF(icÑ.Gr.ICT(.J))GO Tl-ì LzC
ICN=1
ICA=6
IC B=6
ICTT=ICT(J)

J=J+l
NÊl(J)=Ntì(.-:)
LR(J)=LR(3)
LtrNcE(J)=LrlNGE(3)
J=J+1
NR ( J )=À.1 R ( 2 )
LR(J)=LF(2)
LPNGE(J)=LeNGF(2)
J=J+ 1

NQ(J)=Na(l)
LR( J)=LÊ( 1 )

LPNGF{J)=LRNGE{l)
A=4

B=5

î ) ICA=-?

?)ça ro lae

c
177

Fi_-ìP S=CCND SFI "

GC TO

IF( ICN.GT.I
STAT(13)=.ST
Il14=I114+3
IF( ICA.EO. I
IF( lCAoFOo3
IF( ICAoFQo6
IF( TCR"GT.J
NRT -t\tr { I CA )
NR(ICA)=NR(
NR( ICB)=NRT
LRT=LR( ICA)

C.=6
lAA

f
A

TT)GO TO I2C
T(13)+1

l4)ICA=ICA-1
ICA.=6
ICS=ICB+l
ICB=7

cB)

STA T
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)+*2+(7-P32(NR1 ) r+*21

)**2+{Z-P32{Ntr2) )**2)
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P AGE 17
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J¡AI

STA T

A NR3=NR( 6 )

TCB)

LR(ICA)=Le(lCR)
LÊ'( ICE)=LR'r-
LRT--LRNGE{ f CA)
LRNGE( ICA)_LRN3F(
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ICA=ICA-1
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ICN= ICN+1
Itr{ ICÊ"=Q.5)Gt rO

GO TC lAn
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AT I CNS APE USED "EF, DELTA)

) **2+( Y-"?2( NR I )

)**2+(Y-D22(NP2)
) +*2+( Y-D22( Na3)
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FS(SART( (X?-?7 2(Ne( 1

LF.,( I ) ) /LaNCr ( I )
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3S( SoRT ( ( X-P12 ( r{R2 )
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P ALG=PA
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P?2(tt)
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STAT(I5
IF{ ISFT
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)
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I
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f
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R
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I
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RFCCNCILTATJNN ]F CELL

tr I tl I SHtrD íraCJNC IL I AT I-JN,

"î)GC Ti-r L27

'rq'¿onTHI ¡iGrl

TO 474
II)
II)
IT)
( I I ) =C .

( I T ) =o.
( I I ) =O o

)
)
)

121 II=lrrjFXT(iI)
IF ( I I . N=

PI,N
.ô )G!
-pl1 (

-Pzt (

-P31 (

,a)ePt

AIPP 2

A)DP3

-+$+L 1.â- a

c
c
c
c

I
o

I I=N
I ).8
II)
II)ir)
(II)
. DEL
(II)
. D=L
(II)
.DEL

c
c

c
c

D3 223
IF ( s¡r4 ¡ 1

PÞl(TI)=P12(
PP2(I7)=o2?l
PP -l ( I I ) =P],Z(APÞl=AilS(DDl

IF(AÐ[)1 .LT
dP=l=A3S(Ptr'2

IF(ADPI.LT
APPI=ABS(DP3

IF{APPl .LT
co rc 475

rr) I ( I I )=0 "PPz( II )=C"
Pfr_?(I1)=C"

NLIN(II)=0"
Pl2(II)=C"O
P?2(II)--C"O
P32(II)=O.0
CONT Tt.JUF
DO ?2C II=Nl
DO 2?-l I=1r I
J=Nlr ( I I ' I )

IF( J.EQ"O )
P12(II)=Pl2(
P22 ( I7 ) =P22{p3?(IJ)=D32(
NLIN(II)=NLI
IF(J.LECNILY
Pl2(J )=Pl2{p2_2(J )=pZ2l
P32( J )=P32(

)
T
)
T
)
T

c
c
c
c

N

TO 22C
+Þpl(J
+PP2 ( J
+PP3 ( J
I )+l.o
GO TC
+Flp1(I
+Pr-r2 ( I
+PP3 ( I

t1

N

o
I
T

I
(
R 221

T}
l)
T)

?
N

C
I
I
I
N
E
J
J
J
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4óC FCRr.,?ÀT( rOFCN
t
I
2
3
I

rDcR_ÞLLt Tj-f)a../I #CFLLQF-CLg.O
I

rr\4AN-:' ? ? r)
TRATIC=T"ATIJ,/TI\:T
STAT ( 27 ) = T ¡JT ( TR AT i C* I 0 I .1)
STA-I {22 )= Il.lT( rlMAXltr*l al.Cl
STA-I ( 23 ) =i flT ( ;?VI NÊ*113.1)

c
c
C END OF SilCi]TH I I.JG
c
c
c
cccccccccccccccccccccccccccc.ccccccccccccccccccc.ccccccccccccccc.ccccccccccccc
c
c
c rr Pt cT ÞL Ar..Jìt-rr
C

NN

C OI']E CAtrII IS PEAD TIrE FIQST TIIIE I'PLiT PLAXI T'' IS USSD.
C KY T. K7 DtrTFRi"lThJF THF.SIDE EROM I{HICH THE E)LANT IS ¡IVJEVtIFDtI FOR PLCTTfbJG. FOR
C EXAMPI-.E"KY = 2 AND KZ = 3 GIV=S AtsSCTSSA Y AND CRDINATE Z.(THIS IS DF:FAULT. )
C KY = 1 AND KZ = 2 GIVES ABSCISSA X A¡lD ORDINATE y.
C SUPPLY =ITHER ALL CE NIC¡.I- OF KXT KY C R7
C+*-*++>K IN THTS VEASION, MX,M¡I 4ND SCÁLG Atr5 CALCULATFD PEGARL)LFSS OF GIVEN
C VALIJES' Tt-lE FULL pLANT IS PLCTT-D tr¡'! A SCALE SUCH THAT IT F:ITS AN
C E. T 1/? AY 1 1 ]ÀJCH PRËA" SCALE FAC T{'ìR DSCRFASES, AS THF PLANT GRDV.'S.
c
c

IF( ltrLOT.rO"C)GC TO 23a
IT=lr/CD( NR=Cnr't" I PLCI)

IF { !T.NE.C uANtD oNfìECCt.t "LT. t\,lRÊCON) Gf TO 23A339 CONr Jr\UE

rF(iJÊJ:¿?:;;:; ro zcc srAr
476 RFAD(S' IB6)KYTKZ'KX rr\4X rMN'SCALG READ f.**
1 E6 FORMAT( 3I 3 r 6F6.2)F4 "2 )

CÀLL PLCTST( IST MPSCNI T 7)
CALL PLCT( 1 . r 4. 10, -3)

IF ( KY. NE. O ) GD TO 2A?
KX= I
Ky=2
KZ=3

?OO MX( KY)=-1C.
MX ( KZ)=-lD o
MN(KY)=l?o

++
I

blt.eF NEIGH3CLJr?ST rl3Xrr*+*ÈCLOS ro
AAB/,//D IST" DF TRPCRS/ //GO.îßTH RAT IOI,

234
c- I t-2

5 6 7 A* INCPI
2-3 3-1+ 4+? AV l,1AX l'1 ll'J r

,
1

SÏA T
STAT
STA T

*
ccccc

*
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ï,n,
AXI ( t'1x (KY),D( !eKY) )
.Axl (¡4x (K7_) ,î) ( LKZ ) )
¡ ¡1 ( lvllJ (KY) ç Fr( I'KY ) )
I Nl (l"1l.l (KZ) "Þ( T,KZ) )
l4AXl ( rtX( KY ), -¡4N( r<Y ) )
( sc1 ,1 "O ¡ 1A.)/ (qX(K21-vr,l(KZ) ) )
(1.î.+AIN-r(-Alf,clî {SC1)))
sclr,sc),/sc.
(Ò" :|4o4l"3)
(0.10-4.1c,?)
M3CL (l-' "5O r3" 3'CJu 1 5:'6|-rSCAL.[ ç27 î "Ftr(999" r 999r r1 ¡ rSC 1 r 27 C. t2)
oL(ç29otç9ç.,3or17H / DATE Ê ?UN
'lL( ç9O " g999. r O n TDANDcN r271 " e l? )
CL(O.25"3oCrCo15r11tf,# C= CELLS r
Nt )

