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camputor the development o f  %he rnarfno mdroid  Podocoryne 

carnoti aa  a colony f a  forsod by a s l q l e  hydranth ple~c3,od on --- 

a inlcroscope e l l d e .  The ccmpufcrgenerateea  relatively. . 

complex pattern as a'rnathes.rtL7:al m o d s 1  of  the growing syatem 

by 1Ssratlon of  a 'set. of elmple rules of growth. Thn model , 

connfsts of a conr,6st\=d network of polnta In a two4imensionel 

n.st ,  I t 8  arowtt, csn be followed generation by generat ion 

and selected parameter@ of the peLtqrn compared t o  

those of real colonlea.  The a b l l l t y  0.f ~ L n p l a  recuralve' 

r u l o s  t o  gstlarata complex pattern8 . sugeests . the p o s s l b l l k y  
. . 

tha t  i o x i :  t !.I:: i n e t r u c t  i o ~ e  of develoa i rg  6ys tern's m a y ,  In part, 





Podocoryne oarneg le a p ~ l j ~ o o r p h i c ,  colonial, marine .- a 

hyro:d, normally appoarlng .on a a n a l l  s h e l l  inhabi ted by a 

h e ~ c i t  axha'>, . The various hyiipdid yeroona conat l tu t lng a colony 

i .nclude the nutr i . t )va ,  t .  ~ ' e ~ i l a l  and the  a p l r a l  s o ~ l d s  . ( flg. I).. 

Those a r e  corrnocted at their  basea b y a  b r a n o h l r ~  stolon 

naf u ~ r k .  -.. ?cdooor;/ne -. ..- bear3 1380-swlmmlng medueae and l a  

d l o e a c f  ous, 

A aln@.u hyc!~xath plucked f rom tho ahel l -borne colony 

w l l l  ct: .ac2.  5 2  a microscope s l l d e  In s t a rd lng  a r a  water, wlthin 

a few dayso Stoloaa grow o ~ t  f ' rob. the i n i t i a t i n g  hydranth; 

they branch  and &astomoae. On these stol.one new hydranths 

appear, ColonLse inltiatad thie manner ultimately bear 

nutrltiva and oexunl zoo188 (PI; ' 1, f lg .  l), Sp1ralzoo:ds 

never dona on them. 

Colonlen establ iehod in t h i a  mar-ur car. bo malntalned 

under dt?firisd r o d  lt loos  ( ~ r a 7 s n n s n ,  1962) nnd t h o i r  da?l y 

c!:tmgea I r :  . f t . ) l o i ~  rocoPded hy phot ograph or aaklkra . l u c l d a  draw- 

ingo (3. l, f i ~ .  ;!!. Al th -ough  the.r,rs appears t o  b e  no yecog- 
. . 

nizeab1.a pat tern  t o  colony gorphology, thttr-e l a  a r ~  i.in2erly I@ . 
. .  . 

s t a t i e t l c , n : l  regulurlty. The qrowth of-  the .olosy ( ~ l g ,  2) 

procoitds a: a cona:r:lf r a t e ,  and the  propor t ion  of hrdranth 

. n u ~ b e r  to stolon l e n g t h  l a  regulated at 
. . a conatant  

(~raverman .  1963). It further appears that the d i a t a n o e  

between hydranf hs o f  y o u ~ ~ b  c oloniea  tends toward a nom. 



? 2 f i . 3 ~ ~ 0 i ~ t r i f  s o f  ti.:l) ?:.t e r h y d r m t h  tj;ntmcc: * r . L l  t;l??:r: 9 .Jt::UO 

> c ~ I ~ ~ c ~ ~ > ~  w b  .len they  a re  o l d o r  l n d l c a t o  that:  wl.:h :ne6traalr~ 

35r> ( p a r - i p s  r * e f l i c  t a; I:..; : V ? S S ~ ~ Y ;  8101011 ~ ~ m ~ ~ ~ t l ~ l t ~ )  the 

BV.arRge i n t  er*dranth d iii t i n c e  decreases ( F l g o  f ). 

The constan-t rate  of growth c o n t h u e e  u n t l l  t h e  tlms 

: x i  z o o l d s  appear in t h e  colony. A; that t i m e  t h e  

Pets of  nutritive ,zoold format lon I s  dep~e3:icC. The ~ o r u e l  

( S  ' 2 3  ;~ : .~~vsment  in  growth c o n t r o l p  0. tho ~0lnc.idant. l  

@ tf 2~ -. of HLJI!J& o t h e r  c o n t r o l l h e  f e c t a r  on both aaxklll and 

nu:~:tl& z ~ o l d 8 ,  ls h d l c a t a d  by lory.-tei.a qua1  l t n t l v e  anslyslo 

( I s . : k c e  14)" - 
Tn anc  uont.h old colon;ws of  c lone X g r o n  at 23' ?, 

?~yd-mths  f a l l  i n t o  th ree  rlrv gl.oaps0 There ara newly fomsd' 

hydranth8 of eragel s?zev rhone alze l l t  t h s l r  a ~ e ~  ?hire 
. . 

are 01601. hydranth8 t h a t  are l a r g e r  thivl t h e  grow- hydrantha,  

b u t  a l l  the same rSzn, and there l a  the prbary W r a n t h .  t h e  

. h y d r ~ a t h  ueed 1.0 i n l t l ? t s  the colony. which l e  t t s ' l . n ~ s e s t  of , 

6110 A p " a . ~ i ~ ~ t l r  the  , r o ~ , t h  of h y d r ~ t h ~  ir) ~ " B B  t i a u t : i l t i ~ l  C O ~ O ~ ~ B .  

I 8  l i n l t t ? d ;  h~ r e  o w  eo !!ig as the l l l l t l n t -  h ~ ~ d r a n t h .  

By two m ~ n t h s  a s x u l l  zoolda have appeared &,t t h o  uwnter 

o r  t h ?  aoleny, and hydrantila In the ~ s x u a l a r e e  u i d  t ha t  
. . 

lmnod le l a ly  aurroundlng it havo E ~ b ~ l  i a  the alzs of the 

; n l t l a t l n . i  hydrenth. The other two areas of hydranth size8 . 

ths g r l i r i i ?  ~'*"3i~ hydranthay and thues of t h o  airne size bu t  . 

n o t  uf marlmum B ~ Z Q , .  st111 appear in the col 'on$~ b u t  are nor  

1~ more ~ e p l ~ h e r a l  .raaS~ .it one month o n l y  a small proportion 



3 C  2114 m o a t  p r r l ~ h e r n l  rrto;or: L r e a  la devoid o r  h y d r w ~ t h a ;  at . 

~ . i o  ~on;hs, however, there j.8 a large peripheral sfolon area  

I - : ., -- "- I ::w a??.- r::; hydrazztha growing on It, 

3 ; : ~ :  o z  tho third month, each area extenda perl?herally; 

n e w  $,-CI.M Lim 3row oh the I o w ~ r l y  bare st olona ; hydrantho 

t .hot  were o f  graded qlzes a t  three months t o  tl,e ilmltgd 

maxlmum s l z r ,  and thcoo that had boen l l rnl ted maximum s l z e  . ,  

before a t ta in  the larger s:ze ,  as  :no sexual area extends 
, :  . 

perlphorally, 

Flnal ly ,  colony growth l a  halted by .tho l i m i t a  o f  the 

a 2 . 1 ~ ~ .  and when tho expanding sexual area reachen tho l imits 
. . 

. -d of tha  colony,  t he  deny lrndorgotw a n i R j G r  c'nawe, resulting 

In I raductlon in both nutritive and generative zooid deneity 
. . 

- -- '-.-- and a11 incrtaau 'in the proportion o f  a e r i a l  xoolds.  

Botwosn the  fourth and f l f t h  month glossy areas o f  0.5 

t a  2 ° C  mrd, in dlametor &mar on tho cclvny i n  what 8esma t o  
. . 

be a rando. patten--although their diatanqos from oach .other 

appocr t o  be ro?;ei .1~ the eame. Apparently the radial orkentation 

o.f tho colony no lower oxiets. These glossy arosb becoms 

bright gul low in t'lme.  he^, never acquiro the  o o n f l ~ r ~ t i o n  
. . 

o f  the   pi nos that e x i s t  o n  ahell-borne colonlea,  nevsrtheleen 
. . 

ti, i a  conc,eivable that they mlght bear some rela,tlon t o  that 

Tha sxlotence of s t a t l a t l c a l  regularity i n  the colony,, 

thd  pr-oportlonal growth of s to lon8  and hydrantha, and the 

that the 



apparently i r regular  colony growth l a  an'expres8:on 

of u n d a l * l y ? n ~  rul'ss of a nona- .dotermlnla t ic  nature. That these . 

rules src general r a t h e r  than  s p o c i f l c .  18 l n d  loated by t h e  

vnr.lar.co in po t t e rn .  but n i m i l a r i t y  of a t a t  1 s t  i c e ,  evidenced . 

by  sibling colonies  ,,...;at la, by colbnlee initiated w i t 3  

nut.-it:vc kqdrantha removed from t h o  earn. por t ion  of t h o  same . 

