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 SYNOPSIS

This as an stteupt o simulate on an elsectironic

conmputor the development of the marine hydrold Podococyne
carnou as & colony is formed by a single hydranth placed on
a microscope slide. The computor generates a relatively .

complex pattern as & mathema* {"al model of the growing systenm

.by iteration of a set of simple rules of growth. Tha nmodel

consists of & connéctid network of polnts in &a tvo-dimensional

net. Tis growih cun be followed generation by generatlion

" and selected ﬁarametera of the generaied peltern cqmparéd to

those of real coionleao The abiilty of simple'recursive

‘ruxes to genserats complex patterns auggeats the posslbility

that gonetic 1natructiore of developing systems pay, in part; -

‘b of a similar natureo
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INTRODUCTION

Podocoryne carnea is a pclyworphic, colonial, marine

hyrold, normally appearing on a enall shell inhabited by é
‘herpid ¢ruav, - The various hywdedid persons cbnetituting a colbny
include the.nutritlve, the sexual, and the spiral zooidsf(Figo 1’.
Teso ars connected at their bases by a branching stolon |
natwork, 2odocoryne bears froo-swimming medusae and 1s
dlveaciouse. A | | |

| A singlo hydranth plucked frowm the shell=borne cblonf
will eitaci v a microscope.allde.ln starding sea water, within
8 few dayso Stolons grow out‘froi~the initiating~hydranth;
thay‘br&néh and anastomose.. On.theée.stblbna new hydranths

appear., Colonlies initiated in this panner ultimatsly bear

_nutritive and sexual zoolds (Pl;’'L, fig. 1), Spiralzoolds

" never form on them.

Colonies esteblished in this manner car bs malntained
under definqd coniitions (Braverman, 1962) and their daliy

changes‘;n Torsn recorded hy photograph or cumera .lucida draw=

ings (Pl. 1, fig. ), Although there appears to be no recog=-
ﬁizeabla rattern to colonj gorphblégy9 there is an underlying‘

statistical regularity, The growih ofithé .olony (Fig. 2)

_proceoods al a4 consilunt rate, and the proportion of hydranth

number o stoloﬁ length 1s regulated at a constant pECpcrtion7
(Braverman, 1963). It further appears that the diatance

betwsaen hydranths of young ¢olonies tends toward a noru,

e



Mauzurqments of tla interhydranth d;aiance in Lhess auwe

solunies when they are older indicate that wi+h inerausing

age (parraps reflecting incrassing stolon connectivity) ihe

average interhydranth dlat&nce'dacreaaes (f‘ig° o
T™e constant rate of growth continues until the time

Wil :uxual zooida appear in the colony° % that time the

rate of nutritive zooid rormation 1s depressed, The sexual.

zo0ids’ Irivi.lvement in growth control or the colncidental

effecsi of wows other controlling fector on hoth sexual and

nuﬁritive zcolds, 1e indicated by long-term jualitative analysis

(Pl 4),

Tr one wonth old colonies of clone X grown at 23° 7,
hydranths frall into three sizy groups. Therae are newly formed
hydranths of graded sizs, vhoaé size indidaies their age. Thsre
are older hydranths that are larger than the growiﬁé hydrantha.
but all the same size, and thefa 1s the primary hydranth; the
'hydrenth uged tc initlate the colony, which is the. largest or
all, Apgmmontly the growth of hydranths in these asexual colopiea
Y limited, &s none 5ro§s 80 hig as the initiating hydranth,

By two months saxuil zooids have appeared at the center
of the colohy, and hydranthes in the sexual area and that
lmpedietely surrounding 1t have gfbwn'io the.aiie of the
-inltiatiﬁg nydreanth. The other two afeae of hydranth sizes
the graded, growing hydranths, and those of the same size but
not of maximum size, still appear in the colony, but are now

ir more peripheral arsas. At one month only a small proportion
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of the moet psripheral atélun aresa 1s devold of hydrantha; at
WO mOnhs, novever, there 3s a large peripheral stolon area
Wity fow or o hydr&“ths growing on Lo

During the third month; cach area extendé perioherally;
naw hydranths grow on the formerly bare stolons;.hydrantha
that were of graded sizes at three mdnths grow to the limited
maximum sizs, end these that had been limited maxipum slze
befors a*taln the largcr sl 7e, as ~n@ sexual area extends‘
pgrlpherallyo . _

Finally, colony growth is halted by the limits of the
3lidy. and when the expanding sexual area reaches tho limits

of the =olony, the‘#blony undergoss a major change, rasultlng

in a raduction in both nutritive and generative zooid density

and an increazs in the proportion of sexaal zooids,
Batwean the fourth and fifth month glossy areas of 0,5
to 2. C ou. in dlameter appear on the cclony in what seems to

be a random pattern--although their distances from each -other

appoer to be roughly the same, - Aéparently the radlial ortentatlon

of the colony no longer oxists. These glosey srash become
bright yellow in time. They never acquire the configuration

of the apines that exist on shell»borne colonies9 nevertheleaa

"t 1a conceivable that they might bear some relation to that

structure, . T ' : ' -
Tha exlstence of'statistical ‘regularity in the colony,
tho proportional srowth of stolons and hydranths and the

regul ar‘ty of lnterhydranth dlsta“cea, suggest that the

\.
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apparently irregular colony 5r§wth patterh is an expres81on

of underiying rulss of a nonmdatermlnlsflc nature, That these
rules &re géneral rether than specific.1ls 1ndioated by the
variance in pattern, but similarity of statistics, evidenced
by sibling coloniea Lolat 15. by colonles inltiated with

nutritive hydranths removed from the same portion of the same

. parent colony)e It 18 highly unlikely that each direction,

each gtolon branch point, each hydrenth lccatlon is specified
by the genetic information of the ailmal,. |

It %8 more iikely'that genetio'lnformation in thia
anima"consiets of a series'of ruleé of'general applicatIOﬁ.
For examplm hydranths xight be 1nsertad at any point at whioch
the concentration of e hydranth 1nn1b1tor falle below a threahold
value; stolon grovwth mlght‘be a function of the amount of food
reaching a stolon tip through the stolonic circulation,'ﬁhicﬁ
might ih turn be dependent upon the dietance of thét'point

from the food sources- »nutritive hydranths, & new stolon growth

'point pight fcrm at any point at which an imbalance in the'

.rat1o of 8ome etolon stuff and some hydranth stuff exiatso

A Bingle asymmetry, and asymmetry cou‘d be 1ntroduced through

“any c¢f these¢ nypothetical rules, would result in a colony

of no apparent pattern, . v
1f Lt were true that the apparent Airregularity of the

Podocoryne colony reflected the interaction of & égriea of

probabilistic rules, then it should be possible to translate

any proposed mechanism-for colbny ragulatidn_into the form
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of a generating rule, apply the rule, and .ese 1r ihe d;étri-
bution of colony entities in the generated cclony resembles
trat of tha real colony. Affirmatlion would specify that the

mechanier could give ihé observed colony shape or statistic,

" not that 1t 1s, in fact, the mechanism employed by the animalo'

Negat ion would rule the mechanism out., .

