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The  intrica te  phe nome na  o f biology on the  one  ha nd, a nd la ngua ge  a nd culture  on 
the  othe r, ha ve  ins pire d ma ny write rs  to dra w a na logie s  be twe e n the s e  two e volution- 
a ry s ys te ms . The s e  a na logie s  ca n be  divide d into four principa l type s : 
s pe cie s /la ngua ge , o rga n is m/conce pt,  ge ne s /culture , a nd ce ll/pe rs on. He re , it is  
a rgue d tha t the  la s t a na logy--be twe e n  ce lls  a nd pe rs ons --is  the  mos t profound in 
s e ve ra l re s pe cts , a nd, more  importa ntly, ca n be  us e d to ge ne ra te  a  numbe r o f 
e mpirica l pre dictions . In  the  firs t ha lf o f the  pa pe r, the  four a na logie s  a re  e a ch 
e va lua te d a fte r brie fly de s cribing crite ria  for a  good pre dictive  a na logy. In the  s e cond 
ha lf o f the  pa pe r, the  ce ll/pe rs on  a na logy a nd pre dictions  de riving from it a re  
e xplore d in de ta it. 

1. Introduction 

Th e  o rig in  o f life  a n d  the  o rig in  o f h u m a n  th o u g h t c o n s titu te  two  p a rtic u la rly 
s ign ifica n t tu rn in g  p o in ts  in  th e  h is to ry o f o u r d is tin c tive  p la n e t.  Th e  p re b io tic  wo rld  
wa s  ra d ic a lly t ra n s fo rm e d  b y living , e vo lvin g  c e llu la r o rg a n is m s ; like wis e ,  the  wo rld  
o f p re lin g u is tic  a n im a ls  wa s  p ro fo u n d ly m o d ifie d  b y th e  a d ve n t o f h u m a n -s tyle  
c o g n itio n  a n d  c u ltu ra l e vo lu tio n .  Ma n y h a ve  b e e n  p ro m p te d  to  c o m p a re  th e s e  two  
e vo lu tio n a ry s ys te m s ; b o th  d e p e n d  on  a  n e w fo rm  o f in fo rm a tio n -a c c re tio n  n o t 
fo u n d  in th e  p re -e xis tin g  world s .  

Mo s t s e rio u s  wo rk o n  th is  to p ic  h a s  g ro wn  o u t o f th re e  fo c a l c o m p a ris o n s :  
species~language , ge ne s /culture , a n d  organism~concept. Th e s e  th re e  a n a lo g ie s  h a ve  
b e e n  a rtic u la te d  in  a lm o s t c o m p le te  is o la tio n  fro m  e a c h  o th e r.  In  h is to rica l a n d  
c o m p a ra t ive  lingu is tic s ,  s p e c ie s  with  s im ila r in d ivid u a ls  c a p a b le  o f in te rb re e d in g  
a re  c o m p a re d  to  la n g u a g e  c o m m u n itie s  o f m u tu a lly c o m p re h e n s ib le  s p e a ke rs .  In  
s o c io b io lo g y a n d  the  s tu d y o f a n im a l b e h a vio r,  g e n e s  c o d in g  fo r p h ys ic a l a n d  
b e h a vio ra l tra its  a re  c o m p a re d  to  fra g m e n ts  o f c u ltu re  c a p a b le  o f tra n s m is s io n  a n d  
e xp re s s io n .  An d  in e vo lu tio n a ry e p is te m o lo g y in th e  h is to ry a n d  p h ilo s o p h y o f 
s c ie nce ,  in te ra c tin g  o rg a n is m s  in a n  e n viro n m e n t  a re  c o m p a re d  to  c o m p e tin g  s cmn- 
tific  c o n c e p ts  a n d  th e o rie s  in  a n  "in te lle c tu a l e c o lo g y".  

In  th e  ye a rs  a fte r th e  d is c o ve ry o f the  s tru c tu re  o f D N A in the  1950s  a n d  its  
re la tio n  to  p ro te in  s tru c tu re  in the  e a rly 1960s , th e re  wa s  a  b u rs t o f e xc ite m e n t a b o u t 
a  fo u rth  kin d  o f c o m p a r is o n - - th e  ce ll~person a n a lo g y.  Ma n y a u th o rs  d re w c o m - 
p a ris o n s  b e twe e n  c e llu la r a n d  lingu is tic  c o d in g  s ys te m s  (e .g . G a m o w,  1954; C ric k,  
1959; Be a d le ,  1963; J a ko b s o n ,  1970; Ma s te rs ,  1970; Be rlin s ki,  1972). But a  le s s -th a n - 
d e lic a te  t re a tm e n t o f th e  d e ta ils  o f th e  fie lds  in vo lve d  d id  n o t h e lp  th e  p ro je c t,  a n d  
it s o o n  b e c a m e  h a c kn e ye d ,  o r wo rs e ,  a  re fu g e  fo r d ile tta n te s  a n d  lo o s e -th in ke rs .  
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In this  pa pe r, it is  a rgue d tha t the  firs t thre e  a na logie s  a ctua lly de pe nd  implicitly 
upon  re la tions  tha t ca n only be  s a tis fa ctorily s ta te d in te rms  o f the  fourth  a na logy. 
We  think the re  is  a  de e p a nd de ta ile d ma pping be twe e n the  proce s s e s  in living ce lls  
a nd  the  proce s s e s  in bra ins  o f linguis tica lly compe te nt p e rs o n s  tha t wa s  only dimly 
glimps e d in the  e a rlie r e nthus ia s m a bout DNA a nd la ngua ge . The  firs t pa rt o f the  
pa pe r e va lua te s  the  four ma in  a na logie s  in light o f crite ria  for a  good pre dictive  
a na logy, concluding  tha t the  ce ll/pe rs on  a na logy a lone  is  cons is te nt a cros s  diffe re nt 
leve ls  o f orga niza tion. An a na logy is  only fina lly us e ful if it he lps  us  ma ke  pre dictions  
a bout one  or both s ys te ms  involve d. We  th ink tha t the  ce ll/pe rs on  a na logy provide s  
us  with a  whole  ne w wa y o f th inking a bout linguis tic proce s s e s , a nd  it ma ke s  a  
numbe r o f nove l, te s ta ble  pre dictions . The  pre cis e  grounds  for the  ce ll/pe rs on  
a na logy a nd  s e ve ra l pre dictions  a bout the  ne ura l s ubs tra te s  o f huma n  la ngua ge  
de riving from it a re  the n de ve lope d in de ta il in the  s e cond pa rt o f the  pa pe r (s e e  
a ls o S e re no, 1984, 1986, unpublis he d). 

2. Criteria for Evaluating Explanatory Analogy 

The re  ha s  be e n a  long-live d inte re s t in me ta phor a nd  a na logy in philos ophy, 
lite ra ry criticis m, a nd linguis tics  (e .g. Richa rds , 1936; Bla ck, 1962; Ortony, 1979; 
La koff & J ohns on , 1980). In the  philos ophy o f s cie nce , by contra s t, a na logica l 
re a s oning ha s  ofte n  be e n vie we d with a mbiva le nce  or s us picion. Duhe m (1914/54), 
for e xa mple , gra nts  tha t once  a  s e t o f ve ry dis s imila r phe nome na  ha ve  be e n re duce d 
to a bs tra ct the orie s , "it ma y ha ppe n  tha t the  e qua tions  in which one  o f the  the orie s  
is  fo rmula te d  a re  a lge bra ica lly ide ntica l to the  e qua tions  e xpre s s ing the  o the r" 
(p. 96); but he  wa s  highly critica l o f the  us e  o f concre te  a na logica l mode ls  like  thos e  
e mploye d  initia lly by Ma xwe ll in de ve loping his  the ory o f e le ctroma gne tic  ra dia tion. 
Though a na logica l re a s oning wa s  not ignore d in logica l e mpiricis t philos ophy o f 
s c ie nce --s e e  e .g. He mpe l (1965: 433-47)--it ne ve rthe le s s  be ca me  s ome thing o f a  
s ide  is s ue  (s e e  e .g. S uppe , 1977). 

Re ce ntly, howe ve r, the re  ha s  be e n a  re ne we d inte re s t in ge ne ra tive  a nd  e xpla na tory 
a na logy a nd  its  role  in s cie ntific dis cove ry in both  the  his tory a nd philos ophy o f 
s cie nce  a nd in cognitive  ps ychology (S e lla rs , 1965; He s s e , 1966; Glucks be rg e t a l.,  
1982; Da rde n, 1983; Ge ntne r, 1983; Bobrow, 1985; Hofs ta de r, 1985; Holla nd  e t aL, 
1986; lndurkhya ,  1987). Ana logica l re a s oning ha s  be e n s tudie d in ma ny conte xts . 
The  s imple s t s ort o f a na logy, the  minima l four-e le me nt proble m (s e e  e .g. 
ABC :ABD:P Q R S :?  a nd  ma ny othe r va ria tions  in Hofs ta de r, 1985), ha s  be e n 
e xte ns ive ly s tudie d. More  comple x is  a  group o f wha t might be  ca lle d froze n 
pe da gogica l a na logie s  (e .g. the  hydra ulic  a na logy for s imple  DC circuits , the  s ola r 
s ys te m/a to m a na logy). The  mos t formida ble  a nd  le a s t we ll-unde rs tood a na logie s , 
a nd  thos e  mos t inte re s ting for the  pre s e nt purpos e s , howe ve r, a re  a ctive , e volving 
the ore tica l fra me works  tha t ofte n ins pire  ye a rs  o f de libe ra te  s tudy. Ma ny e xa mple s  
come  from ma the ma tics  a nd  phys ics  (including the  his torica l form o f the  s ola r 
s ys te m/a tom a n a lo g y--th e  Ruthe rford  a nd Bohr a toms ); othe rs  virtua lly de fine  
whole  fie lds  o f inquiry, inc luding the  a na logy be twe e n a rtificia l a nd  na tura l s e le ction, 
the  a na logy be twe e n computa tion  a nd cognition, a nd  the  a na logie s  dis cus s e d in the  
pre s e nt pa pe r. 
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C o m p le x g e n e ra tive  a n d  e xp la n a to ry a n a lo g y is  c h a ra c te riz e d  b y fo u r d is tinc t 
a c tivitie s : (1) d e c o m p o s itio n  o f the  s o u rc e  a n d  ta rg e t s ys te ms , (2) e s ta b lis h m e n t o f 
a  m a p  b e twe e n  the  two  s ys te ms ,  (3) g e n e ra tio n  o f p re d ic tio n s  a b o u t the  ta rge t,  a n d  
(4) te s ting  o f the  p re d ic tio n s .  Th e  tre a tm e n t h e re  h igh ligh ts  th e  c ruc ia l ro le  
p a r t /wh o le  re la tio n s  (le ve ls  o f o rg a n iz a tio n ) p la y a t e ve ry s ta ge  in th is  p ro c e s s t.  
We  will u s e  th e  s o la r s ys te m /a to m  a n a lo g y a s  a  fa m ilia r c o n c re te  illu s tra tion .  

Th e  firs t a c tivity is  to  d e c o m p o s e  the  two  s ys te ms  in to  "'o b je c ts " (e .g. s ta tio n a ry 
ce n tra l b o d y,  o rb itin g  b o d ie s ) with  a ttribu te s  (e .g. ma s s ),  a n d  "re la tio n s " b e twe e n  
the s e  o b je c ts  (e .g. the  ce n tra l b o d y is  m u c h  m o re  ma s s ive  th a n  the  o rb itin g  b o d ie s ),  
u s ing  s truc tu ra l a nd  fu n c tio n a l c rite ria  in te rn a l to  e a ch  s ys te m (G e n tn e r,  1983). An  
o b vio u s  b u t im p o rta n t typ e  o f re la tio n  h a rd ly m e n tio n e d  in p re vio u s  d is cus s ions  o f 
a n a lo g y is  the  p a rt-wh o le  re la tio n  (e .g. the  s un  a n d  p la ne ts  a re  p a rt o f a  s o la r s ys te m; 
s ta rs  a n d  s o la r s ys te ms  a re  pa rts  o f a  ga la xy; the  n u c le u s  is  c o m p o s e d  o f p ro to n s  
a nd  n e u tro n s ; g ro u p s  o f a to m s  fo rm  m o le c u le s ).  Ma n y s ub tle  fa ilu re s  o f m a p p in g  
invo lve  in c o n s is te n t m a n ip u la tio n  o f the  le ve ls  o f o rg a n iz a tio n  d e fin e d  by s uch  
p a rt-wh o le  re la tions .  Typ ic a lly,  a n  a n a lo g y is  c e n tre d  on  o n e  o r a  fe w p a rtic u la r 
le ve ls  o f o rg a n iz a tio n  in e a c h  s ys te m; the  d e c o m p o s itio n  p roce s s  tra ils  off a t le ve ls  
a b o ve  a n d  b e lo w the s e  le ve ls  (e .g. p ro to n s  a n d  n e u tro n s  c o n s titu te  a  le ve l b e lo w 
the  fo c u s  o f the  a n a lo g y while  the  a rra n g e m e n t o f s ta rs  in to  ga la xie s  is  a  le ve l a bove ).  

An im p o rta n t pa rt o f the  d e c o m p o s itio n  p ro c e s s  is  to  s pe c ify c o n te xtu a l o r ce teris  
paribus  c o n d itio n s  (Wims a tt,  1976; Ho o ke r,  1975) invo lving  b a c kg ro u n d  re la tions  
b e twe e n  the  s ys te m a n d  the  la rge r d o m a in  in wh ich  it is  e m b e d d e d  (e .g. mos t o f 
the  s ys te m cons is ts  o f e m p ty s pa ce ; tra je c to rie s  a re  no t m a in ly d e te rm in e d  by 
co llis ions ; the  o rb ita l s ys te m is  is o la te d  fro m in h o m o g e n e o u s  e xte rn a l fo rce s ).  Th e s e  
c o n te xtu a l c o n s id e ra tio n s  d o  no t e xte n d ,  h o we ve r,  to  the  o th e r s ys te m; the  s o u rc e  
a n d  ta rge t d e c o m p o s itio n s  a re  p e rfo rm e d  o n  the  ba s is  o f s ys te m -in te rn a l c rite ria . 

F ina lly,  fo r a  c o m p le x s o u rc e  o r ta rge t s ys te m (a n d  the s e  a re  p rima rily the  o n e s  
o f in te re s t),  o u r u n d e rs ta n d in g  is  like ly to  be  in c o m p le te ; a lo n g s id e  we ll-u n d e rs to o d ,  
"e xp o s e d " re g ions ,  th e re  will be  a re a s  in b o th  the  ta rge t a n d  s o u rc e  s ys te m in which  
ob je c ts  a re  p o o rly d e fin e d ,  o r e ve n  c o m p le te ly "'h id d e n " (c o n s id e r the  s ta te  o f 
kn o wle d g e  o f a to m ic  s tru c tu re  in 1900 wh e n  the  a to m /s o la r  s ys te m a n a lo g y wa s  
a c tive ).  In  s o m e  ca s e s , we  m a y kn o w little  m o re  th a n  th a t a n  o b je c t p ro b a b ly e xis ts . 

Th e  s e c o n d  s ta ge  is  to  a rra n g e  a  m a p p in g  b e twe e n  pa ra lle l pa rts  a n d  re la tions  
th a t a re  "'e xp o s e d " in b o th  the  s o u rc e  a n d  ta rge t s ys te ms . Us ua lly,  a na log ie s  a re  

t It is  in te re s tin g  to  c o m p a re  th e  p ro c e s s  o f p re d ic tive  a n a lo g ic a l c o m p a ris o n  s ke tc h e d  o u t h e re  with  
th e  h e u ris tic s  fo r p re d ic tio n  a n d  e xp la n a tio n  by in te rle ve t re d u c tio n  a s  d e ve lo p e d  b y Wim s a tt (1976, 
1980), Da rd e n  & Ma u ll (1977), Ho o ke r (1975, 1981 a , b ), a n d  C h u rc h la n d  (1986). Th e s e  h e u ris tic s  a p p ly 
to  th e  d e ve lo p m e n t  o f in te rle ve t id e n tific a to ry links  b e twe e n  e n titie s  in  two  th e o rie s  th a t d e s c rib e  th e  
s a m e  p h e n o m e n a  fro m  th e  va n ta g e  p o in t o f two  d iffe re n t le ve ls  o f o rg a n iz a tio n  (e .g . m a c ro s c o p ic  g e n e tic s  
vs . m o le c u la r g e n e tic s ).  Th e re  a re  a  n u m b e r  o f s im ila ritie s  with  p re d ic tive  a n a lo g ic a l c o m p a ris o n .  Th e  
m o s t o b vio u s  d iffe re n c e  is  th a t th e re  is  n o  re q u ire m e n t in  a n a lo g ic a l c o m p a ris o n  th a t th e  e n titie s  c o m p a re d  
a c tu a lly be  id e n tic a l.  Th is  is  le s s  o f a  d iffe re n c e  in  p ra c tic e  th a n  it m a y firs t s e e m ,  h o we ve r,  s in c e  th e  
d ia c h ro n ic  p ro c e s s  o f a t te m p tin g  to re d u c e  o n e  th e o ry to a n o th e r  a lm o s t a lwa ys  in vo lve s  s u c c e s s ive  
a tte m p ts  a t m a p p in g  two  ra th e r in c o m m e n s u ra te  d e s c rip tio n s  o f th e  "'s a m e " p h e n o m e n a .  Th is  p ro c e s s  
u s u a lly re q u ire s  re c o n s tru c tio n ,  a n d  o c c a s io n a lly e lim in a tio n ,  o f va rio u s  e n titie s  in  o n e  o r b o th  th e o rie s  
b e fo re  a  c o h e re n t m a p  b e twe e n  th e  u p p e r a n d  lowe r le ve l d e s c rip tio n s  is  a c h ie ve d .  E ve n  in th e  e n d ,  
with  pa ra lle l d e s c rip tio n s  in h a n d ,  th e  a ttrib u te s  a n d  re la tio n s  o f a n  ob je c t vie we d  fro m  two  d iffe re n t 
le ve ls  m a y n o t m a p  a t a ll s m o o th ly--e , g ,  "c o lo r" a n d  "'p re s s u re " d e s c rib e d  a t m o le c u la r a n d  m a c ro s c o p ic  
le ve ls . In  s o m e  c a s e s ,  a n a lo g ic a l c o m p a ris o n  ma y' be  m o re  tra n s p a re n t th a n  in te rle ve l ide n tific a tion .  
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o rg a n iz e d  a ro u n d  a  foca l c o m p a ris o n  invo lving  p a rtic u la rly p ro m in e n t ob je c ts  o r 
re la tions  (e .g. s u n /n u c le u s  a n d  s o la r s ys te m /a to m ).  The re  mus t be  a  co re  o f e xp o s e d ,  
pa ra lle l s truc tu re s  he re  to  wa rra n t p ro c e e d in g  to  the  th ird , p re d ic tive  s ta ge . G e n tn e r 
(1983) a rgue s  fo r two  ru le s  o f m a p p in g .  Th e  firs t is  tha t s imila r re la tions  (e .g. the  
ce n tra l ob je c t is  m o re  ma s s ive  th a n  the  o rb iting  ob je c ts  in b o th  s ys te ms ) a re  m o re  
im p o rta n t th a n  s imila r ob je c t a ttribu te s  (e .g. the  ce n tra l ob je c t is  h o t a n d  ye llow in 
b o th  s ys te ms ). Th e  p rinc ip le  is  s o u n d ,  th o u g h  the  line  b e twe e n  a n  a ttribu te  a n d  a  
re la tion  is  o fte n  s o m e wh a t a rb ita ry; ob je c t a ttribu te s  with  n u m e ro u s  ra mifica tions , 
fo r ins ta nce , a re  a s  im p o rta n t a s  e xplic it "re la tio n s " (e .g. the  c o n tra s t b e twe e n  the  
"'a ttribu te ",  a to m ic  e le c trica l cha rge ,  wh ic h  c a n  be  pos itive  o r ne ga tive , a n d  the  
s ing le -s igne d  g ra vita tiona l c h a rg e  (ma s s ) o f ce le s tia l b o d ie s ,  is  a n  im p o rta n t p o in t 
o f d is a n a lo g y b e twe e n  the  two  s ys te ms ). 

G e n tn e r 's  s e c o n d  ru le  is  tha t h ighe r o rd e r re la tions  a m o n g  o th e r re la tions  (e .g. 
Ne wto n ia n  la w o f un ive rs a l g ra vita tion ) a re  e s pe c ia lly im p o rta n t in c o n s tru c tin g  
a n a lo g ic a l m a p p in g s  (cf. Du h e m ,  1914/54 ; In d u rkh ya ,  1987). In te rc o n n e c te d  
ne tworks  o f re la tions  ta ke  p re c e d e n c e  in m a p p in g  a n d  p re d ic tio n  ove r s ingly con - 
ne c te d  re la tions  tha t fo rm  s truc tu ra l "a p p e n d a g e s ".  It is  im p o rta n t,  h o we ve r,  to  go  
b e yo n d  G e n tn e r 's  s tric tly s yn ta c tic  s pe c ifica tion  o f a  re la tion  (a  two -p la c e  p re d ica te ).  
S tric tly s pe a king ,  the  m o o n s  o f a  p la ne t,  fo r e xa m p le ,  s ha re  in m u c h  o f the  s a me  
n e two rk o f re la tions  with  the  s un  a s  d o  the  p la ne ts  (in c lu d in g  d is ta nce ,  ma s s , a n d  
g ra vita tiona l re la tions ).  Ye t, b e c a u s e  o f the ir s ma ll ma s s e s  a n d  the  s ma ll d ia me te rs  
o f the ir o rb its  a ro u n d  a  p la ne t,  the  m o o n s  a re  e s s e n tia lly a p p e n d a g e s  to  a  p la ne t; 
re m o vin g  the  p la ne ts  wo u ld  d is ru p t th ings  m u c h  m o re  tha n  wo u ld  re m o vin g  the  
m o o n s .  S ince  the  m o o n s  a re  p rima rily c o n n e c te d  to  o n e  p la ne t,  th e y a re  le s s  
im p o rta n t in  m a p p in g  a n d  p re d ic tio n ? .  

We  th ink the  m o s t p o we rfu l c o n s tra in t on  c o n s tru c tin g  a  m a p  be twe e n  two  
c o m p le x,  multi-le ve l s ys te ms  is  the  c o n c e p tu a lly s imple  re q u ire m e n t tha t part-whole  
re lations hips  be  ke pt paralle l acros s  s e ve ral le ve ls  o f  organiz ation. This  c o n d itio n  is  
no t me t a t h ighe r le ve ls  o f o rg a n iz a tio n  in the  s o la r s ys te m /a to m  a n a lo g y (e .g. s o la r 
s ys te ms  d o  no t "b o n d " to g e th e r in to  s ta b le  "m o le c u le s " by virtue  o f the ir o rb itin g  
b o d ie s  s ince  b in a ry s ta rs  d o  n o t s u p p o rt s ta b le  p la n e ta ry orb its ; a n d  the  g ra vita tiona l 
fo rce s  h o ld in g  s o la r s ys te ms  to g e th e r (if the re  a re  in fa c t o th e r one s ? ) in to  ga la xie s  
a re  we a k, re s e mb lin g  in te rm ole cular, no t in tram ole cular force s ). Mos t p re vious  
e s s a ys  o n  b io lo g y a n d  la n g u a g e  ha ve  fa lle n  d o wn  o n  this  po in t.  The  g re a t c o m p le xity 
o f the  two  d o m a in s  ma ke s  this  s imple  re q u ire m e n t difficult to  me e t in pra c tice . 

Th e  th ird  s ta ge  o f p re d ic tive  a n a lo g y is  to  in fe r th ings  a b o u t a n  ob je c t o r re la tion  
in o n e  s ys te m b a s e d  o n  wha t we  kn o w a b o u t it in the  o th e r s ys te m. A ke y d is tinc tion  

t Holland et al. (1986) have  a lso criticized the s trictly syntactic approach to ana logica l comparison, 
a rguing tha t the goa ls  or "context" of ana logy may a ffect decompos ition, mapping, and prediction 
(pp. 300-4). Goals  may be important in the ir s imple  examples  of metaphor ("Sam is an e lephant" vs. 
"'induction is an e lephant"--in the firs t example , the y suggest we should map clumsiness, while  in the 
second, the y want to reference the s tory of the blind men and the e lephant). But we think it is a  mistake 
in complex explana tory ana logy to a llow the goa ls  of ana logy to influence or revise a  decomposition 
tha t has been performed on the bas is  of factors  internal to the domain from which the system was drawn; 
this  only vitia tes  the predictive  powe r of an ana logy. None  of this  is to de ny the importance  of 
domain-internal contextua l cons idera tions , or the role  of analogical goa ls  in de termining which objects  
on which to focus  the  analogy. 
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n e e d s  to  b e  m a d e  h e re  b e twe e n  o b je c ts  th a t a re  m e re ly "h id d e n " a n d  o b je c ts  th a t 
a re  tru ly "'m is s in g " (o r,  fro m  the  p o in t o f vie w o f th e  o th e r s ys te m ,  "s u p e rflu o u s ") .  
In  th e  firs t c a s e ,  we  h a ve  e n o u g h  in d ire c t in fo rm a tio n  a b o u t  a n  o b je c t (o r re la tio n ) 
to  s u g g e s t th a t it e xis ts ,  a n d  wa n t to  e xte n d  o u r kn o wle d g e  o f it via  p re d ic tive  
a n a lo g y.  In  th e  s e c o n d  ca s e ,  we  kn o w th a t a n  o b je c t o r re la tio n  in  o n e  s ys te m  
p ro b a b ly d o e s  n o t  e xis t in  th e  o th e r; th e re  is  a  p o in t o f d is a n a lo g y.  In  o rd e r fo r a  
p re d ic tive  a n a lo g y to  b e  u s e fu l,  it m u s t b e  a rtic u la te d  c le a rly e n o u g h  to  d is tin g u is h  
b e twe e n  th e s e  two  ca s e s . 