, parent colony). I t .  i s  hlghly  u n l i k e l y  that  each d l r o d t i o n ,  

each ~ t o l o n  brsnch p o i n t ,  e ~ c h  hydrsnth l c c a t l o n  i s  apeoifled 

by t h e  eene' t lc tnformatlon of t h o  a i 'aa l . ,  

Zt :s more l i k e l y  t h a t  gene t lo  information In t h l e  

animal 4conafsts  of a ser ies  of W e e  of general apg l l ca t ioa .  

For axampla hgdranths ~ l g h t  be Inserted at any po ln t  a t  whioh 

t h e  concentratlor,  of a hydranth l ~ i b l t 0 r  f a l l a  below . . a thrcehold 

valuo;  s t o l o n  g r ~ w t h  mieht b e  a funot lon.  of t'he amount of food . : '  

reaching a s t o l o n  t i p  through the  s t o l o n i c  c i r c u l a t i o n ,  v h l o h  

might i n  turn be dependent upon the dietaneb of that' point  

from t h e  f o o d  sourcea-9-nutkltive hydranthe; a new e to lon  growth 
. . 

po in t  might fcrm a t  any poln t  st which an Imbalance in the 

. r a t i o  o f  domo e to lon  stuff and some hydranth s t u f f  e x l e t o ~  

A a i n g l e  anymmetry, and asymmetry could be lntrcduccd through , 

any o f  theso hypothetical rules, n o a h  r e s u l t  b. a colony . 

of no appar ' t~nt pattern,, . 

If it were true that t h e  apparent i r r e g u l a r i t y  of the 

PoClo:ot-yne colony req lec tcd  t h e  l n t e r s o t l o n  of a e e r l e s  of 

probabil?atir: r u l e s ,  then 1% should be poss ib le  t o  t r a n s l a t e  

any proposed mect~anicrm . for col'ony r e e u l a t l o n  i n t o  t h e  f o6m . ' 



. . 
of a gonerat lng.  rule, app ly  t h e  rule, and .eae if tho d ;e t r l -  

3a:ion o i  colony e n t i t l e e  in the generated cclony resomblea 

tt.st of t h ~  real colony, Aff i rno t ion  wprld specl fy  that t h e  

mechanics - could e l v c  the observed colony shape or a t a t i a t l a ,  
. . 

' not that it I S ,  in f a c t ,  tho mechanlem employed by the  animal. 

. S r g a t i o n  would rule the mechanisa out. . 
. . 

Slnce  tho s t o l o n s  o f a  Podocoryne colony are l i m i t e d  t o  

tho p1nr.e o f  the mlcroacopo slide s u b s t r a t e ,  a d  adherent t o  

It, a one--,to-one mapping of the  developing colony in two 

' dlmaneiona is possible. Crosoea and n o w i t s  c a n  be us@ t o  

represent ae rual, and n u t r l t l v e  z'ooide, reapoctlvely,  and. 

s? ,?a . l~h t  llnes t o  repreaent l n t e r c o m a c t l n g  s to lons .  A colony 

car1 L ~ U J  b~ rcpresenfed i , s  a p a t t e r n ' ~ f  i l n e s ,  c rosses  and 

noilqkts on +sheet  of paper. 

. . The mathemaf lclt!i,. So Ulam, haa demonatrated that ' eimpls 

. 'idles, tipplied recursiv 'e ly , can generate complex patterns 
. - 

( ~ l s s ,  19621, He glvos as an example the f o l : l . e u l ~ a  

"WB s t a r t  i n  t h e  c i r s t  with a f l n i t e  number of 

aquarea and def lno  now s iSule or growth a e  fo l love:  
. . 

Q I v o n  a numbor of squarss in the  - nth  genera t ion ,  . 

ths number of oguarea cf t ha  (_n+l)Eh genera t ion  w i l l  
.- 

be all thooe which aro adjacent t o  the sxlatlng ono 
* 

but wlih t h e  f'ollorr.lri~ provlnol the  equnrec 

which a r e  adjacent '  t o  more than cne  8quars of the 

nth generat ion all1 n o t  be taken. F O ~  example startlng - . . 

with one squaro ln t h o  flret generation one obtalne the . 

fo l lov lng  oonfigurot ion a f t e r  f l ve  goneratl one: 
. . 
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to o r r o r ,  Xn that a miotalre 4,-, a ~ . l ~ i c l ' e  l e t t o r  rarely randora 

n i+lS>?i a ,n in te l l l~ :b le ,  

' U l ~ i i n  ' a  provocative d e m o ~ s t r t t t i o n  a: :g~eoto a w d a l  ' f o r  

gsnr,r.a:lng tho pattern8 of a hydrold colony with slmplo ru les .  , 

. . 
It roqullroe that the  d f r e c t l o n  of  stolon gr'ovth bo liinited t o  . 

t?.a -. x ar.8.g n x l ~  of a g r i d  of r e c t a n g u l a r  co-ordinates,  +nd 

.t,l:a? e : ~ s o  rroviao be lncorporatod t o  t r a n s l a t e  the continuoue, . /  

arowth of the r e d  co lo~ l j .  In to  dlscont inuous . , g r~wtha  - . 
. . 

T h a  parametore of colony grcwth that hsv? t o  be dofined . 
ars.$hs followIr~g 

. . 
1 The growth of individual stolonat . . .  

2; 3 o  polnte m d  t lmee of branoh poinie  at  khioh 'the ' ' 
' 

growth of a new at01011 in' l n i t i a t a d .  
. . 

S o  The appearance of  hew hydranthe, n u t r i t i v e  o r .  
. .  . 

goners; :.-rue 

bo The sf ze to. which hydranthe growo (The a~aumgt!~?n 

of n i z o  e q u a l i t y  ha8 Saen made t o '  s imf ' l i fy  the 

lnlt la1 problem; \ , .  . . 

In order to leapresent contlnuouo growth Ll a d:scontInuousr. 

aodel, the expedient oP provi'dine for probs'ui11utl.c growth 

of a constant  arnoxnt can be adopted; ' Thus, lns toad  of growing : . . < . '  

.ccr.t 1c~ouo:y a t  a r a t e ,  say, sf 0075 'st.olon u n i t e  per ,day, a 

e t o l c n  v:ll grow one u n i t  o r  not  a t  all in .ebch wlth 
. , 

. . 
a probability of 00750 .,' 

which,. w'nun a p p l i e d  r s o u r s ~ v e l y ,  i n  thb nannsr of U l a m s c l  . . 
. . 

? n t t  orn.zeanorat rdl ls  s. 'Gonerace a pittern that aan be 

compsrsi a ~ t a t l s t i c a l l y  t o  t h a t  of  the &~ocoryncp oarnea colony. 



For sach parameter a potential  b io logical  mechan18m ha63 . . ,. 

5 i2 e: .'A;; ;; " ' I %  -.- .. a' .:C, . - ar:d :his oechanisrn tronsla'ted into terms t h a t  

p O ? a . i ' t  I z c L L n g  a p p l i e d  88 a rule. Snlt l .a l ly  we hav6 

choaorl t o  8:n;pllfg the rxlea a8 much ac post;ible,  for what a . 

c e l l  n i ~ h t  do Instantaneously takos day8 . . of aomputation o r  

munites o f  com2utor time, For example, . . s cel l . .might grow in 

p-;-tpsrt.!.on to t h o  food ~ v a l l o h l e  t o  it--in that. senso it  funotiane 
. . 

as an .r.;alog cornputor; t o  camput. the food e r r i v l n g  at  a 'point , 

in a com?lox network via a l l  p o s ~ i b l e  paths i s  much. more 

d l l - r ' ic ldt ,  unlees 'one c m  resort t o  en anal06 dsvlce such as 

j I Zjoms. 8Prnglificat io rm are less maihsmatical expedient6 
j 

t hnn  thay aro r ~ f l e c t ~ o t : ~  '3f OUT ignorance of what the 'colony 
I 
I doe.? and how 1% might do it,, The attempt to  s p t h o s l z e  colony 
! 
! 

I erowth has made e x p l i c i t  queotione that muss be u:word In 
I 

crdcr to'deacrlb? colony emwth and in Borne cases  has indlcatorl , 

I 
i 

I that  S;TIL~GL+ :;l may reqillre Q:f f oront spsclf lont  lone than description. 
I 

ThSe ie an attempt t o  elmulate 0 3  an. eXoctro,nlu . . compu$or 

i the  dvvalo?mont of the marine hydroid Podoqoryne carnen as a .  

1 . '  

, 
colony f a  formed .by a singlo 'hydr=th placed on a mlcroeoops 

-P.rL++ I 
i al. . lde. ,  Tha c csmputor. genprat eo + r ~ ~ ~ . b , k . w s i i ~ * c o ~ l r p l s x  pattarn sre a 

. . 

matheoatlcal bodel of the growing &atern by  i t erat ion  o f  a oe0 of, 

~ i m p l e  rules  of growth. The model h i e i . a t e  o f  a cornact& . 

network of  pofnta in s two-,3-'.mericionu1 nosh, 

~ h d  rules  of erowth define ihe probab,illty of  growth .for . , 

I each ~ t o l a n ,  and. grovido ~ o t h o d a  . for ahooslng .branching golnto 



. . . , 

*. ' ! 

f o r  ,new 3 to lon  .formotion and f o r  insert lng new ni l t r l t lve  . 