Since the stolons of.a Podocoryne co;én& are limited to
the plane of the mlcroacops slide aubstrate,ﬁand adhsesrent to
it, a one-to-one mapping of the de#eloping colénj in two
dimensions is possible. Crosses and n§ugﬁté can belused 0.
represent sesual and nutrltiva zodida, respectlively, and
svratght lines to représant intefconnocting stolons. A colony

can thus be represented as a pa.t}t'ern'of’linea9 crosses and

"nourhts on & sheet of paper,

The mathematicifn, S, Ulam, has demonstrated tha;‘aimﬁle
rules, applied recursiveiy, can generate combloi patterns
(Clam, 1962)°‘AH6 glves as én example the folliowing:

. “We start in the firet generatloh with a finite number of
squares and deflino now a3 rule of.growth éa followa: |

Given a ﬁumber‘of squares 1n‘fhe nth generation,

the number of squares of the‘(gé-l)th generation will

be all those which are adjacent to the existing 6no

but ﬁith the following provisos thé squarée

which are adjacent'to more than one square of the

gth generation viilAnot be taken. Forvexample starting

with one square in the firét‘genéra&ion one_obtalﬁs the

following configuration after five'generationéa ~
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"It 1s obvious that with this rule of érdwth the

figure will continua'increaaing indefinitely, It

wiil have the original symmetry of the initial con- 3
.figu“at ton (one square) and on thc four perpendicular
axes all the ‘squares will be present--these are the stems

from yhiqh side branches of various lengths will grow,"

Evern in +his trivial example it 1= clear that what happene

.in eacl. generation 13 a function not only of the rules, but of

‘hae nvironment also; and what the i‘nvironment con~*sts of in any
gqnaramion 1s a function of previous applic#tiOﬂs of‘the rule, 80
that uenoraniow four can add a total of twelve squares vhile
goneration five can add oply four, |
The patl -ern carried out- to tVJﬂty three generations looks

like this:

Although cartaln regularities are observable, it would be

axtremeIJ difficult to derive the generating rules from the

paptern, unless they were glready known,

1t may Se worthwhile to note that wefé one required to
send 2 teleéram describing this péttorn from, suy, Now Yofk ‘
%o*LondonS 2t zould be done in one of tyo wa&se Ohé'ﬁay‘would
be (¢ desoribd a satrlx and read off the co-ordinates of each

occuplad sjuare. The cther way would be to'ataﬁe the gensrating

‘rules and *hen‘“gecify tha nuzbar of times they are to be

apnlied° For pattarns of mors than oight generatione (aSLuming
one palr of cOwﬁrd nates bs cqunted 68 & word) tlie second

method, rule apecification, wogld'bé cheaper; and less prane“




to orror, in that a mistake 1n a single letter rarely renders.

“a worl unintelligible,

Ulan's provocative demoxst:&tion 8y °es..s a wodal’ for
gansrating the pa»te"ns of a hydroid colony with simple rules,
It requires that the direction of stolon growth be limited to
the x and y axis of a grid of rectangulér co-ordinates, and
.that egoz9 Jroviso bo'incorporaiod po:translate the continuous ) R
growth of the real colony'}nto dlscontlnuous-grovtho

Tha parameters of colony growth thétohavo'to be dofined

ara.the followlngx'

1, The growth of 1nd1v1dua1.stolohs..'
2. Tha pointa and tlmea of branch points at whioh tho
growth of & new stolon in initiatad.
*s The appearance of hew hydrantbs, nutritive or
an“l‘iaJ I'Uo . . _
4, The size to which hydvanthS'grow. (The aoeumptﬁﬁn A»
of alze equality haa baen made to alm&liry the
initlial problemo,
' In.onder to rapresent oontiéuous growth in a discontlnuouat
model, the expedient of provid;ng for pro*abillstic srowth

of & constant amount can be adopted. Thus, 1nstead of growins

-cortinuoudﬂy at a rate, say, of 0,75 stolon unite per. day, -1

stolon will grow ons unit or not at all 1n ‘@ach generation with ‘

P probability of 0 75°

Wo have ried to establish a set of generatlng rules
which, whon applied rooursively, in tho nanner of Ulam's
pattern~genorat1hg ru;es.'generate & pattern that can be

compared 3tlutlstically to that of the Podocoryne carnea colony.

10




For each parameter a potenilal biologioal mechanism has
‘been uaauméd, and fhls mechanism translated into terms that . -
pornilt (t8 balng applied a8 a growth ruloa Initislly we_havo
chosen to slmplify the rules a8 much ag boséible, for what a
cell might do instantaneously takes daya of oompuuation or
munites of computor t}meo For example, a caell. might grovw in
p“"ortnon to‘the focd aQailublelto ite-1in that‘senso 1t funotions
as an a_alog computor; to computs ths food arriviog at a'point
in & comploxAnetwork.vla all possible paths is muoh.more.' |
difficult, unless'one can resort to an analog device such as
a 2Nle - b | |

Some simplifications are less mathematical expedients
than they are reflections of our ignorance of what the colony ‘
docer snd how 1t might do it. The attempt to synthesize colony
growth has made explicit Questions that must be viwered in

crder to‘describe colony growth and in some cases has indicated

that 5yn;hoals may require difforenf'speolfiootions than deaor1pt1on'

- %#4 Technique of Gompator Simulatlon

.—.-——..-—-—-,o-—*_

This 18 an attampt to simulate on an. eloctronio compuﬁor

the devalopment of the marine hydroid Podoooryna carnesd as &

colony is formed by a single hydranth placed on a mlcroscope

Al ety '
slldao_ Tha computor generates & ro¢umxvﬁ¢§noomplex pattern as 8
mathepatical model of the growing system by,iteration of a aet of

simple rules of growtho ~The model “onslste of a connocted

network of points in e two-d wmensilonal moshe

The rules of growth define the pfobabiiity of growth”for.

each stoloen, ond.provlde methoda for ohoosing,branching points




for new stolon formation and fof inserting naw mteltive
hydranths on the growing stolonss The growth 18 effected in
discrete amounts ip a genération time, in the following .
sequence: _ v ' ‘

1. The probabijisticlrule of stolon groﬁth is applied

to each stolon in iurn, each genepation, to'determine
vhether. or not it &rov8, , |

2. " ™a rule. for formation of new stolon branchings s

applied, and new branc_:h points and directionao} o
branching are chosen, - | -

3. The hydranth insertion rule 1is invoked, and the |

position of new hydranths recorﬂedo _

Finally, the growth‘ﬂs, in effect ‘made.. Some @xistins
stolons grow; nisw stolona branch ofi, stolona anastomose by
intersocting 0ld ones, and new hydrantha appear° ' The computor'

- renorda this new conneoctivity in a manner comparable to plottins
the new pattern on paper, »
| This constitutes a generatioﬁ of growth, In the next
generation the same rules ars ap;lied to the new oonfiguration
to determine future growtho
' stolon . ,

Zzch terminus 18 tested cach generatlon. for growih,

The rule for atolon growth 18 defined as a probability. This ..
probability that a particular stolon grows ia a funotion of the
number of hydranths ip a connected neighborhood.of the stoloniA
terminus, The,éomﬁuior traces all doﬁnected paths in this
neighbornood and counts the number of hydranths, The - count

1a sultably normed so that it becomes a probability. The |
rachine then "throws" with‘this‘proﬁability thdetermina if the

o
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8.0l rows, This is done by generating a so-called "fandom
nuabar’ and comparing it with the probabvility,

Thare iz an algorithm for generating on the oomputor.
e very large set of numbers botwcen zero and one, which have
the statistical property of being "random." Each.number 1n
this s2t can be obtained from the previous number and an 1nit1al
"genaraugr number. One proper: y that this set must have 18 -
thai the numbers in it be uniformly distributed in the Anterval
from iero t§ one. Suppone, for example, that a stolon haa a )
pfébablllny ol growth-1/so The computor then 5enerates the
next muber 1n~£he sequence of ran&om numbers., If the numb¢r~. .
:af.l/s (lesg than or equalvté'l/s), the stolon grows, If the -
nuzber is21/5 (greéter than 1/5), the stolon does not grows
' This 1s equivalent to tke "coin tossing" one might'do_to ﬁake_i.
‘this decislon by hand; | | ’

.The initial rule for adding new stolon hrénéh pointa'étatea
that a branch polnt is added to the configurﬁtion whenever "g"j"
new ﬁoints aro andded to the pattern.and whenever a stolon - |
~anastomoses, Tn our runs we ﬁave chéaanfz = &,  The branch
point is chosen at random .from the set or‘all polnts in the .
pgttérno The machine again uses a random number to choose
this point. That 1s, if there are n points in the‘pattern,
each point h@s'probabiiity=?1/g of being chosen at(ihe branch
point, Tha direction of branchlné ‘3 also chosen at random,
Oncs a branch point 48 chosen it is regarded'ag & new stolon
terﬁlnus ar.d th&s‘tested for éubgequent_growth accordiné to thé E

atolon rula.