=R(99q " e99t " r C o rRNr271 "r-l)OL(<lçc)or999orl"r13H # CF LOIPS
Qf'l=Fl-.AT(NQECfN)
5a(çql. "99Qo r C erRi\ r27a . t-L I
(Oo8r1.Cr-3)
oR(sc1 )
( -MN (K.7) , O "C, -:3)
N1Pl,t{
(P(J'<Z), -')(J.KY) r3)
(f)(I,Y,zl¡-P(LKY),2)

"17)

tõl
lii ¡27C,

270.rll)

,?7C.rL3)

PAGE ?2

MN( K7 )=lO
Dri 1ç8 I-
¡/x(KY)=Af''1
VX ( KZ )=Aivl
MN( KY )=AM
¡iN(KZ)=AM
SC1=4.1,/AqCl=AN'1 IN1
.-cf=llo!*>t
SC1=AIl''ll(
CALL PLCT
CALL PLCT

CALL SY
CALL NUMB
CALL SYMB
CALL SY I'JB
CALL SYI'1A
IìN=FLOAT(
CAL L NU N4B

CALL 5YM3

CALL NUt4B
C,1 LL- PLOT
CALL FACT
CALL PL.NT
Dlf I 9l J=
J=NN( L l)
CALL PL OT
CALL PLCT
J=N-N(It2')
CALL PLCT
J=NN(I'3)
CALL PLCT
CALL PLOT
J=NN( I ' 4)
IF(J.NE.O
CONTINUE
CALL trLOT
CALL FACT
CALL PLCT
CALL PLOT
CALL PLCT
CALL PLOT
N OF P =NOFP

IF ( IERtrO
IF ( f\FECON
t\RtrCCN=1
WRITE{6¡4

t"1

,?)

1ç8
199

)CALL trLÛT{P(J gKZ) I-P( JçKY)

JçKZ)r-P(JrKY)r2)

J'KZ) t-P(J 'KY), -?)
7,KZ ) r-Þ( T rKY) r2)

)nC"0r-3)
).C,-3)
.lCr3)
.4Cç21
.0r-3)

(p{

(p(
(Þ(

)GO TO 6A4
GO TC ?38

(MX(KZ
îR ( t . l
(o"3,,i
( O o r -4(C o r 4
(0o:ar0
+l
RNGTOC

"l{E.C}
60 )

191



Gn TC L/+2
238 Cf:NT IT.'Utr

c
C F¡JD CF ÞLCT PLANT
c
ccccccccccccccccccccacc.ccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
c
c
c
c

iF( ISTIRF.EQ,l)GT TO
IF( NÊFCCN"LT. TSTÀ4 IN)G
I T= l" aU ( NRECOT'J ' T STCPE)
lF { TT.NE. C. AND. NaECaìl'l

504 IF( IUNTT.GTOI"4 IIJNIT)GO
'¡P TTE( IUNf Tr6C1 ) N, NRT:
I¡JF? I TE ( TUN IT'5C2 )LI N"P
STAT(26)=IUNIT

IUNIT=IUNfT+1
6C3 IF( 1Ftr'RCR.GT.1) GO TO
21+? CONTIN]UF

C END CF STORÍ= ROUTINE
c
c ccccc cccccccccccc acc cccccc
c
C FRINT STATISTICS FCR T
c
c

hRI TÊ(6 't!61 )STAT
461 FOtrf\¡AT( I X ç T 3¡ I5 e25l4l

c
c
cc cc cc ccc c ccccc cccc cc ccc cc cc c c cc c c ccc cccc cc cc cccccc cc ccc c cccc-c ccc ccccccc cc
c
C LCOP AGAIN OR SÏOP
c
c

IF ( Ì\trECCN. LT, NIaFCCN)GO TO 245
c
c
c

WP I TF ( 5,?.46 ) VER -qCN
vr¡RI TE( 6 

" 
261 ) r'lr NRECCN

?46 FORMAT( | C ! ' 11C { ' *t ) / /55X r I NOPI.4AL TFRMI NATION r./50X r "rpLANT GROWTHTT
I r VERSI0N 'rF6o2//1Xr11C(r*r))2¿+7 FORMAT(tOXXX IERROR= rrf5rrr TER14INATING nPLANT GROi'JTH'r' VERSICN
I t rF6.3//lX,1 10(| Xr ))

- " - -" '' "*';e"t 
f:' - i

"sT¡RE PLANTTf

? 1+?-

3 ïO 24?

.t_T"¡,.| r?ECîN)GO
TC 6O3

CCN. N14 êX ,¡J lLY
TLTNG,AGE

6C5

T3 ?42

:Pr Nl Pl rNCIJ{ I )

STA T

c cccc c cccc
ti Is LocP "

ccccccc c c ccc cccccccc ccc ccccc cccc ccc ccc cc cc c

+

)k

P AGE 23



287 FCAMAT( I Ptr.FS=NT g. 3F C=LLS =I rI8,Ir fl {1F RFCCNCiLIATICI.IS DSNE =
lerI6)

c
I- ( I.,CFP.GT " O ) CALL trLOTND

STOt]
c
ccccccccccccccccccccccccc.cccccccccccccccccaccccccccccccccccccccccccccccccccccccc
c
C A3NCFT/AL T=RiqJII ATICI.J S
c
C l.lC.ilF CFLLS \'JILL t=XCÊ[D STCRI\CE; STJPp 1r'r G ÊtJN.

431 J5ptrCtr=1
GC TC 469

c
c I.JO CELLS GR.IVIING TR DIV]DIÌ\G; ST!PÞING PUN.

473 IEç?FCR=2

469 f\trFC f N=NRECCN -1
GC TO 339

605 I.JRITF(6,46I )STAT
V1 r)ITE (.5 ¡?47) J EiIROtr' V5PSCN
'"iRI TF( l>,261 ) N, NIIEcCN
IF( l'¡CFP "GT"O )CAt-L PLOTND
STI]P

FNN

c

c
c

PAGE ?.4



Technical- notes about the computer program

The program listed is dimensioned for up to 400 cells and
neighbours per ce11.

The option in "set-up ínitial" is either tó set up a new initial
plant or to read from storage a previously stored plant and then
continue wÍth it.

Reorderíng ís done wíth the following algorithm. A weighting
factor f or each active ce1l is set at zero. The orcler starts r^¡ith the
base cel1s. Then for every combination of a base cell ancl an active
ce1l, the square of the distance between them is calculated. If this
is less than a control number DLII"ÍIT, then the quantity

1 /(nistance2 + 1.3)
is calculated and added to theweighting factor of tire active ce11.
After this has been done for all combinations, the cell with the highest
weighting factor is, in a sense, the'nearest cell to the group of base
cells" and it is put next in tl-re order. Ther¡ for each of the cells
not yet ordered, the same quantíty is calculatecl usÍng distance betr^¡een

the newly ordered cell and the cell not yet ordered and added to the
weight factor of the latter. The one with highest weigl-rt tl-ren becomes
the next in order and the process is repeated until all cel1s have been
ordered. The quantity

L /(Disrance2+I.3)
gíves reasonable results for the cell sizes occurring ín this study.
Other related forms will also work. This proceclure ivill vrork with any
arbitrary distribution of cells although ít is not as good if there is
strong clustering. rt is alrøays necessary to specify one or more base
cells or startíng cells.

The parameter LIÌrl ís calculated ín "Smootl-rÍng" insteacl of in
"calculation of parameters" for historÍcal reasons. The numbers in the
growth and division equations are read at execution time. This allows
experimentation be done rvithout recompiling the progranì for every change.
This means that in some runs part of tl-re equations are not usecl . For
example, íf probabílity of divisÍon for a class ís 1.0, the ranclom

mechanism is redundant.
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"Reconciliationt' r^¡ould require a very long note to exprain in
detail. The explanatíon given e,arlier is basically correct but
simplified. A set of three neighbours beloru j-s not suítable for use in
reconcilíation if they are co-planar with the ce1l to be reconcí1ecl,
collinear or too close together. Sets close to these conditions are
not used. i{hen there are more than three "neighbours belorv" available,
the program tries lo find two suÍtable sets of three each. (One

neighbour may be in both sets. ) then the exact position calculation is
done for each set. Then a compromise positi-on as discussed earlier is
obtained between the two calculated positions. In some cases no set of
neighbours below is suitable to use Ín tlle Reconcíliation calculation.
Then a more approximate calculatíon called "Arbitrary Reconciliation"
is used.