. . 
nyd-anth6 or, t h e  growing stolons.. The,growth 15 effoc' . tod la 

d i s c r e t e  amounts in a genera t ion  t ime, in ' the fol lowing 
. , 

1, The pr*otabll l s t l c  rule of e t o l o n  growth 13 spp11ed . ' , 

t o  each ' s to lon  I n  t u r n ,  each genera t ion ,  t o  determine . . . E 

\:hethor. o r  no t  it growe. 
. . 

2, . Tlze r u l e .  f o r  format ion  of new' s t o l o n  brmchlxqs i c  . . 
" . . ' I  

' : !$ . % , ,  

, .appl ied,  ,and: r l s w  branch p o i n t s  and dirac.tlone. of . 
. . 

branchhg a r e  ohoson., . 

3o  The hydranth i n s e r t  ion rule .is Invoked, end the 

poa i t  ion  of new hydranthe recordled; 

F ina l ly ,  t h e  grovt!;a,; 8 .  In effect, made.. Soas axiat ing .. 

stolona grc,w, n:w etolone branch o f f .  stolons anaatomose,by . . . . . , 

Sntereoot lng old ones, and n6w hydranthe appear, ' The oomgutor 
. . . . .  

resorda  t h i s  new aonneotivlty h a  manner comparable t o  plottLng 
, 

' t h e  new pattern on papero 

, Th's c o n e t i t u t e s  a genera t ion  of growth. In the  next , . .  . . . 
I .  . . I *  

generat ion t h e  same rules are appl ied  t o  the new o o n f l & r a t c k  
. . 

. . 
$ 0  determino future growth. . . 

8-tolon 
%ch termlnue i s  tevtod esoh  g ~ n s r a t i o n .  for growth* . . .  

Tho r u l e  f o r  a to lon .  growth  l a  tiefinad aa  a probab i l i ty .  Th10 :. . , 

probrrbi l i ty  t h a t  a p a r t i c u l a r  st.olon erows 10' 8 funqtiorr of the ' , 
1 

number of hydranths In a' connected neighborhood. of the a t  olon,  
. . 

tor~tnus, The .cornputor traces a l l  oonneoted paths In thlo , ,  ' ,  . . 

nelghborhodl  and count6 the  number oi hydmrtb. 'Em. oount 

l a  sultably'nomed eo that it beoomes o p m b a b l l l t y .  Ths 

oachixe then "thlwvs" with t h i s  probability t o  determine if, the 
, 



8 :  9 : .  : ' Thls lo done by ganorat  lng a ao-called "random 

ri;~3bt3?" avhd c o o p a r k g  1% with  the probabil i ty.  

Thoro Ir; an algori thm for generat lng oh 'the oomputor 

c vL?18;- large s e t  cf  numbers between zero and one, which harva, 
1 

tho n t n t l a t i c a l  p roper ty  of be- "randorn.' ~ i a c h .  number ln 

~h : n ~ i a  t can be obtalned from the previoua number and an inlt id. '. . 
'Eer;+~rator  ribber. One property that this set must have is . . . 

t k a i  tho numbora in it be unlfoFmly distributed ln t h e l n t e r P a l  
. , 

frqm zero t o  one, Suppose; f o r  example, that  a stolon ha; a 
. b 

. . 

pro:m511:t;y 0 7  growth=l/5. The computor thon t&s .. ' , 

. . 

next number ln, the sequence of random numbers., I f  the nunbar.',. . 

:nC 115 ( l e a ?  than or  equal ,  t o '  l/5), the  etolon grove. .If the 

number l r  ) 1/5 ( g r e i t e r  than 1/51, .the etolon does not  pow.: , , 

. . 

Thla ie equivalent t o  the "coin  t o a o l n g ?  one mieht .do t o  mako .'. . ' 

. i . . 
t h i s  decSs1on by hand, 

1 . ' .  

The i n l t l a l  rule for adding new etolon \:ranch point&dtatos 

t h a t  a branch polnt i e  added t o .  the  conf l g u r a t l o n  whenever "rtl . ' 

. .  . - .  

ncw points aro added t o  the g a t t e m . a n d  whenever a etolon 

anastornoseo, Tn o u r  rune 'we have chosen,-x -"- 4, 'The brarroh - 
pa in t  i o  chosen a t  random .from. the a e t  of a l l  points  In . the  . ' 

pat*..ern, The machine again UHBE u random number t o  chooso 
. . 

t h i s . p o i n t .  That i a ,  l i t h e r o  a r e 2  ~ o l n t 8  in the pa4ttt3m, . '  
. . 

eacl: po1r.t h s  probabil l tyr ' l /2 of bolng choaon a t  the branch 

polnto Tha direotlon of branching ?s mlso chosen a t  random, 

Onca a branch point 1.8 chosen it i a  regarded ,as  &.new s to lon  ' 

t o m l r ~ u s  nr.d thlis tested f o r  subesquent gcowth according t o  the ' .  



0 ; : ~  :?~i ra?~..:?! ir!nd.rbt '. .IR ru'l o flt st o s  that a ~ Y U  h~"!~,ra_?.?..h . 

:.a 5.:. !:1,1i .* 0 t,!;:j p:ttT.t:iri .wt:..~r,.?v'er three adJacont ' : . c~r~1?c ted  

;,o?nts wlt,hout ud ran tha  can be found, -oh eeneratfon the 

sompator t u s t r  f o r  hydranth irleertion a31 new growth mid all 
. . 

points wl~oro s to lons  have annatomoaed t h l a  genemt lon .  : (This 
r I 

ha6 been vnriod t o  provlde f o r  hydranth inaeMlon at t h e  pen- , 

u l t l m a t e  polnt  uheFever four ad~no'ent  eonneoted palnts  can bs . , ' 

found. ) The reglone where$ stolon8 anaatomo~e by intoreec%in,g 
' , 

other stolons form a high& oonneotlvlty of the pat tern ,  Thue 
. . 

nuw hydrritlthacan form In older  regiono of tho growth. The 

hydranth l n s r r t i o n  r u l e  also fittompts to .p re8erve  the conotanay . 
. / / L b  of t h e  r a t i o  of atolon l eng th  t o  hydranth number, whlch l a  - , 

. . 
observable in th6 laboratory  development. o f .  the.  oolony, 

Anothor rule p r o v l d e a f o r  f o r i t i o n  of a aecond type of hydranth, 
t t ~ s  aexua l  o r  reproductive one, i n  regiollu t h a t  ba-ve high oonneotivi tr  
and consequently a high density of nu t r f t l ve~hgdren tha ,  . . 

At. t.he and of each een'eration varloue analyses of tho  ' 

gettern caa be m'de and wintad out. The ~tolon length t o  . . 
b 

. . 
hydranth number ratio ,. s p a t i a l  d i i r t r l b u t i h  of hydrantha.. . 

. . . . 

brmoh point ' b l a t r i bu t lon ,  e t s . ,  .can thue be oomgared g e n e r ~ t f m  
* .  

by generat ion in the pattern bull up. Th0 pa t t e rn  can h e o  be. . . 
2lot ted.  For example, each eenerat ion of growth can easily 

be plo t tee  :y tho machine .and dlspleyed :on succas i ivc  irarnoa 

. . 
1%. is evident that the pattern. of' growth could be play& 

o u t  by hand on graph paper, with. coln toseing ' o r  tablee, of 

random numbers used t o  e f f e c t .  the  g robabf l i t  l e e e  In fact, 



I ., C . " . .  . ... . A C1 t!19 i?:;3r%rr?.kls In a n e t w c . ~ : ~  t o  g e t  probabil~tles 10 

.' ..!etoi:t x-.lj FJLZ i e r  erci>ll: !;till;.  i'lan ths  rueth'& programmed 

Torb t1:a cc~? : l t ,o r ,  Tho obvious tidvantage of tho cornputor i a  
I 

t 3 e  n u n ' 2 a 1 ~  o f  ~ m e r a t l o n s  and the s i z e  t o  which one can grow 

the pnt,tsrn Ir, a rc lu f l . ; r e ly  short time. For exampie In a 

r g y l c a l  c a a e  u a l n g  rather i c l p l e  rulea of growth, we 'Could 

grow n pattern through some f l f t y  garreratlons with a t o t a l  o f  , . 

some 509 occupled p o i n t s ' i n  about three minutes of machine time ' 

. . 

cr .  n :, :,h s p e d '  oomputor (IRM 7094). One can make s l lght  'ahan@@ 

'h one parameter o f  a rule of  growth a n d ' . G  a n&bcr of . 

differexlt cake6 ln a . re lat ively  ehort,  time. 

Moro complicated ru los  o f  growth can b e  used st the ,oxponae 

o f  more time apont computing. The arithmetlo o f  evaluating a 
' 

moro c o ~ p l i c a t e d  probabil l t y  would not' t a k a  muoh Bore a ompu$iqg 

t l m e ,  The traclng of more and longer  connected .isl a 

network, howevor, ie . . tlmo oonsumln~. In p ~ t l ~ u l a r i  a e s u m ~  , "',. 