Ouar ,Jrun'h inaertion rule stetas that & new hydrenth -
3 sldol mo thy pattern whanzver three adjacen uonﬁeéted |
wointe wlthout hydranths can be found Each genération the
somputor testa for hydranth insertion all new growth ard all
points where stolona ‘have anastomosed thia genaration.. (This
has been varied to provide for hydranth insertion at the pen—.
ultimate polnt wvhenever four adjacent connected polnts can be

found.) The regione where stolons anastomose by 1ntersecting

‘other stolons form & higher connectivity of the pattern. Thus"

new hydranths can form in older regiona of the growth. The

~hydranth 1neertion rule alao sttemptia to preserve the conatancy

of the ratio of atolon length to hydr&nth number, which is’ 'f‘/fh\”

obeervaole in the laboratory development. of the. oolonya

Another rule provides for formation of a second type or hydranth

the sexual or reproductive one, in reglone that have high connectivtﬁy

 and consequently a high density of nutritive: hydranxhso

. At the end of each generation various analyses of the 3
pattern can be made and printed out. The siéloﬁ length to
hydranth number ratio,. spatial dietributién of hydranths,. o K
branoh point ‘distribution, ets., can thus bdbe oompared gener&tion
by gene;ation in the pattern buil QPe The pattern can also be
plotted. For example, each genefation of 5rowth can sasily
be plotted 1y the machino and dlsplayed on aucc@sgive frames

of ni“rofilmo o

It is evident that the pattern of grow%h could be played

: out by hand on graph paper, with. coin tosaing or tables of

random numbers used to effect. the probab@lities. In fact,



Cuve the nydranthis \noa ﬁetwcrx to gat probadbilitises 1is
“ateptieily saster graphiically (ian the method programmed
for tha cemputor, The obvious adyanta@e of the‘computor is
tho number of gﬁnerations and the size to which one can grbw
the pattern in a relatlvely short time. For examplé in a
typical case using rather -imple rules ofvgrowth; we could
grow a-pattern through some flfty penéraﬁiona with ﬁ'total of
some 500 occuplied points in about three minutes of machine time
cri-a . i_h speed computor (IBM 7094). One can make slight ch&ngee
in one parameter of a rule of growth and run a number of
different cases In a‘relativély short,time.'_ |

More cowpllcated rules of growth can be used at the:axpense
of more time spent computing. -The arithmetioc of evaluating a. -
mora complicated probability would not take much more computins
time. The traclng of more and longer connected paths 4in a
network, hévever, is time consuming. In partidhlargnﬁeaumo
‘that tke contributlon of every hydranth to thé growth of every
stolon were known, and could be. conbuted sach géneratibnhalOng
the shortem‘ COhIrCuUd path in the network betwesen tha stolon
’Prminus and the hydranth., Thie computation would ‘be prohibitive
in time in a few generations of growth9 not to mention the
complications of multiply connected patha between poin*so'

The mathcmatical model conalsts of a network of points
in & two-iimensional mesh. That 1s, ell units of growth are
constrained to be 1ntegral valuoe of the meeh9 end all branohingc
oceur at right angles to the direotion of growth, The stolon

teérmini and the hydranths then oecur only at mesh pointa and

'p—A
-



‘inverse of the distanc@ from the point 1 to all hydranthn alons

'contribuulon of all hydranths to the growth of a stolon point. L

svo.cns intersect only at such points. These are, o.' Lourse,.
rather severe limitations in the model, It wes felt that
iniﬁlally such a simple model was more feasible for 1nvestigatigg
different rules of growtb and for'ohservlng.hoﬁ §ma11~changes in
one rule couldvarféct thé'patternso o

A sc called "nonameah" code which would allow any anglo
of branching and any 1ncrement of growth in a ganeration could
te written, Such a code wuld be oonsiderably more complicated

énd would require much more machine time'per run. The problems

of representing connectivity and of determining whather atolonl

interseot are no 1onger trivial 1n a non—meeh code, .
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The ggowth of individual stolona

Ir ikk is the minimum path length !rom thq/ath hydranth ; C
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to the 1th stolon growth pointa, then é:ﬁ+i 19 the sum of the

the minipum path 1ength ( 13&4’ 145 specitied 1n ord@r to
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and the absolute 5routh of the colony (G) oould be proportional
to the amount of food in tho colony, which in turn, assuming optinmun
conditions, would be a function of the number of. hydrantha 1n
~he colony. . | '
- Therefores
g =(K) E
nere G is the total érowth expressed as stolon units, of tho
(n 1)th generation, K is a constant of proportionaliiy, and
X 1= the absolute number of hydranths at the end of the nth
generation., | ' , |
Then tho absolute growth of tho 1th stolon (51 'wlll box"
| By = (B) XX £y
In this ma ter 1t would bo poeaiblo to translato -3
- sltuation in which growth at a stolon polnt was dopondent upon
- the amount of food arriving there through the stolon ayetom |
in which imperfect mi*ing diminiahed a. hydranth 8 contribution |
to e point in proportion to its distance from thet point. Tho”ff
rule ve have used simplifioa the statement to oonaider.pnly' *
. the hydranths in a circumscribed area irrespoctive of tﬁolr.f
distance within thla area. o g .' !
" The assumptions implioit 1n thia formulation are tho

following:

'
i
]

1. %,-L/.s 18 taken ag the 'mlhimum.o'onneotod."pafthwoy'betwéo;i": |
the 1th stolon and tho 4th hydepa'nthg Clearly tho.
nutritent that reaches tog/éxh hydranth 18 fhat_arrlvlng
via all possible péphways} not only the minlmum'path‘longth,
2, It 1s assumed that mixing within tho stolon

circulatory eystem is not perfect, and that the ;
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emount of nutrient arriging at the ith stolon tiph.'”
from the -ﬁh hydranth 1a'aomé funotion of tho |
distancc. (Hers 1/d, r# L) .,. o o . ‘:':"
3 -It 1s assumed that growth of a stolon tip is proportional
to the food arriving there, 1mply1ng, in turn, that
growth 1s the result of cellular mul;iplioationlat
that stolon tip”f’ Another possibility 1a fhat oalln";'
are formed élqewhera in the éystem‘éné traveIAtﬁrough.:
the stolon to the growing tiﬁ. o | | -

Stolon,g anchigg o ' 7“ _‘  ' e

A variety of mechaniams are conaiatent with vhat we know

‘of stolon branching in resl colonieso No systemaﬁxnﬁ;nalyais of -
colony pattern to deiermine bragch pbiﬁt geomotry has as yet' '
been carried out, He do know, however, that although any |
isclated hydranth will form stolons at 1ts proximal end hydranths
in %he colony, except for the primpary one, do not originato '
‘stolons, Ve also know that more distal atolona can be 1nduccd
in isolated hydranths by tying a fine hair around th@ body
column9 whereupon stolons will form Just proximal %o the. hairo,~ B
If stolon growth point produced an 1nh1b1tor of other,gwghhi‘
growth points, and th;a inhibitor wero.oonstantly in excose f‘
of a growth thbaéhold; then thereléodld:bé_ohly_one growing_
stolon, | | ': - o .
1f a highly unstable inhibitor that diluted into tho , ‘
stolon‘gz:'oontlnuously produced then & maximum concentration
would exist at the origin which wouhd fall off further rram

that point; this would reeult in a distrlbutlon of bmanoh points

1
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tending to regularity. Gross obscervations on real colonies ,
guggsst that this regularity 18 not in evidence. The possibility
oloowt that it @xista but 1s masked by atolon branching and
anagtomosls cannot, however, be ruled out. '