The plots rvere drarun on Gould and Calconp plotters. In them,

the centres of the base cells are plotted along a line parallel to the
printing and just above it (unless cel1s have grov,rn belorv the base

cells, in rvhich case the whole plot ís moved up to avoíd the plant
covering the printÍrg). The central base ce1l (rvhich Ís always cel1
number one and the orígin of the coordínate system) is found just above

and to the right of the "&" in "Date & Run /i". Thís information is
useful in uraking measurements to locate a specífic cel-l- in the p1ot.



aôJÕ

ExperimentaL method

This study involves t\ùo niajor parts: development of the computer
program and experimenting with if. These two activÍties have gone or-L

símultaneously for most of the study. Because of the many variables in
the program, ít is necessary when experímenting r,¡ith it Lo change only
one or two things at a time and Lry to understand the results of these
changes before making more. Hor,¡ever, because of the complexíty of the
system it Ís not possible to ful1y understand it. rn sone cases, major
changes are macle to the variables to see what i.rill happen. The useful
results are studÍed further and the others are forgotten. This has been

referred to as a trial-and-error rnethod. In many ways it is lilce a

selective breeding experiment. The results of this are díscussed in the
next chapter.



The general plan of this chapter j s a revierv in chronological
order of tire ntajor steps in cievelopment of the program, illustrated by

comPLrter planLs producecl aE each step. Thís leads to the present state.
of the program and tlte recenL plants l,rhích are clíscusseci in rnore detail .

(For ease of reference the explanations of figures ín this chapteï are
íncluded ín [he text, Figure references are follor^¡ed by tl-ie computeï
run number for reference purposes. Also, when a ner\T version of the
program is f irst used, the versionnur,rber and number of statenents ín
the program are given in the form [Run 35, vl.0, s661] representing
version 1.0 r¿hich contaíned 661 stateaents. Only major changes to the
program al:e represented by changes Ín version number. Countless other
changes have been made" on some p1ots, the tenns "# of cellst' ancl "# of
loops" are replacecl by "N 

^ND 
i'ÌRiicol{rr follor,¡ecl by the number of ce11s

ancl of loops. )

PROGRESS AIID RESULTS O}7 T..IE EXPERTÌ|ENT

CHAPTER 7

The first part of the worlc rvas v¡riting the basic program anci

testing it in varíous v/ays. Nothing more can be said about this early
period" The major achjevements marlcíng the end of this periocl r¡ere
ttReconciliation" ancl I'Srnoothin.g" routines. An early result is shor¿n

ín Fig . 7-L [Run 35, vl.00, s661]. (The cel-ls are drarrn as squares of
diroension LIll. This gives peculiar resul[s sínce the squares clo not
turn as the plant bends. ) Tire initial consists of seven layers rvith
f our cells per -layer and cells on the right side grorving rnore rapíclly.
The planr bends to the lefc as expected" Horrever, the ce11s at the
tip maintain a side-by-side oríentation even though the plant has bent
over and they shoul<i be ¿rl-ove on.e a.nother. rn this versíon of tl-ie

progrart, ce11s retar'-n the same n eighbours and grolvth rates throughout
the run"

At tl-re nexE step (Figs. 7-2, 7-3 ancl.7-4, Run 38, V1.20, S7B9)

major changes to "Reconcí1íation" and calculation of neígilbours hacl

causecl the cells to maintain their side-by-si<ìe orientation as tl-re
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p1ânt tilted. This ís also shor,'n in Fig. B-2 as línes joiníng cel1
centres.

At the sLage of Fig. 7-5 (Run 43, V2.00, SB82) paraneters and

grolth and clivisíon equations hacl been added. The strange appearance

of tire figure is due to very rapicl division and to the cells remaining
in line with each o tirer af Eer ciívision.

Ey the time of Figs. 7-6 and 7-7 (R.un 63, V2.20, 5773) after many

ciranges to division ancl "Reconciliation", reasonable grorvth r,tas taking
place except for a tenciency to bulge at the centre for no good reason.

The next stage ís Figs. 7-8 and 7-9 (Rr-rn 66). (Fig. 7-B ís in
two parts as are some later f igures. [v'1-ren necessary to ref er to thern

separately, [hey are 7-8 U and 7-B L for upper and lorver.) The bulgíng
has been cured and division rate is reasonable. Iiowever, division is
scattered through the structure. The dívisíon was controlled by an

equation for clivision probabílity.

The next step (Figs.7_L0 andT-11, Run 72) is rhe first case of
reasonable grovrth vzith division. îhe ínitial vras Fíg. 7-B U. The

plant appear:ed to be formíng branches rvhen it stopped.
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The next (Fig. 7-I2, Run 74) shorvs ver)/ rapid division leading
to many tiny ce1ls all packed Logether. The division was limited to
ce1ls in the class
LI'\l 0.05-0.70, AGE 2 or more, SFC 7.0 or mol:e, rvith probability üivisíon
0.20. The "Reconcilíation" ín ihe case of so many Einy cel1s is
highly arbítrary.

By Fig.7-L3 (Run 78) whích has rhe same iniLial (Fig. 7 L2IJ),
the ciívision rate r,râs nìorê reasonable but still too ì:righ. This divisi-on
rate was based on a símilar divj-sion class rvith probability 0.10. Thís

shor,¡s several regions of concentrated division. The paraneter MER is
not being used. Tlle concentration of dívisíon at the Lips is clue to
the defÍnition of the class by sFC and LrlJ. 0n1y cells of tl-re righr



size an.d on the surface can dívide. This seer'rs erÌcouraging in terms
of a.n apical meristem. Horøever, the area of division spreacls ancl the
number of grorving points multíply and no pattern emerges.

To try to control this, the condition liER less than 0.31 rvas

aclcled to tl-re cl ivisÍon class f or the next rlrn (Fis. 7-r4, Run 79) . The

nutlber of cells is a bj-t less than in tÌre prevíous run and a rsell
defined bi:anch has developed. Thís is very encouragíng. Iìorvever, the
branch is a bj-r rhin and falls over (Fig. 7-r5). producing thiclcer
branches turns out to be a major problem.

In l-ig. 7--L6 (itun B1) division class
LrN 0.2-c.7, AGE 4 or more, sFC 7.0-8.0 v¡irh probability 0.10 produceci

a somewhat tfiicker branch off to tire right but the sirape of the branch
ís obscurecl by lines cirawn.trom it to the lower part ol the plant.
These occur because the method of reordering and choosíng neighbours
only chooses neighbours closer in toward tire base of the plant. Thus

for branches growing dotunrvard the I'neighbours" chosen are far arvay.

Thj-s could be elirnÍnated by not allowing dorønruarcl branches but thís
woul-cl be very arbitrary. rn.stead an attempt \,/as macle to combÍne the
determínatíon of neighbours with ordering ce11s ínto a scheme in which
the rnain part of the plant is 1-reated as before but dov¡nwarcl branches
are dealt l¿itl-r in a díf f eren[ \^iay.

Thís r+as implernentecj ancl seerned to r¡ork but a serÍes of latent
problems in [he program appeared. By Figs. 7-L7 to 7-19 (Run 96, v2.50,
S1026), tirese problems r.¡ere f inally solveci. I-Ìorvever, no overhanging
branches occur to test the nerv and nuch longer "Reorcler". The grorvth

is complex. The division class is
LrN 0.2-0.7, AGE 4 or more, sFC 7.0-8.0 ruith probability 0.10, the same

as l-íg . 7 -L6 .