" . 

t ha t  ttc cczir?butlon. of every hydranth t o  the growth of ever). 

stolon wero known, and could b e  computed 8ach generation '&ow 
t h e  shor taot  cordiccted path in the network between tho a t o l s n  

termlnun and tho h;ldranth. This computation would b e  prahlblt%vo ' 
. 

i n  t h e  i n  a few gsnerstions of g~owth ,  not t o  mention the 

complications of multiply c o m e c t e 8  pathe betweon poltlts. - 

The mathomatical model conslsts  o f  a network of points  

1- a two=ci:.aanslonal mesh.' That 18, all unit. of growth are 

constrahrdl t o  be Integral v&uoe of  tho meeh, and all' branohingo . . 

occur nt  right a r ~ l e o  t o  t h e  direct ion of growth. The sto lon 
. . 

termlni arid the hydranths then occur only at mesh po int s ,  and 



u i ~ l ~ ~ i i  !.ri: urssc L s n l y  at such polnts. Thaaa ares o..' !.@arae;, 
. . 

r e i h e r  : i c v i ~ o  llalfatlons In the model. It was felt 'that ' 

Inlt , l a l . ly  c a a l a p l e  model waa more f e a s l b l s  f o p  hves t lga t -  

d l f f e r d n t  ru l e s  o f  erowth and for '  obaarving how emall chanesa h 

one r u l e  could affeot thepatterne. , . 

A ac 'called *non-mson coae ,,,I 

of branchln* a n A  ---- * 
- 

ally mcrement of growth ip a genepat ion could 
03 . . 

be written. Such a ,code F d  be uonelderably more complloatsd . . 

arid r0ul.d requlre much more machlns t l m o  per run. The problems 

of reprercntlng ~ o r n e ~ t l v l t y  and bf dstermlnlng Methsr a t o l o n ~  

Interssot  are no l o n e e r  t r l v i a l  in non-mash orno.,;. ', , . . ' 

2 p1-0wth of l n d  i v ldua l  81 - . , - 
t E  3 

-s -- rrAsr W A ~ ~ I P U I P  pat] 

t o  the l t h  stolon g 

1 length ircm t h c k t h  hydranth ': 
r-+- 

;FOWth poirita. t h e 9  & 1 l e  the oum of  the..  ' 

- -  - -- -- UA rno a l s t a n c ~  from tho p01,nt I t o  a1 hydrantha Plo- - 
thh~ m l n h w  path length ( d 4- 1 i s  speclflod ilr oMsr t o  . 

-& bc, 
amid l /d  = 1/0. a6 i t  q l d  ba waro ws to consl&r a .tola. -+. 
point at  which oxla ted  s hydranth) am, repreaahts t h e n u t r l t l r o  

. . . . 
cofiir1bu"on of a l l  hyilrqths to  tho groidh of a a t o l q n p o h t . ,  ., 

I : I  ,- :,, , . . 

menE: C- is  the emmat~on  o f  the n u t r i t i * ~ :  . . . 
. . c ..- a&...&+ 1 

I ' 

contr1tUtIon of a l l  hydranths to  a l l  p ~ i n t o  i n  the oolmy. . ' 

T h e  m m l s + 4 - -  
. -  - --- - . U A - U ~ V W  growth (,fi). o i  the l t h  d o l o n  w i l l  be8 - 





. . ' 

amount of n u t r i ~ n t  arrlgl.ng at the i t h  obolon t i p  . .  
. . 

i roo the -th hydranth is ' somi -0% ion or tho 
' . 
t d l o t a n e o .  (Hero i/~+rf L) , , I ) :  

3 It is assumed that growth o f '  a. a t o l d n  t,ip , l ~  p r o p o r t i d  

t o  t h e  food a r r i v i n g  t h e r e .  Qnplylng, i n  turn, . that , 

growth l a  t h e  r e e u l t  of o e l l u l a r  m u l t i p l l o n t i o n  a t  
. * 

that  a t o l o n  tiG*''  noth her p o ~ ~ l b l l i t y  i8 that o d l o  , ,' 

are formed elsowhero . . in t h e  ayatem and travel throw : 
.. ,: 

the s t o l o n  t o  the growing t ip .  

A v a r i e t y  of  mechmiema a r e  c o n e l e t m t  with ,whet wo know : . 

.,.#, ', 
o f  t o o  b h  In r e a l  oolonlos,  No a y ~ t s m r ; r ~ ~ . a n ~ g s l o  of , . .  ' 

colony pattorn t o  dotarmine branch poi" &goomctry Ws as yo%' 
. , 

been carried out. We, do know, however, t h a t  although any . 

i s o l ~ t e d  hydranth will form a to lone  at I t 8  p m x l m a  end, hydranthe 

i n  t t e  colony, except f o r  the  primary one, do n o t  o r l g l n a t o  , 

, ' s to lons ,  Wa o l a o  know that mbre d i s t a l  s t o l o i ~  can be lnduccd 
a . .  

I . .  

In i s o l a t c d  hydrantha by t y i n g  a flne hair around the body 
, . .  

c whereupon. . . t0ldni . rill . IOW . l u s t  . . .  pro i imf i  t o  t he .  hair; ,:. , 

, . . , .  . e 
1% o t o l o n  growth point' produced a n  inh%b+tdi of othor ,, j: ,;;; ,:-.,, - ,,,, 

growth points, and .this inhibitor vero oanbtt+%ly in exco68 ' 
. ,  , . . 

of a growth th resho ld ,  t h e n  there would bo only one &owllle. . , . '  . 

s to lon , ,  . . . , 

If a highly unstab le  i n h l b l t o r  that . d ~ u t a '  . . .  i n t o  tho , " . . , 
, '  

' I n t o l a n  wrs aant l n u o ~ a l y  pmduoed , then a .  mnxlmh oonaontratio. ' L p  

W O U Y . ~  OXIB~ a t  the O ~ Q M  v h i ~ h  LOO i a l i  off  fu+thor.  , f im . . . ':. . . 

that p o t  this  would r u t  in a d l o t r i b u t l o n  . 
. 

of branoh p o l t o  . . . 



tond:ne t o  r e g a a r i t y ,  Groes o b ~ e r v a t l o n s  on real uolonise 
nugg;zt t h z t  t h i n  r e g u l a r i t y  is not .ln evidence. The g o a a l b l l i t y  . ' 

. . --- -;-. ..J: that I t  Xxlats b u t  Ira mask6d by s t o l o n  branching ind . . 

aoaatomoqis c m o t ,  howevor, bs r u l e d  out, 

If s r e l a t l - r e l g  s t a b l e  l n h l b l t o r  o f  branching were pro- 

;iiceC 2? L rat6 that b a l & c ' ~ : ' ~ ~ ~ i t s  d .estruat lon,  or If a disareto : 

amount of a s tn? lo  1nhlbitor.wp.r; p r ~ ~ ~ ~ e ~ . ~ n a e  durkrg thefornation 

q f  a now ~ t o l b ~ i  gr&tl~ p o i n t ,  t han  tho o n l y  way. Ln which %to' 
0 

1 

cancen t ra t lon  would bo loworod would, be by ~r'owth of the ontiro 

uyr.t.e;;l. When through', s t o l o n  growth tho system became so' large - . . ,  

that  ths  crncerr t rat ion o f  thls l n h l b l t o r ,  P o l l  below a threshold; 
. . 

th:m al:y polnt  in the systom would be ag l l k e l y t o  f0m.a brsnah , 
1 .  

I 

p o h :  as any other.  ' With t h e  ' format ion jf a now ,8rowth ' po in t ,  . 

nn addLt1onol qushtlty of the 1:nhibltor would be 5.nJccted into 

t he  syntem, and t h e  f o m a t l o n  02' o t h e r  polnta would be blocked., ' , 

Th:s laittrj" uroumpt,lon l a  t h e  one that haa 6,erv.ed ae. ' .* ' . .  I 

. . 
tho bar;;iil f c r .  0x2 pragrammlrq o f  st*olon branohing, ' 

C S  

The rule that 18 f ollcw d o p e c i f i e a '  t h a t  for' every f o u r  . 

. . 
units of otoion growth a n e w a t o l o n  growth p o l n t  (branoh p o l n t )  . ' 

1,s ' chsnon a t  random from a m o k  the e x i s t i n g  polnte .  and s dikat16n . . 
! + .  

( .  .,' 9r down, l e r e  or right) it: also chocon a t  randomc 

, . Ons 2roblhrn .%rish; in t h e  a p p l i c a t i o n  of t h l a  ruls i 8  . 

.& ' 

whether s t o l o n  growth' p o i n t s t h a t  havb anaotonosrd, and thua  
. . .- 

.. dioappaarod, al;ould be rciplaoed (by ~ h o s i n g  In each genera t ion ,  . . 

?I: 6.drll.t ion t o  t h e  new ato lon growth po ln te '  d i c t a t e d  by stolon . ,, ' . , .., * .  . . - I 

growth in the yr~vLous 6anera t ion ,  a d d i t i o n a l  new &row%h: . .  

po ln ta  equal In number t o  those that have anaeto locrs~ !~  If 
, . i.** . . . ,' . 

UP 

the  roal co lon ies  fol low the former method, that 1s. son-repaooment , 
. , 

' . 



$ 8  

then it would seem unllkeJy that the e to lon  t l p  c o n t l n u o ~ l y .  

prcduces o ~ r o v t h  c o n t r o l l i n g  f a c t o r .  Colonies exemplifying ' a bo;il al:,wma',ivee were generated,  and w i l l  be oonsidered below. 
, . . . 