If a relatively stable inhibitob of branching were pro=

duced 2t s rate that balanci’y its destruction, or if a diseroto -

apount of a sta?le inhibitor were produced onoe during the formation

of a new stolon srowth polnt, thon the only way in which Lta
concentration would be lowered would be by 5rowth of the entiro ‘
syotea. VWhen through stolon growth tho system became 80 larsa g
that the cancentration of thie inhibitor fell below a threshold,
thn any point in the aystem would be as likely to form a branch L

point as any othero‘ With- the formation of 8 new growth point,

an add tlonal quantity of the Jnhibitor would be lnjected into

the system, and the formatlon qf other points wouwld be blockedq .,
This latter sesumptlon 1s the one that has served aaur '
the hacls fcr our programming of stolom dbranching.

The rule that 1s follcw 4 specifies that for every four.

" unite of stolon growth a new stolon growth pqint'(branch'point) o

‘18 chosen at random from emong the exlsting points, and a dirédtidp'

{. ., or down; lelft or right) 1& also chosen at random.

One problem arising in the application of thia rule 13

whether stolon growth points ‘that havo anaatomo”ed and thus

disappearod, should be replaced (by chosing in each generation,

.in &ddition t0 the new stoion growth points dictated by stolom .

grovwth in the previous ganeratioh, additional new 3rowth'.

points equal in number to those that have anaetomcnaﬁ': 1t

g

the real coloniea follow the former method, that 18, non-ragi&oement

|
{2 .




then 1t would seem unlikely that the stolon tip continuously.
prcduces a growth controlling factor. Colonies oxemplifying

boih al4srnatives were gensrated, and will be considered below,

Hydranth Xnsertion , _

'If stolon plecéa differing from each othbr acoording to
-whﬂther thay do or do not bear hydranths are 1eolated rrom a :1'
colo 1y by scraping the remainder of the colony away from tbo lu
desired portion, the followlng reaults are obtalned afs or tvwo '

~days (Bravefman, unpublished). Ninety per oont of the timo,
buds aprsar on stolon/%riginally conteining no hydranths. on
orly Lwantly per cent of the s«olong bearing either one or tuo: .
hydranths do new buds appear (Tuble 1)o .

It seems that the presence of pydrénthé on a segment bf -
stolon inhibits the appearance of othor hydbﬁn.ths on that |
‘sognent. | B j. o .'~. | e

o Our hydranth insertion rule atfémpts to rpflédt this
inhibitory control by providing ﬁhat a hydranfﬁ will bejinéertgdr.
“ut c point if the joint 16 one of three adjacont cormected B
po:hys without hydr@ﬁ}hso Points of the nth 5eneration are
considered for hydranth insertion, as wéll.aa older points that
are Joined by néwiy formed stolona, ~Somé 1gter.ooioniea arcw *
programmed wiir a slmilér rule , with the exoeptibn that-foun:;s 
ad jacent points are required, and hydranths aro 1nsertod on
points of the (n - 1)th generation.
It 1e clear that on a stralght stolon elfhér rule would
‘result in a regular pattern with .3 hydranth every three. unita

) ~ (Fig. 7a). The interhydranth d1stance of hydranths on tho .-, - . °

' . . M
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straight line colony would remain at 3.0.. ¥ith inorcasing
cormeciivity, the pattern of Figufo 7b might, howover, result.

The rule determining connectivity has a strong influence on
kydranth distributiod(?is.,?g).' Tha effoct of varying

cormectivity on the interhydranth distande.will-bé discussod.
helow, | ' | v | ' ’ .

Tt 1 clear that 1f control by iz inhibiting subétano9”15°
irvolved, then our rule.for séannlng‘rour ed jacent pointo and
inserting a hydranth at the (n - l)th:bointAia‘but.a-crﬁﬁo-' .
approximation to & possiblo biologiéal mechaniém; A more prgoiao
reprasentation of the'amougt of inhibitor afriving ét é point j
would take the form proposed for the arrival of the hyd}an;hn?
nutritive contributions to a‘poiht; that.;s,,it would ropréoogt,
th pwimation of inhibitor arriving from all hydranths at a
‘ point, §1a all posélble pathways, wmodified by a fac* .r ?cprqéontlns
attenuation of the 1nh1b1£or due to time and d;étanoe gravelyod: 
(L.8., the labiliﬁy'ot the substaﬁoe, and the amount of it |
remcved from the coenoearc.by tissues along the‘ﬁay); and‘by'
the natura of mixing within the stolon cifbulatipn.t'Althouépy
preliminary analysis 1ndicgtea:a“pendency,for new hydranths .

<

the
.

to be formed on stolons of the (n - l)th,genefation (that 1o) .
on theo previous déy’s - tolons), there appears to be a emalllif';'
consistent deviation from this tendency: hydranﬁhs also forn-; g
on older stolons end on stolons of the nth generation. An’ t'.
investigation of the mechanism controlling hydranth formation
nust wait.?or it clear uﬁderstandlng of the {1ma sequonce, an4
geograbhy of hydranth insertion on stolona.. Ooll diviaioé .
kineLica and th9 dynamios 6; cell movemeﬁts wvithin tﬁo oyatqm~.:
| may ve rclavent to this quéstioﬂo | | |

. o1
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Sexuel zoolds are formed de novo (for the larger part) .
in real colonies, ‘and generally are f{irst’ seen in the immodiato
vicinity of the initiating hydranth. The sexual detormlnation

is 1limited to localized ara#s in the etolqn matto (Braverman,‘
'1963). Age or donsity'could bonthe reaponslble‘factors for
the 1n1t1uvlon of th‘a second type. Either factor could 6pofate
by reduning the opportunity for oquilibration of auoh metabollo
products as carbon dioxide whlch is known to stimulato precovloua
and adventitious medusa formation (Braverman, 1963).

Our initlal code operatea via density. ¥hen the count of
nutritive hydranths excceds a dotermined numbe:-vithin a apepified
naighboring area, we mark tho point as. a :eq point. Red (aox@gl)
zo0lds can subaoquently férm within(a ebociried radiug 6! this
point if they n&tisfy the same rules a8 pertain to black hydrantha,
1.6., no hydranths within a apocifled path length. Ve havo
conatructed colonias following rulea in vhich red and blaok
are elther 1gnorant ‘of each othsr, Qr wo have 1noludad both ‘1
red and bladk in dqtemining the pcaaibnny for hydranth
- insertion. Ve have also programhed réd z001ds to form aoc &
functlion of atolon age, using as a trial age tho avorage -
goneration’ at which red zoolds first appcar. Al though thore 13
a slight tendency for red hydrantha to form closer to tho' |
center using these rules, the two seta of rules are esaentially
equivalent in thelr resultse. ‘

The rate of sexual z001d formation, the poroontago of
saxual zooids, the tendoncy for this percontage to-atabllizo,
for the rate to increaso or decrease, and the radigl distribution

.



of sexual zooids--oach of these barametéra_variea with = -

quantitative variation in the rules, and not alwayh in a

e

manner that could be predictoed 3 Erior o -

Colonx Generation

The rules generating the first set of wolony pattern:. .

are as follows:

lo

e

4,

Se

6.