A "m is s in g " o r "s u p e rflu o u s " o b je c t o r re la tio n  ra re ly vitia te s  a n  a n a lo g y b y 
its e lf; in fa c t,  it m a y s u g g e s t a  ne w, m o re  g e n e ra l e xp la n a tio n  fo r c e rta in  s ys te m  
c h a ra c te ris tic s  (e .g. the  "m is s in g ",  c la s s ic a lly-p re d ic te d  ra d ia tio n  in  the  c o n te xt o f 
the  Bo h r m o d e l o f the  a to m  le d  to  the  h yp o th e s is  o f "'s ta tio n a ry" e le c tro n  o rb its  
a n d  the  firs t th e o rie s  o f q u a n tu m  m e c h a n ic s ).  But wh e n ,  in  the  c o n te xt o f s tro n g  
u p p e r  a n d  lo we r le ve l p a ra lle ls ,  a n  e s p e c ia lly p ro m in e n t  o b je c t is  fo u n d  a t a n  
in te rm e d ia te  le ve l o f o rg a n iz a tio n  in  o n e  s ys te m  b u t no t in  the  o th e r,  th e re  is  c a u s e  
fo r a la rm ,  a n d  fo r a  re -e va lu a tio n  o f the  m a p p in g  s C h e m e t.  S uch  s e e m in g ly o b vio u s  
m is a lig n m e n ts  in le ve ls  o f o rg a n iz a tio n  a re  o fte n  d ifficult to  s p o t e ve n  a fte r the  
a n a lo g y h a s  b e e n  d e ve lo p e d  a t s o m e  le ng th ,  a s  we  s ha ll s e e  p re s e n tly.  Th e  m o ra l 
is  th a t o n e  m u s t p a y s tric t a tte n tio n  to  p a rt-wh o le  re la tio n s  b e fo re  s p la s h in g  a ro u n d  
to o  re c kle s s ly in the  de ta ils .  

Th e  fo u rth  a c tivity in  p re d ic tive  a n a lo g y is  te s tin g  the  p re d ic tio n s .  In fo rm a l te s ting  
n o rm a lly a c c o m p a n ie s  a n d  a id s  the  d e c o m p o s it io n  a n d  m a p p in g  p ro c e s s e s .  Te s tin g  
is  c o n s tru c te d  b ro a d ly e n o u g h  to  in c lu d e  th ings  like  s u g g e s tin g  a n  a p p ro a c h  to  a  
p ro b le m .  An a lo g ie s  a re  o fte n  p a rtic u la rly fru itfu l in s u g g e s tin g  n e w wa ys  to  e xp lo re  
fa m ilia r c o n c e p tu a l te rra in .  

3. The  Species /Language  Analogy 

Th e  firs t m a jo r  fie ld  in wh ic h  b io lo g ic a l a n d  lingu is tic  p ro c e s s e s  h a ve  b e e n  
c o n s id e re d  to g e th e r is  h is to ric a l lingu is tic s .  Th e  e a rly fo u n d e rs  o f In d o -E u ro p e a n  
c o m p a ra t ive  g ra m m a r  h a d  c o n s c io u s ly trie d  to  d ra w u p o n  the  s tu d y o f b io lo g ic a l 
d e ve lo p m e n t  a n d  e vo lu tio n ,  ju s t a s  e vo lu tio n is ts  like  Da rwin  a n d  Lye ll we re  fo n d  
o f d is c u s s in g  the  e vo lu tio n  o f la n g u a g e s  (s e e  e .g. Ne wm e ye r,  1986; R ic h a rd s ,  1987). 
A la te  s ta te m e n t o f the  p h ilo lo g is t S c h le ic h e r illu s tra te s  a  c le a r a n a lo g y b e twe e n  a  
s in g le  o rg a n is m  a n d  a n  e n tire  la n g u a g e : 

"La ngua ge s  a re  na tura l orga nis ms  which, outs ide  the  huma n will a nd s ubje ct to fixed 
la ws , a re  born, grow, de ve lop, a ge  a nd die ; thus  the y a ls o illus tra te  the  s e rie s  of 
phe nome na  tha t a re  us ua lly compre he nde d unde r the  te rm life . Cons e que ntly, the  s cie nce  
o f la ngua ge  is  a  na tura l s cie nce ." (1863, quote d in Aa rs le ff, 1982: 16). 

An a lo g ie s  b e twe e n  o rg a n is m a l d e ve lo p m e n t  (a n d  d e c a y) a n d  la n g u a g e  e vo lu tio n  
e n g e n d e re d  h o t d e b a te  in the  la te r 19th c e n tu ry (s e e  Aa rs le ff,  1982; Kn o ll,  1986; 

t Note  the  intimate  re la tions  be tween prediction, disana logy, and outright mapping-fa ilure . More  
formal crite ria  for deciding whe n to predict, whe n to note  diffe rences , and whe n to recons truct seem 
des irable . Exis ting trea tments  (e .g. Holla nd e t al., 1986; lndurkhya , 1987), however, a re  s till fa r from 
he lping us with rea lis tica lly uncons tra ined contexts . 
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We lls , 1987; Morpurgo  Da vie s , 1987)¢. But b y the  turn o f the  ce ntury, the s e  ide a s  
ha d  be e n  a ll bu t ba n is he d  from his torica l linguis tics ; the y ma ke  no a ppe a ra nce  in 
the  re cogniza bly mode rn  work o f S a us s ure . 

Ne ve rthe le s s , a  diffe re nt a na logy be twe e n  biologica l a nd  linguis tic  e volution, 
in troduce d  by Da rwin h ims e lf in the  Origin o f  S pecies~- (1859: 422-3), ha s  pe rs is te d 
a round  the  fringe s  o f mode rn  his torica l linguis tic  inve s tiga tions  (Anttila , 1972; 
Bynon, 1977; P la tnick & Ca me ron , 1977; Wie ne r, 1987)§. This  is  the  a na logy be twe e n  
a species  o f orga nis ms  a nd  a  la ngua ge . The  popula tion-le ve l a lignme nt o f a  s pe cie s  
with a  la ngua ge  implie s  the  individua l-le ve l a lignme nt o f a n orga nis m with a  s ingle  
s pe a ke r [s e e  Fig. l(a ),  which  s che ma tica lly illus tra te s  the  p a rt-wh o le  re la tions ]. 

A numbe r o f s pe cific compa ris ons  flow from the  s pe c ie s /la ngua ge  s ta rting po in t 
(b iologica l pa ra lle ls  a re  give n in pa re nthe s e s ). An in te rcommunica ting  group o f 
pe op le  de fine s  a  la ngua ge  (cf. ge ne  flow in re la tion to a  s pe cie s ); la ngua ge  a bilitie s  
de ve lop  in e a ch s pe a ke r (cf. e mbryonic  de ve lopme nt); la ngua ge  mus t be  tra ns mitte d  
to  offs pring (cf. he rita bility); the re  is  a  low le ve l proce s s  o f s ound  a nd  me a ning 
cha nge  tha t con tinuous ly ge ne ra te s  va ria tion (cf. muta tion); la ngua ge s  gra dua lly 
dive rge , e s pe cia lly whe n s pa tia lly s e pa ra te d  (cf. a llopa tric  s pe c ia tion); ge ogra phica l 
d is tributions  o f dia le cts  (cf. s ubs pe cie s , cline s ) gra dua lly give  ris e  to whole s a le  
re a rra nge me nts  o f phono logy a nd s ynta x (cf. ma croe volu tion); s ociolinguis tic  is ola - 
tion ca n le a d to la ngua ge  dive rge nce  without s pa tia l d is continuity (cf. s ympa tric  
s pe cia tion). Fina lly, the  te chn ique  for a dduc ing  la ngua ge  re la tions hips  (e .g. s e e  
Anttila , 1972: 207-63) s hows  a  re ma rka ble  re s e mbla nce  to the  c la dis tic  te chnique s  
inde pe nde n tly de ve lope d  by biologica l s ys te ma tis ts  (He nnig, 1966). 

The re  a re  a  fe w obvious  dis a na logie s  whe n us ing this  a lignme nt tha t ha ve  ofte n  
be e n  no te d  by linguis ts . Firs t, la ngua ge s  commonly "b o rro w" words  from ne ighbor- 
ing la ngua ge s , from the  la ngua ge  o f a n inva de r o r colonize r, o r from the  inva de d  
o r colonize d , with little  re ga rd for the  phyloge ne tic  d is ta nce  o f the  s ource  la ngua ge . 
S uch uninhib ite d  la te ra l tra ns fe r o f ge ne tic  ma te ria l is  much le s s  common in 

t Th e  o rg a n is m / la n g u a g e  a n a lo g y o f Bo p p  a n d  S c h le ic h e r h a s  a  s u p e rfic ia l re s e m b la n c e  to  th e  
c e ll/p e rs o n  a n a lo g y a rg u e d  fo r in  th e  la s t s e c tio n  in  th a t e n titie s  with in  a  s in g le  o rg a n is m  a re  im p lic itly 
c o m p a re d  to  re la tio n s  b e twe e n  d iffe re n t p a rts  o f a n  e vo lvin g  la n g u a g e .  Th e s e  write rs ,  h o we ve r,  s e e m e d  
ve ry little  c o n c e rn e d  with  p ro c e s s e s  u n d e rlyin g  la n g u a g e  c o m p re h e n s io n  a n d  wro te  a s  if th e  s tru c tu re  
o f a  la n g u a g e  wa s  a n  a u to n o m o u s  th in g ,  s o m e h o w s e p a ra te  fro m  th e  p e rs o n s  u s in g  it. It wa s  th is  p o in t 
th a t wa s  m o s t  ro u n d ly c ritic ize d  by Brda l, Wh itn e y,  a n d  S a u s s u re .  

Th e re  we re  s e ve ra l o th e r in c o m m e n s u ra te  ve rs io n s  o f a  b io lo g y/ la n g u a g e  a n a lo g y c u rre n t a t th is  time .  
Th e  p h ilo lo g is t Ma x Miille r, fo r e xa m p le ,  th o u g h  a d a m a n t ly  o p p o s e d  to  th e  s u g g e s tio n  th a t c a p a b ility 
fo r h u m a n  la n g u a g e  a n d  th o u g h t  m ig h t h a ve  g ra d u a lly e vo lve d ,  n e ve rth e le s s  wa n te d  to  d ra w u p o n  id e a s  
a b o u t  b io lo g ic a l e vo lu tio n  to  e xp la in  th e  s u b s e q u e n t  e vo lu tio n  o f d iffe re n t la n g u a g e s .  In te re s tin g ly,  h e  
c o m p a re d  th e  s tru g g le  b e twe e n  o rg a n is m s  to a  "'s tru g g le " b e twe e n  d iffe re n t wo rd s  a n d  g ra m m a tic a l 
fo rm s  within  a  la n g u a g e  ( Kn o ll,  1986; R ic h a rd s ,  1987). Th is  a n a lo g y is  c lo s e s t to  th e  o rg a n is m /c o n c e p t  
a n a lo g y d is c u s s e d  in s e c tio n  5. 

~- Da rwin  we n t in to  s o m e  d e ta il o n  th is  is s u e ,  a t o n e  p o in t c o m p a r in g  th e  u n p ro n o u n c e d  le tte rs  in  a  
wo rd  with  ve s tig ia l o rg a n s  (Da rwin ,  1859: 455). R u d im e n ta ry o rg a n s  we re  o n e  o f Da rwin ' s  fa vo rite  
e vid e n c e s  fo r e vo lu tio n a ry c h a n g e .  

§ Th e  p re s e n t "'frin g e " s ta tu s  o f th e  s p e c ie s / la n g u a g e  a n a lo g y in lin g u is tic s  m a y be  a ttrib u te d  to  e a rlie r 
e xc e s s e s ,  b u t a ls o  to  th e  p e re n n ia l n e e d  to  c o m b a t s o c io lin g u is tic a lly n a ive  n o tio n s  o f "c o rre c t" (re a d  
u p p e r-c la s s ) a n d  "'incorre c t" s p e e c h ,  a s  we ll a s  n o tio n s  o f "'p rim itiv e " a n d  "a d v a n c e d " la n g u a g e s  
d e ve lo p e d  in  th e  a b s e n c e  o f a n y kn o wle d g e  o f c o m p a ra tive  p h o n o lo g y,  s yn ta x,  a n d  s e m a n tic s  o f th e  
wo rld 's  5000  o r s o  la n g u a g e s  [s e e ,  e .g ., d is c u s s io n s  in  An ttila  (1972) a n d  Byn o n  (1977]. 
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FIG. 1. S che ma tic  compa ris on  o f pa rt-whole  re la tions h ips  in four a na logie s  be twe e n biology a nd  
la ngua ge . In the  s pe c ie s /la ngua ge  a na logy (a ), ob je c ts  in one  s ys te m ma p  to obje c ts  o f a pproxima te ly 
the  s a me  s ize  in  the  o the r s ys te m. In the  g e n e s /c u ltu re  a na logy (b), s ma ll b iologica l obje c ts  (ge ne s ) ma p  
to la rge  cu ltura l obje cts  (ge ne -like  culture  fra gme nts ). In the  o rg a n is m /c o n c e p t a na logy (c), la rge  
biologica l obje c ts  (o rga n is ms ) ma p  to s ma ll cu ltu ra l/lingu is tic  obje c ts  (ind ividua l conce pts ). In (a ), (b) 
a n d  (c), the re  a re  u n m a p p e d  in te rme dia te -le ve l obje c ts  (ce lls , pe rs ons ). Fina lly, in the  c e ll/p e rs o n  a na logy 
(d), s ma ll b io logica l obje cts  (ce lls ) m a p  to  la rge  cu ltu ra l/lingu is tic  obje c ts  (pe rs ons ). 
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b io lo g ic a l e vo lu tio n .  S e c o n d ,  s p o ke n  n a tu ra l la n g u a g e s  d o  n o t a p p a re n tly b e c o m e  
a  g re a t de a l m o re  "a d a p te d " o r "fit" th ro u g h  time  (th is  is  le s s  true  o f s c ie n tific  
la ngua ge s  a n d  n o ta tio n s ).  F o r e xa m p le ,  a ll na tu ra l la ngua ge s  s e e m c a p a b le  o f 
e xp re s s in g  s imila r ra nge s  o f m e a n in g ,  e s p e c ia lly if p a ra p h ra s in g  is  a llo we d ; E s kim o  
m a y h a ve  m o re  words  fo r "'s n o w",  b u t it is  no t d ifficu lt to  e xp re s s  th e ir m e a n in g s  
in Englis h . 

At firs t g la nce ,  th e re  s e e m to  be  a n  impre s s ive  n u m b e r o f pa ra lle ls  b e twe e n  a  
s pe c ie s  a n d  a  la n g u a g e  (th e re  a re  mo re  h e re  th a n  a n y o n e  o th e r a u th o r ha s  p ro d u c e d ).  
A c lo s e r e xa m in a tio n  re ve a ls ,  h o we ve r,  a  n u m b e r o f p u z z lin g  d iffe re nce s .  F o r 
in s ta n c e ,  th e re  a re  a c tu a lly th re e  kinds  o f loca l c h a n g e s  o r "m u ta t io n " in la n g u a g e  
e vo lu tio n  invo lving  fu n d a m e n ta lly d iffe re n t "m a te r ia ls "--c h a n g e s  in the  s e t o f 
pos s ib le  s p e e c h  s o u n d s ,  c h a n g e s  in s o u n d /m e a n in g  c o rre s p o n d e n c e s ,  a n d  cha nge s  
in the  m e a n in g s  the ms e lve s .  Th e n ,  th e re  a re  the  a c tua l s o u n d  s e q u e n c e s  s p o ke n ,  
wh ich  c h a n g e  fro m  d a y-to -d a y.  It is  u n c le a r,  g ive n  the  fra m e wo rk o f the  
s p e c ie s /la n g u a g e  a n a lo g y o u tlin e d  a b o ve ,  wh ich  s ubs e t o f the s e  fo u r type s  o f cha nge s  
s h o u ld  be  c o m p a re d  to  the  cha nge s  in g e n e  s e q u e n c e s  th a t c o n s titu te  b io log ica l 
m u ta tio n .  

Th e s e  p ro b le m s  g row o u t o f the  va g u e  c h a ra c te riz a tio n  o f lo we r le ve ls  o f o rga n iz - 
a tion  on  the  la n g u a g e  s ide  o f the  a n a lo g y.  Th e  m a p p in g  d o e s  no t c le a rly s pe c ify 
wh a t m u ta te s ,  a n d  wh a t is  tra n s m itte d .  In trying  to  be  m o re  s pe c ific , we  u n c o ve r a  
m is m a tc h  in p a rt-wh o le  re la tio n s h ip s .  S ince  the  a n a lo g y fo c u s e s  o n  ge ne tic  p roce s - 
s e s ,wh ich  in b io lo g y,  fu n d a m e n ta lly invo lve  in t ra c e llu la r e n titie s  (DNA a n d  ge ne s ),  
the  ce ll is  le ft a s  a  p ro m in e n t "m is s in g " in te rm e d ia te -le ve l ob je c t; th e re  s e e m to  be  
no  ce ll-like  c o m p a rtm e n ts  in a  la ngua ge  s p e a ke r th a t e a c h  c a rry a  full c o m p le m e n t 
o f ge ne -like  e n titie s . 

Th e  d iffe re n t type s  o f s e q u e n c e  c h a n g e s  in b io lo g y a n d  la n g u a g e  a re  d e a lt with  
m o re  e xp lic itly a n d  p ro d u c tive ly in the  c o n te xt o f the  c e ll/p e rs o n  a n a lo g y,  wh e re  
it is  a rg u e d  tha t ne w DNA s e q u e n c e s  g e n e ra te d  by m u ta tio n  a re  mos t s imila r to  
ne w s o u n d  s e q u e n c e s  p e rc e ive d  from d a y-to -d a y.  Ana logs  o f the  o th e r th re e  type s  
o f c h a n g e  in la n g u a g e  e vo lu tio n  tu rn  o u t to  h a ve  o c c u rre d  o n ly ve ry ra re ly in ce lls  
(s e e  b e lo w).  

4. The  G e n e s /C u ltu re  Ana logy 

A s e c o n d  a re a  in wh ic h  b io log ica l ge ne tic s  a n d  h u m a n  lingu is tic  a n d  cu ltu ra l 
p h e n o m e n a  h a ve  b e e n  c o n s id e re d  to g e th e r is  h u m a n  s o c io b io lo g y.  C o n s id e ra b le  
e ffo rt ha s  re c e n tly b e e n  e xp e n d e d  in d e ve lo p in g  a  m a th e m a tic a lly d e ta ile d  a n a lo g y 
b e twe e n  ge ne s  a nd  c u ltu re  a s  pa ra lle l s ys te ms  fo r tra n s m ittin g  in fo rm a tio n  a b o u t 
p h e n o typ e s  (e .g. C a va lli-S fo rz a  & F e ld m a n ,  1981; Lu m s d e n  & Wils on , 1981; Bo yd  
& R ic h e rs o n ,  1985; R indos ,  1986; Bra n d o n  & Ho rn s te in ,  1986) [s e e  Fig. l(b )].  Th e s e  
a u th o rs  h a ve  us ua lly no t re s tric te d  the  p u ta tive  a na logs  o f ge ne s  to  linguis tic  
p h e n o m e n a .  Bo yd  & R ic h e rs o n ,  fo r e xa m p le ,  s ta te  tha t 

"'the  codifica tion o f culture  via  public s ymbol s ys te ms  ma y ha ve  inte re s ting e ffects  on 
the  huma n e volutiona ry p ro c e s s . . ,  but to our minds  the s e  e ffects  a re  less  funda me nta l 
tha n the  e ffe ct o f s ocia l le a rning p e r s e  (Boyd & Riche rs on, 1985: 36) ~'. 
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Bo yd  & R ic h e rs o n  (1985) po in t ou t two  ba s ic  d iffe re nce s  be twe e n  cu ltu ra l a n d  
ge ne tic  tra n s m is s io n  tha t ma ke  it unre a lis tic  to  tre a t the  cu ltu ra l "s ys te m " a s  a  g ro u p  
o f a d d itio n a l ge ne tic  loci. Firs t, it is  no t pos s ib le  to  re p re s e n t cu ltu ra l e vo lu tion  a s  
a  p roce s s  tha t tra n s fo rm s  g e n o typ e s  in g e n e ra tio n  t in to  g e n o typ e s  in g e n e ra tio n  
t + 1 s ince  we  mus t ta ke  the  d is tribu tion  o f s ta rting  phe notype s  in to  a c c o u n t (e .g. 
the  p h e n o typ e s  o f the  cu ltu ra l pa re n ts  tha t a re  c a p a b le  o f tra ns mitting  cu ltu ra l 
a n a lo g s  o f ge ne s ).  S e c o n d ,  in cu ltu ra l tra ns mis s ion ,  g e n o typ e  a n a lo g s  a re  tra ns mitte d  
to  a n  o rg a n is m  th ro u g h o u t its  life  ra the r th a n  a s  o n e  b o lu s  a t fe rtiliza tion . O n c e  
the s e  d iffe re nce s  we re  n o te d ,  a  s o -ca lle d  "d u a l in h e rita n c e " a p p ro a c h  wa s  d e ve lo p e d  
a lo n g  b ro a d ly s imila r line s  by s e ve ra l a u tho rs .  

This  a n a lo g y s uffe rs  fro m  a  m is m a tc h  in p a rt-wh o le  re la tions h ips .  The  p ro b le m  
s te ms  from the  de fin ition  o f the  p h e n o typ e  a t the  cu ltu ra l le ve l. Bo yd  & R iche rs on  
(a nd  m a n y o the rs ) d ra w a n  a n a lo g y be twe e n  the  "c u ltu ra l g e n o typ e " tra ns mitte d  
by va rious  cu ltu ra l p ra c tice s  a n d  the  ce llu la r g e n o typ e  tra n s m itte d  by DNA.  But 
the n  the y e s s e n tia lly ide ntify the  cu ltu ra l p h e n o typ e  with  the  multice llu la r b io log ica l 
p h e n o typ e .  This  is  no t s u rp ris ing , g ive n tha t mos t a u th o rs  ha ve  e xp re s s e d  in te re s t 
in h yp o th e tic a l "g e n e /c u ltu re " in te ra c tions . It re s ults  in a n  u p p e r le ve l m a tc h  
(b io log ica l p e rs o n /c u ltu ra l p e rs o n ) a n d  a  lowe r le ve l m a tc h  (g e n e /g e n e -like  
fra g m e n t o f cu ltu re ),  bu t a ls o  a  p ro m in e n t "m is s in g " in te rme dia te -le ve l ob je c t o n  
the  la n g u a g e /c u ltu re  s ide  o f the  a n a lo g y (c e ll/? ? ).  