The nexL run used the same initial an<l the same clivísion class
except the range of LrÌi rvas smal'l er (0.2-0.5) than for the previous
figur:es' ThÍs preven[ed divisio'entírely (Fig. ]-20, Run 112).
Liririting divisíon ï¡Íthout stopping ít entirely is a major problem.

4I
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Figure 7-2L,(Run 113) sirov¡s the result of a dírect continuation
of a previ-ous run (Figs. 7-Ll to 7-19). Trris usecl rhe ability of the
Program to store a plant for later continuation. This run stoppecl after
420 loops because of a complex faul-t in the "Reordering,, process.

In an attempt to obtaín nore precise control over ciivision, the
defínition of MER r,¡as revised from the average reciprocal of age to the
present form. The reason for this is that in order to have a

meristematíc continuity using the earlier form of MER (rvhich clecreases
very rapidly wíth AGE), the division rate had to be very high ancl too
many cells v¡ere formed. The nern¡ value MER does not clecrease as quickly.
Other changes were also nade. A series of runs were made r+ith the
revísed program. Many of these resulted in very fer,r divisions ancl

growth eventually stopping (Fig. 7-22, Run 126, v3:00, sr052). The

division class for this r¡as

Lrl'l 0.3-0.8, AGE 5-100, sFC 7-8.5, liER 0.04-0.06 wírh probabiliry 1.0
for ce1ls ín this c1ass. (lïereafter, if probabÍliry is not stated íE
is 1.0.) The fault ín "Reorder" trras stirl a problem and.the current
form of "Reord.er" was devised. The program had now reaclled the form
described ín the last chapter (Version 4.0). Tlie first resulEs are in
Fig. 7-23 to 7-25 (nun 145, V4.0, SB70) using division class
LrN 0.3-0.8, AGE 5-100, sFC 7.0-8.5, ttER 0.05-0.15 whích iníriatly
looked promising but which developecl a very narro\A/ branch that swung

around (Fig. 7-26) and hir the main srrucrure (Fíg. 7-27) causíng
damage which then led to the structure changing its shape entlrely,
(Fig. 7-28). Thís shows rhat with too many srnall cells, rhe

"Reconcilíatíon'r rnethod breaks dor.¡n. The problen which lecl to the
breakdol.m, however, ís the thin branches formed rvhich are too flexible.

The nexl attempt \^/as Lo reduce dívision rate allorvírlg more ti-me

for growth of broader, rnore stable branches. In lìun llr8, the ra¡ge of
LIN v¡as reduced to.0.5-0.8. This haltecl divÍsion almost entirely. In
the next attempt, the division class ruas the same as Run 145 except for
sFC 7.0-8.0. This was promising (Fíg. 7-29, Run 149) bu[ rl-re branch
later became thin and bent over (Fig. 7-30). This then became totally
unstable as in Figs. 7-31 to 7-33.
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These are inclucled to íllustrate the great Ínstabí1ity problem with too
many small ce1ls.

In the next run' clivision was again the same as Run 145 but rvith
IÍER 0.05-0.13. This 1ed to equally unsrable (but perhaps inore
picturesque) resulrs (FÍgs. 7-34, 7-35, Run 150).

several more runs were made with further recluctions in the
divísion class. rt proved impossible to adjust clivision class to a

condition between too ferv and too many divisions. At this stage there
seemed to be at least four possible approaches. one rvould be Lo study
further the type of pattern found in Figs. 7-r7 to l-r9 and 7-2r, where,
since I"IER is not ínvolved, it may be possible to have a 1ow but
sustained division rate. There can be no concentrated neristematic
activity but just rather random outward gror+th as in these figures.
This might, with low divisÍon rates, lead to stable structures which
could be considered. to represent very primitíve grorvth patterns. Because
of the lack of order they are less 1ike1y to be very interestÍng ancl

because of the large numbers of cells involvecl they requíre a lot of
computer time. Another approach is to use t\^/o division classes (whích
is possible with Version 4.0 of the program), one r+hicir woulci by Ítse1f
cause some divisíon to take place but not susLained division ancl a
second class which would only cause divisíons in conclitions of lorv MER,

high AGE and high sFC. rn rhis way, after division due to rhe fírsr
class stopped' the second one would eventually restirnulate clivision at
some apex giving continuing, though stop-and-go, dÍvisíon at a

controllable rate.

A third approach ís Eo use a singre divísion c1ass, including
restrictions on l{ER, but limit division by a low dívÍsion probability.
Thís might ¡vork but it seens 1ihe1y to evenLually becorne unstable.
A fourth approach (which requires changes to the basic program) is to
redefine I'ÍER so thal the lnfluence of a cell division in stirnulating
other dívisÍon would last much longer and perhaps extencÌ over a larger
area of the plant. This should ímprove the possibility of sustaíned
but controlled meristematic areas.
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The use of truo dívisíon classes resultecl in FÍgs. 7-36 ancl.7-37
(Run 160) in which the lÍrnb procluced is sri1l roo rhin and flexible but
a definite improvement. The dívísion classes \,rere

Lil{ 0.5-0.B, AGE 10-100, sFC 7.0_8.0, }tER 0.03_0.13 and
LrN 0.5-0.g, AGE 40-100, sFC B.0_g.0, MER 0.0_0.01.

The next attempt (Run 161) used division classes
LrN 0. 5-0. 8, AGE 20-100, sFC 7 . 0_8. 0, I,ÍER 0. 03_0. t3 and

LrN 0.5-0.9, AGE 50-100, sFC 8.0-9.0, MER 0.0-0.01. This produced a

thicker, more rigid branch which_ grerv dor,mward to one sicie. The
divisíon rate \,/as slower and ciivision eventually stoppecl .

The next trial used dívision classes
LrN 0.5-0.8, AGE 20-100, sFC 6.9_8.0, MER 0.03_0.13 and

LrN 0.5-0.9, AGE 50-100, sFC 8.0-9.0, I'IER 0.0-0.01. The only change ís
a slightly larger range of SFC in the first class. This resultecl in
Figs. 7-38 to 7-43 (Run 163). This ís a srow gror^ring, slow clíviding
and quíte rigid structure which stopped growing entirely after 552
loops. Ifost of the division that occurrecl \¡/as in the second divÍsion
class, that is, there \^/as no stímulation of one division by another
that could be called meristematic activity. rn fact, similar results
might be obtained using only the second clivision class or one like it
and the class could probably be adjusteci to gíve contínuing clivision.

Thís approach rvas followed usíng one dj-vision class
LrN 0. 5-0. B, AGE 30-100, sFC B. 0-9 . 0 and Ì"IER 0. 01-0. 06 . This (Run t63B)
gave only one divisÍon. The next run, usíng AGE 20-100, gave the plant
in Fig.7-44 (Run 164) which did nor dívicte afrer rhis poinr.

with
LIN 0. 5-0. B, AGE 20-100, SFC 6. 9-8.. 0, t"tER 0. 03-0. 13 and

LrN 0.5-0.9, AGE 40-150, sFC 8.0-9.0, I'ÍER 0.0-0.01, very lirt1e ctivisíon
occurred- Apparently by the time high SFC ce11s rvere old er1ough to be

in the second class, they \^/ere too large for ít. rn the next case
(Run 175)

Þfore trial-s were made using t\./o dívÍsion classes. rn Run 172,



LrN 0.6-0.9, AGE 15-100, sFC 6.8_8.0, MER 0.
LrN 0.5-0.9, AGE 40-100, sFC 8.0_9.0, I{ER 0.
division. An intermediate case, the same as

15-100 in the first class, procluced slightly
is, the branch is a bir thin (Fig. 7-45, Run

The next run \¡/as made using the identícal equations ancl an
initial wíth a very small change in the cells at rhe tip. Thj-s gave
the result inFig. 7-46 (Run 177). At rhis poinr no divísion had

occurred for some time.

For the next run, the same classes \,rere used but ivíth an Ínitíal
which was broader and flatter. This produced. divisíon at a reasonable
rate wiLh the remarkable results shov¿n in Figs. i-41 to 7-49.

03-0.13 and

At this point
that can be drav¡n are

0-0.01, there was too much

Run 172 except with AGE

too rapid divísÍon, that
rt6).
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, the experiments \^rere terminated. Conclrrsions
considered in Chapter 9.