8,

~ do not count in any probabilities of 3rowth.

TWOwdimaneional mesh, gfdwth'reétriotcd‘to noahif
points. _ | : . | o J‘
Stolons ean grow in four directions from tho 6riéinal‘
pointo . | | ' R
The unit of stolon 3rowth in invarianto

‘Cnce eotablished, a stolon growa in a straight 1ino.

A potential growth point growa with & probability '
dicvated by the count of hydrantha within all connocotod

path lengths of five units from the point. If this =

count-f 5, determiniatically grov one unit -in ‘the .

next gencr&tion. 1t the oount<< 5, then 1/5¢ (oount)_i
probabllity of growths - | - '

Insort hydranths at points of the nth 3eneration o

if thero are three adjaoent points without . hydranthefi

For every four new pointe added, and for every timo

a stolon terminatoa, chooso a-new branch point at -

Tt

raﬁdomo : : _
If the count mentiocned. above (rulo 5) is = 6 mark ff,
thls point as Q 'red point.® Subsequently, if onox
can insert any more hydranths within a connectod - '

prath len th of three units from thie point, mdrk ., -

[N

these as "red" or reproductive'zooidaa Such zooida :

23
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Programzed wlith rules such as these, the oqmphtor'carbiea
ou*t the indicated operations aﬁd:describéa the state pf the
colony after each generation. It may also be programmed to |
carry out a number 6f<anaiytical operations. The print-oui '
for any gensratlion consists of |
l. A list of the occupled stolon points, 1dent1fied by
thnlr pogition on a two-dimensional matrix, tho diroctlon in
which the stolon grew to each point, snd a description of tho
‘connectivity at-each point specifying which of the fifteen '
possible oonrigurationn of 11nes about a point. Ln,four diroctiona.
exist at that point. . ' ‘
1, A ligt of hydrantha, also 1dentiflod by co-ordlnntoo;
the red hydrantha (sexual zooids) are 1dent1fied 1n thla liot
by an added symbolo. S S 'w~ e ‘
3. A 1l1st or'all rod points. o ,
4, A list of, .11 branch pointa and tho direotion ln

‘which they branched.

U‘l

A 118t of the potential branch pointa that aro io o
.~ be oonsidered for growth in tho next generation. ‘ '

6. A list of doad branches, that 1o, atolona that hn.va

T ,4;A
i

- been removed from conaide‘htion tor growth baoaueo thoy have ’u""

anaetomossao , o . ' ST . -' : v,:f:"
To A list of the branches that vill die at tho end or

the preaent generation. ' . R "‘  }“.Hj{:ng

8. A list of the possible grouth pointa thnt are pot, ; ;',

iv

B .
. .

growing in the next generatlon.

9, A list of tho posulble 5rowth points that aro grouing

in the next generation. L R
. ] . : N . L. . . .- .

~".2é,
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10, An analysis of the radial distribution of black and
red hydranths separately. | | -

11, An analysis of the frequency of hydranth distribution
among the three possible interhydranth distancos (6ne, iwofqr '
three stolon units) expressed as percentages. S

12. A statement of the number of entities in oach or tha
above catesories. a atatement of the percentngédgiaok and rod '
hydranths, the ratio stolon 1ength/hydranth numbor, and thﬂ .
generation number. | ‘ ..

Problem No, 3, generatod by these rules (Fig. 8) s a °
pattern of high oonneotivity. Boventy perqoent of all atolon
points are branch points (Table 3)e A amall nupber of isolated
stolons with an 1nteghydranth 41atdnco of throe exiat; but fb; _
the larger baft stolone dbranch soon'artor thoyvaro rormod. At
the end of the run of thirty-four 3onerationa, four per cont.

f the hydranths were three units apri, tventy eight per oont 
were two units apart, and aixty-eight per cent, one unit apart
(Fig. 9). Duo to the high conneotivity, ganerative zooida, ”_
ropresented in Flgure 8 by ciroles. comprlsod flfty-nine '.k_jn

g tae

yrr cant of all zooids, and their proportion appeared to bo ;j

S e

increasing (Table 3). . o S . _'"'~E 'g .
Two phases of atolon growth can be rcoognized in thia ;‘ff

-

pattern (Fig, 10). The firat ends with the 8ppoaranco of
génerative z00ids in the colony. Thereafter stolon grovth ”
proceeds at a constant rate, despite the fact thnt tho rate-
of live stolon 1ncrease (1.8., the total stolon pointn minus

‘those that have ‘torminated through anantoniaio) is dooreaeing.




A high porcentuage of the gtolon growth points live only one
gureration, thus the long stolon lines repesent anastomosls
of wany separate stolons, rather than the. growth of o single
-one; | | . ‘v ‘ |
~ If the rule for the formation of red pointeiiu changod
to require that tho count of black hydranths within a pa?&&é
length of five should be seven instond of '@ix (Tabloa 2 and ?
Fig. 11) there is littlo reflection of . thia chango in any
paraxeter of colony growth other than the prOportion of. rod
hydrant..s. (Note, the 1dentity of the tvwo oolonios up to tho
time the new red hydranth rule 13 1nvoked p¥: ) due to their boing
gonerated with the same random number serios.) The alopo or -
the red hydranth curve (Figo 11) suggests that the tondenoy 1n
‘'this problem, No. 6, as in No. 3 (F&g. 10), 1a for thoe proportlan
of red zooida to lncreaae. ' C " o -.::;
 The same holds trus if the rqle.lé.chaﬁsodffo apqcifyf'“ =
. ten black hydranths 1n.§he neighborhbéd?béfb§o'a réed polnt'iq{, .
established (.o. 8, Tablo 3). Although tho porcontago of\ zoolda '
alter thlrty~tvo generationn is reduood to thlrty-five, thcir

o Y ‘-

rate of formation 13 increasing.,.
Apparently quantitative variation 1n the spocifioation of
the red point rule’ exert)ﬁiztle influonco upon’ the ultizato . .
colony forme. - . . : '4"':' ‘ ,
' When the drastic fevision of the rule spooificd fori'tj“
Problem No. 10 (Table 2) was programmed, aﬁd ruﬁ‘yith tho
same random nﬁmber sequence ag Noé. 3;'6, and 8, there wasi%' fﬁ'

8t111 11ttle chsnge (Table 3, Fig. 12): "

. * te . .
. . co . )
v . . . R
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If the roplaccront rlo 4o chﬂngcd; ﬁowavor, profound__“

differences in colony morphologf occur. Gonoratod colonics
Nos. 5, 7, and 12 (Teblos 2 and 3) utilize a modificatica of '
this rule which specifics that tho now branch pointa 1n each ’
generation will be oqual to _/4 (where k 10 tho numbar of
stolon points added in tho proviouc gonoratlon). -No proviaioﬁ :
for roplaoemont of otolonn terminnt1n3 in czastomoses wos nado.
The cklony pattorn rosulting fronm thia chango in the
replacement rule (F&g. 13) 1o far more opon than that in w&loh -
dead stolons are roplacod (Fig. 8). Probdlom Ho. 12 grovs pors
slowly (Table 3) than No.’ }, ocoupying only 166 points 1n |
thirty generationn, oompared to 255, but it covers more ar*a )
in doing so. Problem No. 3.almost completoly fille in thc
area it ocouples, whereaa No. 12 fills 1n tho. ncnh 1rrc°u1arly--.
except for the center, which at thirty-rour sonerationa is
al:ly well filled. Gexual zoolds (eirsles) follow dona,ny,_'
.:Ih ko..} they ari ubiqultouailn thg colopy: in No. 12'tﬁey' '
are more limited to the central moa. ‘ | o |
At thirty-four gonerations (Fig. 10) tho growth rato of
No. 3 appeara to be oonstant and the acxﬁal zooids, which ap,oarcd
in the colony at about generation fittoen, aro 1ncroaa:f* ug,-f;‘
proportion. Soxual 2zooids do not appear ln No. 12 until af;é?_.'
generation twenty (?13¢ 14) and their numboré at th;rty-fbur S
gonerations are so few that no tendency.in'thoif rato of 1ﬁcr;*:3.
can be abstracted, | o |
The rate of stolon growth and that of hydranth'foranﬁici.
however, appears 1o be oohatautly dooroaoiné betwoon génoraticuqf
one and thirty-rour, By sixty gerierations (Fig. 15) thio -,' _,\'27