Th e  a d va n ta g e  o f ide n tifying  the  cu ltu ra l p h e n o typ e  with  the  b io log ica l o n e  is  
tha t e n c u ltu ra te d  h u m a n s  a re  c le a rly loca liza b le  units ; the  d ra wb a c k is  a  c lus te r o f 
d is a n a lo g ie s  with  re s pe c t to  the  m o d e  o f a c tion  o f cu ltu ra l a nd  ge ne tic  in fo rm a tio n .  
Th e  a du lt b io log ica l p h e n o typ e  o f a  p e rs o n  is  g e n e ra te d  from a  z yg o te  b y e ve r 
inc re a s ing  n u m b e rs  o f in te ra c ting  ce lls , e a ch  o f wh ic h  c o n ta in s  a  c o m p le te  c o p y o f 
the  ge ne tic  in fo rm a tio n  p re s e n t in the  z yg o te  a s  we ll a s  a  c o p y o f the  d e c o d in g  
a p p a ra tu s  re qu ire d  to  de rive  a  p rim a ry in te rp re ta tion  o f tha t in fo rm a tio n .  By con- 
tra s t, the re  is  no  re a s o n a b le  s e ns e  in which  cu ltu ra l in fo rm a tio n  c o u ld  be  th o u g h t 
o f a s  e xis ting  in n u m e ro u s  dup lica te  cop ie s  in e a ch  o f the  ce lls  (o r a ny re pe a te d  
pa rt) o f a n  e n c u ltu ra te d  pe rs on . Like wis e , cu ltu ra l in fo rm a tio n  is  no t in itia lly 
in te rp re te d  p ie ce me a l by e a ch  ce ll; the re  is  on ly one  in te rp re ting  a p p a ra tu s  (s e ns e  
o rga ns  a n d  b ra in ) pe r pe rs on . An o th e r wa y to  s a y this  is  tha t ge ne s  ge ne ra te  
o rg a n is ma l p h e n o typ e s  by g e n e ra tin g  ce ll p h e n o typ e s ,  wh ich  the n  in te ra c t to  ge ne ra te  
the  o rg a n is m a l p h e n o typ e t .  

Th e  le ve ls -o f-o rg a n iz a tio n  m is m a tc h  ca n  be  a vo id e d  if we  p e rfo rm  a  more  ca re fu l 
d e c o m p o s itio n  o f the  in te rna l a rc h ite c tu re  o f in fo rm a tio n  us e  a t the  ce llu la r-ge ne tic  
a n d  cu ltu ra l "'ge ne tic " le ve ls . We  the n  ide n tify the  cu ltu ra l p h e n o typ e  a s  a n  in te ra c t- 
ing  group o f pe op le .  Ea ch  p e rs o n  in the  g ro u p  is  c a p a b le  o f p ro vid in g  a n  in d e p e n d e n t 

+ We do not mean to de ny all direct interactions  between the ce llular and cultura l genotypes  in the 
context of a  s ingle  person. The mos t obvious  inte raction is the incorpora tion into the human genome 
of the ability to effortlessly learn a  language  upon hearing or see ing one ; even enthus ias ts  for ape 
"language" agree  tha t the difficulty in teaching fragments of language to chimpanzees must have a  genetic 
basis. 
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in itia l in te rp re ta tio n  o f cu ltu ra l in fo rm a tio n ,  wh ich  ca n  be  th o u g h t o f a s  e xis ting  in 
mu ltip le  (if a p p ro xim a te ) cop ie s .  One  n e e d  no t d e n y th a t the  h u m a n  cu ltu ra l 
p h e n o typ e  a c tu a lly "re s id e s " in h u m a n  b io log ica l p h e n o typ e s ; the  p o in t is  tha t th e re  
is  n o t a  o n e -to -o n e  re la tio n s h ip  b e twe e n  th e  two. Th is  tu rns  o u t to  be  o n e  o f s e ve ra l 
rou te s  to  a  c e ll/p e rs o n  a n a lo g y.  

5. The  Organism/Concept Analogy 

Th e  th ird  m a jo r a re a  wh e re  b io log ica l a n d  lingu is tic  p h e n o m e n a  h a ve  b e e n  
c o n s id e re d  to g e th e r in a n  a na log ica l fra m e wo rk is  e vo lu tio n a ry e p is te m o lo g y.  Th e  
ide a  tha t c o n c e p tu a l e vo lu tio n  migh t p ro fita b ly be  c o m p a re d  to  Da rwin ia n  o rg a n ic  
e vo lu tio n  ha s  b e e n  in fo rm a lly c o n s id e re d  a t m a n y ju n c tu re s  (s e e  the  m a n y in te re s ting  
e xa m p le s  e xh u m e d  by C a m p b e ll,  t974 , a n d  o ve rvie w by Bra d ie ,  1986). We  s ha ll 
c o n c e n tra te  on  the  m o re  re c e n t a n d  le n g th y tre a tm e n ts  o f C a m p b e ll (1974, 1977), 
To u lm in  (1972), a n d  s e p a ra te ly,  th a t o f Hull (1982, t983 , 1988). C o m p a re d  to  the  
P ro c ru s te a n  g e n e ra liz a tio n s  a b o u t h u m a n  c u ltu re  o f s o me  s oc iob io log is ts ,  the  c la ims  
o f e vo lu tio n a ry e p is te m o lo g is ts  a p p e a r m u te d .  To u lm in ,  fo r e xa m p le ,  d o e s  no t wa n t 
to  ge t in vo lve d  with  "'s pe c ifica lly b io log ica l d e ta ils " o r ge t "d ra wn  in to  d is cus s ions  
a b o u t ge ne tic s ,  p re d a to rs ,  o r wa te r s u p p ly" (To u lm in ,  1972: 39). S o m e  o f the  d e b a te s  
in e vo lu tio n a ry e p is te m o lo g y,  h o we ve r,  wo u ld  be ne fit fro m c le a re r s ta te m e n ts  o f 
the  ob je c ts  o f a n a lo g y,  u n c o m fo rta b le  a s  this  m a y be . S uch  a n  a na lys is  s e rve s  to  
d is tingu is h  "c la s s ic a l" e vo lu tio n a ry e p is te m o lo g y a s  a  d is tinc t kin d  o f a lig n m e n t--  
th a t o f organism~concept--alongside the  s p e c ie s /la n g u a g e  a n d  g e n e s /c u ltu re  
a n a lo g ie s  d is c u s s e d  a b o ve ,  a n d  the  c e ll/p e rs o n  a n a lo g y d is c u s s e d  la s t. 

With  C a m p b e ll a n d  To u lm in ,  the  p rim a ry c o m p a ris o n  is  b e twe e n  a n  o rg a n is m  in 
a n  e vo lvin g  s pe c ie s ,  a n d  a  c o n c e p t in the  "e vo lvin g " (i.e . le a rn ing ) b ra in  [s e e  Fig. 
l(c )].  Th e y wo u ld  like  to  a p p ly a  s e le c tive  re te n tio n  p a ra d ig m  to  a ll "kn o wle d g e  
p ro c e s s e s " bu t e s p e c ia lly th o s e  o f h u m a n s  a n d  s c ie n tis ts . A "c o n c e p t" is  u s ua lly 
ta ke n  to  be  wo rd -s iz e d  o r la rge r (e .g. a  th e o ry),  bu t d e c id e ly s m a lle r th a n  the  e n tire  
c o n c e p tu a l c o n te n ts  o f a  le a rn e r's  b ra in . Th u s ,  the  foca l c o m p a ris o n  o f e vo lu tio n a ry 
e p is te m o lo g y a c tua lly inve rts  the  s ize  re la tio n s h ip s  b e twe e n  (mu lti-ce llu la r) b io- 
log ica l a n d  lingu is tic -cu ltu ra l ob je c ts  fo u n d  in the  g e n e s /c u ltu re  a n a lo g y.  In 
e vo lu tio n a ry e p is te m o lo g y,  the  e vo lu tio n  o f (la rge ) mu lti-c e llu la r o rg a n is m s  be long - 
ing  to  a  s pe c ie s  is  c o m p a re d  to  the  e vo lu tio n  o f a  c la s s  o f (s ma ll) th in g s - -c o n c e p ts - -  
m a n y o f wh ich  ca n  re s ide  in a  d o rm a n t o r a c tive  fo rm  with in  a  s ingle  s c ie n tis t's  
b ra in .  By c o n tra s t,  the  g e n e s /c u ltu re  a n a lo g y c o m p a re s  (s ma ll) ge ne s  c o n ta in e d  
with in  a  s ingle  ce ll to  (la rge ) ge ne -like  fra g m e n ts  o f cu ltu re  p e rc e ive d  by wh o le  
b ra in s  [c o m p a re  Fig. l(b ) a n d  (c )]. 

Like  the  g e n e s /c u ltu re  a n a lo g y,  the  o rg a n is m /c o n c e p t  a n a lo g y s uffe rs  fro m a  
m is m a tc h  in p a rt-wh o le  re la tio n s h ip s  tha t de rive s  fro m a n  in a d e q u a te  tre a tm e n t o f 
the  lingu is tic -cu ltu ra l p h e n o typ e .  S ince  e vo lu tio n a ry e p is te mo log is ts  o fte n  wa n t to  
c o m p a re  a  b io log ica l s pe c ie s  with  a  s c ie n tific  d is c ip lin e  th o u g h t o f a s  a n  "in te rb re e d - 
ing '" in te lle c tua l c o m m u n ity,  th e re  is  no  c o n ve n ie n t e n tity le ft on  the  b io log ica l s ide  
to  a n a lo g iz e  with  a  s ing le  p e rs o n  o r s c ie n tis t--c le a rly a  p ro m in e n t "m is s in g " ob je c t.  
An d  on  the  lingu is tic -cu ltu ra l s ide , th e re  is  n o th in g  to  c o m p a re  with  a  ce ll. 
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The  ma in  culprit a ppe a rs  to be  the  foca l o rga n is m/conce p t compa ris on its e lf. By 
s ta rting with this  a lignme nt, one  is  le d to ne gle ct the  ge no type /phe no type  dis tinction, 
s ince  pre s uma bly, this  would ha ve  to corre s pond to s ome thing within a  conce pt or 
the ory. Ka ry (1982) ha s  a ls o criticize d this  a s pe ct o f e volutiona ry e pis te mology. 
Us ing s ome wha t diffe re nt te rms , we  a gre e  tha t a  ge ne ra lize d the ory o f biologica l 
e volution mus t include  a n a na log o f the  ge no type /phe no type  dis tinction. Othe rwis e , 
the re  is  little  to dis tinguis h the  the ory from othe r de te rminis tic  the orie s  o f c h a n g e -- 
e .g. the  "e vo lu tion" o f a  dyna mica l s ys te m in s ix-dime ns iona l mome ntum s p a c e -- 
tha t a re  cle a rly not "e vo lu tiona ry" in the  biologica l informa tion-a ccre ting s e ns e  o f 
the  word. In fa ct, the  ce ll-ba s e d a rchite cture  s umma rize d by the  
"g e n o typ e /p h e n o typ e " dis tinction is  pre cis e ly a  me a ns  for ge tting be yond  the  
s imple r de te rminis tic  e volution o f phys ica l s ys te ms , ba s e d on s toring s ymbolic 
in forma tion  a bout how to ma ke  ce rta in othe rwis e  unlike ly che mica l e ve nts  occur 
more  re a dily. As  in the  pre vious  ca s e s , we  th ink it is  difficult to a rgue  for pa rticula r 
highe r leve l a lignme nts  (e .g. a na log o f s e le ction a nd  a da pta tion) whe n the re  a re  no 
a na logs  o f ce lls  a nd ge ne s , nor good re a s ons  for the  a bs e nce  o f this  mos t ba s ic 
ins ta ntia tion  o f the  ge no type /phe no type  dis tinction. 

Hull (1982, 1983) a pplie s  his  conce pt o f s pe cie s  a s  s pa tiote mpora l "ind ividua ls " 
(a s  oppos e d  to cla s s e s  with me mbe rs ) to conce ptua l e volution. Hull's  ma in point 
is  tha t the  only things  tha t count a re  the  a ctua l line s  o f de s ce nt. Thus , as  Olby 
(1979) ha s  quippe d, Me nde l might not ha ve  be e n as  much o f a  Me nde lia n  as  his  
la te r "re dis cove re rs ", who we re  ins trume nta l in tra ns mitting his  work to the  
ge ne ra l s cie ntific community. In de ve loping this  ins ight with re s pe ct to conce ptua l 
e volution, Hull s e e s  tha t it would  not do to ha ve  the  node s  in the  ge ne a logica l 
fra me work be  conce pts  (e .g. Me nde lia n  la ws ), groupe d into s imila rity cla s s e s . He  
s ugge s ts  tha t we  individua te  s cie ntific communitie s  as  biologis ts  de fine  s pe cie s  in 
p ra c tice --by us ing a  "type  s pe cime n". As  a  pa rticula r orga nis m ma rks  a  s pe cie s  
tha t include s  it (re ga rdle s s  o f how the  including s pe cie s  ma y be  s ubs e que ntly 
re de fine d), a  pa rticula r s cie ntis t ca n be  us e d to ma rk a  conce ptua l community (Hull, 
1982: 297). 

Cle a rly, this  a ligns  one  orga nis m with the  e ntire  conce ptua l s ys te m o f a  s cie ntis t, 
in contra s t to the  o rga n is m/conce p t foca l compa ris on o f "c la s s ica l" e volutiona ry 
e pis te mology. Notice  tha t this  is  clos e s t to the  ma pping pre vious ly de s cribe d for 
la ngua ge  e volution (i.e . s pe cie s /la ngua ge ~ a nd  e s pe cia lly, o rga nis m/s pe a ke r); a nd  
it s ha re s  the  forme r a na togy's  dis re ga rd o f the  ce llula r leve l o f orga niza tion. Hull 
cla ims  tha t his  cultura l ge ne -a na logs  (me me s , following Da wkins ) only re produce , 
but do not ge ne ra te  a  phe no type  (Hull, 1982: 307). Ta ke n a t fa ce  va lue , the  la ck 
o f a  cultura l phe no type  would  s e e m to gre a tly we a ke n the  a na logy (s ure ly the  
phe no type  is  a  p romine nt pa rt o f a  biologica l orga nis m); but we  th ink the  implica tion 
is  ins te a d tha t the  biologica l phe notype  a ls o se rves  a s  the  cultura l phe notype , though 
modifie d by cultura l ge ne -a na logs . Hull's  a na logy thus  a ls o re ca lls  the  huma n 
s ociobiologis t's  colla ps ing o f the  ge ne tic a nd  cultura l phe notype s ; a nd  it ge ne ra te s  
a  s imila r clus te r o f dis a na logie s  with re ga rd to the  mode  o f a c tion o f ge ne tic a nd  
cultura l ge ne tic  in forma tion  (multiple  vs . s ingle  copie s  o f in forma tion  a nd  inte rpre t- 
ing a ppa ra tus ). 
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R e c e n tly,  Hu ll ha s  e m p h a s iz e d  the  d is tin c tio n  b e twe e n  c o n c e p tu a l re p lic a to rs  
a n d  in te ra c to rs .  Eve n  o n  the  b io log ica l s ide , h o we ve r,  b o th  DNA a n d  ce lls  a re  
tre a te d  a s  re p lic a to rs  o r in te ra c to rs  (Hu ll,  1988: 135, 148), d e p e n d in g  on  o n e 's  
p e rs p e c tive .  On  the  c o n c e p tu a l s ide , it is  n o t c le a r wha t s h o u ld  c o rre s p o n d  to  
re p lic a tin g  g e n o typ e  a n d  in te ra c tin g  p h e n o typ e ; he  la be ls  s c ie n tis ts  re p lic a to rs  (Hu ll,  
1988: 140), b u t e ls e wh e re  h in ts  th a t the  g e n o typ e /p h e n o typ e  d is tin c tio n  migh t be  
a n a lo g o u s  to  the  o b s e rva t io n / th e o ry d ic h o to m y (Hu ll,  1988: 148). Hu ll a ls o  e xte n d s  
his  typ e -s p e c im e n  m e th o d  to  parts  o f a  s c ie n tis t's  c o n c e p tu a l s ys te m --e .g ,  te rms  
(s ing le  wo rd s ).  Th is  o s te n s ib ly is  a  re tu rn  to  a n  o rg a n is m /c o n c e p t  a n a lo g y.  Ho we ve r,  
s ince  he  re g a rd s  a  ce ll a s  the  c a n o n ic a l o rg a n is m ,  a n d  c o m p a re s  DNA ba s e s  to  
le tte rs  (Hu ll,  1988: 142), his  a n a lo g y c o u ld  a ls o  be  c la s s ifie d  a s  c e ll/p e rs o n .  Th e  
e n ric h m e n t o f the  b io lo g ic a l a n d  c o n c e p tu a l s ide s  o f the  a n a lo g y is  c o m m e n d a b le ,  
b u t the  a na lys is  in to  o n ly re p lic a to rs  a n d  in te ra c to rs  is  no t s uffic ie n t to  s pe c ify a  
u n iq u e  a n a lo g ic a l m a p p in g  s c h e m e ,  a n d  h e n c e ,  la cks  p re d ic tive  p o we r.  

6. The  Ce ll/P e rs o n Ana lo g y--P re vio us  Wo rk 

Th e  fina l s o u rc e  o f a n a lo g ie s  b e twe e n  b io lo g y a n d  la n g u a g e  is  m o le c u la r b io logy.  
An  implic it a n a lo g y b e twe e n  ce llu la r p ro c e s s e s  a n d  h u m a n  la n g u a g e  da te s  a t le a s t 
to  S c h r6 d in g e r (1944), wh o  s ugge s te d  in a  wide ly re a d  b o o k th a t ce lls  mus t c o n ta in  
a  "h e re d ita ry c o d e  s c rip t" s to re d  in a n  "a p e rio d ic  c rys ta l".  As  a  p re fa c e  to  my 
tre a tm e n t o f the  c e ll/p e rs o n  a n a lo g y,  s e ve ra l p re vio u s  a tte m p ts  to  c o m p a re  c e llu la r 
a n d  lingu is tic  p ro c e s s e s  a re  d is c u s s e d  (G a m o w,  1954; Crick,  1959; Ho fs ta d te r,  1979; 
P a tte e ,  1980, 1982). 

6.1 . T H E  G E N E  AS  W O R D  IN E AR LY MO LE C U LAR  B IO LO G Y 

Th e  firs t c o n c re te  p ro p o s a ls  fo r p ro te in  c o d in g  fo llo win g  the  d is c o ve ry o f the  
DNA s tru c tu re  by Wa ts o n  & C ric k in 1952 us e d  lingu is tic  a na log ie s .  In te re s ting ly,  
la n g u a g e  in itia lly s e rve d  a s  the  s o u rc e  s ys te m a n d  c e llu la r p ro c e s s e s  a s  the  ta rge t 
s ys te m o f the  a n a lo g y,  in ve rtin g  the  p o la rity o f the  p re vio u s  m a p p in g s .  An e a rly 
s c h e m e  fo r p ro te in  c o d in g  d u e  to  the  c o s m o lo g is t G a m o w (1954) h a d  p ro te in s  b e in g  
p o lym e riz e d  d ire c tly From ca vitie s  in the  DNA te m p la te  (th e  ca vitie s  a re  no t a c tu a lly 
the  righ t s h a p e ).  It wa s  in tro d u c e d  in the  fo llo win g  m a n n e r: 

"'The  he re dita ry prope rtie s  o f a ny give n orga nis m could be  cha ra cte rize d by a  long 
numbe r writte n in a  four-digita l s ys te m (o f DNA bases). On the  o the r ha nd, the  
e nzyme s  . . .  ca n be  cons ide re d as  long words  ba s e d on a  20-le tte r a lpha be t [o f a mino 
a cids ]. Thus , the  que s tion a ris e s  a bout the  way in which four-digita l numbe rs  ca n be  
tra ns la te d into s uch "'words "." 

In  a  s imila r ve in ,  C ric k d e s c rib e d  the  c o d in g  p ro b le m  a s  o n e  o f "tra n s la tin g  fro m  
o n e  la n g u a g e  to  a n o th e r: th a t is , fro m  the  fo u r-le tte r la n g u a g e  o f the  n u c le ic  a c ids  
to  the  20-le tte r la n g u a g e  o f the  p ro te in " (Crick,  1959: 35). Th e  a n a lo g ic a l us e  o f 
"' la n g u a g e ",  "tra n s la t io n ",  a n d  "'le tte rs ",  s o  s tim u la tin g  a n d  c o n tro ve rs ia l a t the  
time ,  n o w s e e ms  ca s ua l,  a n d  e ve n  a  b it qua in t.  A fe w lingu is tic  te rms ,  h o we ve r,  
we re  p e rm a n e n tly a d o p te d  by m o le c u la r b io lo g is ts --e .g ,  p ro te in  s yn the s is  is  s till 
fo rm a lly c a lle d  "tra n s la t io n " to d a y.  
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Th is  in itia l fo rm  o f the  c e ll/p e rs o n  a n a lo g y,  in  fa c t,  vio la te s  the  m a xim  tha t 
pa ra lle ls  be  m a in ta in e d  a c ros s  le ve ls  o f o rg a n iz a tio n .  In Crick's  a n a lo g y,  fo r e xa m p le ,  
the  DNA ba s e s  a re  c o m p a re d  to  le tte rs ; b u t th e n  th re e -b a s e  c o d o n s  a re  e a c h  
"tra n s la te d " in to  s ingle  a m in o  a c id  "le tte rs " th a t m a ke  up  the  g ia n t,  h u n d re d -le tte r- 
long  p ro te in  '+words " o rig in a lly m e n tio n e d  by G a m o w.  Th u s ,  we  h a ve  a  (d e g e n e ra te ) 
lo we r le ve l m a tc h  (DNA b a s e s /le tte rs  and  a m in o  a c id s /le tte rs ),  a n  u p p e r le ve l 
ma tch  (p ro te in s /wo rd s ) ,  a n d  a  p ro m in e n t "m is s in g " in te rm e d ia te -le ve l o b je c t 
(c o d o n  tr ip te ts /? ? )t .  Wa te rs  (1981, u n p u b lis h e d  m a n u s c rip t) in a n  o th e rwis e  c le a r- 
h e a d e d  re vie w e s s e n tia lly re pe a ts  th is  move .  It s e e ms , d e s p ite  the  us e  o f linguis tic  
te rms ,  th a t the  s o u rc e  s ys te m fo r the  in itia l c e ll/p e rs o n  a n a lo g y wa s  a c tu a lly s ome - 
th ing  m o re  like  a  c o d in g  p ro c e s s  re la ting  two  s e ts  o f u n in te rp re te d  s ym b o ls --e .g .  
the  Mo rs e  c o d e - - th a n  like  h u m a n  la n g u a g e  o r tra n s la tio n  b e twe e n  la ngua ge s .  
In te re s te d  lingu is ts  h a ve  s u rp ris ing ly fo llo we d  this  lead~.. J a ko b s o n  (1970), fo r 
in s ta nce ,  e q u a te s  DNA ba s e s  with  p h o n e m e s ,  c o d o n s  with  words ,  a n d  c o d o n  
s e q u e n c e s  with  s yn ta c tic  un its ,  b u t th e n  a cce p ts  with o u t c o m m e n t,  a  ++tra ns la tion" 
in to  a  "p e p tid ic  la n g u a g e  '+, wh e re --g ive n  his  p re vio u s  p a ra lle ls --we  migh t e xp e c t 
to  find  a  "m e a s u rin g  e xtra c tio n  +' s te p. 

6,2. THE  G E NE TIC  C O DE  AND G O DE L NUMBE R ING  

Ho fs ta d te r (1979) p re s e n ts  a  d e ta ile d  c o m p a ris o n  o f the  ge ne tic  c o d e  a nd  the  
s tru c tu re  o f G 6 d e l' s  In c o m p le te n e s s  p ro o f tha t qua lifie s  a s  a  c e ll/p e rs o n  a n a lo g y 
s ince  it c o m p a re s  c e llu la r c o d in g  a n d  h u m a n  m a th e m a tic a l c o d e s  c lo s e ly re la te d  to  
la ngua ge .  G 6 d e l' s  p ro o f in vo lve d  c o n s tru c tin g  a n  u n d e c id a b le  s e n te n c e  with in  
n u m b e r th e o ry m e a n in g  a p p ro xim a te ly +'the re  is  no  fo rm u la  th a t is  the  p ro o f o f the  
fo rm u la  we  a re  in n o w".  To  d o  th is , G 6 d e l in ve n te d  a n  e le ga n t n u m b e rin g  s c h e m e  
to  m a p  the  fo rm u la e  o f a n y pos s ib le  n u m b e r th e o ry p ro o f to  a  u n iq u e  in te ge r. 
Ho fs ta d te r 's  s ta rting  p o in t is  a n  in tu itive ly a ttra c tive  c o m p a ris o n  b e twe e n  the  s e lf- 
re fe re n tia l a s pe c ts  o f G 6 d e l' s  s e n te n c e  (i.e . a  s ingle  n u m b e r with in  it re fe rs  to  the  
wh o le  s e n te n c e ) a n d  s e lf-re fe re n tia l p h e n o m e n a  in ce lls  s u p p o rte d  by the  ge ne tic  
c o d e  (a  s tre tch  o f DNA m a y c o d e  fo r a  p ro te in  th a t ca n  th e n  in te ra c t with  o r +'re fe r 
to " the  s a m e  s tre tch  o f DNA).  