ThefirstparLofthisclrapterlsacomparisonofrealplantsto
computer plan[s ancl the evolution of real plants Lo ti're clevelopment of

thecomputermodel.Thelatterpartisaspeculatívediscussion
arising from these comparisons and from earlier chapters '

AnaToqies between reaL and computet plants

Thevariouspartsofthecomputelmodelareconsideredinturn.
The part known as set-up-initiaL is used to define the structure r^rith

which grot/th starts. Thís is analogous to sowing a seed or starting a

tissue culture. The initíal used determines to some extent the future

growth but it is not the main factor in this. Because of the nature of

the computer program, differences in the initial used wíll cause large

dífferences in the appearance of the resultíng computer plants but

these are maÍnl-y superficial differences. More fundamental points such

as the basic pattern'of growth expressed in the dístributíons of the

parametersaremuchlessaffectedbytheinitialused,exceptinthe
short term. A related point is that if the initial ís very small then

the plant wíll grow much more slowly than one started with a larger

initial.ThisÍsnotastrivialaslatementasitseemsbecauseín
mostoftheequationsused,dívísionofonecellencouragesdivision
of the others and when there are very few cells, this stimulation wíl1

take longer to develop. With some of the equations that have been used,

an initial consisting of only one active cell could never have divided'

Thís is a rough analogy to tissue culture experiments where initials

below a certain sLze are less'likely to grow. A further analogy ís

that,dependingontheequaËionsused,iftheinítialvlas,ineffect'a
piece of tissue from the older part of the plant, it could not grow at

all(becauseofageandcellsize)butifítwasyoungtissuefromthe
same plant, it could grow readily' In other r¿ords' the meristematíc

conditíon requires continuitYi ¡¡e are modelling its continuation' not

its beginning. It should be noted that these analogÍes are specific to

COMPARTSON OF REAL AND COMPUTER PLANTS;

EXTENSTONS OF THE MODEL

CHAPTER 8
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the equations used to encourage meristematic division and they would

not hold wíth all equatíons. Tf the analogies are good, they support

the choice of equations.

The next section of the program is reorder, an essential

technical functÍon. Ilasically it determines, for each cell' which

other cel1s are supporting it in the sense that they are neighbouring

ce1ls ancl also beLow ít. In a real p1ant, thís ordering is implícit

in the fact that the cells are attached to one another. The computer

program determines, for each ce1l, which cells are supportíng it and if

ce11 A ís supporting cell B, then B cannot support A at the same tíme.

However , in a real plant there is a two way interâction. For example,

referring Ëo Fíg. B-1, if this represents ce1ls of a real plant and if

cell B hTere to grow while the other ce11s did not' one would expect the

gror¡rth of cel1 B to cause some movement of ce11s 5, 6 and 7. fn the

model, in this situaÈion, cell B could grow by moving away from ce1ls 5,

6 and 7 but the positions of cells 5, 6 and 7 ¡¿ou1d not change. This

unidirectional interaction is clearly a limitation of the model' If

the relative positions of these cel1s ehanged so that ce11 B came

before cell 7 after reorderíng, then the position of cel1 7 would be

affected by the posítion of cell B and, in the case where only cell 8

was growing, both cells 7 arld 8 rníght be moved. However, this inler-

action, on a longer time scale, is less than in a real plant and

influences the results to some extent.

The next section ís cafcufation of parameters. In real plants'

the activities which are the prototype for this calculation are not

separated in time or space from the actívities which are the prototypes

of caLcuJ-ation of growth and. division, reconcil-iation and smoothing'

However, it is possible to make a logieal distinction for purposes of

discussion. The "calculation of parameterStt, so to speak, in a real

plant involves much of the biochemíca1 activity of the cells. This has

been discussecl for each parameter in chapter 5. For example, the

merism ís hypothesizecl to involve the production of a substance which

travels to neighbouring ce11s, effectively bearing the message that a

neighbour has divided, and then breaks dov¡n rendering the message less
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important. In the model, this complex plocess is represented by a

simple calculation having the general type of behavíour wanted. There

are several faults in this analogy and as the nodel is refíned, better

methods of calculating merism and other parameËers can be introduced.

However, because of the way the païameters are usecl in the growth and

divisíon equations and because of the trial-and-error approach, the

exact formulation ís less critical.

The next section, cafcufate growth and division, Ls a straíght-

forward application of the assumed relations between parameters and

growth and division. In a real plant, Ëhe analogous "calculation"

involves the whole biochemical and physical machírlery of the cel1.

The section impJement divisions is straightforLTard, except ín

one respect. For each cell that is to divide, coordinates are

determíned for the daughter cel1s, theír age is set at zeTo' their

linear di-mension is set at a fixed fraction of the síze of the parent'

and neigitbour cells are assigned to them. The one very diffícult point

is the assigning of positions to the two daughter cel1s. As learned ín the

study, thishas major.effects on the resulting structures. Oneimportant

consicleratíon is that no tvro cells should be too close together. l"fany

methods could be used consistent with thís condítion. The method used

in the study is that one daughter cell retains the exact position of

the parent and the second daughter ce11 takes a positíon intermediate

between the first and the average centre posítion of the four neíghbour

ce1ls below ít. In thís way, there is no danger that either daughter

cell r¡ill have the same positíon as any other cell. The exact relative

positions depend in detail on the four nearesË neighbour cells belor¿

the parent. In a series of dívisions, where one or more daughter

ce11s redivide, the centres of the ne\^7 cells tend to form a line from

surface cells to inside ce1ls but, because of the detailed dependence

on neighbour cell positions, they are most unlikely to fall in a

straight 1íne. This non-collinearity is technically important

because the reconciliation method does not worlc rn¡ith cells that are

precisely in 1ine. The consequences of thís division pattern are

discussed in Chapter 9 and its possible orígín ín the latter part of

4B
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this chapter. rn general, it nay be noted that throughout evolution,
as plant structures became more rigid, the effect of divisíon pattern
on the resultÍ-ng structures must have become increasingly important.
That is, if there is much relative movement of cells, then the divísíon
pattern is less critical to the resulting shape. one of the lessons
of this study is that, in the mode1, there is already a high degree of
control on relative movement of cells and consequently the divisíon
pattern is very important and requires further study.

The next two sections, reconciLiation and smoothing are its
largest and most vital part. The prototype of these calculations ín a

real plant depends fundamentally on how ce11s are attached to one

another and how cells move relative to one another when there is ce11

growth. Since the relative movement during differential cell growth is
a very complí-cated process, the approach taken \^ras to develop a

reasonable but arbiËrary calculation method which gave "reasonable"
results. The example (Fig. 8-2) is a test of this behaviour. In this
example, the starting point of the calculation Tras a vertical column of
seven layers of four cells each. The desíred growth of the ce11s r¿as

fixed at the beginning so that the inirially right-hand cells grew

fastest. (No divisíon was allor,red.) The resulting shape change was

obtained using the reconciliation calculatíon and is shown at four
times after 6, L2, 18 and 24 reconciliations (all rvith the same growth

rates) . Línes connect the centres of lhe closest cells. (Since it is
a three dimensional structure, there is a cell behind each ce1l
indicated. For simplicity these are not shown but front and back cel1s

remained nearly ín line with each other throughout.) No justifícation
more fundamental than the reasonable nature of the calculation and the

resultíng behaviour can be made. Within these two sections, a number

of parameters are used. Although the values used have been chosen

af.ter much testing, better choices might be made r,¡ith further study.

The main sections of the model are used in a loop; that is,
after reordering, calculation of parameters, calculation of growth and

dívision, implementation of divísions, reconciliation and srnoothing,

then reordering is carried out again and the loop repeats. This looping
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ís necessary in the computer model, r+hereas in real plants all the
actívities represented in this loop could occuï simultaneously and

continuously. However, the loopíng is just a convenient representation
of a continuous process and it does not impose any special constraints
on the model since the change at each loop is small.