Hydranth b e e r t i o n  

1.f s t o l o n  'pieces differing f r o m  each o t h o r  aaoor(llng t o  . 
. . . .  

wiiathsr : t h o y  do o r  do no t  bea r  hydrantha arc ' i s o l a t e d  f r o m  a ' , . . 
. , , . .  1 

c o l  s:;Y by acraplng t h o  remainder o f  tho. colony away from tho : 

desired por t lon ,  the following r e a u l t s  are obtaaned a f t& two 

, days (~ravekman, unpubllehed). Ninety per oont o f  . . .  t h o  t l ~ o , .  , .  
3 

budo a g p o r  on a t o l o d o r i e i n a l l y  conta in ing  no ~ h r o n t i i .  '& , . . . . 

cr.lg' '.vsnty per.  cent of t h e  stolotlo bea r ing  e i t h e r  ano o r  two. '  . 
. .  . . . .  

hydranths do new buds appear ( ~ s b l s  1). 
. . 

It seorns that t h o  presence of hydrantho on a eogmont of ' -  . 

stolon inhlblts  the appearance of othoi hydranth8 on that . . . .  ' 

. aogment . . 8 . $  . ; .  

dur hydranth i n s e r t l o n r u l c  at tompts  t c  reflbot t h i s  . , , 

l n k l b i t o r y  control by providing that  a hydrsnth  all1 ba . . ln8orted.. 

at c 3 0 b t  if t he  point l a  one of  three adJncont carmeotsd ' ..: , 

cc 
points  without hy8raublls. b .  ,Point8 of t h e  _nth genera t ion  are 

oor~sidored f o r  hydranth l n e e r t i o n ,  as well. a e  o l d e r  poin t6  %bat . .. '. 
". : 

are p i n a d  by newly formed . . stolons.  SO& l a t e r  co lon ies  ars . ' . . 

programm~d wi t : :  a a l m l l a r  rule , with t h o  exoeptlon that o w ,  . . 
. . 

adja.-.sni yglnta are r equ i red ,  nnd hydrantha a r o  inee r tod  on 
I .  

poin t s  of t h e  (q - 1 ) t h  genaratlon. . .  . 

It i s  clear  that  on a otrnlght stolon either rulo would ' 

result I n  a reeulilnr pattorn v i th  . a . hydranth every throe u n i t e  '. 

( F i g *  7s ) .  The in terhydranth  d l a t a n a s  of hydrantha on tho' I . .. , . + - I  
, 

. . . . 





( 

, . ; '.. 
" .  ( 8  

sexual , d o i d  & o r t i o n  ' . . ' * . I  . . .  . . 

Sexual zooids arc  formod..de novo (for the larger part) 

In real co lon leo ,  .and generally are f lrst ' aeon in tho lmnodlatc 
. 

viclnlty o f  the l n l t i a t l n g  h y d r m t h .  Tho sexual .doto&lnotion 

Is 1:mlted to l oon l i zcd  aroae in the  e to lon  motto (proverinan; 

1963). Age o r  done l ty  could bo t he  resporreLble f a c t o r s  for 

t h e  l n l t l r r t l o n  of thc.o ~econd typo. Either factor oould oRorcrte 
. , 

b y  redusing the opportunity f o r  o q u l l i b r a t i o n  of such metabolio 

producte ae 'carbon dioxide  which l a  known t'o st l lnulnto  precocloue 

' and adverit it ioue modusa f o m a t  ion  ( ~ r a v e h m n ,  1963). 

Our i n i t i a l  code opera tes  v i a  dens l ty .  When the .. count . of 

n u t r i t i v e  hydrantha excoeds a dotermlned nupBer. within cr op40if ied 

neighbor.1ng a ree , .xe .mark  the 'point  a s  o red polnt.  R6d ( s o ~ a l )  . I 

zoolds can s u b a o ~ u e n t l y  f o m  within a apcoi f lpd  radiuo  of thib 
, . 

po in t  i f  they d h t l s f y  t h e  same rules ee portaln t o  black qpdx&the, 

1 .so, no hydranthe 'withlh a spooif l e d  path l a n g t h .  We 'havo 
d . . 

constructed colonies  'T'ollouing s d e o  In' whloh rcd and blook . . '. 

are e l t h e r  ignorant 'of each other, Q r  wo Mvo i n ~ l u d e d ~ b o t h  '', 

I '  -,. rod and blrrok in botorminlng fbo pooelbility for '4yd~mth 9 

i n s e r t i o n .  We have also programmed red zooide t o  form ao .&  

funotlon of etolon age, ueing.ae a t r ld  @ee tho nvorege 

gonera t ion  a t  whloh red zooids f l r e t  .- appocrr. Although thora. $6 

a slight tendency for r e d  hydrantho . . , t o  form c l o s o r  t o  t h o  

c e n t e r  uoing theso rules, the two s o t o  of n i l e a  are osaqnt ia l j  ' 

equiva lent  i n  t h e s r .  reoult~. 

The rate of sexual zooid fo-at  ion,  the pora'ontngo o r  

eexual  zoolda;  tho  tondonay f o r  th io  percantago t o .  otobl.l$zo, 

f o r  the r a t e  t o  increa~o o r  decreoee, and the radial distribution , 
* .  



of sexual  zooida--ouch o r  thoeo parmetePo  vor lea  with . . , ,"' . 
' 

q u a n t i t a t i v e  variation in the rules, and not alwojs in a '. 

. . \ 1 

. . 
manner t h a t  could be prod'latcd 5 p r i o r l .  . 

, . . 
Colony &maration -- 

mo ralea generat i -  t h o  Sirst s e t  or. solony pattern:. 
. . 

. . are a e  follows: . .. . .  . 
I (  . a 

1. Two--Bhenaional mesh, gr'oath r e r i t r l c t c d t o  mooh;: 
1 

points ,  . . . 8 

. , 

2.' s t o l o n a  om Brow -four d i r e c t i o n s  f r o i ' t h o  o r i e f n a l t  ... 

. . . . 
I .  

point  . ' . .  . . .  . 

3 The u n i t  of  , e t o l o n . p o w t h  In i n v a r i a n t ,  

' 4. O n c e  eetnbilehed, a a t o l m  grbva. I n 8  straight l lno.  

5.  A p o t e n t i a l  growth poin t  e r o w s i i t h  & p r o b a b i l l t p  . . . : 

d l a t a t e d  by t h e  count of  hydranthe wl th ln  all o t x m 0 0 t ~  
' . . . 

path l e n g t h s  o r  f i v e  &Its f r o m  tho point .  t h i i  . . 
. . 

count-? 5, de tekmin la t l ca l ly  grow one ylt in tho  , 

. . 

ne i t  gendratlan.  11 the .oount < 5,' then 1/50 (aount)  = 
. . I  . . 

p m b a b l l i t  j of g ~ P r t h i  . . ' 

. ,  . 

6. I n s e r t  m d r a n t h e  a t  p o i n t s  of t h e  qth . gorie~kt i o n  ' ' ,.' 

i f  there aro t h r a a  adjaoont po ia tb  vithout hydrantha. 
, . 

7. For every f o u r  new po ln te  added, -and f o r  every t i n o  ' .  , 

. . 

a e to lon  tarminatos, choooo &.new branch po ln t  a t  . 
. t  < .  - 

randomo , .  . . 3 

. . 

8. If the oount mentimed abovo (rulo 5 )  i o  2 6, nark . . 
I .  

' ,  ' 

thls point ae <"red point Subsequently, if 40.. 
s .  

c m  l n ~ e r %  m y  more h ~ d r m t h o  wi th in  a connected' 
. .  

I .  . -. I 

v . t h  ,len;;th .of' three unit0 ,from t h l e  polnt ,. r&&"., , .,.. , 
:. t . 

these as "red" or reproductive zooide, Buoh .aooldo . ' 

#* ' . I ' do not count in any probabl ' l l t ioo  or grouth. . .  . .  . , 



Progrsmaed uith r d a s  such as t h e e e ,  the  oomputor 'oari-%@a 

ou? the indicated opera t lone  and deacribee t h e  a t a t s  of  t h d  

colony a f t e r  each generation. It may a l a o  be pro~ramaed to 

car ry  ou t  a number o f .  a n a l y t i c a l  opera t  lone. The print-out . . . 
. * 

for any denora t ion  cons ie to  o f t  . 

1. A l l s t  of the ocouplod a t o l o n  poin t& ~ l e n t l f l c d  by 
. . 

their pop i t ion  on a ttto-8lmsnalonal matrix, tho d'lroodlon irs 
. . 

whlch the stolon~~rew t o  each p o i n t ,  and .a d o s a r l p t l o n  of tho 

. connec t iv i ty  a t .  eaoh p o i n t  e p e o l f y w .  whioh of the f iftee& ' . 

poaolb le  oonfigurot iono of l ine8 about o"polnt,' l n ' f o u r  Qirootlona, 

e x l e t  a t  that  point.  
. . ' .  , .  , . . 

.L. A l l e t  of hydrantha, alao l d p n t i f i a d  'by c o - o r d + m t @ ~ i '  , . 
. . 

t<o red hydrantha (oexual zoolde) a r e  l d e q t l f i o d  In. thlo' 116% . . \  . : .:. 
. . . , I .  

by an added ajmbol, . . .. . , . . , ... .( 

' , . .  ' ' t  ' * '  . 
, . ' .  I 7 .  . .. . 3 A llet sf'all r c b  pointa.  

' ,  " 

4.. A l i s t  of , x i  branch po in ta ,  t h o  d i r o o t l o n  . - in: , : 1. . 
( '  . . .  . . b .  

. . . . . 6 ' .  whlch thoy branched. , 

. * . I  . 
4 .  