On  c lo s e r e xa m in a tio n ,  th is  a n a lo g y e xh ib its  b o th  c o n te xtu a l a s  we ll a s  foca l 
m is m a tc h e s  (s e e  Fig. 2 fo r s c h e m a tic  s u m m a ry o f his  a n a lo g y).  On  a  b ro a d  vie w, 
the  p rim a ry fu n c tio n  o f the  two  s ys te ms  b e in g  c o m p a re d  is  ve ry d iffe re n t.  Th e  

t Actua lly, the  u n m a rke d  us e  o f "'wo rd " re fe r to a  c o d o n  in o th e r te xts  (e .g. Wa ts on ,  1976) s ugge s ts  
tha t m o d e rn  m o le c u la r b io log is ts  in tuitive ly d ra w a  dif[e re nt pa ra lle l tha n  the  one  ou tline d  h e re --n a m e ly,  
tha t DNA b a s e s  re s e mble  le tte rs , a n d  c o d o n s ,  a s  o p p o s e d  to  whole  ge ne s  o r p ro te ins ,  re s e mble  words .  
Th is ,  o f cou rs e ,  is  more  in line  with  my d e ve lo p m e n t o f the  c e il/p e rs o n  a na logy. 

?- S e e  a ls o  the  re vie w by Ma s te rs  (1970). No ta b ly,  the  linguis t Le e s  a vo ids  th is  in c o n s is te n c y--"a  wo rd  
(in  mos t ca s e s ) ha s  a  me a n ing ,  a  trip le t s pe cifie s  a  pa rticu la r a m in o  a c id " (Le e s , 1980: 222). And  Le e s  
h a s  a  s we e p in g  vis ion: "Th e  a na logy be twe e n  the s e  two  le ve ls  is  unmis ta ka b le .  On  a t le a s t two s e pa ra te  
o c c a s io n s  in the  h is to ry o f o u r c o rn e r o f the  un ive rs e ,  a  ne w kind  o f comple x con tro l s ys te m o f in te ra c ting  
e le me nts  a ros e  s p o n ta n e o u s ly to  ge ne ra te  a  s e lf-con ta ine d , home os ta tic ,  e vo lving  o rga n is m. The  firs t, 
the  b io logica l world  o f life  a ro s e  in a  s ubs tra te  o f che mica l in te ra c tions ,  a n d  in time , it inve nte d  the  
ge ne tic  code . The  s e cond , the  me nta l world  o f the  inte lle ct, a ros e  on  a  s ubs tra te  o f n e rvo u s  in te ra c tions  
in the  b ra in s  o f h ighe r s pe c ie s , a nd  in time  it inve n te d  a  linguis tic  code  (Le e s , 1980: 225)". But the s e  
in trigu ing  ide a s  a re  no t de ve lope d . 

480  

PROTEIN SYNTHESIS 

DNA O O O O O O O O O O O  OO 

iillii1111111 
RNA O O,:'S"O"O']'5""O"O'1:~"O"'O",O O 

1 1 1  
o= OC>C? 

M. I. S E R E NO  

GODEL NUMBERING 

.............................................. Pfzhc/p/d - I J  ke  
<:Q.....°.-.....°....°......O......°.......°.....~:::: s ~Qfe me n ts  

, , . ~ ~  Higher-level 
(" } f ~ ..~umber .~ #f ~ t~ k/sfcl|emen~s obout 
~ , ~ , / ~ /  ~ .  ~ Lw/ .number theory ////111\\\\\\ (Including numbers) 

De- orifhmefizofion 
~'_.~..L..~....I....~...~..~.~,4N'~'~ Stotements of 

O O,:.O..i..O...O O...O.O....~'ii.O..:,O O O mefo-number 
theory 

FIG. 2. S che ma tic dia gra m of mismatches  in the  ma pping be tween prote in s ynthe s is  a nd the  vers ion 
of Gode l numbe ring pre s e nte d in Hofs ta dte r (1979). The  s imple  pa rt-whole  re la tions  in prote in synthes is  
a re  not found a mongs t the  puta tive ly s imila r pa rts  o f the  G6de t numbe ring scheme. 

m e c h a n is m  o f th e  g e n e t ic  c o d e  fig u re s  c e n t ra lly  in  a n y  e x p la n a t io n  o f h o w c e lls  
wo rk  t r a n s a c t io n s  b e twe e n  D N A,  R N A,  a n d  p ro t e in  a re  e xp lic it ly  in vo lve d  in  th e  
m in u t e - t o - m in u t e  o p e r a t io n  o f e ve ry c e ll.  G 6 d e l n u m b e r in g  p la ys  n o  s im ila r ly  
e xp lic it  ro le  in  m o s t  m a t h e m a t ic a l in q u iry .  N o w  a  c o n te x tu a l m is m a tc h  d o e s  n o t  
a u t o m a t ic a lly  v it ia te  a n  a n a lo g y  if c o u n t e r b a la n c e d  b y s t ro n g  fo c a l c o m p a r is o n s .  
Bu t H o fs t a d t e r ' s  fo c a l c o m p a r is o n s  a re  a ls o  we a k.  F o r  e x a m p le ,  a  D N A s t r a n d  is  
c o m p a r e d  to  a  Principia Ma th e m a tic a -lik e  s tr in g ,  b u t  th e n  th e  c o m p le m e n t a r y  
m e s s e n g e r  R N A s t ra n d ,  wh ic h  is  e q u a l in  le n g th  to  th e  D N A s t ra n d ,  is  c o m p a r e d  
to  a  s t r in g  o f h ig h e r  o r d e r  c o n s t ru c t s  s u c h  a s  m ig h t  a p p e a r  in  a  n u m b e r  th e o ry  
p ro o f.  A h ig h e r  o r d e r  s t r in g  o f th a t  k in d  is  t yp ic a lly  a  g re a t  d e a l s h o r t e r  th a n  its  
Principia Ma th e m a tic a  e q u iv a le n t t  a n d  a s  a  ru le ,  n e ve r  c o n s is ts  o f a  s e q u e n c e  o f 
s y m b o ls  th a t  c o u ld  b e  c o n s t r u e d  a s  "c o m p le m e n t a r y ".  

F u r t h e r  d iffic u lt ie s  a r is e  in  th e  d e ta ils  o f th e  c o m p a r is o n  b e twe e n  G 6 d e l n u m b e r in g  
a n d  th e  g e n e t ic  c o d e .  H o fs t a d t e r  d ra ws  u p  a  m o d ifie d  G 6 d e l n u m b e r in g  s c h e m e  to  
lo o k  like  th e  g e n e t ic  c o d e  ( H o fs t a d e r ,  1979: 535) m a d e  u p  o f t r ip le ts  (c f.  R N A 
c o d o n s )  o f fo u r  p o s s ib le  n u m b e r s  (c f.  R N A b a s e s )  s t a n d in g  fo r  Principia-like  s ym b o ls  
(c f.  a m in o  a c id s ) .  Th u s ,  "d e - a r it h m e t iz a t io n " is  c o m p a r e d  to  p ro t e in  s yn th e s is .  
C e r t a in  "in fo r m a l s t a t e m e n t s  a b o u t  n u m b e r  t h e o r y " (c f.  R N A s t ra n d s )  in  a d d it io n  

";" For e xa mple , Hofs ta dte r shows (1979: 204, 212) tha t '5  is  prime " (a  puta tive  messenger RNA-like  
s tring) can be  de compos e d ra the r opa que ly into more  e xplicit, lower leve l la ngua ge  (a  puta tive  DNA-like  
s tring) a s : 

Vd: Be: - 3 b :  =lc: (d+S e )=(S S b*S S c), (1) 

where  s ma ll le tte rs  a re  va ria ble s , S  is  successor, a nd * is  multiplica tion. Cle a rly, ( 1 ) is  not a  comple me nta ry 
one -to-one  ma pping from "'5 is  prime " in a ny obvious  sense . Because  of this , the  pa ir o f numbe r the ory 
sentences  a re  re ma rka bly diffe rent from the ir inte nde d a na logs  a t the  ce llula r leve l, which a re  equa l in 
length. 
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to  be ing  the  "in te rp re ta tio n " o f fo rma l P rin c ip ia -lik e  s ta te me n ts  (cf. DNA s tra nds ) 
a s  d e s c rib e d  a bove ,  ca n  be  pa rtia lly re in te rp re te d  by d e c o d in g  the  s trings  o f nume ra ls  
in the m via  the  "G S d e l c o d e " to  ge t a  d iffe re n t s e t o f rn e ta -m a th e m a tic a l Princ ip ia- 
like  s ta te me n ts  (cf. p ro te in s ) a b o u t o th e r P rin c ip ia -lik e  s ta te me nts . We  e nd  up, a fte r 
d e -a rith m e tiz a tio n ,  with  the  s a me  s ort o f s tuff tha t we  s ta rte d  with; e a ch  s ymbo l 
ha s  the  s a m e  m e a n in g  a s  be fo re ,  bu t the  d e -a rith m e tiz a tio n  s te p  ha s  ge ne ra te d  a  
ne w, p re d ic ta b le  logica l s tring  from a  s tring  o f nume ra ls  in o n e  o f the  s ta rting  
s ta te me n ts .  O f cours e ,  this  is  e xa c tly wha t G 6 d e l n e e d e d  to  c o n s tru c t his  u n d e c id a b le ,  
s e lf-re fe re n tia l s e n te nce . Th e  s itua tion  in ce lls , howe ve r,  is  qu ite  diffe re nt. The  
d e c o d e d  p ro d u c t - -a n  a m in o  a c id  s trin g --is  m a d e  up  o f fu n d a m e n ta lly d iffe re nt 
s tuff th a n  the  DNA a n d  R NA s trings , a n d  its  un its  fo llow e n tire ly d iffe re nt "s yn ta c - 
tic " a n d  "s e m a n tic " ru le s  o f s e lf-a s s e mbly a n d  che mica l in te ra c tion . 

Ho fs ta d te r 's  a lig n m e n t le a ds  to  a n  o b vio u s  d is a n a lo g y be twe e n  the  two  s ys te ms  
in the  wa y in fo rm a tio n  is  tra n s m itte d  a c ros s  the  th re e  ma in  s trings  in the  a na logy. 
In  the  ge ne tic  code ,  we  ca n  find the  s a me  p ie ce  o f in tb rm a tio n  in a ll th re e  s trings  
(DNA trip le t, m R NA trip le t, a m in o  a c id). The  J a ck o f a  o n e -to -o n e  m a p  be twe e n  
Ho fs ta d te r's  DNA a n d  R NA a n a lo g s  wa s  a lre a d y me n tio n e d .  But the re  is  a  s imila rly 
o p a q u e  m a p p in g  b e twe e n  his  R NA a nd  p ro te in  a na logs ; on ly pa rt o f the  pu ta tive  
R NA a n a lo g --i. e ,  the  n u m e ric a l p a r t - -c a n  be  de -a rithme tize d .  By con tra s t,  a ny 
R NA ca n  po te n tia lly be  tu rn e d  in to  a  p ro te in . In  s um, the n , Ho fs ta d te r's  c o m p a ris o n  
be twe e n  G 6 d e l's  p ro o f a n d  the  ge ne tic  c o d e  is  no t d ra wn  ca re fu lly e n o u g h  to  be  
us e fu l a s  a  p re d ic tive  a n a lo g y.  

6 .2 , P R O T E IN  F O LD IN G  AN D  S E MAN T IC S  

P a tte e  (1980, 1982) ha s  re ce n tly invite d  p s yc h o lo g is ts  to  e xa m in e  the  "'primitive  
e m b o d im e n t o f a  s ym b o l-m a tte r s ys te m " in ce lls  a s  a n  e xe rc is e  in "'me nta l h yg ie n e ",  
a n d  a s  a n  a lte rna tive  to  the  s tu d y o f a rtificia l s ymbo l s ys te ms . In  its  ba s ic  o u tlo o k,  
P a tte e 's  a p p ro a c h  is  c los e s t to  mine . He  write s  with  gre a t ins ight a b o u t the  b io log ica l 
s ide  o f the  a n a lo g y: 

"a rtificia l ma chine s  a re  not cons tructe d so cleverly (as  ce llula r gene tic sys tems). It is  as  
if we  could des ign a ny ma chine  so that it could be  assembled s imply by hooking the  
parts  toge the r in a  cha in, a nd the n have  the  cha in s ponta ne ous ly form itse lf into a  
functioning mechanism, tn othe r words , the  gene tic symbols  a re  nat re la ted to the ir 
re fe rent a ction in a ny de ta ile d or explicit form, but only through an implicit harness ing 
o f na tura l laws  a nd s tructure s  which need no ins tructions . In fact, the  a mount of 
informa tion in the  ge ne tic s ymbol s tring is  only a  very small fraction o f the  informa tion 
that would be  ne ce s s a ry for a  comple te ly forma l a nd explicit specifica tion o f the  s tructure  
o f a n e nzyme . Life  would ha rdly be  poss ible  if s uch s ymbolic de ta il were  necessary, 
s ince  the  mass  o f e a ch ge ne  would fa r e xce e d the  mass  of the  ce ll it could describe '" 
(Pa ttee , 1980: 266). 

Th e re  a re  fu n d a m e n ta l is s ue s  a t s ta ke  he re  o f g re a t re le va nce  to  the  s tudy o f la ngua ge ,  
bu t P a tte e  is  le s s  inc is ive  a s  he  tu rns  to  c o n s id e r p s yc h o lo g y a nd  la n g u a g e  e xplic itly. 

His  a n a lo g y re s ts  o n  a  c o m p a ris o n  b e twe e n  ge ne s , e n z y m e s ,  a n d  s ubs fra te s ,  o n  
o n e  h a n d ,  a n d  word-s trings , m e a n in g s ,  a n d  obje cts , on  the  o th e r (s e e  Fig. 3 fo r 
s c h e m a tic  s u m m a ry).  The  midd le  ob je c t in e a ch  trio  (e nzyme s ,  me a n ings ) ha s  wha t 
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"Semantic closure" 

Acfs upon ~ ~ Refers to 

Object ~ ~1, "Referent" 4 > I string I Recognised by ¢ . . _ , ~ _ , _ ~ . , . ~  Represented by 
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"Gibsoman" side "A]" side 

CELLS 

"Semantic closure" 

Catalysts upon j ~ -  ...... ~ Decoding and folding 
Substrote DNA string 
molecule :~ Enzym :~ 

Recognized by L ~  ~ Represented by " 

FIG. 3. S che ma tic  dia gra m of the  a na logy pre s e nte d in P a tte e  (1980, 1982). This  a na logy is  clos e s t to 
the  ce ll/pe rs on  a na logy pre s e nte d  in the  s e cond ha lf o f the  pa pe r. 

P a tte e  ca lls  a n  "'a rtific ia l in te llig e n c e "-s tyle  re la tio n  with  the  firs t ob je c t,  a n d  a  
"G ib s o n ia n "-s tyle  re la tio n  with  the  th ird  ob je c t.  Th e  m e a n in g  is  "' re p re s e n te d " by 
s ym b o lic  wo rd  s trings  a s  a n  e n z ym e  is  "re p re s e n te d " by a  DNA s ym b o l s tring  (the  
AI re la tion )i Th e  m e a n in g  is  a ls o  ta ke n  to  "re c o g n iz e " its  o b je c t by re s o n a tin g  in 
a  n o n -s ym b o l-like  m a n n e r,  ju s t a s  a n  e n z ym e  is  s h a p e d  s o  a s  to  b in d  a n d  a lte r a  
p a rtic u la r s u b s tra te  m o le c u le  (the  G ib s o n ia n  re la tion ).  

Th e  p ro b le m  with  P a tte e 's  a n a lo g y is  th a t it is  d ifficu lt to  te ll e xa c tly wha t he  is  
re fe rrin g  to  a t the  lingu is tic  le ve l. F o r e xa m p le ,  it is  u n c le a r wh e th e r "wo rd " a n d  
"wo rd  s trin g " re fe r to  a c tua l s o u n d s ,  m a rks  o n  p a p e r,  n e u ra l p a tte rn s  u n d e rlyin g  
s p e e c h  s o u n d  p e rc e p tio n ,  m o to r s ys te m n e u ro b io lo g y,  a n  a c tiva te d  wo rd  c o n c e p t,  
o r s o me  c o m b in a tio n  o f the s e .  P e rc e p tio n ,  p ro d u c tio n ,  a n d  c o m p re h e n s io n  h a ve  
ve ry d iffe re n t im p lic a tio n s  fo r th is  p re d ic tive  a n a lo g y.  Alth o u g h  P a tte e  d o e s  no t 
s pe c ify it, th e  a ll-im p o rta n t "fo ld in g " p roce s s  (by which  a  c h a in  o f a m in o  a c ids  
a s s e mble s  its e lf in to  a  u n iq u e  th re e -d im e n s io n a l s tru c tu re ) s e e ms  to  b e  in te n d e d  to  
a p p ly (c o rre c tly,  I th in k) to  the  comprehension o f wo rd  s o u n d  s e q u e n c e s .  A s imila r 
p ro b le m  with  la ck o f s pe c ific ity a ris e s  in the  d is cus s ion  o f the  "m e a n in g /o b je c t" 
re la tio n  a n d  "s e m a n tic  c lo s u re ".  Th e s e  re la tio n s  c o u ld  re fe r to  e a rly vis ua l p e rc e p tio n  
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(a  fa vo rite  s u b je c t fo r m a n y G ib s o n ia n s ),  s e n te n c e -like  m e a n in g s  c o n s tru c te d  a s  a  
re s u lt o f s e e in g  a c tio n s  a n d  o b je c ts ,  the  e ffe c t o f la n g u a g e -g e n e ra te d  m e a n in g s  o n  
the  p e rc e p tu a l p ro c e s s in g  o f a n  ob je c t,  m o to r  p a tte rn s  u n d e rlyin g  b e h a vio r  to wa rd  
a n  o b je c t,  a n d  o the rs .  

Th e  ro o t o f th e s e  p ro b le m s  is  the  s ta te d  in te n t o f P a tte e  "n o t  to  m o d e l c o g n itio n  
o r la n g u a g e  a t the  b ra in  le ve l" (P a tte e ,  1982: 325). O f c o u rs e ,  th a t is  n o t in trin s ic a lly 
o b je c tio n a b le .  Ho we ve r,  h is  a n a lo g y is  s e t u p  s o  th a t b ra in  s ta te s  a re  ju s t wh a t it 
m a ke s  p re d ic tio n s  a b o u t,  a s  P a tte e  h im s e lf h a s  p o in te d  o u t in o th e r c o n te xts : "We  
m a y c o m p a re  th e  ro le  o f t h e s e . . ,  c o n s tra in ts  [o n  p o s s ib le  s e c o n d a ry a n d  te rtia ry 
s tru c tu re s  in  p ro te in s ] to  th e  p o s tu la te d  d e e p  s tru c tu re s  o f th e  b ra in " (P a tte e ,  1980: 
271). To  c o n c lu d e ,  I th in k P a tte e  h a s  fo u n d  th e  c o rre c t s ta rtin g  p o in t fo r a  p ro d u c tive  
a n a lo g y b e twe e n  b io lo g y a n d  la n g u a g e ,  in  s p ite  o f th e  s tro n g  c ritic is ms  I h a ve  g ive n . 

7. The  Ce ll/Pe rs on Analogy--Pre s e nt Tre atme nt 

Th e  p re s e n t tre a tm e n t o f th e  c e ll/p e rs o n  a n a lo g y d ra ws  m a n y d e ta ile d  links  b e twe e n  
b io lo g y a n d  la n g u a g e  a c ro s s  th re e  m a in  le ve ls  o f o rg a n iz a tio n : o rg a n is m /c o m m u n ity ,  
c e ll/p e rs o n ,  a n d  b io m o le c u le s /n e u ra l a c tivity p a tte rn s  (s e e  Fig. 4 )t .  I will focus  
h e re  o n  c o m p a ris o n s  a t th e  la s t two  le ve ls . Th e  a n a lo g y is  in tro d u c e d  b y firs t 
c o n s id e rin g  th e  c o m m o n  p ro b le m  "s o lve d " b y life  a n d  la n g u a g e -b a s e d  th o u g h t,  a n d  
th e n  c o n s id e rin g  th re e  p a ra lle l c o n s tra in ts  th a t s u g g e s t wh y the  s o lu tio n s  s h o u ld  
h a ve  b e e n  s imila r.  S e c o n d ,  th e  b a s ic  c o m m o n  s c h e m e  is  p re s e n te d  with  a  s u m m a ry 
o f th e  p ro p o s e d  p r im a ry c o rre s p o n d e n c e s  b e twe e n  th e  two  s ys te m s .  Th ird ,  I g ive  
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Linguistic 
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. . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Organism Conceptual system 
in one brain 

. . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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. . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Biomolecule Neurotransmitter 

T Higher levels 
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(drawn approximately 
to scale for the 
two systems) 

FIG. 4. Leve ls  of organiza tion in the  ce ll/person ana logy. 

t The  ce ll/person ana logy is deve loped in more  de ta il in Sereno (1984, unpublished). Thos e  presenta - 
tions  a ls o emphas ize  the  re la tion be tween the symbolic-representa tiona l sys tem in ce lls  and persons , on 
one  hand, and the  a rtificia l s ymbol sys tems  presently in use in computers  and proposed for neura l 
ne tworks , on the  other. 
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s e ve ra l e xp o s e d  c o m p a ris o n s  to  e s ta b lis h  the  a na log ica l m a p p in g  s che me .  F ina lly,  
th re e  p re d ic tive  c o m p a ris o n s  a re  e xp lo re d .  

7.1. MO T IVAT IO N  

7.1.1. De fining the  com m on problem 

This  the s is  is  th a t a  u n iq u e  s ing le -ce lle d  s ym b o lic -re p re s e n ta tio n a l s ys te m firs t 
a ro s e  fro m  a  p re b io tic  c h e m ic a l s ubs tra te  a t the  o rig in  o f life , p e rm ittin g  Da rwin ia n  
e vo lu tio n  to  occu r.  S u b s e q u e n tly,  m u ttic e llu la r o rg a n is ms  e vo lve d  a n d  th e y 
d e ve lo p e d  m o re  a n d  m o re  e la b o ra te  h u m o ra l a n d  n e u ra l c o n tro l m e c h a n is m s .  But 
I c la im th a t a  s imila r,  a u to n o m o u s  s ym b o lic -re p re s e n ta tio n a l s ys te m d id  no t re - 
e m e rg e  o n  a n y in te rm e d ia te  le ve l un til the  o rig in  o f th o u g h t a n d  la n g u a g e  fro m  the  
s u b s tra te  o f p re lingu is tic  n e u ra l a c tivity p a tte rn s  in the  b ra in s  o f P le is to c e n e  
h o m in id s .  I wo u ld  firs t like  to  try to  de fine  the  c o m m o n  p ro b le m  th a t wa s , s o  to  
s p e a k,  s o lve d  by the  o rig in  o f life  a n d  the  o rig in  o f th o u g h t.  

P u t c ru d e ly,  the  a p p a ra tu s  in vo lve d  in c e llu la r p ro te in  s yn the s is ,  a n d  the  ne u ra l 
p a tte rn s  u n d e rlyin g  h u m a n  la n g u a g e  c o m p re h e n s io n  a re  b o th  m e c h a n is m s  fo r e s ca p - 
ing  "d e te rm in is m ".  Th is  d o e s  no t im p ly th a t the s e  s ys te ms  c re a te  m ys te rio u s ,  
irre d u c ib le  ho lis itc  fo rce s .  But it is  a  n a tu ra l wa y o f c h a ra c te riz in g  the  "s o lu t io n " 
to  a  s tra ig h tfo rwa rd  "p ro b le m " c o m m o n  to  the  p re -e xis ting  s ta te s . Th e  p re .e xis tin g  
(p re b io tic ,  p re lingu is tic ) s ta te s  c a n  be  d e s c rib e d  a s  c o m p le x,  h igh ly in te ra c tive ,  b u t 
d e te rm in is tic a lly e vo lving ,  "s o u p s " c o n ta in in g  a  n u m b e r o f d iffe re n t typ e s  o f 
d yn a m ic a lly s ta b le  un its  (p re b io tic  m o le c u le s ,  p re tingu is tic  ne u ra l a c tivity p a tte rn s ).  
Th e  p ro b le m  is  s imp ly to  e n c o d e ,  us e , a n d  re p ro d u c e  in fo rm a tio n  a b o u t h o w to  
m a ke  c e rta in  "re a c tio n s " (c h e m ic a l re a c tio n s ,  a lte ra tio n  a n d  re c o m b in a tio n  o f n e u ra l 
a c tivity p a tte rn s ) in th is  s o u p  h a p p e n .  Th e  tricky p a rt is  th a t the  in fo rm a tio n ,  a s  
we ll a s  a ll the  in te rp re tin g  a p p a ra tu s  ha s  to  be  in s o u p ,  a n d  thus ,  is  s ub je c t to  its  
d e te rm in is tic  buffe tings . S o m e  o f the  re a c tio n s  ca n  a lre a d y h a p p e n  a  little  by 
th e m s e lve s  with o u t the  s ys te m 's  he lp ; the  s ys te m, h o we ve r,  s p e e d s  s o m e  re a c tio n s ,  
s lows  o r p re ve n ts  o the rs ,  inve n ts  m a n y ne w one s ,  a n d  o rd e rs  th e m -- in  s ho rt,  c o n tro ls  
p h e n o m e n a  in the  s o u p .  A wa y h a d  to  be  fo u n d  to  "c a m o u fla g e " in fo rm a tio n  fro m  
the  d is s ipa tive  a tta ck o f the  s o u p ,  bu t the  in fo rm a tio n  c o u ld  no t be  h id d e n  s o  we ll 
a s  to  be  ina cce s s ib le .  In  a  s e ns e , the  re s u lting  s ys te m is  s till lo ca lly d e te rm in is tic  
s ince  no  ne w fo rce s  o r ru le s  o f in te ra c tio n  h a ve  b e e n  a d d e d .  But th e re  is  a n o th e r 
c le a r s e ns e  in which  the  s ys te m e s ca pe s  d e te rm in is m ; by e xp lo itin g  p a rtia lly h id d e n ,  
pa rtia lly a rb itra ry in fo rm a tio n  tha t the  s o u p  ha s  tro u b le  s e e ing  a n d  th u s  d e s tro yin g ,  
the  s ys te m is  a b le  to  e vo lve  in a  ne w, s ym b o l-b a s e d  m a n n e r ve ry fa r a wa y fro m  its  
in itia l s ta te  in to  c o n fig u ra tio n s  tha t a re  e xc e e d in g ly im p ro b a b le  fro m  the  s o u p 's  
vie wp o in t.  In th is  s e ns e , the  re s u lting  s ys te m is  "in te n tio n a l".  