The termination of a computer gror^/th process can occur ín
various ways in the model. The first is the purely technical reason
that the number of cells reaches the limit of storage requestecl ín the
computer program. (There is provision in the program for information
about the computer plant to be stored and the growth process later
continued with a version of the program allowing greater storage. ) The

second cause of termination is that the parameters and equations
controlling growLh and division are such that no cell division has

oc.curred for some tíme and all cel1s have reachecl theír 1ímiting size.
The third cause of termination is an error or ínconsister-rcy in tire
program r^¡hich results in a situatÍon where tl-re program cannot continúe.
Although this v¡as very comrnon during program development, Ít is believed
that the program ís now without faults of this type. I.lone of the above

are analogous to processes limiting real plant growLh (except in
fanciful ways). The parameter nouriture could be usecl as a limitíng
factor for cell grorvth and division, causing the plai-rt to stop growing
at some point. The emphasis in the study tllus far has been on early
growth.

The reorder program finds neighbours for each cell even in the
case of a ce1l or groups of ce11s far removed from tire rest (at the tip
of a branch, as it rvere). An ínteresting possíbílity that rvould

require only minor changes to the program rvould be rvhen a group of cells
gre\,i more than some specified distance from any neighbour, that group

would, in eff'ect, drop off lhe plant ancl eithel lancl on the ground (the
plane of base cells) or dríft entirely a\,/ay. If it lancled on the plane

of base ce11s then it r^¡ould continue growing as a separate plant. Thís

is quíte analogous to the reprocluction of some nloclern plants.
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In a general way the development of this computer model can be

compared to the process of plant evolutíon. There is no intention of
claírning that this is a close analogy j-n terms of specific steps; it is
merely an analogy as to the type of process. In this view, changes to
the basic structure of the program, to the definitions of the
parameters and to the growth and divÍsion equations may be regardecl as

major evolutionary steps. Changes in the numbers used in the model, on

the other hand, compare with relatively minor evolutionary steps (or
perhaps environmentally induced modifications). In the process of
experimenting with the program some of the numbers are changed very
frequently ( and the program ís set up so thís can be done easily).
Theír effect on the output of the program is poter¡tially less far
reaching than that of changes to the program structure. Changes to
several of these nunbers may cause a major change in the results that
changes to any of them individually could not have produced. This may

be compared to a series of evolutionary changes which are individually
mínor but cumulatively results in a major evolutionary shíft. This

analogy to evolution brings up the question of the goals of the study
and those of evolution. The "goalt' or drivíng power of evolution is
the survival, multiplication and change of those structures which are

able to survive, multiply and change. The goal of the study is to
produce computer plants which share some features of real plants.
Consideration of the goal of evolution suggests other objectives (than

meristematic divísion) which could be pursued in further study. One

such is the attainment of a large surface area relative to volume,

leading to rapid intake of nutrient from the envirorunent and perhaps to
more rapíd growth. Another is increase in height, which, for plants
that propagate by dropping parts of theír structure, would íncrease the

area over which these were dístríbuted.

InpTications and extensions

Three interrelated topics which arose earlíer are here treated
in more detail. They are cell autonomy, attachment of one ce11 to

another, and cell division patterns. The discussion deals with the

possible evolutionary positíon of real ce11 structures having the

properties assumed for the computer plants. From this speculative



discussíon there arise some ídeas for extensions of the model.

The topic of. cefJ- autonomg was introduced in Chapter 3 where it
vras suggested that the ce1ls of prinitive plant structures may have

been nrore autonomous than those of modern plants. This raíses the

possibility that some multicellular structures developed from uni-
ce1lu1ar species through a progressíon in whích initially separate cells
discovered advantages in remaining together rather than separating
after division ancl, further, that the longer they remainód together,

the more and the better the reasons that rnrere developed to stay

together and the less abilíty they reËained to live independently. In
this hypothetical progression, the cells being modelled would come at

an intermediate point. They have developed a degree of cooperation in
that they pass messages from one to another; they are informed of the

state of growth and division of their immediate neighbours and, in a

very primitive way, they cooperatively use this Ínformatíon to

determine the overall structure. Also there is interaction in that the

divj.sj-on pattern of a cell is affected by the positions of íts neígh-

bours, and, further, it seems possible that the nature of this inter-
action has through selection pressure been adapted to ímprove the

overall structure. Despite this cooperation the ce11 is sti1l
responding only to íts own immediate envirorrnerit. There is no transfer
of information for long distances through the structure.

In thís discussíon the word structure is used in preference to

organism whích seems to convey the idea of a more closely integrated

group of cells than those being rnodelled. Also the term structure
suggests an obj ect whÍch is mechanical in its operation. Another way of

describing these structures is as intermedj-ate between organisms and

completely chance groupings of non-cooperating cel1s. The internediate
condition could be called a cooperating colony of ce1ls to emphasize

their individual autonomy. The questíon arises when in evolutíon cells
uríghc have developed some of the abilities rvhich are assumed in this
study; that is, for example, did the dependence of growth and divísion
on each of the varj-ous paraneters arise r+hile the ce1l was living as an

individual or after cooperating colonies first developed? This question
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$ras briefly considered for each parameter in chapter 5. Also, when ín

evolution did cel1s develop the ability to remaín attached to one

another? There are varíous possibílities. As soon as cells developed

theabilitytodivide,Ëheyhadalogicaloption;eíthertodivide
completely and move avray from one another or to divide into two parts

which stuck together (either sharing a common wall or having sepalate

but connected walls). Sticking together migirt sometimes have been good

policy.Ifthemothercellisattachedtoasurfaceinafavourable
location, then it may be to the advanÈage of the daughter cells to

remain attached to one another and to tl're surface. (ThÍs assumes the

cells are capable of adhering to another surface-) Also dividing and

stícking together is in a sense an easier process ,than dividing

completely and moving apart. It may be that the condition of daughter

cellsStayingtogetherisasoldastlreconditionofdaughtercells
separatingfromeachother.(ltisnotlíkelytobemucholdersince
external forces would tend to separate some cJaughter ce11s ' ) Thus

there may have been, from earlíest tímes, some cel1s which persisted in

staying together (ca1led mufticel-Ls ín this díscussion). 0n the other

hancl, ít iS clear that there are some advantages in not slícking

together.Cellswhichseparatecompletelyarenotcompetingasdírectly
for nutrients and, further, they are more likely to achieve wider

distribution and fincl favourable environments' Theseare called unicell-s

ín the following. Pointingout advantages both for multicells and uni-

ce11s clearly does not make a decisive case for either' 0n the contrary'

it suggests the possibility that both might have developed successfully

in different environmental níches. Adrnitting this possibilíty, for sake

of discussion, raises the further question of whether their descendants

laterconvergedordivergedtoquitedifferenttypesoforganisms.
of course, some cel1s stíl1 live as single-celled organisms so they

have clearly not completely merged. The question is rarher, assuming

that some unícel1s, highly adapted to that tvay of life, later evolved

ínto multicelled organisms ) are these organisms different from organisms

evolvecl from multicells that had never had the habit of living alone?

(To attempt to distínguish between the descendants of these tlo

hypotheticalearlylinesofevolutionamongpresentdayorganismswould
be foolish, but it is an interesting speculation') one approach to
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this question is by considering cell dívisíon pattern, the third topic.

By this is meant the deterrnination of the plane of dívision of a cell

by the positÍons of neíghbouring cel1s., Clearly for unicells there can

be no such specíaLized relationship developed sínce ce11s do not remain

closely adjacent for long periods. Thíssuggests that perhaps unicells,

not having major constraj-nts on dívísion pattern from theír neighbours,

were relatively free to evolve more díverse divísion patterns both as

specía1ízed responses to external environmental factors and to achieve

particular internal needs and economies. (They rvould of'course evolve

in other respects also.) then, having this variety, when members of

this diverse unicell group became associated in colonies or multÍcel1ed

structures, they would be able to form very diverse types of structures

and organisms. Compare Èhis to the course of evolution of multicells

which frorn eàrliest times remained attached to one another. These,

through long experience ín livíng together in coloníes or structures'

could have developed very elaborate modes of behaviour but might retain

a division pattern whích, though changed through evolution, was related

to the mode of division of their primitive multicell predecessors and,

therefore, retained specific differences from the line of development

from unicells. I^Ihat.was the nature of the mode of divisíon of those

prirnitive nulticells?