5. A list of t h o  potent ia l  brahcb p o i n t s  that taro t o  : *  . 
. '. . .  . , C '  . 

, ,, . I . ' .  
bs oonaldered f o r  growth In t h o  next generation. * a  

6 ' .  . t' 

6 ,  A l l e t  of  doad branchda, that l o ,  etolona that have , &  

. . . . .  . .f , ,. . , .. ! I ' ' .. 
been removed from bonaide %t i o n  for. growth &oauso thoy. h- . , 

. . . s. . 
. . >' . i , .  

anaetomoead, . . .., , . .  

7. A l i a t  of the bnmoho. that irill.dle a t  t h o  end oi. , 
. .  

the preaent  ,&eneration. 
. . , 8 4' 

? (  6 '  . 
8. A , l l a D  of the poasible growth',pointb;'thot are . , . .  ,.[,-;, I , .  

. ' i  L ' v ,  . < +  
: .. . 

growlng In the next  generation. . . .. q. . . - . 

d o  i l i s t :  of t ho  posolb le  growth ' p o i n t s .  that o~ eowh-tg . . , 

i n  tho next generotion. . . . I -. i . . 
. . I * I 

I .  



1C. hn analyaie 'of the radial d i s t r lbu t ion  of blaok and 

red hydrnnthe separately, 

11. An analyela of the froquenoy of hydranth d i s t r ibu t ion  

among the three poee l b l e  Interkqdranth die  tanooa (one, tvo 'or ' 

three stol-on 'units) expree~ed a8 percQntagea. 

12.  A .statenont of the number of ~ent ' l t iee  in oach of tha 
$0 . . 2 # .  

above catogorles, o statement of the 'pcr~entage~b laok  and red 
, '  

5 y d r d r l t ~ ,  the  r a t i o  stolon lewthi%ydranth numbo~, and t W  
* .  . . 1 . .  

. . . s . . ( ' .  
genernt ion number. 

I 

Problem NO. 3, generat& by t h e ~ e , n i l e e  ( F I ~ .  0 )  is a ' I  

pa t tern of high o o n n e o t i v ~ t ~ .  f3c~cnty p e r ~ c e n t  of' a l l  i t o l o n  

pointe are brmoh pointe ( ~ a b l a  3).  A eoall  m b c r  of'dsolotcd 
. , .  

stolone w i t h  an interhydranth diet&oo of throo s x l a t ,  but for . . . ., . 

t.l:c l .arger par t  stolons branch ~ o o n '  aftor thoy aro foqod .  A t  . ' 

. . . . C .  < 

t h o  and of tho run of  thlr ty-four gonerat loner, four per aont. . . 

. 1 
of the hydrmths we're three unlta apra, twonty-eight per oont. , <  ' 

. . 

I? 

w e r o  two unite apart ,  and eixty-eight per aent ,  one unit a p a r t  . 
. . 

( Fig. 9). Due t o  the  high comeot l v l t y  , gcneratlvo zoold'o';' . "  . :' . 
. . . . r  , 

represented in Figure 8 by olioloo. c&apriood f lf ty-nine ' .$ ; 
. . ' 1 .  , . . .  . 

gzr cent o f  all zooids, and thelr proportioa appoar& .to.bo ,, 7 ,  
. -  . . , , . . : I  ..- 

. . . ,  . * \  ' . . . 
Increasing ( ~ a b l o  3). . . . . . ' . : P  :, + 

, , , . *  

Tvophases o f .  stolon growth can be roao8nized' in thli ) :: ' ... '. 
, . . . 4. ; , 

pattern ( F i g ,  10). me' f l r a t  end6 with the apporonco of, , ;" . ' 

. ,  *tv ,. , 

, 

generative zooids an the ool'ony.' Thereafter stolon 8m'wth"., '. , . . . .. . t 

' ,  proceeds at a cbriatant rate. .deepito tho  fact  that the pato. . 
. . 

of l'lve stolon lncrsae; (~.~. ,  the t b t a l  stolon ~ o i n t ~  mlnua ' 

, . 

thoee tha t  have tomlnatod through ~ a o t o n l e l a )  i e  dool;&o'm. 
. 

. . t;  ' 
6 .  

. , ' 



A h?eh porc9t:tage of the  toi ion growth poin t8  l i v e  only one 

j , !~ .e ra t ion ,  t h u s  tho long etolon l i n e s  rcpesent ~ o t o m o s i e  . 

o f  ruad no;lnrate otolona,  rather .than th.: growth 0f .o olngle  

' If the rule f o r  t h e  formation o r  rod p o i n t s  lo ohangod . +  , 

'.* .n 6 

t o  ropui ro  t h a t  tha count of b lack  hydrantha within a  pa':^ , : 
. . 

1 , e ~ t h  ,or  f i v e  should be *oven ' i n ~ t a a d  of  'elx.'(~@bloa , 2 , and , 8 . 1 ; 1 q ! v 1 . .  3, . 
' I  + G),,: ,,, ( :- : . .  

. - Fig. 11)  tharo l a  l l t t l o  r e f l e c t i o n  of .this. ohango .in ahy , , 

pa-aneter of colony' growth othar t h a n  t h e  p ropor t i an  o f  rod 

hydrantl:a. (Noto, the  i d e n t i t y  of t h o  two oolonios up to  tho 

t l n e  t he  new red  hydranth '  rule l a  Invoked 1s. due t o  tholr b o w  , . 

gunerated with t h e  eamo random number esrloe.)  he elopo 'of . . 
' 

the  red h rd ran th  c u r b  i (Fig. , 11) , s u g g o ~ t s  that the tondonoy I .  , b 

. t h i a  problem, No. 6, aa In No. 3 (Mg. 10). l a  for the' proportion , 
. 

. 

of r*' zooide t o  increase. I 

. .. 
The same holda  t r u e  l f  the rule 1; ehangod.'to apocify:' '' . ; 

; . '. 
ten block hydrantho In the neighborhood: bofom a .i'Pd go-t i A&.,+ ,,, ,, , 

. , .  
establlshed (20. 8 ,  ~ a b l b  3).  Although tho pcrcontago or'~eoo1do ' . .  . . 
after thirty-two generat lono 18 roducod t o  th!rty-f ivs, ',fhdi< , . , ' 

r a t o  of formation l a  lnoreaafng.. 
. . _ .  

I .  . . 
Apparently guimt i ta t  i y e  variat ion i n  t h e  'spot A a t  iin -of  

- - 

, . .  . ' I 

t h e  red p o i n t  rule , : oxs r  . iniI,&ce .- upona the ultlnato: ., . . . , . 
. :  

colony 'form. 

When the  d r s e t i o  r e v i s i o n  of'.the Pule epoolficd for' + ,  

L ' .  
Problem No. 16 (Table 2)  wao programmod, and run w i t h  tho - . . 

, , ; , " .  
. . ,  I .  



f i the roplacc~ont r.30 l o  chmgcd,' ~OWOVOF, P ~ ~ k ~ m d  
r 

. 

differences in oelony aorphology occur. Chmorotod colonid0 , 

t h i a  ru le  whloh apoaffloe tha t  tho .now' branoh p o h t e  in coch ' 
. . , a .  

ecneratlon w i l l  be oqual t o  v4 .(where & l o  tho nuabar of 
I 

stolon poLnts added In tho proviaus g o n o ~ t l o n ) ,  -No provlolon 

t f o r  roplaoenont of otolono te&inotizq i n  omatooooeo m e  ilodo. 

The cflony pnttorn r o ~ u l t i n g  from thle  ahrrngo in t ho  

replaoornent nt lc  (Fig. 13) l o  f a r  mok opon than that in mioh 

dead s to lono are roplacod (Fig. 8). Froblorn lo.  12 grW0 . 

oiowly ( ~ a b l o  3) thdn'No: 3, oaoupying only 166 points in , . #  

1 .  - 
t h i r t y  eeneratloxm, oomparcd t o  255, but f t  oovoro more Qsca. , ' 

. . 

in doing eo. m b l m  No. 3. almoot 'oompletoly f l l i 6  ia. th9' 
I 

area i t  ocoupise, rhsreaa NO. 12 fills ,in tho.aooh lrre;ularlp-- . 

oxcept f o r  the  center,  thiah a t  t h i l ; t y ~ i o u r  ~ohort%ti0216 i s  ' ; ,  t ' '  . . . . ,  
0 

I .  fa.: 217 well filled. ssnuri' P O ~ I ~ I ~  (d i ro ios  j' iollow dono,ity. . . 

.: In NO. . 3  they ar. ubiquitouo in tho aolonyi ~ ~ I J O .  i 2  thop. .'.:, 
8 .  ., . . 

aro more l in l tod  t o  the aontral cocr.' I ,  . .  . 

A t  th i r ty-four  ganerationa (me. 10) tha  &rowth 'rota of . 
, . 

No. 3 appoare t o  be oonatant and the a o x W  t.oolda, rhloh a$$ohrcd.. 

i n  the aolony at  about 6ener~ t . lon  i f t o o n ,  ara ".IPO~DI"$ a, ' . .  ' 
I ' 

,. . . 
proportion, Soxual zooids do *not appear in No. 12 u n t i l  atti& 

9 .  