7.1.2. Three  paralle l cons traints  

S o fa r,  we  h a ve  o n ly s u g g e s te d  a  s imila r raison d 'e tre  fo r the  two  s ys te ms . He re  
a re  th re e  s pe c ific  c o n s tra in ts  o n  c o n s tru c tin g  s u c h  a  s ys te m, c o m m o n  to  b o th  le ve ls  
o f o rg a n iz a tio n ,  tha t m a y a c c o u n t fo r th o ro u g h g o in g  s imila ritie s  in s tru c tu re  a s  we ll 
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a s  fu n c tio n .  Th e  firs t c o n s tra in t a ris e s  b e c a u s e  m a n y d is tinc t re a c tio n s  m u s t be  
c o n tro lle d  s im u lta n e o u s ly a t c lo s e  ra nge .  A la rge  n u m b e r  o f un its  o f va rio u s  kinds  
(re a c ta n ts ,  s p e c ia l p u rp o s e  d e vic e s  to  ru n  e a c h  o f th e  m a n y re a c tio n s ,  c o d e -like  
m a te ria l,  a n d  s o  o n ) m u s t a ll c o e xis t p e a c e fu lly-- in  c los e  p ro xim ity to  a llow th e  
n e two rk to  fu n c tio n ,  b u t with o u t in te ra c tin g  in a p p ro p ria te ly with  e a c h  o the r.  Th u s ,  
o n e  c o n s tra in t is  th a t th e  re a c tio n -c o n tro llin g  d e vic e s  u s e d  by the  s ys te m  m u s t h a ve  
a  g re a t de a l o f s pe cificity o f  action; th e y m u s t o p e ra te  o n ly o n  th e ir in te n d e d  ta rg e t 
in  the  h ig h ly in te ra c tive  milie u  o f the  c yto p la s m  o r the  la n g u a g e -p ro fic ie n t b ra in .  

Th e  s e c o n d  c o n s tra in t a ris e s  b e c a u s e  th e  s ys te m  d id  n o t o rig in a te  in a  va c u u m ,  
b u t fro m  a  "s o u p " c o n ta in in g  a  va rie ty o f p re -e xis tin g  units . S tru c tu re s  in  the  two  
s ys te m s  h a d  to  b e  bu ilt u p  p a rtly o u t o f the s e  un its .  By its e lf, the  n e c e s s ity o f "u s in g  
wh a t wa s  a t h a n d " wo u ld  n o t b e  e xp e c te d  to  le a d  to  s tru c tu ra l pa ra lle ls .  Ho we ve r,  
fo r va rio u s  re a s o n s ,  o n ly c e rta in  typ e s  o f un its ,  with  c e rta in  p re -e xis tin g  re la tio n s  
to  e n titie s  in  the  "s o u p " c a n  b e  u s e d  (e .g. o n ly s o m e  o f the  p re -e xis tin g  un its  a re  
s ta b le  e n o u g h  to  a c c u m u la te  in  re a s o n a b le  q u a n titie s ; o n ly s o m e  c a n  fo rm  c h a in s  
th a t fo ld  u p  in to  d e te rm in a te  s tru c tu re s ).  A s e c o n d  c o n s tra in t le a d in g  to  s imila ritie s ,  
thus ,  is  th e  nature  o f  the  pre -e x is ting  units  th a t m a ke  u p  s o m e  o f the  de vice s  n e e d e d  
to  o p e ra te  the  s ys te m. 

F ina lly,  a  th ird  im p o rta n t  c o n s tra in t ha s  to  d o  with  the  a s s e m b ly o f un its  in to  
re a c tio n -c o n tro llin g  d e vic e s .  Th e  re a c tio n -c o n tro llin g  d e vic e s  a re  la rge  a n d  c o m p li- 
c a te d  c o m p a re d  to  th e  p re -e xis tin g  un its .  Als o , th is  a s s e m b ly p ro c e s s  m u s t be  d ire c te d  
b y c o d e d  in fo rm a tio n .  C o n s e q u e n tly,  the  d e vic e -a s s e m b lin g  re a c tio n s  a re  in h e re n tly 
m o re  c o m p le x th a n  a n y o f the  o th e r re a c tio n s  in th e  n e two rk wh ich  re s u lt in s m a lle r,  
s im p le r e n d  p ro d u c ts .  Th e  re s u lt is  th a t the  re a c tio n -c o n tro llin g  de vice s  m u s t b e  
as s e m ble d  locally, one  un it a t a tim e . This  g o e s  b e yo n d  the  o fte n  n o te d  re q u ire m e n t 
fo r m o d u la r  s u b a s s e m b lie s  (cf. S im o n ,  1969; P a tte e ,  1980); the  m o re  s u b tle  n e e d  
fo r s e ria l a s s e m b ly wa s ,  in  fa c t,  o ve rlo o ke d  in the  e a rly tre a tm e n ts  o f the  c e llu la r 
c o d in g  p ro b le m  d is c u s s e d  a b o ve  (s e e  G a m o w,  1954; Crick,  1958, wh o  e n vis io n e d  
the  a s s e m b ly o f m a n y un its  s im u lta n e o u s ly).  Loca l,  s e ria l a s s e m b ly b re a ks  d o wn  
wh a t wo u ld  be  a n  im p o s s ib ly c o m p le x re a c tio n  in to  a  s e rie s  o f re a c tio n s ,  e a c h  o f 
wh ic h  is  n e a re r in c o m p le xity to  the  n u m e ro u s  o th e r c o n tro lle d  re a c tio n s  in the  
"'m e ta b o lic " n e two rk.  Th is  is  p ro b a b ly th e  m o s t im p o rta n t re a s o n  wh y the  ove ra ll 
a rc h ite c tu re s  o f the  two  s ym b o lic -re p re s e n ta tio n a l s ys te m s  a re  s imila r.  

7.1.3. Lack  o f  "'language  produc tion" in ce lls  and  the  purpos e  o f  hum an  language  

All p re vio u s  a tte m p ts  to  c o m p a re  c e llu la r a n d  lingu is tic  p h e n o m e n a  h a ve  fa ile d  
to  re c o g n iz e  a  c le a r d iffe re n c e  b e twe e n  the  ce ll- a n d  p e rs o n -le ve l s ym b o lic - 
re p re s e n ta tio n a l s ys te m s .  Th is  is  th e  u tte r la ck o f e xp lic it "' la n g u a g e  p ro d u c t io n " a t 
the  c e llu la r le ve l. Ce lls  h a ve  no  m e c h a n is m  fo r tu rn in g  the  th re e -d im e n s io n a l 
s tru c tu ra l "m e a n in g s " in  p ro te in s  b a c k in to  c o d e d  DNA m e s s a g e s  fo r the  p u rp o s e  
o f d ire c tly c o m m u n ic a t in g  with  o th e r ce lls . R a th e r,  e a c h  ce ll "lis te n s  to " a n d  
"' c o m p re h e n d s " o n ly its  o wn  in te rna l c o d e d  DNA "s p e e c h  s tre a m ".  In s te a d  o f 
m e d ia tin g  c o m m u n ic a t io n ,  th e  lo n g  c o d e  s e q u e n c e s  in ce lls  m a in ly d ire c t the  
c o n s tru c tio n  o f th o u s a n d s  o f re a c tio n -c o n tro llin g  e n z ym e s  tha t in te ra c t to  m a in ta in  
a  c o m p le x,  s e lf-re p ro d u c in g  m e tabolic  ne twork. 
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I th in k th e  m a in  p u rp o s e  o f h u m a n  la n g u a g e  m ig h t s im ila rly b e  to  g e n e ra te  a n d  
m a in ta in  a  s ta b le  n e two rk o f "m e n ta l re a c tio n s " (i.e . m o d ific a tio n s  o f n e u ra l a c tivity 
p a t t e rn s ) - -a  m e n ta l m e ta b o lis m  a s  it we re - -b y  d ire c tin g  th e  c o n s tru c tio n  o f s p e c ia l 
p u rp o s e  "re a c t io n -c o n tro llin g " d e vic e s  (i.e . o th e r n e u ra l a c tivity p a tte rn s ).  F ro m  
th is  p e rs p e c tive ,  the  a b ility to  c o m m u n ic a te  s o m e  o f th e s e  in te rn a l re a c tio n - 
c o n tro llin g  p a tte rn s  in to  o th e r p e o p le ' s  b ra in s  b y tu rn in g  th e m  b a c k  in to  code  is  a n  
a d d e d  b o n u s  (with  fa r-re a c h in g  c o n s e q u e n c e s ,  to  b e  s u re ),  b u t s o m e th in g  th a t m ig h t 
b e  c o n c e p tu a lly d is tin c t fro m  a  c o m m o n  c o re  o f s im ila ritie s  h a vin g  to  d o  with  th e  
"p e rc e p tu a l" p ro c e s s e s  o f c o n s tru c tin g  a n d  m a in ta in in g  th e  in te rn a l n e two rk in the  
firs t p la c e .  Th e  id e a  th a t c o m m u n ic a t io n  is  th e  s ine  q u a  non  o f la n g u a g e  h a s  b e e n  
c h a lle n g e d  b e fo re ,  th o u g h  p e rh a p s  n o t o n  th e s e  g ro u n d s .  Th e  lingu is t E d wa rd  S a p ir,  
fo r e xa m p le ,  wro te : 

"The  prima ry function o f la ngua ge  is  ge ne ra lly s a id to be  communica tion . . .  [b~t] 
the  pure ly communica tive  a s pe ct ha s  be e n e xa gge ra te d. It is  be s t to a dmit tha t la ngua ge  
is  prima rily a  voca l a ctua liza tion o f the  te nde ncy to s e e  re a lity s ymbolica lly, tha t it is  
pre cis e ly this  qua lity tha t re nde rs  it a  fit ins trume nt for c o m m u n ic a tio n . . . " (S a pir, 1921: 
159). 

P e rh a p s ,  th e  a d ve n t o f s u c h  a  m e n ta l m e ta b o lis m  h a s  a llo we d  h o m in id s  to  ta ke  
c o n tro l o f th e  h ig h ly p a tte rn e d ,  b u t n e ve rth e le s s ,  p re lin g u is tic  "s o u p " o f m e n ta l 
p a tte rn s  in  th e ir b ra in s  in  a  wa y th a t is  q u a lita tive ly d iffe re n t fro m  the  wa y th a t 
a p e s  o r o th e r a n im a ls  d o  it. Th is  n e w s ys te m  h a s  q u ite  a p p a re n tly a llo we d  a n  e n tire ly 
n e w m o d e  o f e vo lu tio n  o f m e n ta l p a tte rn s  to  o c c u r.  

To  s e e  m o re  g ra p h ic a lly th e  d iffe re n c e s  b e twe e n  th e  s ys te m s  th a t c a n  b e  tra c e d  
to  the  la c k o f p ro d u c tio n ,  it h e lp s  to  e n vis io n  h u m a n  la n g u a g e  with o u t p ro d u c tio n ,  
o r ce lls  with  it. If p e rs o n s  we re  a c tu a lly like  ce lls  in  th is  re g a rd ,  th e n  n o  o n e  wo u ld  
b e  a b le  to  ta lk (o r write ),  th o u g h  e ve ryo n e  wo u ld  h a ve  th e  a b ility to  u n d e rs ta n d  
la n g u a g e .  Th e  s o u rc e  o f c o d e d  in p u t wo u ld  b e  in te rn a l,  like  DNA; e a c h  p e rs o n  
wo u ld  s to re  h u n d re d s  o f th o u s a n d s  o f m e s s a g e s  in s ide  his  o r h e r b ra in  in  a  p e rm a n e n t  
m a g n e tic  ta p e -like  fo rm a t.  Th e s e  in d e p e n d e n t  lib ra rie s  wo u ld  be  in h e rite d  fro m  
o n e 's  p a re n ts .  Du rin g  d a ily a c tivitie s  a n d  in te ra c tio n s ,  m e s s a g e s  a p p ro p r ia te  to  
va rio u s  s itu a tio n s  c o u ld  be  a c c e s s e d  a n d  m e a n in g s  g e n e ra te d  fro m  th e m  in te rna lly.  
C o m m u n ic a t io n  wo u ld  b e  re s tric te d  to  p a n to m im e  a n d  o n o m a to p o e ic  vo c a liz a tio n s .  
No  n e w in te rn a l m e s s a g e s  c o u ld  a ris e  d u rin g  a  p e rs o n ' s  life  tim e ,  e xc e p t a s  a  re s u lt 
o f ra n d o m  d e te rio ra tio n  ("m u ta t io n s ")  o f h is  o r h e r p e rm a n e n t  s to re .  C u ltu ra l 
e vo lu tio n  wo u ld  b e  s lo we d .  P ro d u c in g  a  m e s s a g e  th e  le ng th  o f,  s a y,  a  s c ie n tific  
p a p e r,  fro m  s c ra tc h  wo u ld  in vo lve  a  te d io u s  s e le c tio n  p ro c e s s  s p a n n in g  th o u s a n d s  
o r m illio n s  o f g e n e ra tio n s ; a n d  a t lo n g  la s t, o n e  c o u ld  o n ly h a ve  it "r e a d " by o n e 's  
o ffs p ring .  

Alte rn a tive ly,  it is  p o s s ib le  to  c o n c e ive  o f p e rs o n -like  ce lls  with  p ro d u c tio n .  In  
th e  firs t p la c e ,  it wo u ld  b e  p o s s ib le  fo r ce lls  to  s yn th e s iz e  p ro te in s  de  n o v o  with o u t 
th e  n e e d  fo r a  c o d e d  D N A m e s s a g e ,  in a d d itio n  to  u s in g  the  m o re  fa m ilia r p ro c e s s  
th a t d e p e n d s  on  a  m e s s a g e  s tra n d .  F u rth e rm o re ,  a  h igh ly n o n -ra n d o m  p ro te in ,  
a p p ro p ria te  to  the  ta s k a t h a n d  c o u ld  b e  m a d e  a fte r s o m e  e ffort. S o  fa r,  ce lls  h a ve  
ju s t s ta rte d  to  "th in k to  th e m s e lve s ".  Fu ll-fle d g e d  h u m a n -s tyle  p ro d u c tio n  o f the  
D N A la n g u a g e  wo u ld  re q u ire  a  b ra n d  n e w c h u n k o f m o le c u la r  m a c h in e ry fo r 
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u n fo ld in g  a  p ro te in  a n d  tu rn in g  the  u n fo ld e d  c h a in  b a c k in to  a  c o d e d  DNA s tra nd . 
Th e n  th e  ce ll wo u ld  b e  a b le  to  c o m m u n ic a te  d ire c tly with  o th e r ce lls  b y in je c ting  
the  ne w, re -c o d e d  DNA s tra n d  in to  th e m s o  th a t th e y c o u ld  g e n e ra te  a  p ro te in  fro m  
it. Th is  c o n s titu te s  a  m o re  th o ro u g h g o in g ,  m in u te -to -m in u te  La m a rc kia n is m  th a n  
ha s  e ve r b e e n  c o n c e ive d  fo r b io log ica l o rga n is ms .  

O rg a n is m s  wo u ld  e vo lve  a t a  fa s te r p a c e ,  a d a p tin g  in a  d ire c te d ,  P ro te a n  m a n n e r 
to  e n viro n m e n ta l a n d  s oc ia l c o n d itio n s ,  c o n s ta n tly pa s s ing  on  a c q u ire d  kn o wle d g e  
to  ce lls  a n d  o rg a n is ms  u n re la te d  by d e s c e n t.  

No tic e  th a t the  p ro d u c tive  a s pe c ts  o f h u m a n  la n g u a g e  m a ke  it d o u b ly d iffe re n t 
fro m  th e  g e n e tic  c o d e ; h u m a n s  n o t o n ly p ro d u c e  ne w in te rn a l m e a n in g s  b y d ire c te d  
c h a n g e s  o f the  (m e n ta l) p h e n o typ e ,  bu t th e n  th e y c o m m u n ic a te  th e m  p ro m is c u o u s ly.  
Cu ltu ra l o r c o n c e p tu a l e vo lu tio n  ha s  o fte n  b e e n  c h a ra c te riz e d  a s  "La m a rc kia n " bu t 
it c o u ld  p re s u m a b ly be  s o  with o u t the  c o m m u n ic a tive  fu n c tio n  o f la ngua ge . To  
e m p h a s iz e  th is , if wh o le  a n im a l p h e n o typ e s  e vo lve d  the  wa y h u m a n  me n ta l 
"p h e n o typ e s " do , no t o n ly wo u ld  a  g ira ffe 's  n e c k e lo n g a te  a s  it trie d  to  re a c h  the  
h ig h e r b ra n c h e s ,  b u t th e n  th e  a n ima l with  the  ne wly a c q u ire d  lo n g  n e c k wo u ld  be  
a b le  to  in s ta n tly "c o m m u n ic a te " s u c h  a  n e c k to  o th e r s h o rt-n e c ke d  m e m b e rs  o f the  
h e rd  s im p ly b y "le c tu rin g " to  the m. F ro m  the  vie w o f the  p re s e n t a n a lo g y,  m e re  
c o n ve rs a tio n  o r e ve n  a  fe w m o m e n ts  o f th o u g h t to  o n e s e lf re s u lts  in  im m e d ia te  
e vo lu tio n a ry c h a n g e  in the  m e n ta l p h e n o typ e  p o te n tia lly c a p a b le  o f tra n s m is s io n  
to  a n y p e rs o n .  

Th e  u n ila te ra l p ro vis io n  fo r la n g u a g e  p ro d u c tio n  (o r,  fro m o u r vie w, its  la ck in 
ce lls ) ha s  m a n y ra mific a tions .  Th e  m u ltitu d e  o f d iffe re nce s  tra c e a b le  to  it ha ve  qu ite  
e ffe c tive ly d e fe c te d  a tte n tio n  fro m  the  ve ry d e e p  s imila ritie s  in a rc h ite c tu ra l p rin - 
c ip le s  o n  the  c o m p re h e n s io n  s id e --c o n c e rn in g  e s p e c ia lly the  wa y in wh ic h  s pe c ific  
s e q u e n c e s  o f m e a n in g fu l un its  a re  a s s e mble d .  If it we re  no t fo r th is  s tumb ling  b lock, 
the  p re s e n t a n a lo g y wo u ld  h a ve  b e e n  re c o g n iz e d  m u c h  s oone r.  

7.2, A C O MMO N  S C H E ME  

7.2.1. 777e  abs tract s che m e  
A ge ne ra l s c h e m e  fo r a  s ym b o lic -re p re s e n ta tio n a l s ys te m is  n o w give n , a t firs t 

o m ittin g  s ys te m-s pe c ific  de ta ils .  Th e  s imple s t s e lf-c o n ta in e d  s ym b o l s tru c tu re  ha s , 
fro m the  p e rs p e c tive  o f o n e  time -s lice , five  ma in  p a rts -- th e  e xte rn a l o , mbol, the  
in te rn a l s ym bol-re pre s e ntation, the  "thre e -dim e ns ional" connector, the  in te rna l 
"th ing '-re pre s e nta tion , a n d  the  e xte rn a l "'thing" (s e e  Fig. 5). Th is  de s c ribe s  a  
c o m p re h e n s io n -o n ly s ys te m ; p ro d u c tio n  o f s ymbo l s tre a ms  re q u ire s  a d d itio n a l 
in te rn a l e n titie s ,  no t illu s tra te d  he re . 

We  s ta rt with  the  e xte rn a l s ymbo l.  It ha s  a  non-arbitrary ca us a l re la tio n  with  the  
in te rna l s ym b o l-re p re s e n ta tio n .  Th a t is , th is  re la tio n  is  no t d e fin e d  by the  s ymbo l 
s ys te m its e lf b u t d e p e n d s  on  de te rmin is tic ,  p re -s ys te mic  p roce s s e s .  By con tra s t,  the  
in te rna l s ym b o l-re p re s e n ta tio n  ha s  a n  arbitrao, ca us a l re la tion  with  the  in te rna l 
"th in g ' -re p re s e n ta t io n .  Th a t is , th e re  is  no  de te rmin is tic ,  p re -s ys te mic  re a s on  why 
a  p a rtic u la r s ym b o l-re p re s e n ta tio n  s h o u ld  be  p re fe re n tia lly c o n n e c te d  to  a ny o n e  
o f th e  va rio u s  "th in g ' -re p re s e n ta t io n s .  Wh a t d e te rm in e s  wh ich  pa irs  ge t c o n n e c te d  

488 M. I. S E R E N O  

J  
FiG. 5. A ba s ic  s che me  for a  s ymb o lic -re p re s e n ta tio n a l s ys te m. The  ma in  re la tions  a re  s h o wn  by bo ld  

s tra igh t line s . The  bo ld  wa vy line  indica te s  a  p re -s ys te mic  re la tions h ip .  

is  a n  e n tity c a p a b le  o f re c o g n iz in g  in a  n o n -a rb itra ry wa y, the  "th re e -d im e n s io n a l" 
s tru c tu re  o f th o s e  two  m e m b e rs ,  "Th re e -d im e n s io n a l" re c o g n itio n  (s h o rt line s ) is  
d e fin e d  a s  a  b e twe e n -p a rt c o n n e c tio n  th a t invo lve s  la rge , n o n -s ta n d a rd  re g ions ,  in  
c o n tra s t to  a n  a rb itra ry b o n d  which  invo lve s  s ma lle r,  s ta n d a rd iz e d  c o n n e c tin g  
re g ions . Th e  "th in g "-re p re s e n ta tio n s  h a ve  m o re  va rie g a te d  "' th re e -d im e n s io n a l" 
s tru c tu re s  th a n  the  s ym b o l-re p re s e n ta tio n s .  Th e  "th in g "-re p re s e n ta tio n s  a ls o  h a ve  
a  n o n -a rb itra ry re la tio n  with  e xte rna l "th in g s ".  Aga in , the  re la tio n  is  n o t d e fin e d  
by the  s ym b o l s ys te m b u t d e p e n d s  on  p re -s ys te m ic  tra n s fo rm a tio n s .  Th is  re la tio n  
(in d ic a te d  by the  wa vy line ) is  no t ca us a l in a  s ys te mic  c o n te xt b e c a u s e  the  "'th ings " 
a re  o fte n  no t p re s e n t; the  "' th in g "-re p re s e n ta tio n  is  c a u s a lly ca lle d  u p  in  n o rm a l 
o p e ra tio n  o n ly by the  s ym b o l-re p re s e n ta tio n .  