A -

| tondency 1s olear cut. The ratio of pdintn of tho nth Soner&tlan

ot as i Py it
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at s81xty. The growth rate appoars to be falling off to a point

¥ j47

at which growih will bo constant. This appeara to be truo‘ir

e, o, .
e

rule,

L}

Discunsion
The sample colonioa gonoratod up to this dato (i.e.: up

to Problom No. 12) are largoly of an exploratory nature. Thev .
represent the rirnt attempta to test ‘whether tho code wo havo
writton eatisfaotorily copes with all the probloma ,has qgiuo '
during the courso of colony generation..rrhua far, our‘major'i
conclusions relate to the paucity of operational rules that

are required to gonorato a pattern of such oomploxity. ._-:{:'

In respect to making expliolt tho rcquired oporationa. J-

*

I

Nos. 5 and 7, each or which was genernted with tho no replacoment ’

»e

tho oxercise of computor generation has aarved to sponify e

exactly what parameters of colony growth wo - must be cognizant
of in order to program tho operationn of the growing colony.

" Our future plans for rofining the growth rulon are dopondent

cn acquiring more 1nforuation about how real colonioa 3row--
not only information regarding tho pattern: or fhe:rolony bBut

also information an to how an operation is carried out, 8.2

of what the hydranth .insortion rule conuista.. The pdttérﬁ or;"

fusure research thnt we contomplato takos the form of a ocnr';

A R

tinuous dialogue betwean questions and auggectlons arrlved at
through compusor 5enerations. and biological exporipents an¢;
obaerva* 1ons anavering and prowfing theao. |
These initial generatod patterna have nainly sorved to

define for us the parametera that are of auﬁmioient 1nteraet

oL,



=d~

to warrant subsoquont inveotigation in groater dotatl, . . ¢ '
Authoritative comment upon the offects of varying a rule will ;
not-be appropriata ﬁntil tha'namo rules aro run e a;rtigibnt.'
| numﬁer of times (with a differont randon nusbor soquenco azoh
time) to establish the statistical aignificance of the rooultlﬁé
pattern. | h o : B
AlthoaLh we.have baon Qatiaried, 15 our initial ntﬁc:uta.'
to define stolon growth with the c¢rudest approxlmaticn toa
bilological mechanisnm, we are now attempting. to devigo & worhablo |
algorithm to reflect a somowhat core realistic appraiaal, Iho
1deal formulation summarlzins the influcnce of ecach hfdranﬁﬁ"
in the colony upon each potontial growing stolon point, io
computationally unréaaiblo at tﬁo‘pééaénﬁ time; 1t is roancnaﬁie,'
howaver, to analyzo the 1nf1uonce of the hydranths vithin a . '
clrcumsoribed noighbovhood, anc. fn tout ‘the’ aesumption thnt .
contributions from hydranths external to the meighborhood aro“
lnsiénificant by'coaparing pattoerns gehprapod‘vith leniflcgnt
acighborhoods of verying sizes. }. o .' -
In the model prgfoscfij_t_.he relative 3rowth of the ith

stolon : A~ o '
t, = D = '1s transformed .into

St

“r v e

absolute growth by speoiégggé Qhat‘g —-(g) n, tho total atolon

growth in the colony is a function of tho number or hydrnntha.'
and thet (gy € K)H-f3) tho absolute growth of the th stolon’
is proportional to the numbor of hydranths in the colqny mnﬁ.::(
vho relative growth of the ith stolon. &8tolon growtﬁ should,

therefore be oxponential, since the pumber of hydranths ‘10 & .

’ 1

.29 .
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function ¢ tho slze of thé stolon qyatdm;- Somewnat surprising
is the strong tendency to oxponential growth in the problems .
already goneratod, since their generating rules in no ﬁﬁj '
provice for total growih as a function of the oxieﬁiqs cclony |
8ize, Apparently hydranth proximity 4s closely ehouéh *eiateﬁ
to colony size so that oxponontial 5rowth is obtainod, even |
with the present rules. It should be enphagized that the rulen
utilized up to thﬁ'presont tine, contain no expliuit strioturoa _
regarding the rate of colony 5rowth, yet the.growth rato,.&n'.;:
colonies following the & rulo, tonds to be. constant, .
The hydranth inaertion rule, too, represents a orudo .
approxipation to a biologioal moochanisn, apeolrically that
recognizing the influence of existiing hydrantha on hydranth
format fon. Battior approx1uationa or the ondor of that aucgestcl
for the alolon growth rule are contonplatcd, ag are oxpor}ucntal
.proofa with real colonies of those cdnt#dl'mechanihma~thaf .,,
computor generation 1ndicatoq are able iowgohorato the obaorved"f
hydranth pattcrnn. A _ - ‘ | )
We are not as yet extracting from our. g itor 5oncrngca"3*-
oolonise the maximuz available information. With a amall.' | t
expenditure of coaputor time it 1s.p6951b10 to analyze senerateqi
colonies for virtuallj any paramoter.i.rqr éxamplo'we douldf
93termine for each generation fho'hveragd age of all oxtent -
hydranths or record the distribution of»&sen df stolons on |
which hydranths appeared. We are not yot sure what the -
sigﬂiflc&ﬂt purametari ere, nor can we tell vhlch phcncfunon

11 c1reot1y apecified and whlch 13 an unprogramucd oonecquﬂnoe

of a controlled operatIOﬁ., . - _'_‘; - o SR
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It now appears feaslbls to consider a discrete grid
approximation of the pattern of a real colony, B8O ﬁhat tho'roqL
colony growth can be described in our codse and oubmitted to |
Lhe cozputor for analysis that would bo oxtremoly tcdlouan 1t
carried out by "hayd.' Although the hood for cortain annlyooui :
i3 quite clear, thoro ropains a rohocnablé doubt'éalto wﬁat
other . information 1t vould be fruitful to oxtract. o

Boginning with a oot of rulos doaisned to 3rouc1y L,
approximato possiblo biologioal oontrol mochanismp, %3 hnv7
generated a aumber of pattorns, - Tho growth of tho‘pattora-, .
~ evon 1in znalogy, differs in a ngnbér of roopecté_frqj vt U,

know of the growth of the hydroid, That is to be expoctcﬂv

-

It 18, in the end, tho specific rules thnt will dotoroino $h0
similarity or dirforonco. The patterna 3enoratcd by tho . nAKZM
‘recursive spplicaticn of the rules, 1f not identical to tho. *
pattorn of the growing hydrold, Podocoryno snrmos, ere of &
same kind., Reitoration of tho sipple rules, in toto, in eaoh _
goneration, goneratea a pattern not' only of 1n0roanin3 oocplcxaﬁy.
but 1ncorporat1ng nev entitles. ‘The overall pioture of o '
pattern ‘of concentrio dirrerontiatlon oxtending peripharally.=
and the introduction of new entit;os, ocntrally. can bo |
simulated as a function of tho 1ntoraot10n of simple rulage .:;

A point by point analysis of tho Podocogxg colony Gonsribos
a pattern of groat cémploxity. This caaploxity noed no%, hdyover,
standin a one-to-one relationship to tho rules which §ORCEO
the colony--that ig, with the colony's gcnotia ondowmant.