3 

- .  
generat ion trant J (Fig.. 14) and t h e l r  nwbsr6 a t  thirty-2oW , ' . ' .  . ., . '  

gonerat ime are s o  f e w  t ha t  no tendency i n t h o l r  mt.0 o f  iccrr-  :1 
I , I 

can be abstracted. . .! . .  . 
. , .  . 7 .  

ms r a t e  of atolon growth &d that of 4dranth. fona%ic3, 
I .  . . 

harsvbr, appoars t o  ba o o h t e n t l y  d o o r ~ o ~ f k  botwoan g&n~imt~~33*  - 

. ,  
one and thlrty-four. By e l r t y  goriorcitiono (Fig, 15)' t h l o  . , , , 6 '27 

. A .  

t omiency 10 oloar out. ~ h o  r a t i o  'of pdinto of tho ~~tth' gonomtick 



at s i x t y .  The kt. appcare t o  bo fall- o f f  t o  @ point .,, rib: * 

st whlch growth rlll bb conetant.  Thio . . appear; t o  be.'truo 4 4  f 
. . 

4 :t 
t . , 

.?;oa, 5 and 7, each of w h i o h  wae ' g a n O ~ t d -  klth tho  no ir'flace~ent * 
4: , 1 ,,,*,;.,*., 

!.'.it ' 

. , . p3.aounoion I : . . 

. . 
. t 

The eample oolonLes gonoratod Up t o  t h l e  date ( lea. ,  
. 1 , r  

UP 4 

, 1 '  

t o  Problom, No. 12)  aro la$Boly of an qwCplorato.rg naturo.. 

rcpresont t h e  f lrst  at tbmpts  to  test-whether tho gobe wo W e  ). . ,: . 
.. 

writton s a t l a f a c t o r i l y  copes with all the problem. :hat . -10. . 
> .  * ' I .  

. during the courso of colony generation. =Thur far, our . .  najol.. ., I. . * 

I I 
conc1uslor.s relate' t$ the pauci ty  of o p e m t l o n a l  d o e  that , 

. . . . i 
are  ropuired t o  gonerata a p a t t e r n  of suoh dooplexl tye ., . . , 

I 
i tho ~ x a r c i e o  of  cornputor generaZion ban oerrcld t o  s p o o 1 Q .  . . * .  

I ; oxaotly what p a m e t e r s  of ' colony ' growth we' must bo . aagnimurt , .': 
, . 
' .  . 

of i n  order t o  program t h o  operatima of 'tho arm'- 001CW.; 
$ 3  

: 2 . 
' Our f u t u r e  f o r  refining t h e  ~ r q r t h  rules abc depohcnt .. . , j :  . .  . 

I 
cn aopui r lng  nore information about how real 'uolonlea $60*-.- , , . . : : , :  

, . I 

I r I 
not only lnformation rega rd ing  tho. p a t t e m + : o f  Zho-solow' but . I .  

. ,  ' 1 

alao  information oo t o  how an opera t ion  l o  oarrlcd out,  2.g. ' . . 
of  what t h e  hydranth . ' lnooytion rule uonuleto. Tho pattom of . I 

. . 

fururo reaoarch that we oontomplate takoo. th. f o m  of .a . . .  0 0 2 ~ '  , ; . , 
. . t a - 

t inuoue  d ia logue  betv&Bn quoetiono and auggootio+s &WP&k& &It ,, ',;. .; 
threugh compuor goherat  lono, and b i o l o g i c a l  expor-enta an&; ' . 

. . . . 

o b a e r v a t o n e  anverlng and proving 'these. , 

' 
' I  

8 - ' I  : .  . . 
Them I n i t i a l  generated p a t t e ~ e  have mDinlg e o & d  $6 

I I 

d e f  l n o  f o r  us  t h e  . parametere that are of, e&$iolant. hieroot h e ;  + - 
. . .  

" 8 . c ; . . ,  . 
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func t lon  cf  tho size of the stolon ayetopr, Sonsttinat surpris- , ,- . 

l a  tho etrong tendency t o  oxponential growth in the problems. . .  

alreaCg ~ o n e r a t ' ~ d ,  slnoe their  generating rule. in no vby 
, .  

provxo t o r  t o t d l  growth a s  a function of the oxioting cclon~ . 

s i ze .  Apparently hydmnth proximity l o  c l o s d y  enough relato5 

t o  oolony slzo ao t b t  ~xponential  growth I s  obtained, @van . , 

with thb present , rules. It should ba clphseIzsd that the rules 

u t l l i z o d  up to  the proeonti t i n e ,  contain no explicit otrioturoq 

rcgardlng the rate of colony growth, yet the. growth rate, , ' 

e, tunde to  be. oomtant. ooloniee following the . *  
I 

Tho hydranth lnaertion rule, too, represents a orudo - 
a p p r o x l ~ a t l o n  to o blologica3 moohanlom, speoifically thpt 

rocognltlng the influonoe of existing hydrantha on hydronth .I . I . -  t ,  

f omst ion. Baf for approxinotions of the ordrr ,of that sucge3tr.). 

for the a:olon t;rowth nil* arc 'oonteaplatrd, as am axper1nantN 1. 

proofs wlth real colonlea of thoao conttol meohanibme athat , 

cornputor goneration l n d l o a t r a  or. a b l e  t o  sonorate the obsemca , '  

We arm n o t  as yet extraoting from o u ~ .  pcpa&ci' gemorotc? . " ' .  

oolonies the maxinum avsil&llu information. With mall * , ' * .  . '  

colonies for virtually any parameter. .For exanplo we ool ld'  , 

a~tarmlne for eaoh generation tho arerogd .go of all oxtE~lt  ; ' I 

hydrantha or reoorU the distrlbutlon of we6 of st010218 on . 
I 

which hydrantha oppoared. We arb n ~ t  yet owe.uhnt the 

olgnif icant p x r a m e t e r '  a n ,  nor OM we tell uhl~h  + phcnczmon ' 

13 ~ ' l r e o t l ~  epeolfletl and whlch 14 nn unprogrkcd oonocO&~o . , 
L .  

I "  * 
. .  

of a controlled operatiod; . . - 
.' 1 ', 





. . * I 

. e . ?  

, "a. 

o f  end product coop1 e x l t y  can a r l e e  through $he 'lntsraotlon of 
, '  . 

a small number of elmple rule8 pertaining toe  the operat 1090 ' :,.i,-; ' . 
. I  . ., i ' b  

ra ther  than 'the ob j e c t e  of devolopnont.' . , 
, . ' .  . , b '  f.. 

. .  . '  
1 

The d o v o l o p w  hydroid oolony-48. an oxtr&soly *imp1e '-:: \ .  ' ' . 
. . 4.. * -. . . 

oxample of a s & f - o r g t & l z ~  e y o t c i ~ ,  and t h o ~ a ! m p u t o r s B o n d m t ~  t'. . '  
!*: , ' ,  . . * , . . 

7 - . 
colony incorporatoe only a' port lpn  of."thd k n o k  piraoetora, o f ,  f,,,t 

. . , , . a  . . 
t . ( '  ,, . . .; 8 , , ,  . 

' I colony v o r l a b ~ l i t ~ . '  Even DO: t h e  rolativo , ,  iucceae* of thlo , .' : , , 
K *  4, ': *' ,', ,. 

olmple rnodel suegeate' t h o  poaolbil lt  j *that . ' o  . ~ ~ l o t l ~ l y  .&a1 i'..: _ 
. +  : : . . 

t *  ' 
8 , )I: 

. number o f  h s t r u c t i o n o  of a high powdr. am eapblo  of ef iapw , . . - ' 
. . .  . , . , ...c : .. ( . .' . 

t h e  i x t r a o ~ i n a ~ . b o ~ ~ l o j , i t ~  of animal ar6aniomuw ( I I Q w I ~ ~ ~ s .  1965):'- .: , 
. . . . . : ;. ,h. . , a  , 

Tho currsnt  model. for  biologlco$ replication, involving. tho' * .  

i .  * I ' .  . * .  , .,, , . +,' 4: *; , .. . , 1  .<  . . * . . ' ,\: * I , 

. prdaence of  a tap0 d & $ o ~ b l n g . t h ~  organism ,: darives fxpu ~632'*.% ' ! I t  a I .  

. .. . . , . . , .. , . . #  ;, . . .  + $ 7  ' , . ' I  . 
. .  , .  :. * *  ' i  * 

. ~ouman's (1956) work on tho ,'fnrlng mahini', that 1 i r  o naoh,~6.:f:,"? *:' ? .  

. . . ., . , , I  ;'&., \..-,, . . 
. that  can make anothoi nochino id onticel ..to ~!tbcf  i. bin, ,, ,. .; 4 . ,  . f , . + '  # I *  . , 

, . . , ' 4 .  
, .,*" - 

I . '  

however, is a machine ~prlngfng - full grom'.lnto /he. world+- ,I: L q ;  'j; ': 
. . . .  . 

perhaps a sat lsfaotorp model for' baoto.r:al . . I ropliaat . .  ion," b~%L.7.:::'.~ , . a < ,  , ,,.,I;,, *, ' t '  . ' 
* .  . I '  ' ,  " .  t , * \ . * n ,  7 ,.\ .. " ;  , ' 

I .  
' 8  not a sat iaf+ct?ry analogy : to tho .ndi@al' whioh':undo~mo ::: ,,.,';L ..::#!+ . 