In a  s ta tic  vie w ju s t p re s e n te d ,  the  s c h e m e  is  re m in is c e n t o f a  P e irc e a n  tria d  
(s ym b o l,  ob je c t,  a p p a ra tu s  tha t "p e rc e ive s " the  re la tio n  b e twe e n  the  two --s e e  
(P e irc e ,  1931-58: vol, 2, pa ra .  250-274) e xc e p t th a t the  in te rna l in te rp re tin g  a p p a ra tu s  
ha s  b e e n  s u b d ivid e d ; bu t the  p re s e n t s c h e m e  d ive rge s  c o n s id e ra b ly fro m  o th e r 
tre a tm e n ts  o f s ym b o l-p ro c e s s in g  s ys te ms  in d ia c h ro n ic  vie w. F ig u re  6 illus tra te s  the  
s a me  pa rts  s h o wn  in Fig. 5 bu t fills  in m o re  de ta il (n a m e s  o f five  ma in  pa rts  fro m  
Fig. 5 a re  in b o ld fa c e ).  Th e  p ro xim a l p u rp o s e  o f the  s ys te m is  to  a s s e m b le  lo n g  
cha in s  o f "' th in g "-re p re s e n ta tio n s  b a s e d  on  the  o rd e rin g  o f long  s ym b o l cha ins .  Th e  
s ymbo l cha in s  cons is t o f s e gme n ts  c o n c a te n a te d  by a rb itra ry,  b o n d s .  E a c h  s e g m e n t 
ha s  a  c o n s ta n t b a c kb o n e  a n d  a  va ria b le  s id e c h a in ,  a n d  th e re  a re  s e ve ra l s e gme n ts  
p e r s ymbo l.  Arbitra ry2  b o n d s  fo rm  cha ins  (i.e . e a c h  un it b o n d s  to  two o th e r un its ; 
b o n d  c o n n e c ts  units  fro m  s a me  c la s s ); the  b o n d  is  a rb itra ry in the  s e ns e  th a t its  
s ta b ility is  in d e p e n d e n t o f ide n titie s  o f the  two  b o u n d  s ym b o l s e gme n ts .  Th e re  a re  

n e a re s t-n e ig h b o r in te ra c tio n s  be twe e n  s id e c h a in s  a s  we ll a s  b a c kb o n e s  in the  s ym b o l 
c h a in  (s h o rt line s ). 

Th e  s ymbo l cha in  is  firs t s e q u e n tia lly a n d  n o n -a rb itra rily p e rc e ive d ,  g e n e ra tin g  
a n  in te rnal m e s s age , which  cons is ts  o f a  c h a in  o f s ym b o l-re p re s e n ta tio n  s e gme nts .  
W ord-re cognition de vice s , a ls o  m a d e  o f s ym b o l-re p re s e n ta tio n  s e g m e n ts  (the s e  a re  
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FIG. 6. A s che me  for a  s ymbolic-re pre s e nta tiona l s ys te m in a ction. The  five  ba s ic pa rts  o f a  s ymbolic- 
re pre s e nta tiona l s che me  illus tra te d in Fig.. 5 a re  in boldfa ce . The  thre e  ma in functions  o f cha ins  o f 
s ymbol-re pre s e nta tion s e gme nts  a re  now illus tra te d (inte rna l me s s a ge , s ymbol-re pre s e nta tion, cha in 
a s s e mble r). The  dia gra m illus tra te s  in more  de ta il the  dyna mic proce s s  by which cha ins  o f s ymbol 
s e gme nts  (uppe r le ft, conne cte d by one  kind o f a rbitra ry bond) a re  non-a rbitra rily re cognize d in s ma ll 
groups  by the  s ymbol-re pre s e nta tion (lowe r le ft), which the n pre s e nts  its  conne cte d "'th ing '-re pre s e nta tion  
(lowe r right, conne cte d to the  s ymbol-re pre s e nta tion with a  diffe re nt kind o f a rbitra ry bond) to the  cha in. 
a s s e mble r. A pa ra lle l s tring o f "th ing"-re pre s e nta tions  is  cons tructe d, which the n folds  upon its e lf 
(s ha rply wa vy line s ), forming re a ction-controlling de vice s , which ope ra te  upon inte rna l obje cts  (middle  
right). The  ge ntly wavy line s  (uppe r right) s ignify a  pre -s ys te mic re la tions hip. 

s y m b o l- r e p r e s e n t a t io n s  p r o p e r ) ,  r e c o g n iz e  th e  s y m b o ls  in  th is  m e s s a g e  a n d  p r e s e n t  
p a r t ic u la r  "t h in g "- r e p r e s e n t a t io n s  to  t h e  c h a in  a s s e m b le r w h ic h  is  a ls o  b a s e d  o n  
s y m b o l- r e p r e s e n t a t io n  s e g m e n t ) .  T h e  3 - D  c o n n e c t o r  h a s  p r e v io u s ly  a t t a c h e d  th e  
"t h in g "- r e p r e s e n t a t io n  to  its  a p p r o p r ia t e  s y m b o l- r e p r e s e n t a t io n  b y a n  a rb it r a ry ,  
b o n d  (i.e .  b e t w e e n  p a irs  o f u n it s - - e a c h  u n it  b o n d s  to  o n ly  o n e  o t h e r  u n it ;  b o n d  
c o n n e c t s  u n it s  fr o m  d iffe re n t  c la s s e s ) .  D u r in g  c h a in  a s s e m b ly ,  t e m p o r a r y  a rb itra ry'~  
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b o n d s  a re  m a d e  b e twe e n  th e  c h a in  a s s e m b le r a n d  va rio u s  s ym b o l-re p re s e n ta tio n s  
(s imila r to  a rbitra ry~ b o n d s  e xc e p t th a t o n e  m e m b e r o f the  b o n d e d  p a ir is  a lwa ys  
the  s a m e --i. e ,  th e re  is  o n ly o n e  c h a in  a s s e m b le r to  wh ich  a ll s ym b o l-re p re s e n ta tio n s  
b in d ).  

Th e  c h a in  a s s e m b le r g e n e ra te s  a rb itra ry" b o n d s  b e twe e n  the  b a c kb o n e  pa rts  o f 
pa irs  o f "th in g "-re p re s e n ta tio n s  (s imila r to  a rb itra ry2  b o n d s - -e a c h  un it b o n d s  to  
two o th e r un its ; un its  fro m  s a me  c la s s --e xc e p t th a t the  s id e c h a in s  o f a d ja c e n t un its  
d o  n o t in te ra c t).  Th e  c h a in  o f "th in g "-re p re s e n ta tio n s  th e n  fo ld s  in to  a  p a rtic u la r 
c o n fig u ra tio n  a s  a  c o n s e q u e n c e  o f in te ra c tio n  a m o n g  the  loca l s e m a n tic  fu n c tio n s  
o f the  s ide cha ins .  F o ld in g  is  a  p ro c e s s  by wh ich  non-adjace nt units  in  a  cha in  a re  
b ro u g h t in to  c los e  c o n ta c t.  Th e  ma in  fu n c tio n  o f the  fo ld e d  "th in g "-re p re s e n ta tio n  
c h a in s  is  to  c o n tro l re a c tio n s --i. e ,  to  m o d ify the  3 -D s tru c tu re  o f in te rn a l ob je c ts  
b y m a kin g  a n d  b re a kin g  b o n d s  with in  a n d  b e twe e n  the m. Th e  ove ra ll p u rp o s e  o f 
the  s ys te m  is  to  g e n e ra te  a  h o m e o s ta tic  in te rn a l wo rld  th a t m e d ia te s  in te ra c tio n s  
with  the  e xte rn a l world .  

7.2.2. Prim ary corre s ponde nce s  

Th e  p rim a ry c o rre s p o n d e n c e s  b e twe e n  the  two  s ys te ms , b o th  e xp o s e d  a n d  p re - 
d ic te d ,  a re  lis te d  in Ta b le  1. S ta rting  with  the  s ta tic  five -pa rt s c h e m e  in Fig. 5, the  
c o rre s p o n d in g  e n titie s  a re  a s  fo llows . Th e  s ym bol a t the  c e llu la r le ve l is  the  DNA 
trip le t,  a n d  a t the  p e rs o n  le ve l is  the  g ro u p  o f s o u n d s  in a  wo rd .  Th e  s ym bol- 
re pre s e ntation in ce lls  is  tra n s fe r R NA, a n d  in p e rs o n s ,  a n  a u d ito ry c o rte x wo rd - 
re c o g n iz e r p a tte rn  m e d ia tin g  the  on -line  c o n n e c tio n  b e twe e n  in te rn a l s p e e c h  s o u n d  
re p re s e n ta tio n s  a n d  me a n in g s .  Th e  "" thing "-re pre s e ntation in  ce lls  is  the  a m in o  a c id ,  
a n d  in p e rs o n s ,  a  h ig h e r vis ua l co rtica l a re a s  a c tivity p a tte rn  c o n s titu tin g  a  c a te g o ry 
re p re s e n ta tio n  o f a  th ing ,  a c tio n ,  e ve n t,  pa th ,  p la ce ,  p ro p e rty,  o r m a n n e r.  Th e  3 -D 
conne ctors  in ce lls  a re  a m in o a c yl-tR NA s yn tha s e s ,  e n z ym e s  tha t a tta c h  p a rtic u la r 
tR NAs  to  p a rtic u la r a m in o  a c ids  p rio r to  p ro te in  s yn the s is ,  a n d  in p e o p le ,  a n  a c tivity 
p a tte rn  th a t a tta c h e s  a u d ito ry c o rte x wo rd -re c o g n iz e r p a tte rn s  to  vis ua l c o rte x wo rd  
m e a n in g  p a tte rn s  off-line . F ina lly,  "'things '" a t the  c e llu la r le ve l a re  s u b s ta n c e s  in 
the  p re -b io tic  s o u p  like  wa te r,  h yd ro g e n  c ya n id e ,  fo rm a ld e h yd e ,  a n d  a m in o  a c ids , 
while  lingu is tic  th ings  a re  p re lingu is tic  a c tivity p a tte rn s  in the  p rim a te  b ra in  th a t 
a ris e  in the  c o u rs e  o f the  o rg a n is m  le a rn in g  to  in te ra c t with  ob je c ts  a n d  e ve n ts  in 
the  world .  

Tu rn in g  a ga in  to  the  m o re  d e ta ile d  s c h e m e  in Fig. 6, the  in itia l p e rc e p tu a l 
p ro c e s s in g  o f the  s ym b o l c h a in  ge ne ra te s  a n  inte rnal m e s s age  cons is ting  o f m e s s e n g e r 
R NA in ce lls  a n d  a  c h a in  o f s p e e c h  s o u n d  re p re s e n ta tio n s  in a u d ito ry c o rte x in 
pe rs ons .  Wo rd -s iz e d  c h u n ks  o f s e gme n ts  in  the  in te rn a l me s s a ge  a re  re c o g n iz e d  b y 
the  word-re cogniz e r (=s ym b o l-re p re s e n ta tio n ),  wh ich  with  the  h e lp  o f the  chain 
as s e m ble r, c o n s tru c ts  a  pa ra lle l c h a in  o f "th in g "-re p re s e n ta tio n s  b a s e d  on  the  wo rd  
s e q u e n c e .  Th e  in te rna l me s s a ge ,  wo rd -re c o g n iz e r,  a n d  the  c h a in  a s s e m b le r a re  a ll 
m a d e  fro m  s ym b o l-re p re s e n ta tio n  s e g m e n ts - -R NA n u c le o tid e s  in ce lls , a n d  a u d ito ry 
c o rte x a c tivity p a tte rn s  re p re s e n tin g  s ingle  s p e e c h  s o u n d s  in pe rs ons .  Th e  c h a in  o f 
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TABLE  1 

S um m ary o f the  ce ll~person analogy 

4 9 1  

Ge ne ra l te rm Ce ll P e rs on 

S ymbol DNA triple t 
S ymbol s e gme nt DNA nucle otide  
S ymbol-re pre s e nta tion RNA nucle otide  

s e gme nt 

Inte rna l me s s a ge  (cha in o f 
s ymbol-re pre s e nta tion 
s e gme nts ) 

Word re cognize r--s a me  a s  
s ymbol-re pre s e nta tion 
(cha in o f s ymbol- 
re pre s e nta tion s e gme nts ) 

Cha in a s s e mble r (cha in o f 
s ymbol-re pre s e nta tion 
s e gme nts ) 

3-D conne ctor (cha in o f 
"th ing"-re pre s e nta tions ) 

"'Thing"-re pre s e nta tion 

Re a ction controlle r (cha in o f 
"th ing"-re pre s e nta tions ) 

Obje cts  (he te roge ne ous  
inte rme dia te  "s ubs tra te s ') 

"'Things " 

Me s s e nge r R NA (mRNA) 

Tra ns fe r RNA (tRNA) 

Ribos ome  (rRNA plus  
prote in) 

Aminoa cyl-tRNA s yntha s e s  

Amino a cid 

Enzyme  (4-20 s e ctions  o f 
s e conda ry s tructure  pe r 
doma in, e a ch o f which ma y 
conta in s e ve ra l hundre d 
a mino a cids ) 

Enzyme  s ubs tra te s  (including 
a mino.a cids , prote ins , 
ca rbohydra te s , lipids , s ma ll 
mole cule s , a nd s o on) 

S ubs ta nce s  in the  pre biotic  
s oup (e .g. wa te r, hydroge n 
cya nide , forma lde hyde , 
a mino a cids ) 

S ounds  in a  word 
S ingle  phone tic  s e gme nt 
S e conda ry a uditory corte x 

(We rnicke 's  a re a ) a ctivity 
pa tte rn re pre s e nting one  
phone tic  s e gme nt 

S e conda ry a uditory corte x 
a ctivity pa tte rn re pre s e nting the  
s ounds  in s e ve ra l s e nte nce s  

S e conda ry a uditory corte x 
a ctivity "a d a p to r" pa tte rn tha t 
re cognize s  pa rticula r phone me  
groups  a nd a ctiva te s  
a ppropria te  me a ning 

S e conda ry a uditory corte x 
a ctivity pa tte rn tha t a s s e mble s  
unit me a ning-pa tte rns  into a  
cha in 

S e conda ry vis ua l corte x a re a s  
a ctivity pa tte rn for a tta ching 
me a ning pa tte rns  onto 
"'a da ptor" pa tte rns  prior to 
word re cognition 

S e conda ry vis ua l corte x a re a s  
ca te gory re pre s e nta tion a ctivity 
pa tte rn la s ting s e ve ra l hundre d 
millis e conds ; a  word me a ning 

"Bonde d-toge the r" s tructure  
ge ne ra te d in s hort te rm 
working me mory upon he a ring 
a  dis cours e  (four to 20 cla us e s , 
hundre ds  o f words ) 

Me nta l "'obje cts " including s ing le  
word me a nings , a s e mble d 
dis cours e  me a nings , e motiona l 
me a nings , ima ge s , a nd ma ny 
inte rme dia te -s ize d units  a ll 
cons true d a s  a ctivity pa tte rns  

P re linguis tic firing pa tte rns  in the  
prima te  bra in a ris ing the  cours e  
o f cognitive  de ve lopme nt; ma y 
be  inte gra te d into la rge r units  
in a dult 

" ' t h in g "- r e p r e s e n t a t io n s - - a  c h a in  o f a m in o  a c id s  ( p o ly p e p t id e )  in  c e lls ,  a n d  a  
c o m p o s it e  a c t iv ity  p a t t e r n  c o n s t r u c t e d  b y c o n c a t e n a t in g  s in g le  v is u a l c a t e g o r y  
a c t iv ity  p a t t e r n s  in  p e r s o n s - - t h e n  fo ld s  a n d  d e v e lo p s  th e  a b ility  to  s p e c ific a lly  
m o d ify  internal objects . T h e s e  o b je c t s  a re  q u it e  va r io u s ,  in c lu d in g  a m in o  a c id s ,  w h o le  
p r o t e in s ,  c a r b o h y d r a t e s ,  lip id s ,  a n d  s m a ll m o le c u le s  (e .g .  c o n s t it u e n t s  o f th e  Kre b s  
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cyc le ) in  ce lls , a n d  s ing le  wo rd  me a n in g s ,  wh o le  d is c o u rs e  m e a n in g s ,  e m o tio n a l 
m e a n in g s ,  ima ge s ,  a n d  m a n y in te rm e d ia te -s iz e d  un its ,  a ll ta ke n  a s  ne u ra l a c tivity 
p a tte rn s ,  in  pe rs ons .  

A h e lp fu l s u m m a ry o f th e  p e rs o n  s ide  o f the  a n a lo g y is  th a t la n g u a g e  c o m p re - 
h e n s io n  m a y be  th o u g h t o f a s  a  kind  o f code -d ire c te d  s ce ne  pe rce ption. Up o n  firs t 
lo o kin g  a ro u n d  a  ne w p la c e ,  a  vie we r mu s t a s s e mb le  a  te m p o ra rily pe rs is ting  
re p re s e n ta tio n ,  in  h ig h e r le ve l vis ua l a re a s ,  o f th e  im m e d ia te ly s u rro u n d in g  e n viro n - 
m e n t fo r the  p u rp o s e  o f n a vig a tio n ,  re c o g n itio n ,  fo o d -fin d in g ,  s oc ia l in te ra c tio n s ,  
a n d  s o  on . Th e  ra w m a te ria l fo r th is  re p re s e n ta tio n  is  a  s e rie s  o f q u a rte r-s e c o n d  
g la nce s ,  wh ic h  a im the  h ig h -re s o lu tio n  p a rt th e  re tina ,  the  fo ve a ,  a t a  s e q u e n c e  o f 
lo c a tio n s ,  g e n e ra tin g  bu rs ts  o f a c tivity in p rim a ry vis ua l co rte x.  La n g u a g e  c o m p re - 
h e n s io n  m a y b u ild  u p o n  the s e  m e c h a n is m s  (s e e  S e re n o ,  1991); the  ma in  e xte n s io n  
is  th a t h u m a n  p rim a te s  (a s  o p p o s e d  to  a p e s  a n d  o th e r a n im a ls ) a ls o  fre e ly c o n s tru c t 
s uch  h ig h e r le ve l vis ua l c o rte x p a tte rn s  us ing  s trings  o f aud itory  corte x  p a tte rn s ,  in  
the  a b s e n c e  o f d ire c t,  lo we r le ve l vis ua l inpu t.  

7.2.3. S ym bolic -re pre s e n ta tiona l s y s te m s  m a y  h a v e  a m in im u m  "s iz e " or com ple x ity  

Th e  c e llu la r le ve l s ym b o lic -re p re s e n ta tio n a l s ys te m is  c h a ra c te riz e d  by a  c le a r 
m in im u m  "s iz e " o r le ve l o f c o m p le xity.  Th e  s ma lle s t fre e -living  c e lls --th e  m yc o p la s - 
ma s  (b a c te ria -like  o rg a n is m s ,  b u t with o u t ce ll wa lls )--h a ve  g e n o m e s  o n ly 1 /5  the  
s ize  o f Es che rich ia  coli (fo r re vie w s e e , Ne im a rk,  1979). Th e s e  min ima l g e n o m e s  
c o n ta in  u n d e r a  million  DNA ba s e s  (s ym b o l s e gme n ts ) a n d  c o d e  fo r s ligh tly le s s  
th a n  a  th o u s a n d  d iffe re n t p ro te in s  ("th in g "-re p re s e n ta tio n  c h a in s ).  Virus e s  c o n ta in  
a b o u t o n e  (e .g . T4) o r two  (e .g . M13) o rd e rs  o f m a g n itu d e  le s s  DNA,  b u t o f cou rs e ,  
re q u ire  a  h o s t ce ll to  g row a n d  re p ro d u c e .  Ma m m a lia n  ce lls  h a ve  th re e  o rd e rs  o f 
m a g n itu d e  m o re  DNA ba s e s  (e .g. 3 b illion  in h u m a n  ce lls ), th o u g h  m u c h  o f th is  
a p p e a rs  n o t to  c o d e  fo r p ro te in s .  

It is  h a rd e r to  de fine  the  m in im u m  "'s ize " o f a  pe rs on -le ve l la n g u a g e ; h u m a n  
lingu is tic  s ys te ms  s e e m s o  m u c h  m o re  o p e n -e n d e d .  In fa c t,  m o s t linguis ts  (e s p e c ia lly 
g e n e ra tive ly-m in d e d  o n e s ) a n d  p h ilo s o p h e rs  (e .g. Da vid s o n ,  1976) wo u ld  ba lk a t 
th e  ide a  o f d is cus s ing  th e  n u m b e r o f s e n te n c e s  o f d is c o u rs e  m e a n in g s  "in " a  la n g u a g e ,  
ins is ting  th a t th e re  a re  in fin ite ly m a n y pos s ib le .  S e t a ga ins t th is , h o we ve r,  is  the  
o b vio u s  fa c t th a t a ny o n e  p e rs o n  ca n  o n ly e xp e rie n c e  a  fin ite , th o u g h  ra th e r la rge , 
n u m b e r o f s e n te n c e s  wh ile  le a rn ing ,  us ing, a n d  th in kin g  a  la ngua ge .  Th e  to ta l 
n u m b e r o f s ym b o l-s e g m e n ts  is  a c tu a lly no t a s  la rge  a s  o n e  migh t a t firs t th ink. F o r 
e xa m p le ,  it wo u ld  ta ke  10 ye a rs  to  e xp e rie n c e  a  b illion  s e gme n ts  a t the  ra te  o f 
300 0 0 0 /d a y (= 8  h r c o n tin u o u s  s p e e c h /d a y).  By a n a lo g y with  ce lls , it m a y be  th a t 
a s e lf-re producing, inde pe nde n t (i.e . "'fre e -living") s ym b o lic -re p re s e n ta tio n a l s ys te m 
a t the  p e rs o n  le ve l m in im a lly re qu ire s  the  p e rc e p tio n  o f a t le a s t h u n d re d s  o f millions  
o f o rd e re d  s e gme n ts ,  a n d  th u s  the  c o m p re h e n s io n  o f h u n d re d s  o f th o u s a n d s  o f 
c o n n e c te d  d is cou rs e s .  [In  a  s imila r ve in , An d e rs o n  (1983: 132) ha s  e s tim a te d  tha t 
h u m a n -s tyle  c o g n itio n  re q u ire s  a b o u t 1 million  p a ra g ra p h -s iz e d  "p ro d u c tio n s ". ] 
Be low th is  s ize , it m a y n o t be  pos s ib le  to  s u p p o rt a  h u m a n -s tyle  "'me n ta l me ta - 
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b o lis m "t .  Th e  la rge  g a p  b e twe e n  s ym b o l us e  b y a n im a ls  a n d  h u m a n  la n g u a g e  le nds  
s u p p o rt  to  th is  n o tio n .  

7.3. E XP O S E D C O MP AR IS O NS  

7.3.1. The  prom ine nce  o f ce llular and hum an s ym bol chains  
Th e  e n o rm o u s  c o va le n tly b o n d e d  D N A m o le c u le s  th a t c h a ra c te riz e  e ve n  the  

s im p le s t o rg a n is m s  a re  qu ite  d is tinc t in a  p re b io tic  milie u . Th e  is o la ta b le  DNA 
m o le c u le  in  e a c h  E. coli is  n e a rly 4 m illio n  n u c le o tid e  b a s e s  long . Th e re  a re ,  o f 
c o u rs e ,  is o la ta b le  p re b io tic  m o le c u le s - -a m in o  a c ids ,  fo r in s ta n c e .  An d  th e re  a re ,  
a m o n g s t  th e  g re a t va rie ty o f s u b s ta n c e s  in  the  p re b io lo g ic a l n a tu ra l wo rld ,  a  b e wild e r- 
ing  va rie ty o f rocks  a n d  m in e ra ls  c o n s is tin g  o f re g u la r,  b o n d e d  n e two rks  o f a to m s  
(c rys ta ls ),  a s  we ll a s  m a n y c o m p le x a n d  le s s  re g u la r ge l-like , c o llo id a l,  o r "c ryp to c rys - 
ta llin e " s u b s ta n c e s  (s e e  C a irn s -S m ith ,  1982, fo r a  s u m m a ry fro m  a n  o rig in -o f-life  
p e rs p e c tive ).  Th e  ke y p o in t is  th a t wh e n  the  b o n d e d  n e two rk o f a  m in e ra l- - th e  
la ye re d  s ilica te  s h e e ts  o f a  c la y m in e ra l,  o r the  fra m e wo rk s tru c tu re  c h a ra c te ris tic  
o f a  m e ta l o xid e ,  fo r e xa m p le - - is  e xp o s e d  to  wa te r,  it typ ic a lly b re a ks  u p  in to  s ma ll,  
h e te ro g e n e o u s ,  in d ivid u a lly-s o lva te d  p ie c e s ,  e a c h  c o n ta in in g  o n ly h a n d fu ls  o f a to m s ,  
in s te a d  o f fo rm in g  a  u n ifo rm  s p e c ie s  o f m a c ro m o le c u la r ,  is o la ta b le ,  s o lva te d  cha ins .  
No n -b io tic  m a c ro m o le c u la r  ge ls  e xis t (e .g . A13+ s o lu tio n s ),  b u t a re  ra th e r h a rd  to  
s tu d y b e c a u s e ,  in c o n tra s t to  b io tic  p o lym e rs ,  th e ir c o va le n t s tru c tu re s  in s o lu tio n  
a re  la b ile ,  fo rm in g  a n d  d is a s s e m b lin g  in re s p o n s e  to  s ligh t c h a n g e s  in  ion ic  c o n - 
c e n tra tio n s ,  p H,  a n d  s o  on . In  th is  re s p e c t,  th e  m o le c u la r s tru c tu re  o f m in e ra ls  is  
m u c h  le s s  s u ita b le  fo r c o n s tru c tin g  s ta b le  c o d e  c h a in s  th a t c o u ld  s e rve  a s  te m p la te s  
fo r c o n s tru c tin g  o th e r s e lf-fo ld in g  s tru c tu ra l cha in s .  Th is  is  n o t to  d e n y th a t m in e ra l- 
b a s e d  p ro to -livin g  s ys te m s  m a y h a ve  p ro vid e d  a  s ca ffo ld ,  n o w s trip p e d  a wa y,  fo r 
the  e vo lu tio n  o f o rg a n ic  life  (C a irn s -S m ith ,  1982). 