Consider this example (Fíg. B-4). If one of the two cel1s of

structure A divides, B and C are two possible results. B is Èhe

configuration in which the original plane of divisíon is approximately

maintaíned. Since B is unique whereas C represents only one of many

similar-looking results, probabílity would favour 'rsomething that looks

like C" over B. However, the presence of the specialízed r¿all between

the two original cel1s of A may well result, even ín very prímitive

cells, Ín gradients and strains ¡,rhich poLaríze the cells in such a way

that B is the normal result, rather than the exceptíonal one. This

fundamental control on division on the basís of symmetry would seem to

be quite weak, but in the absence of any more specialized control, it

could have been the determining factor of plane of division ín primitive

multicells. That is, there may be a very símp1e but effective control

of dívísion directíon in thís structure. Given this, no additional
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control is required for the ce11s to continue divídíng in the same way

to form a long chain. Such division in a chaín of cells could logica11y
Ëake place at any ce1l in the chain. In this discussj-on this divÍsion
is called chain division and the special case of this in which divisíon
only occurs at the end cells is referred to as chain-end division.

Compare thj-s to the next diagram of part of a hypothetical layer
of ce1ls (Fig. B-5). This ís highly organized in that the ce1ls are in
regular rows and columns and this layer is only one of many similar
layers in a tissue. In prínciple, such a structure could grow and

maíntain its shape either if only surface cells divide (a11 simultan-
eously and with ínternal divisíon planes parallel'to t.he surface) or íf
all cells on one plane divide (simultaneously and with internal division
planes para1le1 Lo the plane of dividing ce11s). It seems clear that to
produce the near-simultaneity needed and to accurately control the plane

of division ín each cell, despite the many cel1s involved, wouldrequire
a far more sophisticated mechanism than that of the chain division in
the first example. If one considers real tissues of cel1s (Fig. 8-6)
Ehe need of a complex control mechanism is also apparent. The conclusion
reached from thís comparison is that, in the course of evolution, chain
division could have, and therefore did, arise long before the controls
necessary to produce híghly regular tissues of many cells.

We norv try to integrate these lines of discussion. The probable

early appearance of chain divísion and chains of cells and the much

later appearance of regular multicelled tissues suggests that during the
long interim, the possíble benefíts of a multicelled condition were

explored by relatively irregular multicelled structures of diverse types.

It seems that during this period, greaL regularity of structure r/as not
of first ímportance for selective advantage. (The advantage conferred
by regular and sy¡nmetric structures would be in greater efficiency but
exploitation of nerrr opportunities does not depend on the most efficient
exploiters.) Thus relatively irregular or loosely organized

structures probably lived quite successfully for a very long time
during which they changed into or r,üere replaced by more regular ones.

In this view, one of the likely primitive structures ready to take part
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in this evolutíon r,¡ould. have been rnulticells in the form of chaíns. tr^Ie

now consider this course of events. Flexible chains of ce11s would

quíckly develop into a type of irregular multicelled structure since

Ëhey would frequently tangle together (most saílors can verify this

from experíence rvíth ropes). A tangled mass of cel1 chains is a multi-

cel1ed structure (even though it consists of non-cooperating or

interfering cells) . trnlhen such tangles form, the opportunity f or

mulually beneficial changes is present. Since inner and outer cells

would automatically differ in exposure to nutríents and \^/aste products,

interactíon with other cells, room for continued dÍvision, and

protectíon from the outer environment, specializatíon between these

cells seems inevitable. The outer parts might spécialize from chaín

divísion to chain-end division and further specialize to collectíon,

dísposal and protective structures. Specialization in this way would

require development of exchange mechanisms to pass nutrients between

cells and would cause polarizaxíon of chains of cells. Other changes

would be in the nature of the connections betr^reen chaíns. The initial

Large scale tangles and srna11 scale cohesion could lead to more formal

arrangements such as large scale interweaving or parallel growth and

specialized sma11 scale interconnections. Tn this, the linlcs between

cells of the same chain would remain while the links between cel1s of

adjacent chains changed in strength and in sophistícation. Thís seems

to be a potentially very fruitful evolutionary path. Also, this seems

like a path which could have led to some of the arrangements of cells

in modern planrs (Fíg. 8-6) and of hyphae in fungi (Fig. B-7) where the

appearance of chains ís evident. (Of course, there are other possible

routes to these structules and this is not a compelling point.)

The type of cell structuïe produced by the ce11 ordering and

dívision patterns used in Ëhib cornputer model can be interpreted as a

stage in the postulated evolutionary development from ce11 chaíns.

Cells are ordered in terms of their posítion relative to other ce1ls

and this ordering process imposes Tinearitg. 0f course, linearity is

fundamental to the nature of a chaín. (It is interesting tliat, based

on this orderíng, the cel1 arrangement can be interpreted as a group of

chains of ce11s. However, there j-s no unique interpretation; ít may be
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consídered as many chaíns of varying lengths or as a lesser number of

branched chaíns; a1so, thechains may change during growth. This

argument is not compelling since any arbitrary set of ce1ls could be so

ínterpreted.) Computer plants can be viewed as a stage in evolutÍon
from chains of ce1ls not because a linear ordering is done but because

of how it ís used in the model. It is used fÍrst in the linear order

1n wlrich reconcillation is carried out. Tl-rís was chosen ¿ls a convenletlt

calculatíon method but it does affect the type of structure produced.

(Furthermore, the method is in some respects mathematically simple and

elegant. If the model were of a known structurermathematical símplicity
and elegance would encourage the belief that the model represented the

fundamental nature of the structure. In dealíng wíth a computer model

of a structure too primitive to recognize, this reasoning would be

strained, to say the 1east. liowever, the point can be reversed; that
is, the elegance of the model may be an argument for it being'

fundamental and natural and, hence, for the structure produced being a

primiLive and natural one. At least, such arguments have led to

discoveries ín physical science and they may have a place in biology.)
The second use of the ordering is ín dívision v/here one cel1 retains
the position of the parent and the other talces a position between the

first and the neighbours below. This ís analogous to chain division.

To summarize, this model may be interpreted as a stage ín an

evolution from chains of cells and tangled chains to more organized

structures. Thís interpretaLion is rÌot essential but viewing the

model in this context suggests interesting changes to it. These changes

are in the type and importance of the chaining effect. One is a greater

strength of chaining where the immedíate neighbours, above and be1ow,

of each cell are specifically defined as neighbours in a chain and

where the bond to these is different. from the bond to the other ce11s.

In other v¡ords, chains are clearly identified. The bonds between cel1s

in the same chain could be stronger, longer lasting, fixed in length or

dírectíon or some combination. Changes in the direction of reduced

chaining effect could be reducing the dependence of the process on the

ordering or modifyÍng the dívisíon process. There are several ways of
implementing each of tirese changes and other changes could be consídered,
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representíng various evolutíonary lines both forwarcl and backrvartl from
the present stage. A profitable approach míghr be to clefine a díscrete
series of models ín terms of strength of chaining ancl then explore in
detail the possibilities of each model. The computer moclel could
accommodate many changes of tiris type within its basic structure.
Computer explorations along this and other primitÍve evolutionary paths
might lead to a better understanding of the actual course of early
evolution.

Direct and genetic responses - A digression
This section returns briefly to a topíc raised earlier in the

thesis. The question posed was, to rvhat degree are the responses of a

plant to stimuli direct and to what degree are they genetic? After
considerable thought, the questíon seems further than ever from

clarifícation. As noted earlj-er, it is not a practical probleni in
regard to the thesis. Itisrathera philosophical question that sometimes

seems. important and sometimes meaningless. Because of this uncertainty
on the subject, no position on this question ruíl1 be talcen here.



The series of computer experÍments carriecl out has produced a

consíderable variety of 'rcomputer p1ants". rt would be inappropri-ate
to claim that they closely resemble real plants. Greater sinilarity
will have to be produced before such a claim could be takel seri-ously.
Real plants talce so many shapes that it rvould be strange if some

resemblances could not be seen. llowever, there are three general
conclusíons that can be drar,¡n at this time.