The computor gonorated oolonioo domongtrato that tho gamo zikﬂ




of end product complexity can arise through the interaction of |
a spell number of simple rules pertaining to: the operationa ,'vﬁ7.

rather ‘han the objects of devolopnont.

]

The developing hydroid colony~is an oxtromoly simple ;2. ii[
oxample of a self-organizing ayutom, and tho ooaputor 50nérnt¢d
5 .
colony inccrporatea only a portion of the known parametora of,

.('
Sl

colony variability. Even 06, the rolative aucceaa of thia ' ;f

'
.'h ‘;‘l,"
"

simple model suggests tho poaaibility "that a rolativoly mauv v
nunber of instructionn of a hieh powar aro oapable of ahapin@
the extraordinary oomploxity of animal orsaniomn“ (Havkins. 1963)..

VI ,
The current model for biological roplioation, involving tho ,;;;‘;j

'. d

presence of a tapo dosoribing tho organiam, dorivee fron von "‘E
iR

_Nouman's (1956) work on tho Tﬁrins machine. that’ in a maohinat« e

»,

that can make another nachino identical to itbolf. Thin. ;};uﬁigi;"

however, is a machine springing full grown" into the. worlds ,'}
AT

perhaps a satisfactory. modol for’ baotorial roplication, but S

:‘ i
s ‘0 -

not a satisfactory analogy to tho animnl uhioh undoraoeo W ';fﬂ.bﬁgf‘l

A
sam et et
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The tapa for thia kind or naohino--a dovoloping maohiﬁo ', “‘f

would not be 1likely to oontain a doooriptiqn of ‘the maohino f‘f’ﬁ

'r'.! W e
o
v e, ' s,

.at all, but rather‘waild incorporato. nmons oomo donoriptivo Y

5

elomonts, a aeriea of simplo intoractins apecirioationo.,:

§ 4

,‘
t o .

- ] ",

i e v

e "," .
vhich are applied to the ohansing énvironnon% thoy oroate in “ 'i{p.

the egg, in such a vay that the adult 10 tho Only poonible -”.;,1"‘“
A ..':'=3 é‘x

oonaequenceo .. K v o . ] '_ . “.,. . ‘z!.,‘ "‘ ,tt"' .s‘-‘.' ) II'
- ey ST Y AN

This idea 1s éertainly ﬁot'neuz mho vieu of bona da a-
doveloping syaton aoquiring opcoifioity rrcp itu onvironmonﬁ L':t\.
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. was suggested by Jeffries Wyman (1849) dnd.conaldo:nbio

6v1dence regarding the rormation of trakbcular pntiorns in

response to environmental stroos existo (ﬁurray, 1936). |

~ Guatafson and Wolpert (1963) oome to the. oonoluslon as.a

result of their painstaking studies on the morphogeneula of

the ‘sea urchin ;haﬁ?the ocmplex morphéloéiéal evonts in early

" sea urchin development can be reduced totvariéiibna of a'iow:'

basic cellular uotivitiéa;in partiohlar coll cbntaét anq éooudopsd

formations ,. S L "_- | . ;,‘_ MR
The theme of 1nteraotion.anon3 the. ahaping forcoa of tho N

developing organism is explicitly tornulated 1n D'Aroy ThCﬂESC‘ 3 G&wa

;

Growth and Form (1963)8 ; .'47 co L
e e modificationa of rorm will’ tond to manifont
‘thamselves not eo muoh in amall ‘and isolated phonoaona,
in this part of the fabric or: that, 1n a aoapula for
instance or in a hunwrus, but rather 1n some plow,
general, and noro or 1oaa unirorm or gradod modiflcaticn.
opread over a number of correlated parta. end at 24ros .
extending over the whole or over great portions of
the body." ) | .
 Although 1t would bo a eatiufying 393_ rde foree to g 1740
& aynthntic colony that 1s atutistically 1dont1da1 to tho -
. real oolonios, that 1s not our najor go&l. wo are primariuy ;
interaested in using.a nodol syoton dorined by a serios of SO
to investigate the dypamlca oqintergctlon anong roocursive
.rules, to develop teclmiquos for the synthotic analyscis of
biological interaction, to explore the ﬁailanéo,introduccd inff'\

]
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the end product by. ohsnges in thu gensrating rules, to ezp1oro
the possibility that such rules, 1teratod 33 toto in osoh

R
[

generation.could gonerate an endogonously sizs limiting systom

and maintain a dynamic oquilibrium in. sm"t systcm wit.hin a'

ore el

[
PR

range of, externslly originated deviations.,,.g§* fjfﬁ”'f'? ;:fft
None of thoso somevhat optimistio soalalwonld bo :g;?fféfj

meaningful, however, without a rigorous domonstvation that "

the model is oapablo of simulating the pattorn and funotion .

of a biologiosl eystom. For that reason Vo shoil oontinno ;o ;"

investigate "imultanooualy the real and synthotio oolonios .

in order %o demonstrate oonolusivsly thnt tho nctnal mechanismo

.o

of deVO%i)ment sro translatable into genoratins rulop.-‘iyovjm
: o et
t
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Stotlon, Naples, It&ly end at Krtotincborz Bcolomenl Stntion, -

*

8vodon. The hoapitnuty of Dtrootor Dahrn tnd Diroctor , ;" o

Svednark ie gratofnlly ackmwlcdgé.d. fhe majOr pnrt oﬂ RS

tho biologtod vork on Podocomo carnos . m corricd ont .

N
»
0

during the tenuro (by H.B.) of Y N.A.'l'.o. pocMeotoral‘ ‘ *'
followahip. The idow of ontubuobing gouonung rnlca » ’_-'.r';‘

" for P. carnoa ooloniol urou in dhou,slon tith D. ﬂav!dnn,

< e

who, along with E. Prmvits, hn conttnm to eontruneo ;_f"a,

p,, . ,l ! o o
) " ~ Y -

uony ideas to tho vork‘
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Figq 1.

Fig.

Fig.

Fig.
Flg.

Pig.

2.

3.

4.

8.

6.

7.

CeBhe

FIGURE LEGENDS

Pedocoryne carnea colonizes the ;hell ot:a hermi t

- creb with nutritive, spiral, and generative zooidas

the latter form gamete-bearing medusae. The egg,
fertilized in the sea, develops into the planula which
metauorphoses into a nutritive hydranth on the anail
shell, | '
Average grovth of four colonies of Clone W, grown
at 23°C. 2 atolon length in arbitrary units,

(), hydranth number.

The frequency diatribution of interhydranth
distence in colonies conaisting of fiftoen hydrantha
4 and forty-fivo hydranthl <o : ‘
A diagran of eolony"dcvelopmnt over c'fenr nonth
period. Only two tentacle. are ohovn on each gzooid,
and the atze of the aooidn ias exaggoratod.
t ! .

A pattern generated by the reeurs!vo applioation of

a sinple rule.

The rule of Fig. 3 ocarried to twenty-three

generationa.

8. Application of this hydranth insertion rulo to a
straight stolon results in hydranth‘ (fg ) three °
uni ts apart. The next hydranth will be insertod

at the point of the (Efl)th generatioi.

b. The point indicated by the arrow is eligible

to receive a hydranth as there are three pointa
lacking hydranths around it, and 1t is a polnt of
the (n-l)th generation,

€. Yhen the sane configuration oocur- at & point of

the (n-2)th (or older) generution, the pointuds
eligible for hydranth 1nuert10n. :
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e

g,

Fig-

E‘ign

hgo

Fige.