C rys ta ls  typ ic a lly g ro w in s e d im e n ta ry e n viro n m e n ts  u n d e r n e a rly the  s a m e  
c o n d itio n s  th a t re s u lt in th e ir d e g ra d a t io n --d ilu te  s o lu tio n s  o f ions  o r s ma ll c h a rg e d  
m o le c u le s .  C rys ta lliz a tio n  o f m a n y m in e ra ls  re q u ire s  the  e xc lu s io n  o f wa te r (e .g. 
s o m e  o f th e  wa te r o f h yd ra tio n  o f a  m e ta l ion ),  b u t in g e n e ra l,  th is  wa te r is  ra th e r 
e a s y to  re m o ve .  Lo n g  b io lo g ic a l p o lym e rs  d o  n o t . fo rm  "n a tu ra lly" in a q u e o u s  
s o lu tio n s  b e c a u s e  the  s tro n g  c o va le n t b o n d s  b e twe e n  e a c h  un it re q u ire  the  re m o va l 
o f s tro n g ly b o u n d  wa te r-fo rm in g  g ro u p s .  E xa c tly h o w e n o rm o u s  b io p o lym e rs  c a m e  
to  b e  g e n e ra te d  a n d  in c o rp o ra te d  in h o m e o s ta tic ,  s e lf-re p ro d u c in g  ce lls  h a s  th e re fo re  
lo n g  b e e n  a  m ys te ry.  

In  tu rn in g  to  h u m a n  la n g u a g e  re la te d  a c tivity,  we  find its  lo n g  s ym b o l c h a in s  
s im ila rly d is tin c tive  in a  p re -lin g u is tic  c o n te xt.  While  im m e rs e d  in la n g u a g e ,  it is  
e a s y to  fo rg e t h o w o d d  a n  a n im a te d ,  h o u r-lo n g  c o n ve rs a tio n  c o n s is tin g  o f a  s e q u e n c e  
o f p e rh a p s  30 000 c lo s e ly c o n n e c te d  s p e e c h  s ym b o l s e g m e n ts  m u s t a p p e a r  to  a  

t F rom th is  po in t o f vie w, a n a rtificia l in te llige nce  p ro g ra m  de s igne d  to in te ra c t with  the  world  (e .g. 
to  re a d  a  m e n u  a nd  o rd e r in a  re s ta u ra n t,  to us e  a  ta s k s tud ie d  by s e ve ra l AI g ro u p s ) is  a  little  like  a  
virus  in its  d e p e n d e n c e  on  the  ma ch ine ry a nd  re a l world  knowle dge  in its  de s igne r's  bra in . This  a na logy 
b re a ks  d o wn ,  howe ve r,  in tha t it is  no t c le a r tha t LIS P  is  the  la ngua ge  o f th o u g h t,  whe re a s  virus e s  ha ve  
the  s a me  type  o f DNA (o r R NA) a nd  p ro te ins  a s  the ir hos ts  do. 
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c o n te m p la tive  n o n -lin g u is tic  a n ima l.  Th e  o n ly e xa m p le s  o f s e ria l voca l b e h a vio r in 
p re s e n t-d a y a n ima ls  th a t e ve n  re m o te ly re s e mb le s  th is  in s ca le  a re  fro m  s ong irds ; 
wre ns ,  fo r in s ta n c e ,  typ ic a lly s ing  h u n d re d s  o f d is tinc t s ongs , e a c h  cons is ting  o f a  
s ma ll g ro u p  o f "s ylla b le s " with  a  fe w s o u n d  s e gme n ts  p e r s ylla b le  (fo r re vie w s e e , 
Ko n is h i,  1985). It is  e a s y to  te ll the  h u m a n  a n d  a via n  b e h a vio rs  a p a rt,  th o u g h ,  s ince  
in h u m a n s ,  the  o rd e rin g  o f the  s e q u e n c e  a t in te rm e d ia te  s ca le s  (a s  re fle c te d  in wo rd  
a n d  s e n te n c e  o rd e r,  s p a n n in g  h u n d re d s  to  th o u s a n d s  o f s e g me n ts ) is  e s s e n tia l in  
c o d in g  fo r a  m e a n in g ,  wh ile  the  s o n g b ird 's  in te rm e d ia te  ra n g e  o rd e rin g  (a s  re fle c te d  
in  s o n g  o rd e r) d o e s  no t a p p e a r  to  be  d e te rm in a te ,  o r to  c o d e  fo r,  o r m e a n  a n yth in g .  
Th e  a n a lo g y is  im p e rfe c t a t th is  p o in t s ince  tru ly DNA-like  "s p e e c h  s o u n d s " wo u ld  
b e  p e rm a n e n t,  e n c yc lo p e d ia -le n g th  inte rnal c o d e -like  a c tivity p a tte rn s  c o n s titu tin g  
a n  e n o rm o u s  ve rb a tim  m e m o ry.  Ne ve rth e le s s ,  th e  in te rn a l a via n  n e u ra l a c tivity 
p a tte n s  th a t g e n e ra te  a n d  a re  e lic ite d  by s o n g -s e q u e n c e s  a re  u n d o u b te d ly m u c h  le s s  
"s ta b ly b o u n d " a n d  le s s  is o la ta b le  a s  d is tinc t s pe c ie s  th a n  the  h u m a n  n e u ra l a c tivity 
p a tte rn s  th a t g e n e ra te  a n d  a re  g e n e ra te d  b y wo rd  s e q u e n c e s .  

Th a t c e llu la r a n d  h u m a n  s ym b o l cha in s  a re  e s p e c ia lly p ro m in e n t is  no t re a lly 
c o n tro ve rs ia l.  Th e  p o in t h e re  is  tha t th e y a re  u n iq u e ; th e re  a re  no  o th e r n a tu ra lly- 
o c c u rrin g  s ys te ms  in d e p e n d e n t o f thos e  two  th a t u s e  long , o n e -d im e n s io n a l s e q u e n - 
ce s  to  s ta n d  fo r me a n in g s .  Eve n  a  ca s ua l in s p e c tio n  o f in te rm e d ia te  le ve ls  o f 
o rg a n iz a tio n  s uffice s . C h a in s  o f ce lls  d o  no t s ys te m a tic a lly c o d e  fo r a n yth in g ,  a n y 
m o re  th a n  c h a in s  o f tis s ue  type s ,  o rga ns ,  o r wh o le  a n im a ls  do . Th e re  a re ,  o f c o u rs e ,  
m a n y e xa m p le s  o f s e g m e n te d  a c tivity p a tte rn s  in  b ra in s -- fo r  e xa m p le ,  the  p a tte rn s  
u n d e rlyin g  th e  g e n e ra tio n  o f c o m p le x m o ve m e n t s e q u e n c e s .  Th e s e  p a tte rn s ,  h o we ve r,  
d o  no t c o d e  fo r m o ve m e n ts  in  the  p re s e n t u s a ge  o f the  wo rd  s ince  th e re  is  n o  s e ns e  
in wh ic h  th e  re s u lting  m o ve m e n t is  arbitrarily re la te d  to  th o s e  p a tte rn s .  Th e  p a ra lle l 
u n iq u e n e s s  o f lo n g  s ym b o l c h a in s  is  th u s  o n e  o f th e  p rim a ry e xp o s e d  c o m p a ris o n s  
u s e d  to  m o tiva te  the  c e ll/p e rs o n  a n a lo g y.  

7.3.2. W ord recognition 

Ce lls  a n d  p e rs o n s  ro u tin e ly "p e rc e ive " a n d  "c o m p re h e n d " th e ir c o d e  cha ins .  O n e  
s ta ge  in th is  p ro c e s s  is  word recognition. Wo rd  re c o g n itio n  is  a  p ro c e s s  by which  a  
c o n tin u o u s  c h a in  o f s ym b o l s e gme n ts  la cking  wo rd  de limite rs  is  re c o g n iz e d  to  
c o n ta in  a  s e rie s  o f m u lti-s e g m e n t words .  A ke y re q u ire m e n t is  th a t the  e n d  o f o n e  
wo rd  mu s t be  a c tive ly re c o g n iz e d  in o rd e r to  lo c a te  the  b e g in n in g  o f the  n e xt word . 
Th e  m e c h a n is tic  de ta ils  o f wo rd  re c o g n itio n  a re  b e tte r u n d e rs to o d  a t the  m o le c u la r 
le ve l th a n  th e y a re  with  re s p e c t to  n e u ro p h ys io lo g y o f la n g u a g e  c o m p re h e n s io n .  
Ne ve rth e le s s ,  wh a t is  a lre a d y kn o wn  m a ke s  wo rd  re c o g n itio n  a n  u n a m b ig u o u s  
e xp o s e d  c o m p a ris o n .  

In  ce lls , th e  s ma lle s t m e a n in g fu l g ro u p  o f s ym b o l s e g m e n ts  (DNA n u c le o tid e s ) 
is  th e  codon (o r w o rd )m a  trip le t o f DNA n u c le o tid e s  th a t s ta n d s  fo r o n e  o f the  20 
d iffe re n t a m in o  a c id  m e a n in g s .  Th u s ,  a ll wo rd s  in c e llu la r s ym b o l c h a in s  a re  the  
s a m e  le ng th .  F o u r d iffe re n t typ e s  o f n u c le o tid e s  ta ke n  th re e  a t a  tim e  m a ke  64 
pos s ib le  c o d o n s ,  o f wh ic h  61 a re  u s e d  to  c o d e  fo r a m in o  a c ids . Th e re  a re  no  
s ys te m a tic  c h e m ic a l d iffe re n c e s  a m o n g s t the  16 in te rn u c le o tid e  linka ge s  within a n d  
be twe e n c o d o n s  in b o th  DNA (c h a in  o f s ym b o l s e gme n ts ) a n d  R NA (c h a in  o f 
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s ym b o l-re p re s e n ta t io n  s e g m e n ts ); th a t is , th e re  a re  n o  e xp lic it m a rke rs  in d ic a tin g  
wh e re  o n e  c o d o n  e n d s  a n d  a n o th e r  be g ins .  Th e re fo re ,  e a c h  trip le t c o d o n  in a  
m e s s e n g e r R NA s tra n d  h a s  to  b e  re c o g n iz e d  s e q u e n tia lly in  o rd e r to  d e te rm in e  th e  
s ta rt o f th e  n e xt c o d o n .  Th is  is  d o n e  b y a  s e t o f 40  tR NAs ,  e a c h  o f wh ic h  b in d s ,  in  
th e  c o n te xt o f th e  r ib o s o m e ,  to  a  p a rtic u la r m R N A c o d o n  (o r in  s o m e  c a s e s ,  a  fe w 
d iffe re n t c o d o n s ).  As  s o o n  a s  th e  c u rre n tly b o u n d  tR NA a d d s  the  a m in o  a c id  it is  
c a rryin g  o n to  th e  g ro win g  c h a in  o f b o u n d  a m in o  a c id s ,  it is  re le a s e d  fro m  th e  
rib o s o m e .  Th e  m R N A is  th e n  p u lle d  th ro u g h  th e  rib o s o m e ,  e xp o s in g  th e  n e xt c o d o n .  
Wh e n  b y c h a n c e ,  the  c o rre c t tR NA d iffus e s  in to  p la c e ,  the  p ro c e s s  is  re p e a te d .  Th e  
r ib o s o m e  a c tu a lly b in d s  two  tR NAs  a t o n c e ; wh e n  the  s e c o n d  s ite  is  va c a te d ,  th e  
tR NA in th e  firs t s ite  m o ve s  in to  th e  s e c o n d  s ite , o p e n in g  u p  the  firs t s ite  fo r a  n e w 
tR NA.  Th is  a llo ws  the  a m in o  a c id  c h a in  to  re m a in  a tta c h e d  to  a  tR NA a t a ll time s  
(fo r re vie w, s e e  Wa ts o n  e t a l. ,  1987). 

In  p e rs o n s ,  a n  e a s y d e m o n s tra t io n  o f th e  la ck o f e xp lic it wo rd -b o u n d a rie s  c a n  
be  g o tte n  b y lis te n in g  to  a n  u n fa m ilia r fo re ig n  la n g u a g e ; it in g e n e ra l is  qu ite  
im p o s s ib le  to  te ll wh e re  o n e  wo rd  e n d s  a n d  a n o th e r  s ta rts .  No w h u m a n  la n g u a g e  
is  c o n s id e ra b ly m o re  c o m p le x th a n  c e llu la r p ro te in  s yn th e s is .  Th e re  a re  m o re  s ym b o l 
s e g m e n ts  in  h u m a n  la n g u a g e s  (typ ic a lly 3 0 -4 0  d iffe re n t s p e e c h  s o u n d s  o r p h o n e m e s  
vs . fo u r n u c le o tid e s  in  ce lls ); th e re  a re  m a n y d iffe re n t h u m a n  la n g u a g e s  (with  fe w 
e xc e p tio n s ,  a ll ce lls  u s e  th e  s a m e  c o d o n s  fo r th e  20 a m in o  a c id  m e a n in g s );  wo rd  
le n g th  is  va ria b le  in  h u m a n  la n g u a g e  (o n e  to  te n  o r m o re  s ym b o l s e g m e n ts  vs . th re e  
in ce lls ); a n d  fina lly, th e re  a re  m o re  wo rd  m e a n in g s  (1 0 0 0 0  o r m o re  vs . 20). 
Ne ve rth e le s s ,  th e re  is  s till a  s tro n g  re q u ire m e n t in s p o ke n  la n g u a g e  th a t e a c h  wo rd  
b e  re c o g n iz e d  in tu rn ,  s o  th a t the  b e g in n in g  o f the  ne xt wo rd  c a n  be  id e n tifie d t.  
Th e  p ro c e s s  o f wo rd  re c o g n itio n  h a s  b e e n  s tu d ie d  in g re a t de ta il b y p s yc h o lin g u is ts  
(e .g . F ra u e n fe ld e r & Tyle r,  1987). Ma n y th e o rie s  re c o g n iz e  a n  a u to m a tic  c o m p o n e n t  
th a t o p e ra te s  o n e  wo rd  a t a  tim e  in a  ra th e r c o n te xt-in s e n s itive  m a n n e r,  a n d  s e ve ra l 
o th e r p ro c e s s e s  th a t a re  s e n s itive  to  s yn ta c tic  a n d  s e m a n tic  c o n te xt.  It is  kn o wn  th a t 
in itia l s ta tio n s  in the  a u d ito ry p a th wa ys  c a rry a  s e q u e n c e  o f a c tivity p a tte rn s  th a t 
c lo s e ly p a ra lle l the  ra p id  s p e c tra l c h a n g e s  in  s p e e c h  s o u n d s  (De lg u tte ,  1982). Th e  
e a rly p ro c e s s  o f a u d ito ry wo rd  re c o g n itio n  m e n tio n e d  a b o ve  m u s t c o m m e n c e  with in  
te n s  o f m illis e c o n d s  a fte r th is  s tre a m  o f a c tivity a rrive s  in  s e c o n d a ry a n d  te rtia ry 
c o rtic a l a u d ito ry a re a s .  In  s p ite  o f o u r c u rre n t ig n o ra n c e  o f the  low le ve l de ta ils ,  

t Th e  ra tio  b e twe e n  th e  n u m b e r  o f m a th e m a tic a lly p o s s ib le  s ym b o l s e g m e n t  c o m b in a t io n s  (i.e . p o s s ib le  
s ym b o ls )  a n d  th e  n u m b e r  th a t a re  a c tu a lly u s e d  is  m u c h  la rg e r in  h u m a n  la n g u a g e  th a n  in  ce lls . Th e re  
a re  b illio n s  o f p o s s ib le  wo rd -s iz e d  s p e e c h  s o u n d  c o m b in a t io n s  b u t o n ly te n s  o f th o u s a n d s  a re  u s e d  to  
c o d e  fo r wo rd  m e a n in g s  in h u m a n  la n g u a g e s ,  wh ile  th e re  a re  64  p o s s ib le  n u c le o tid e  trip le t c o m b in a t io n s  
a n d  a lm o s t a ll o f th e m  (i.e . 61) a re  u s e d  to  c o d e  fo r 20 wo rd  m e a n in g s  in ce lls .  Th u s ,  th e  c o d e  in ce lls  
is  a lm o s t  e n tire ly o ve r la p p in g -- it  m a ke s  s e n s e  if o n e  s ta rts  re a d in g  fro m  a n y n u c le o tid e .  O f c o u rs e ,  th e  
ce ll virtu a lly a lwa ys  u s e s  o n ly o n e  o f th e  th re e  p o s s ib le  in te rp re ta tio n s  o f a  p ie ce  o f DNA; th e  o th e rs  
a re  o n ly a c c e s s e d  in th e  e ve n t o f a  fra m e s h ift  e rro r p ro d u c e d  wh e n  a  n u c le o tid e  is  s o m e h o w s kip p e d  o r 
los t.  S ince  th e re  a re  s o  m a n y m o re  c o m b in a t io n s  to  wo rk with  in h a m a n  la n g u a g e ,  it c a n  a ffo rd  to  be  
le s s  o ve rla p p in g .  Th o u g h  th e  p ro b a b ility o f a n  o n g o in g  "fra m e s h ift  e rro r" in  h u m a n  la n g u a g e  is  low, 
th e re  a re  o fte n  m a n y a lte rn a te  p a rs in g s  o n  a  s h o rt te rm  b a s is  (s e e  C o le  & .la kimik, 1980). In te re s tin g ly,  
th e  p e rc e ive d  s trin g e n c y o f s e q u e n tia l wo rd  re c o g n itio n  p ro m p te d  e a rly m o le c u la r  b io lo g is ts  to  look fo r 
wa ys  to g e t a ro u n d  it. Th e  in g e n io u s  b u t u ltim a te ly in c o rre c t "'c o m m a -le s s " c o d e  p ro p o s e d  by C ric k 
e t a l. (1957), fo r in s ta n c e ,  c o u ld  o n ly b e  re a d  in o n e  fra m e .  Hu m a n  la n g u a g e  is  c e rta in ly n o t c o m p le te ly 
o ve rla p p in g ,  b u t n e ith e r is  it c o m m a -le s s .  
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the  proce s s  o f word re cognition a lre a dy cons titute s  a  unique  e xpos e d pa ra lle l 
be twe e n the  ce llula r a nd huma n  s ymbolic-re pre s e nta tiona l s ys te ms t. In the  following 
s e ctions  the  ce ll/pe rs on  a na logy is  us e d to ma ke  pre limina ry pre dictions  a bout s ome  
o f pre s e ntly h idde n  me cha nis ms  unde rlying  word re cognition a nd  its  goa l o f me a ning 
a s s e mbly. 

7.4. P R E DIC TIVE  C O MP AR IS O N S  

7.4.1. Me s s age  and s tructure --im plications  o f  s tructural R N A  

One  o f the  mos t s triking a s pe cts  o f the  mole cula r orga niza tion o f ce lls  is  the  
funda me nta l involve me nt o f RNA s tra nds  (s ymbol-re pre s e nta tion s e gme nt cha ins ) 
a t the  inte rfa ce  be twe e n one -dime ns iona l me s s a ge  a nd thre e -dime ns iona l functiona l 
a rchite cture . On one  ha nd , RNA s e rve s --like  DNA--a s  a  one -dime ns iona l s tra nd 
ca rrying code d  s e que nce  informa tion  (mRNA) tha t is  a cce s s e d line a rly by the  o the r 
pa rts  o f the  s ymbolic-re pre s e nta tiona l s ys te m. On the  othe r ha nd , RNA is  ca pa b le -- 
like  p ro te in s --o f fo lding up into de te rmina te  thre e -dime ns iona l s tructure s  (tRNA, 
rRNA) tha t s e rve  a rchite ctura l, re cognition, a nd  ca ta lytic  functions . The  inte r- 
mingling o f role s  is  ve ry a ncie nt, proba bly ha ving cha nge d little  s ince  s oon a fte r 
the  origin o f life  (Woe s e , 1983). 

The  gre a t ma jority o f the  thous a nds  o f ca ta lytic  functions  in the  ce ll, o f cours e , 
a re  pe rforme d by prote ins , not RNA s tra nds . The re  a re  more  pos s ible  units  in 
prote in cha ins  tha n nucle otide  cha ins  (20 vs . four) a nd  the  prote in s ubunits , a mino 
a cids , a re  much more  s tructura lly va rious  tha n nucle otide s . Be ca us e  o f this , it ca me  
a s  s ome thing o f a  s urpris e  whe n it wa s  dis cove re d s e ve ra l ye a rs  a go tha t ce rta in 
RNAs  a ctua lly s how e nzyme -like  b inding  s ite  s pe cificity a nd  re a ction ra te  a cce le r- 
a tion (Ce ch, 1983; Za ug & Ce ch, 1986). This  dis cove ry prompte d  re ne we d s pe cula - 
tion on the  implica tions  for the  origin o f life  o f the  role  o f RNA a s  both me s s a ge  
a nd  s tructure  (Orge l, 1986). The  importa nt point he re  is  tha t out o f the  thous a nds  
o f re a ctions  run by a  ce ll, the  fe w re a ctions  tha t crucia lly involve  RNA in a  
thre e -dime ns iona l, s tructura l ca pa city a re  pre cis e ly thos e  re a ctions  tha t a re  mos t 
clos e ly involve d with the  trans form ation o f one -dim e ns ional m e s s age  to fo lde d  three- 
dim e ns ional s truc ture --tha t is , the  re a ctions  o f prote in s ynthe s is . Thre e  importa nt 
functions  a re : ge ne ra ting a n a ctive  inte rna l me s s a ge , word re cognition, a nd  cha in 
a s s e mbly. 

The  funda me nta l a nd  a ncie nt bridging role s  o f s ymbol-re pre s e nta tion s e gme nt 
cha ins  a t the  ce llula r leve l s ugge s ts  tha t we  look for s imila r bridging role s  for cha ins  
o f s ymbol-re pre s e nta tion s e gme nts  a t the  leve l o f huma n  la ngua ge . The  firs t o f the s e  
functions  for s ymbol-re pre s e nta tion s e gme nts --a s  inte rnal m e s s age s --is  ra the r 
uncontrove rs ia l. A numbe r o f mode ls  o f s pe e ch pe rce ption ha ve  pos tu la te d  tha t 
e xte rna l s ound  s e que nce s  (s ymbol s e gme nt cha ins ) a re  initia lly proce s s e d to give  

t Th e  p ro c e s s  o f wo rd  re c o g n itio n  p la ys  a  p ro m in e n t  ro le  in  th e  p rim itive  c o n c e p t o f a  c o m p u te r.  Th e  
m a in  d iffe re n c e  b e twe e n  h u m a n  a n d  c e llu la r wo rd  re c o g n itio n ,  o n  o n e  h a n d ,  a n d  wo rd  re c o g n itio n  in 
c o m p u te rs ,  o n  th e  o th e r,  is  th e  u s e  to  wh ic h  th e  re c o g n iz e d  wo rd  is  p u t - - in  ce lls  a n d  h u m a n s ,  a  c h a in  
o f "' th in g 'Lre p re s e n ta tio n s  is  c o n s tru c te d  fo r th e  p u rp o s e  o f c o n s tru c t in g  a n d  m a in ta in in g  a n  in te rn a l 
"'m e ta b o lis m ",  wh ile  in  c o m p u te rs ,  a  p a rtic u la r wo rd  s ta n d s  fo r a n  o p e ra tio n  bac k  on  the  cha in  o f  s y m b o l 
s e gm e nts .  Th is  d is tin c tio n  is  d is c u s s e d  in  de ta il in  S e re n o  (u n p u b lis h e d  m a n u s c rip t) .  
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a t s o m e  le ve l,  a  p a ra lle l,  in te rn a l,  o n e - fo r -o n e  c h a in  o f s ta n d a rd iz e d  u n its  (ro u g h ly 
a  c o n t in u o u s  s e q u e n c e  o f p h o n e m e  re p re s e n ta t io n s ) .  Th e  n e e d  fo r th e  s e c o n d  a n d  
th ird  o f th e s e  fu n c tio n s --w o rd  re cognition a n d  chain a s s e m b ly --is  n o t  its e lf in  
d is p u te ;  th e y a re  re q u ire d  in  s o m e  fo rm  b y a lm o s t  a n y th e o ry o f la n g u a g e  c o m p re -  
h e n s io n .  Th e  u n o r th o d o x  s u g g e s t io n  a ris in g  fro m  th e  p re s e n t  a n a lo g y,  wh ic h  I 
b e lie ve  is  o rig in a l h e re ,  is  th a t th e s e  two  fu n c t io n s  m a y b e  c a rrie d  o u t in  la rg e  p a rt 
b y n o th in g  m o re  th a n  c h a in s  o f s ym b o l- re p re s e n ta t io n  s e g m e n t s - - t h a t  is , n e u ra l 
a c tivity p a t te rn s  c lo s e ly re s e m b lin g  in te rn a l m e s s a g e  (p h o n e m e )  s tre a m s ,  d iffe re n t 
fro m  th e m  o n ly  in  th a t th e y a re  m o re  "'s ta b ly fo ld e d ",  a n d  h e n c e ,  p e rs is te n t  a s  a  
re s u lt o f th e ir  p a r t ic u la r  s e q u e n c e .  Th e  a n a lo g y  s u g g e s ts  th a t th e  p ro c e s s e s  o f th e  
in te ra c t ive  re c o g n it io n  o f wo rd s  in  a  c o n t in u o u s  in te rn a l p h o n e m e  s tre a m  a n d  th e  
c o n c a t e n a t io n  o f th e  s e q u e n t ia lly  a c tiva te d  wo rd  m e a n in g s  m a y b e  c a rrie d  o u t b y 
n e u ra l a c tivity p a t te rn s  b u ilt  u p  o u t  o f a  q u ite  u n e xo t ic  u n it - - t h e  s ym b o l- re p re s e n ta -  
t io n  s e g m e n t ,  wh ic h  is  n o th in g  m o re  th a t wh a t  h a p p e n s  in  th e  a u d ito ry  c o rte x u p o n  
h e a r in g  (a n d  c a te g o riz in g ) a  p a r t ic u la r  s p e e c h  s o u n d ,  b u t  without u n d e r s t a n d in g  it 
to  s ta n d  fo r a n yth in g  e ls e .  