. . . . , . , . . '  
1 .  , , , I  : * I :  ' *, -*  , . ! . .a  

,:* , ,  . . 1 ,  

' . L  '. . . . I  , . , 
, development. . I  . . .;a * . # I  . I  . 

. # 

4 1 . .  
. *  . .* ! . I q  I , ! ,  -;., 

. !  
) . r  ' 

5. . + 
' r 

*4 .d i * 
The taps for  fhirr Blnd of .oidhlno-k . ,  . do46loping . , .m&h)dot- .  , . n , ,, ' 9  .I; '" ', 

, ' . , 7 -  

' ,  : f . . , ; d d ; . ,  .'. i 
. would not be l i k o l j  t o  oontain a doooripticm . ,  : , .  'QF . :the ~ i o h i n o  . a i ' , . , - a  

, .  ' r . : . . * *  ' 5  ., '.. , 

' 9 , : ' : , ; * i . ; , ,  .. . at a l l ,  but rather w c u l d . . h o o r ~ r S t o , ' . d o o ~  b&o ~ b ~ o r i ~ t i v ~  ,., , 4 .  
.. . . . 

. # .  . . . I . . . .  , ,  5 , .  . . 
, !A,, ! , olomonta, a serioo of. . aimilo . lntoraot+w . .  oQod$flaat1ono,'."::: . * .  , ,, , . . 

1 .  A. I . ) . I  

I L ,  I 
,- \:if +. , ; lrhlch aro applied to tho ohan$Iq$' ~ h v i r m c & ,  :- , . % . ,  thbi . otoate' . . la. . .., /, , 

. . '5 ,  . ? 
4 ,  - 

the oee, 1n such s &ay. that t h e  dlult:  . . i d  ' tho'bnl~ pbooiblo' . " -  .-'. ?. ':,:.,,, 
~. * .. ' . ' . I .  . . . I . t -  : . . .  ' ' I "  , .I. . 3y',;> 4 ,  .:, , . ' I  oonsequenuo~ . I .  I ., . ~ 6 .  . < . , .  @ . .  . - 
; , * . '  . , . .  I 

I t  . * . j . ,  :' : 4 1 ' s , i t  ? t  v.. , 

Thle Idea is dertalaly not nett.. . . (  ~ ' ~ h d  vlcw of bone'.do a- . '  ' * I  !' ' .  
' t .  : . . .  i r  ; 

* a . . , . ' p S  
) ' '+ 7, ,, ., . '2 , .*&. 

developing eyston aoq&lrlag opeoif lc i tO .frcf?.,$to o ~ v l r o n m o ~  :.' . ' l L -  

, , , . , * . * 5 - . ,  . + 

, . -  , '. . , ' .  . , . '  - .  . '?.t(tbf ?,*, ;,*, ,::,;,?$, * ' 1 .  . .I ,. : ,,,+ , ., .r, I .  
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was auggeeted by J e f i r l e e  Wpan (1849) c@ coneidorable 

evidence regarding the fornation or trabcular &ntterna In 

raeponae t o  environmental strooo exieto ( t+rra~. ,  1 9 % ) ~  . ' 

. . 
ciuatafaon and Wolgert (1963) oone t o  the. oonolusion aa a 

' 

result  of . the i r  paineta- atudiao m thg' morphogenaol~ of 
. . 

t h e  .sea urohln that'-.the oanplex morphologlPa1 evonta h omly 

eea urohln developoont can be reduds4 to 'varldtlono o f  a ' h w  ' 
4 

baaic c e l l u l a r  a o t l v i t  iea , ' ln  partlo'ular call contact ontl prroudE3s3 
, . .1 .. 

format ion; I , . .  .., , . , .  . . 1 
I 

, . .  . . . 

The theme of interaqttion eunong t$e. ahapw fomoc air tiii 
. . e . t 

. .  . 

. I developing o r g M l a i i s  exp1iait l j  iornui;t& . . ih ~~m~ ~ h ~ 1 5 7 ~ 3 1 3  L . . - 

themselves not 8'0 muoh In' omali 'and lsolatod phonodzh;. 
, , I .  ' .  

in t h l e  part of tha fobrio. o r  :thit,. ln a scapula for , . . . , . . 

, i m t a n c e  oC in  A hdrrua, but #rather in obms alov. " * . .  
. . 

. ;  . 
o p r s e  over a number of c o r r s i i t d  parte, .W a t  t k 2 3  . . 

4 

extonding over the whole o r  over woat portlone d$ 
4 

the  body.* , .  . 
,' 

' a a y n t b t l a  colony t h a t  18 s ta t la t loa l l r  l d o n t l d d -  t o  tho . . . a . . 
'. .real ooionies, tbat i s  not our nlrjor BW. , go .mi pria&zg.  ; . . 

t o  ' invest ignte the d y n m l c ~  o i n t e rac t  ion 60% F ~ O W ~ ~ V O  
Q .  

b io log i ca l  in te rac t  ion, t o  explore the varlonoa,. lntroduccd 2l.V , 
. . 

4 .  . . 
. * , . 
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%\g,, 8 ,  Tho perce13tGe of  hydrantha a t  distal1008 o f  one,  

two, ,  omd t b i e e  mtolon u i i t .  dur ing  t h e  oourme o t  
' 

qrortlr of problem No. 3. 

f i g ,  10. 'fie g r o r t h  of p r o b l e .  No. 3 ; "' t o t a l  n to lod -\ 

pointa ,  t o t a l  hydrantha,  ''s red ( g e n e r a t i v e )  " 

zoo id t~ ,  y l i v e  s t o l o n  po in t80  

Pig. 11, Tho growth of problem No. 6 j t o t a l  a t o l o n  . , . . * ,  - . . 
, point., ' t o t a l  hydran th i ,  r e d  ( g e n e r ~ t l v o )  . . , 

. . .  . . . 
mg. 12. h e  g r o r t h  of  p r o b l m  No. 10; btd a t o l o n  

. point., - t o t a l  Wdr~drmth., . rod ( j e n o r s t i r i )  '' 

. . 
fig, 19. me colony pattorn o f  proble .  No. 18; natritiru 

. . hydrantha,  g e n e r a t i v e  zooidr. 
t 

F i g .  14. me growth of problem No. 12, t h i r t y  f o u '  generation.; . . 

t o t a l  s t o l o n  p o i n t a ,  ' t o t a l  hf l rantha ,  % .  . . .  
1 > . , , ,  , . rod zooid.. . , . 
. . . * 

fig. 15. The growth o f  p r o b l e .  No, 12,  misty generation.; 

t o t a l  s t o l o n  poi  nf s , total hydrantha 

red (genera t ive )  aooidao - , 





Vari n t i  ons i n Rul en of  Generated Coloni ea 

Yrcjhlem No, Rule Fire Replscment Bolfa . . . . I . .  . , . " .  - ' .  

Yor . . 

No 

d ' Path length 6, 7 t o  form red pf. yea 

7 Path length 5 ,  7 t o  forql're+l p t .  No 

8 psth l ength  6 ,  10 . t o  form red p t  130 

\ h e r o b n o .  o fb lackhfTtrantbr  Yea 
within path length of 6 8  . . . 

. i f  0 ' h  5 grow one or no unit. 

i f ' b  h ;LO grow two  nits . 

i f  10 k grow' three  unitr, . 

mark tu rod .pt. 



. . 
Table 3 

S ~ A U I ~ ~ J  of Generated ~ o l o ' d  s. . . 

ob,,'Noo Rule 6. I .B.D* 8 R& $ B.P. V+W Top*(3o) e .  
(30) . ( 1 ~ ) )  : 

. . +m $-lo r 1 2  
.(I) 

3.b5 (34 gan)) 

3,16 (32 gem.) 

. . 

. I . f i G ~ .  fiapuenuy d i a t r f b u t i o n  o f  in te rhydranth  diatsno. a t  t h e  ' :  

(30) . * .  

t h i r t i e t h  generat ioh,  sxpreared  a m  peraootage. .. 

$ R d r  The percentaga of k 1 1  sooid. t h a t  u .red (o r '  gener.ti're) seeid; 

a f t e r  t h e  laet ' genera t ion ,  . , . . . .  

$ B,P, o h e  perceAtage of a l l  r t o l o n  point. t h a t  .,are brrnoh poin t .  
, , . . * 

a f t e r  t h e  l a a t  generation.  . . . 
I .  

. 1 v+w, I number of temidal ' r to lon  p o i n t r  ( i , e e  growing rf;olon 
(150, 

point.) i n  t h e  oolony vhen. , there  q e '  a t o t a l  of 160 !talon . 

2 W .are  a l l  t h e  e tolon 'point8 that grow i n  a given generetiom. 
---.-- # . . 

counterac t  t h e '  a f f ~ t  of c b a a ~ e  verriafion i n  e e i a g l e  
. . 
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fig, 4 A di agrsm of aolonf derelapn@nt over cr faur montb 



nGiren s number of aquaran i n  the =th generation 

the aquarea of hhe ~ 4 1 t h  generation *if 1 be a l l  thorr rhioh  I 

. r e  adjacent to' f he  9x1 .tiry. one. except that' t h e  mqo~re. 
1 

1 .  

which are ard jrsent  tu more thbn one qnr( l ,bt  the nth 4&je1%ti on . 
" .  ' ,  

, I  : 
will not be takenP . (mfm, lvg) . ' .  - 

d ' 
' 5  ." 
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