Fge

Figo

10.

11,

The colony pattern of problem Noo 33

nutvitive hydranth, '~ generative zooid,

The percentage of hydranths at distahoces of one,

twn, emd three stolon uhits during the course of

growth of problem No. 3.

The growth of problem No, 3 j ™ total atolom “
points, total hydranths, - red (gemerative)

zooida, . live atolon points,

The growth of problem No. 6} 7 total atblon.

. points, ' total hydranths, red (generative)

12,

138,

14,

15,

zooidas, . . ) o

The growth of probleam No. 103 - total atolon
points, - total hydrantha,.  red (generative) °

zooids,

The colony pattern of problem No. 185  nutritive

hydranths, generative zooids.
o . . :

The growth of problem No. 12, thirty four generationsj
total stolon points, " total hydranths, . N
. rod (generative) zooids.

The growth of problem No. 12, sixty generationlj

totel stolon points,  total bydranths

red (generative) zooide, . .
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Table 1

Ifydranth Growth on Isolated Stolons

Exp. No, No. of hydranths No. of cases. No. of astolons Percentage of

on stolon. . " hearing new stolons bwaring

' hydranths. ‘nev hydranths.
1 o 5 S
B 2 2 ' ' o A7: .0
0 8 7 o 87"
2 SR 8 C s T
° 0 1r o . o2




Table 2

Variations in Rules of Generated Colonies

Problem No.  Rule Five ' . Replacement Rule
3 A3 stated _ ‘ Yes -
5 As stoted g "+ No
8 Path Length 8y 7 to form red pt, Yes
7 Path length 8, 7 to forg red pt. No
8 Path length 6, 10 to form red pt. No

10 . Where ha no. of black hydranths Yes
within path length of Bs - .
.if 0 h B grov one or no units
125 h iL0 grow two units -
1£ 10 h grow three uniu,
4 mark as red ,ﬁt. o _
12 As10 . Ne .,

V. L '.‘n,.:’;..,. e

N ’
e v, L
f



-38

Table 3
Summary of Generated Coloni es
' : ' : _ . - eV,
Prob.Noo Rule e; I.H.D: (50 % Red $'e.r..(¥;:). Tf’?(ao)‘ ‘;-1§+ n.lz
)
‘Replacement . _ T

3 6/5 6440 6 - 59 10 37 255  2.56 (34 gen.)
6 /5. 68.25 7 46 6z 39 261 3.06 (34 gon))
'8 . 10/5 49 48 B 36 68 35 326 3.15 (32 gen.)
10 10/5 6132.6 85 10 45 447 6.0 (30 gen.)

YA, o '

No Replaceanent _ .
5 6/5 34 38 28 30 26 23. 98 1.0 (58 gen.)
S o 1.71 (30 gen.)
7 1/5 354124 26 . 2 24 118  1.24 (52 gen.)
R . 1.87 (%0 gen.)
12 10/6 42 40 18 16: 25 26 168 1.06 (80 gen.)
varo ' _ - : :_'5 3 ~ 1.58 (80'genf)
. IUHcDo(ao)e Frequency dietribution of 1nterhydrenth dletunoe at the
: " thirtieth generation, exprel.ed a8 percentegoo

% Reds The percentage of all sooids that are red (or generetive) lootdl
| after the laat gemeration. o
% B.P.s . The percemtage of all atolon pointe that are brench points
af ter the laat generntion..' :

(fgg\a The number of tennxnal stolon pointe (1.0. groving stolon
points) in the oolony rhen there are a totel of 150 stolon
polnte. ‘ ‘

A
wg‘-cvtg.z
; W are all the etolon‘poiite that grov in a given generation,
W s+ W W +W - o
n-1¢ a-l2 n-2 4, the nunber of pointe that grow dnring the lelt

5 —5
,generetion and the(n-z)th generatien averaged so as to

counteract the effect of chante variation in a single
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goneration, This figure gives an’
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tendency of'grovth in a gonérateﬁ

.laat ten generations.
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EXPLANATION OF PLATES oo '
Plate 1 )
Fig. 1 A tvo to three aonth old Podocoryne carmnea oolony growing ' T )
oo a microscope slide, The colony conaists of stolons, nutritive .~
hydranths, and generative zooids (arrow). : : : S
. .. - o Lo . “(',2: IR . .
Fig. 2 One of the daily photographs used ‘to 'ol')tain_dnta‘"on' colomy' .
geovtne L
-~ h_"(,‘}j‘"'a " ' Yy . ) ) B .
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- FOOTNOTES

Work performed in part under the .uapien of the.
- Atonie &urg comtuion.
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Fige 1  Podocoryne carnea colonizes the shell of a hermit

crab with nutritive,spiral, and generative zooidsj the latter

form gamete bearing medusae. The eggy fertilized in the sea, it
develops into the planula which notuporpho-e- into a !mt.rit.""r

hydranth on the snail lh.llo
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Qo078 10 15, 2 25 days
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1/1 -
pig..? Average growth of four colonjes of Clone W, grown at

23°c, @® stolon length in urbi trary units, © hydranth mnber.

w
>

oot |



e

s NP

PR W

e

.
&

i

o,

T
%
[N
P

L

it

¢ i
Wy

o

’|

-

pe -
%ﬂ:.

-
-
M

e

;
- 6

five
AT e

; . ;i
, A
| 5 . Pt ¢ .
| ) e

Pig. 3 The frequency distribution
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Stolon

Stolon Asex. | Hydranth Asex
A 1-MONTH-O1 D COLONY

M PRI o UK 3
Stolon Asex Sexual center Asex. Stolon

B. 2-MONTH-OLD COLONY"

i\ Y
Asex. Stolon

Sexual center

Stolon  Asex.
¢ 3-MONTH-OLD COLONY

3

&

%"’;ﬂ_ \ \
9

; 's;:ﬁ%&:: -vn NG o ot R ‘, i
Scxual
D. 4-MONTH-OLD COLONY

CCloneX 23 C '

Fig, i
L S dfngram of colony development over a four month
period. Only two tnntgcle- are shown on each zooid, and the

aize of the zooids is exaggerated,




Fig, 56 "Given a number of squares in the nth generation

the squares of the n+lth generation will be all those which
are odjacent to. the existing onens except that the SqUAres

which are nd jacent to more than one square of the nth génerat.l on
will not be taken." (Ulam, 1962)
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¥ljge T ‘e application of this hydranth insertion rule to a

Atral it stolon results in hydranths ()( ) three units aports

Phe pext, “vidranth will be inserted at the point of the n=lth

conerptione be The point indicated by the arrow is eligible

to recerve o hydranth as there are three points locking hydranthes
oraund 1t, and it is a point oi the n=1th gencrutions e ‘When the
gmne conncctivity panttern occurs at a point of the n=2th (or

sldor) geacration, the point is eligible for hydronth ifucertions

1
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Figo 8

The colony pattern of probled No, 3, x nutritive

(O @enerative zooid

hydranth,
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Fige 9 ' The porcentage of 'Hydi-o.ri'thi at distances of ofay WOy T,
and three 'stolon units, d’mfing the 'c.our'u of growvth of problem.
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Fig. 10 The growth of problem No. 3..’ total ltolt;u o )
points, O totel hydnnuu, x red (generative) sooids, o
0 1live -tolon pointl. ' : '
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Fig. 11 The growth of problem No. 6. @ tetal stolon pointa,
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Fire 14 The growth of problén No. 12,

. thirtyw . '
O total stolon points, Q total hydr Atrty-four generationg,

anthc x rod (genorauv_o) s00ids.
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