The principle of cellular control of strucEure has been
implemented in a reasonable way in tire computer model. The principle
is violated to some extent rvhen there are considerable varíations in
growtir rates within a large mass of cells; the range of grolvth rate ís
in effect decreased. Holvever, Íf the cells are not in a solÍcl nass or
if the growth rates vary only slorvly through the structure, thÍs
problern is much reduced. Further improvements to "Reconciliation
could decrease the problem in'those cases where ít ís serious. This
development could take place in different ways depencling on rvhat in
fact one believes wíll happen when cel1s ín the centre of a cell rnass

gro\¡/ more quickly than their neighbours. rt is also notecl Ehat this
general situation may be relatively uncomnion in real plants; a

reasonable r,ray of descríbing meristematíc growth would seern to be as a

system of divisíon and gror'rth evolved by cells to recluce conflicts
betvreen one another during plant morphogenesis.

The capacity that has been developed for ',recor-rci1ing,' ce11
grorvth could be put to use tesEing hypotheses about differential growth
in a mass of ce11s. To do this it is not necessary [o have gr:orvth and

division equations. One can simply assign hypothetical grorvth rates,
either to each ce11 índependently or to cells as a function of locatiol
and of tlme, íf appropriate. A hypothesized ciivísion pattern could also
be imposed in this way. Then "Reconcilíation" coulcl calculate the
changing shape of the rvhole mass and the relatíve posÍtions of indívidual

CÍIAPTER 9

CONCLUSIONS
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cells. This is what was done in the run represencecl by Figs 7-2,3,
and 4. rn that case, the purpose was to see if the results producecl

by the program conformed to the expected pattern. Tliis coulcl be done

Ín more complex cases rvhere the actual grorvth rates of cells i-n

dífferent parts of the cell mass rvere knov¡n. ThÍs rvoulcl be a
sophisticated test of "Reconcilj-ation". If "Reconciliation" met the
test for a particular type of cell, then ír could be used rvith more

confidence to test hypotheses about that type of cel1.

The second general conclusion is that there has been sorne

encouragÍng progress toward the obj ective of modelling meristematic
growth and the more general objectíve of modelling plant morphogenesis.
This is based partly on the computer plants produced to date and partly
on the rvide variety of promising avenues of development that have

appeared. (fn fact, the r,rriting of the tllesis has been hanrpered by the
temptation to keep trying dífferent computer plants. )

These possíble developments vary in complexity. The símplest
consist of continuatíons of the developments discussed in the latter
part of Chapter 7. It is r-roted that one "divisíon class" Ís defined by

nj-ne numbers, that there are ti,ro dívision classes and that the grorvth

equation also depends on several numbers. Thus many combinations of
changes are possible.

The second level of changes whích could be made are in what rnight

be called peripheral parts of the program. T1-ie definitions of l"lER and

SFC could be improved and perhaps the definition of LIt{. The other
major change at this leve1 is in the posítions of nei.¡ cells at dívision.
0n the basis of experience rvÍth the division pattern in the program, the

tentative conclusion has been reached that another dirrisíon pattern
would be more tractable in the production of regular groruth and

meristematic groivth patterns. The present pattern, rvhen divisíon occurs

at the plant surface, corresponds roughly to periclinal dívision.
A pattern resemblíng anticlinal divislon would be an inEeresting study

and could be made through changes to the section "Implement Divisions".
0n the other hand, the present pattern has many more possibilities that



could be explored and it also
origin in evolutíon, discussed

The third level of changes are more basic to the structure of
the program. The strength of attachments of ce1ls to one another and
the rigidity of cells could effectively be variecl through changes to
t'Reconciliation" and "snroothing". At present, a simple chain of cells
in this model r,¡ould be very flexible ancl , as notecl in chap ter 7, thís
causes problems which we have atternptecl to overcome by proclucing
structures wider than simple chaíns. Anotirer approach rvould be to
stiffen such chaj-ns through changes to the program.

has a plausíble (though hypothetical)
in Chapter 8.

The fourth level of changes are those suggested in chapter B:

attempts to follorv possible evolutÍonary pathways. These should
probably waít until after some lmprovements have been macle to the model
at the other levels

It nay be objecLed that the multítude of changes ancl Ímprovernents
suggested are evidence of the inadequacy of tl-ie stucly ancl the incomplete
state of the computer program. The incompleteness is acknowleclged but
it is maintained that the multitude of possible changes is evíclence of
the basic soundness of the model and its possible fruitfulness.

67

The last conclusions are philosophíca1 . It r,¡as pointed out that
the model has a possible interpretation in an evolutionary line leadÍng
to prirnitíve plants. This éeems to support the mocjel. Also, the model,
though complex, has a certain mathematical elegance and simplícity ín
its basic nature. This writer is inclined Lo regard tl-ris as anargtunent
in its favour.

The overall conclusion is that the main hypothesis has been
supported by thÍs study, though not completely establislied, a¡cl, further,
that the model as developed has great potentÍal for future testing of Ehe

hypothesis and for improving understanding of primitive pla¡t evolution
and, perhaps, modern plant morphogenesis.



The figures are numbered and arranged accorclíng to the chapter
to which they directly relate. Sonie figures are referred to in more

' than one chapter. The plots of computer plants, ivhích are the ntajority
of the figures' are descríbed in general at the beginning of Chapter 6.
Notes regarding some figures are Ín this list but most of the fígures
are described in the text

Fig. 3-1 is from c. Billíngron, L95z: Ferns of }{ichigan. Bullerin

I¡TGURES

Fig. 5-1 Ce11 A has a high SFC since íts neíghbours are all in the same

general direction from it.

Fig. 5-2 cell B has a low sFC since its neighbours are all around it.

Fig. 5-3 Actual values of SFC. The plant is outlínecl rvith a cloL.ted

líne. Areas of SFC 7.0 or more are mar:iced. They are
generally on the periphery of the p1ant. Only cells in a

vertical s1íce through the centre of the plan[ are shorrn for
clarity.

Fig. 5-4 Equation of grolth and graphs of growtl'r rate (actual and

percentage growth) as a function of LIN.

(There is no Fig. B-3)

No. 32, Cranbrook Institute of Science.

OL

Fig. 8-6 is originally from ll. sciraffner, 1906: The Embryology of rhe

Fig. B-7 ís from E.J.H. Corner, 1950: Clavaria and Allied Genera

Shepherd's purse. Ohío Nat. 7:1-8.

Clarendon Press, Oxford
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Fig. 6-7
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Reconcíliation ín trvo dimensions " All ce1ls assumed to have equal
LIN and groivth rate as rnarlced. Cel1s are "reconcíled" in the orcler
shorvn. Arrorvs run f rom each base cell to its "neighbours belorv,' .
sínce this is in two dímensions, onJ-y tr.ro"neíghbours belol,¡" are
requirecl . For ce11 7, t\.ro sets of cell-s r¡ere used. Position bef ore
reconcilíation is marked "S" ancl af Ler "0". l-'lashed 1ínes join
cells at their ner,; positÍons. "8" represents a Base Cell.
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Fig. 6-7
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Fig. 6-B
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Fig. 7-43
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Fig. 7-45
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Reconciliation of an initially straight colLl¡ìn of ce1ls
ro a grorrth rate of about 2i( for cells irlitial1y on

lhe right and zero f or cells on Ehe l-ef t . lJumbers are

the numbers of ReconcÍliation steps (rr'ith 2% gror.rth per

step). Lines represent lines betrveen centres of cells.
For clarity, the Lor¿er sec tion af ter (r ancl lB s teps

ís not shov/n. (See also f igures 7 -2 ,7 -3 and 7 -4 .)
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Fig. B-5
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Olrlcl stlgcs
Qlfter Sc/'a.[ncr, 1906.)
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[.on¡;ituclinal section throur;lr thc hcad of a fruitirrg borly of thc
l.,rsitliornycetc T1t¡,171¡¡,,,q.ì/,?¡il:r Ât thc lrrolnclrt ol its cccs¡tion of upgrorvth.
IFronr I:. J. I-1. Corrrcr, Clnunrin nnd t\llicLl Gencrn (Clarenclon Irr.ess, Oxford,
t.es_o),Fig. a7.l
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