Th e  e n la rg e d  p o rt io n  o f s e c o n d a ry  a u d ito ry  c o rte x in  th e  p o s te r io r  p a rt  o f th e  
s u p e r io r  te m p o ra l g yru s  o f th e  le ft h e m is p h e re  (We rn ic ke ' s  a r e a - - B r a a k ,  1978; 
G a la b u r d a  & S a n id e s ,  1980) m a y b e  th e  s ite  o f m a n y  o f th e s e  fu n c t io n s t .  Th is  m a y 
p a rtly e xp la in  th e  c u r io u s  im p o r ta n c e  o f s e c o n d a ry  a u d ito ry  c o rte x in  la n g u a g e  
com pre he ns ion (fo r re vie w s e e ,  Da m a s io  & G e s c h win d ,  1984; C a p la n ,  1987; E llis  & 
Yo u n g ,  1988). O n e  m ig h t  e xp e c t d a m a g e  to  th e  a u d ito ry  p e rc e p tu a l a p p a ra tu s  to  
b e  e xp re s s e d  a s  a  d e fic it in  p e rc e ivin g  s p o ke n  la n g u a g e .  Bu t th e  d e fic it in  We rn ic ke ' s  
a p h a s ic s  s e e m s  to  e xte n d  fa r b e y o n d  p e r c e p t io n - - t o  th e  in te g ra t io n  a n d  s e m a n t ic  
in te rp re ta t io n  o f lin g u is t ic  s ym b o l s trin g s .  An a ly t ic  th o u g h t  its e lf s e e m s  d is a rra n g e d .  
By th e  p re s e n t  a n a lo g y,  a  We rn ic ke ' s  a p h a s ic  m a y la c k th e  m e a n s  to  a s s e m b le  wo rd  
m e a n in g s  in to  c h a in s ,  in  a d d it io n  to  h a vin g  d e fic its  in  p h o n e m e  p e rc e p t io n  a n d  
wo rd  re c o g n it io n .  

- Discuss ions  of the  loca liza tion of language  functions  (e .g. Caplan, 1987) typica lly ignore  the  la s t 20 
years  of research into the  ana tomy a nd phys iology of the  (non-huma n) primate  cortex. This  is  unfortuna te , 
because  this  research has cha llenged long he ld views  about the  genera l layout of the  cortex. In brie f, 
"'primary" and "'secondary" cortica l a reas  had long been dis tinguished in e a ch of the  main sensory 
moda litie s --vis ion, audition, a nd somatosensa tion, tn be tween, there  was a  la rge  a rea , much prized by 
philosophers , psychologis ts , as  we ll as  neurologis ts , whe re  sensa tions  from various  modalities  could 
come toge ther to genera te  or inte ract with abs tract, re la tiona l, modality-free  representa tions  (s e e  e .g. 
Fodor, 1983: Garfie ld, 1987). Recent inves tiga tions  in primates  ha ve  uncovered an unexpectedly la rge  
numbe r of cortica l a re a s  in each modality (over 25 in the  visua l sys tem) e a ch defined by a  more  or less  
topographic map of the  receptor s he e t in tha t modality (s e e  Sereno, 1988; S e re no & Allman, 1991, for 
review of visua l a reas ). The  problem for the  old view is  tha t these  modality specific maps  ha ve  consumed 
virtua lly a ll of the  remaining pos te rior cortex. 

The  s ignificance  of this  for huma n neuropsychotogy has  ye t to be  recognized. Of course , it is  not 
entire ly implaus ible  tha t the  increased a rea  of corte x in humans  (re la tive  to monkeys) be tween the  
primary sensory a re a s  (which a re  more  nearly monkey-s ized) conta ins  a  la rge  polymodal a rea  for which 
no ana log e xis ts  in a ll other primates . But a  more  like ly hypothes is , 1 think, is  tha t the  multitude  of 
secondary visua l, auditory, a nd somatosensory a reas  a re  s imply la rger and perhaps  s lightly more  numerous  
in huma n bra ins  (see  Sereno et al., 1988). Thus , the  main characte r of the  process ing underlying peculia rly 
huma n abilities  like  language  comprehens ion may be  de te rmined in la rge  part by cortica l a reas  whose  
main truck wa s --a nd probably s till is --in  visua l, auditory, a nd somatosensory activity pa tte rns , as  
opposed to the  abs tract, modality-free  "representa tions" more  commonly invoked (s e e  Sereno, 1991). 
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7.4.2. Pre -s ys te m ic origin o f m ulti-functional "th in g "-re p re s e n ta tio n s  

At the  c e llu la r le ve l, m a n y o f the  "th in g "-re p re s e n ta tio n s --i. e .  a m in o  a c ids ,  the  
un its  c o m p o s in g  p ro te in s --c a n  be  e a s ily g e n e ra te d  p re b io tic a lly fro m  c h e m ic a l 
in te ra c tio n s  th a t o c c u r in  p rim o rd ia l ga s  o r "s o u p " m ixtu re s  (Mille r & Orge l,  1974; 
S c h le s in g e r & Mille r,  1983). In e s s e nce ,  th e y ca n  be  vie we d  a s  n a tu ra lly o c c u rrin g  
re p re s e n ta tio n s ,  o r b e tte r e m b o d im e n ts ,  o f the  d iffe re n t c a te go rie s  o f re a c tive  
c h e m ic a l co llis ions  th a t o c c u r in  s u c h  a  "s o u p ".  O f c o u rs e ,  a n y o n e  c h e m ic a l s pe c ie s  
is , to  a  c e rta in  e xte n t,  a  d e s c rip tio n  o f the  re s t o f the  c h e m ic a ls  p re s e n t by th is  
de fin ition ; wh a t m a ke s  a m in o  a c ids  s pe c ia l is  th a t th e y s o  re a d ily a ris e  a n d  d o m in a te  
s uch  mixtu re s .  Nu c le o tid e s ,  fo r e xa m p le ,  d o  no t re a d ily a ris e  u n d e r s imila r c o n d i- 
tions  (S h a p iro ,  1984; J o yc e  e t al., 1987). S ince  a m in o  a c ids  a re  c a te g o ry re p re s e n ta - 
tions  o f wh a t a re  a c tu a lly c o m p le x q u a n tu m  m e c h a n ic a l tra n s itio n s ,  I h a ve  ca lle d  
th e m  "th in g "-re p re s e n ta tio n s  with  quo te s .  Th e  im p lic a tio n  is  th a t the  m a jo r a d va n c e  
o f c e llu la r life  wa s  no t to  inve n t the  ba s ic  a m in o  a c id  "wo rd  m e a n in g s " b u t ra th e r 
to find  a re liable , s tandardiz e d  way to attach toge the r pairs  o f  pre -e xis ting word 
m e anings . O n c e  th is  wa s  d o n e ,  s e lf-a s s e mbling  re a c tio n -c o n tro llin g  de vice s  with  
e xtre m e  fu n c tio n a l s pe c ific ity c o u ld  be  bu ilt o u t o f un its  th a t in is o la tion ,  a re  q u ite  
u n re m a rka b le  in th is  re g a rd .  

A g ive n  a m in o  a c id  will a p p e a r  to  h a ve  m a n y d iffe re n t m o le c u la r "m e a n in g s " in 
the  c o n te xt o f d iffe re n t p ro te in  cha ins ,  fo rm in g ,  fo r e xa m p le ,  a  p a rt o f the  p ro te in  
in te rio r in o n e  in s ta nce ,  wh ile  s tro n g ly in te ra c tin g  with  a  s u b s tra te  m o le c u le  b o n d  
in the  a c tive  s ite  in  a n o th e r.  In  is o la tion ,  h o we ve r,  a m in o  a c ids  a p p e a r  to  h a ve  little  
s pe c ific  "m e a n in g ".  Th e y a re  s ma ll m o le c u le s  (a ve ra g e  19 a to m s ) with  ra th e r 
u n d is tin g u is h e d  c h e m ic a l p ro p e rtie s ; m a n y a re  q u ite  s ta b le  a n d  u n re a c tive  (e .g. 
a la n in e  ha s  a  b illion  ye a r ha lf-life  in a q u e o u s  s o lu tio n ,  wh ich  e xp la in s  h o w it m igh t 
h a ve  a c c u m u la te d  p re b io tic a lly).  C h e m ic a l s pe c ific ity a n d  c a ta lytic  p ro p e rtie s  
e m e rg e  o n ly in the  c o n te xt o f a  cha in . O f c o u rs e ,  a  b o u n d  a m in o  a c id  in a  p ro te in  
is  s till p e rfe c tly ide n tifia b le  a s  the  s a me  g ro u p  o f a to m ic  nuc le i (m in u s  o n e  wa te r 
m o le c u le ).  An d  n o n e  o f th is  implie s  th a t the  fu n c tio n s  o f the  fo ld e d  c h a in  re s u lt 
fro m  a n yth in g  e ls e  th a n  the  ve ry c o m p lic a te d  s um o f the  in te ra c tio n s  a m o n g  the  
a m in o  a c ids  in the  c h a in  a n d  the  m o le c u le s  in the  s u rro u n d in g  s o lve n t.  

Th e s e  o b s e rva tio n s  s ugge s t a  nove l re in te rp re ta tio n  o f the  lingu is tic  n o tio n  o f 
p o lys e m y.  P o lys e m o u s  wo rd s  like  "lin e ",  "p u t",  "'s we e t",  a n d  "'m a ke " a re  u s e fu l,  
h igh  fre q u e n c y words  in a n y la ngua ge . Ye t th e y a p p e a r to  h a ve  a  la rge  n u m b e r o f 
d iffe re n t m e a n in g s --e .g .  "lin e " (o f s ight, o f ro p e ,  o f flight, o f m a rc h ,  o f tre e s , o f 
ba ttle ,  o f kings , o f d u ty,  o f work,  o f m e rc h a n d is e ,  o f a rg u m e n t,  o f th o u g h t,  o f p o e try,  
o f typ e ) (a n  e xa m p le  fro m  Mille r,  1978). Th e  p re s e n t a n a lo g y s ugge s ts  th a t if we  
c o u ld  is o la te  th e  e xp e rie n c e  o f a  s ing le  wo rd  m e a n in g  (with  th o u g h tle s s n e s s  b e fo re  
a n d  a fte r!),  it wo u ld  h a ve  the  s am e  s ma ll n o n -s p e c ific -a p p e a rin g  c o n te n t (e .g. a  
m in im a l vis ua l re p re s e n ta tio n  o f a  line ),  n o  m a tte r wh a t the  c o n te xt.  At the  m o le c u la r 
le ve l, we  c a n  c le a rly d is tingu is h  the  a m in o  a c id  un it its e lf, e ith e r is o la te d  o r 
c o n c a te n a te d ,  fro m  its  ve ry d iffe re n t fu n c tio n s  in th o s e  two  ca s e s . With  la n g u a g e ,  
b y c o n tra s t,  the  re le va n t n e u ra l p h e n o m e n a  a re  s till m o s tly h id d e n .  He n c e ,  it is  
m u c h  m o re  d ifficu lt to  s o rt ou t wha t migh t be  the  ba re ,  c o n s ta n t un its  fro m th e ir 
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va rious  Func tions  in c o n te xt.  It wo u ld  be  e a s y to  m is ta ke n ly a ttrib u te  the  mo d ifie d ,  
m o re  s pe c ific  fu n c tio n s  o f a  u n it in a  p a rtic u la r c o n te xt to  the  un it its e lf--e .g ,  a s  
"d iffe re n t" wo rd  me a n ings .  Th e  m o le c u la r s ys te m s hows  us  in s te a d  tha t we  ca n  ge t 
qu ite  d iffe re n t,  b u t ve ry s pe cific m e a n in g s  ou t o f the  s a me  we ll-de fine d  un it wh e n  
it is  p la c e d  in d iffe re n t c o n te xts ,  b u t a ls o , th a t if we  is o la te  the  un it,  we  find it to  
be  a lm o s t me a n ing le s s .  Th e  im p lic a tio n  a t the  le ve l o f h u m a n  la n g u a g e  is  th a t th e re  
migh t be  s imila rly we ll-de fine d, s ingular units  tha t,  in the  c o n te xt o f a  c h a in  o f words ,  
ta ke  on  m u c h  m o re  s pe c ific  a n d  va rie d  fu n c tio n s  o r m e a n in g s  th a n  th e y ha ve  in 
is o la te d  Form. 

In  p a rtic u la r,  the  a n a lo g y s ugge s ts  th a t a  s ubs e t o f the s e  un it wo rd  m e a n in g s  in 
h u m a n  la n g u a g e  a re  pre lingu is tic --tha t is , th e y ca n  a ris e  in the  c o u rs e  o f the  p rim a te  
vis ua l s ys te m n o n -lin g u is tic a lly le a rn ing  to  ca te go rize  a c tivity pa tte n s  c a u s e d  by 
th ings , a c tio n s ,  e ve n ts ,  d ire c tio n s ,  p la ce s ,  m a n n e rs ,  a n d  s o  fo rth  in the  world .  Th e  
unit m e a n in g  m ig h t be  a  b rie f,  s ta b le  a c tivity p a tte rn  in h ig h e r le ve l vis ua l a re a s  
s pe c ifica lly e lic ite d  by the  p re s e n ta tio n  o f a  p a rtic u la r typ e  o f vis ua l th ing . It s e e ms  
qu ite  c le a r,  e s p e c ia lly fro m  the  c a re fu lly c o n tro lle d  e xp e rim e n ts  o f S a va g e - 
R u m b a u g h  e t al. (S a va g e -R u m b a u g h  e t al., 1983, 1986; We is kra n tz ,  1985; S a va g e - 
R u m b a u g h ,  1987), th a t c h im p a n z e e s  ca n  a c q u ire  q u ite  a  n u m b e r (h u n d re d s ) o f s u c h  
u n ita ry c o n c e p ts  re fe rrin g  to  c la s s e s  o f re a l wo rld  ob je c ts ,  a c tions ,  loca tions ,  a n d  
ma n n e rs .  Th is  wa s  te s te d  us ing  c le ve r p a ra d ig m s  (e .g. s ha ring  ga me s  with  two  
a n ima ls ) th a t re q u ire  a n  a n im a l to  a c tiva te  o n e  o f the s e  c o n c e p ts  in te rna lly (b ring  
o n e  to  m in d  e ve n  wh e n  a  re a l wo rld  e xa m p le  o f the  c o n c e p t is  no t in itia lly p re s e n t) 
u p o n  vie wing  a  n o n -ic o n ic  s ym b o l fo r it th a t h a d  b e e n  p re vio u s ly le a rn e d .  Th e  
c o n c e p ts  in c lu d e  no t o n ly c o n c re te  ca te go rie s  like  "b a n a n a ",  "s we e t p o ta to ",  a n d  
"wre n c h ",  b u t a ls o  a  fe w m o re  a bs tra c t like  "s a m e ",  "o n  (to p  o f)",  "to y",  "fo o d ",  
a n d  "to o l".  I th ink the  la be ling  p h e n o m e n a  e xh ib ite d  in the s e  e xp e rim e n ts  p o in t 
to  the  a c q u is itio n  o f u n it c o n c e p ts  re s e m b lin g  h u m a n  c o n c e p ts ,  e s p e c ia lly in the  
c o n c re te  e xa m p le s .  Ho we ve r,  p ig e o n s  ca n  a ls o  ra p id ly le a rn  to  ca te go rize  ce rta in  
c la s s e s  o f n a tu ra l s timuli (e .g. p h o to g ra p h s  o f s ce ne s  with  tre e s  vs . s ce ne s  with o u t 
tre e s ),  a n d  p a rro ts  h a ve  le a rn e d  a u d ito ry-vo c a l s ymbo l s e ts  fo r ob je c ts ,  p ro p e rtie s ,  
a c tions ,  a n d  n u m b e r s imila r to  th o s e  s tu d ie d  in the  a p e  e xp e rim e n ts  (P e p p e rb e rg ,  
1990). 

Th e  m o s t s triking  a p e  "la n g u a g e " find ing , h o we ve r,  ha s  so" fa r b e e n  ne ga tive . 
Th e re  is  p re s e n tly little  c o n vin c in g  e vid e n c e  tha t words  a re  b e in g  p ro d u c tive ly 
c o m b in e d  in to  lo n g  s e q u e n c e s  wh o s e  m e a n in g  d e p e n d s  o n  in te ra c tio n s  b e twe e n  the  
un it c o n c e p ts ,  e ith e r in  p ro d u c tio n  o r in c o m p re h e n s io n .  S e le c tive  re p o rta g e  com- 
b in e d  with  ra n d o m  wo rd  c o m b in a tio n  a n d  im ita tio n  o f the  h u m a n  in te rlo c u to r a re  
now th o u g h t to  e xp la in  a wa y m u c h  o f the  d a ta  s ugge s ting  m a n ip u la tio n  o f s e q u e n c e s  
b e yo n d  o n e  o r two  words .  Th u s ,  a p e s  (a n d  s u re ly o th e r a n ima ls  no t te s te d ) s e e m 
to  be  a b le  to  a c q u ire  h u m a n -like  c o n c e p ts ,  b u t s e e m a lm o s t e n tire ly u n a b le  to  b o n d  
the m to g e th e r to  fo rm  lingu is tic  s e q u e n c e s .  P yg m y c h im p a n z e e s  (a s  o p p o s e d  to  
c o m m o n  c h im p a n z e e s ) s e e m to  be  m o re  s kille d  a t fo rm in g  m e a n in g fu l two- a n d  
th re e -wo rd  u tte ra n c e s ; b u t th is  a b ility d o e s  no t g e n e ra liz e  to  lo n g e r s e q u e n c e s  a s  it 
e ve n tu a lly d o e s  in h u m a n s  (G re e n fie ld  & S a va g e -R u m b a u g h ,  1990). As  with  c e llu la r 
life , the  m a jo r a d va n c e  o f la n g u a g e  m a y th e re fo re  h a ve  b e e n  m a in ly to  control the  
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orde re d as s e m bly o f pre -e xis ting m e aning units  ra the r tha n to inve nt thos e  units  
the ms e lve s . 

It is  s ugge s te d a bove  tha t we  might th ink o f ma ny conce pts  a s  prima rily vis ua l 
in na ture  (in s ighte d pe ople ). This  is  be ca us e  o f the  ve ry la rge  s ize  o f vis ua l corte x 
in prima te s  (more  tha n 50% o f the  tota l ne ocorte x), but a ls o the  e a s e  o f re pre s e nting 
ma ny concre te  conce pts  us ing s imple  picture s  (a nd the  gre a te r difficulty in us ing 
onoma topoe ic  s ounds , a nd  ta ctile  obje cts ). Mos t philos ophe rs , linguis ts , ps ychol- 
ogis ts , a nd ne urobiologis ts , by contra s t, ha ve  be e n uncomforta ble  with the  ide a  o f 
ha ving ba s ic word me a nings  tie d to a  pa rticula r moda lity (like  vis ion). Re ce nt 
ma pping s tudie s  in the  corte x, howe ve r, ha ve  s hrunk the  tra ditiona l s ite  for conce pts  
a nd  me a nings --s o-ca lle d  "polymoda l'" a s s ocia tion co rte x--to  a  fe w diminutive  
s trips  in be twe e n la rge  e xpa ns e s  o f unimoda t vis ua l, a uditory, a nd  s oma tos e ns ory 
a re a s  (for re vie ws  s e e , Me rze nich & Ka a s , 1980; Van Es s e n, 1985; S e re no, 1988; 
S e re no & Allma n, 1991; Fe lle ma n & Van Es s e n, 1991). We  pre s e ntly ha ve  no e vide nce  
to s ugge s t tha t huma ns  a re  a ny diffe re nt in this  re s pe ct (S e re no, 1991). In fa ct, the re  
is  now good e vide nce  tha t unila te ra l le s ions  or s timula tion o f infe rote mpora l vis ua l 
corte x in huma ns  ca us e  s e ve re  de ficits  in la ngua ge  compre he ns ion while  pre s e rving 
a uditory word pe rce ption a nd  re pe tition (Rube ns  & Ke rte s z, 1983; Burns tine  e t al., 
1990). Conce pts , s e ma ntics , a nd othe r a bs tra ct things  ma y the re fore  prima rily re s ide  
in vis ua l (a nd s e conda rily, in a uditory, s oma tos e ns ory, motor, a nd limbic) 
ne ocorte xt.  

7.4.3. S e lf-as s e m bly and  leve ls  o f organiz ation o f  re action-controlling de vice s  
P rote ins  a re  e xtre me ly comple x mole cule s , e a ch conta ining thous a nds  o f a toms  

in a  pre cis e  3-D a rra nge me nt (s e e  S chulz & S chirme r, 1979; Ca n tor & S chimme l, 
1980; Richa rds on, 1981, 1984; Cre ighton, 1983). The  DNA s e que nce s  in the  ge nome , 
howe ve r, cons titute  only a  trivia l porXion o f wha t would be  re quire d to e xplicitly 
s pe cify the  3-D s tructure  o f a  prote in (P a tte e , 1980); a  s ingle  ge ne  typica lly conta ins  
only a  fe w hundre d  byte s  o f informa tion$. This  informa tion  goe s  s uch a  tong wa y 
be ca us e  it de pe nds  for its  in te rpre ta tion on the  e xis te nce  o f e la bora te  ge ome trica l 
cons tra ints  due  to cova le nt che mica l bonding, we a k e le ctronic inte ra ctions , the  
hydrophobic  e ffe ct, the  s tructura l de ta ils  o f the  20 a mino a cids , a nd s o o n --a  la rge  
s e t o f "ha rd -wire d" e ffe cts  tha t the  ce ll ha rne s s e s , but ca nnot cha nge . Once  the  
a mino a cid cha in ha s  be e n s ynthe s ize d, its  s e lf-a s s e mbly (folding) is  d ire cte d e ntire ly 
by the s e  pre biotic  che mica l cons tra ints  (i.e . a  cha in o f pre biotic  units  folding by 
pre biotic  rule s ). Although we  know the  de ta ile d  3-D s tructure  o f ma ny prote ins  (by 
X-ra y crys ta llogra phy), the  dyna mics  o f the  folding proce s s  is  s o comple x tha t it is  

# R e c e n t p s yc h o lin g u is tic  e xp e rim e n ts  o n  p ic tu re -wo rd  p rim in g  le .g . Va n d e rwa rt,  1984) a n d  c o m p re - 
h e n s io n  o f re b u s  s e n te n c e s  (s e n te n c e s  in wh ic h  a  p ic tu re d  o b je c t re p la c e d  a  wo rd ) (P o tte r e t aL, 1986), 
a s  we ll a s  s o m e  th e o rie s  o f lin g u is tic  s e m a n tic s  (J a c ke n d o tt,  t983 ,  1987) h a ve  in d e p e n d e n t ly  s u g g e s te d  
th a t vis u a l a n d  c o n c e p tu a l (o r s e m a n tic )  re p re s e n ta tio n s  m a y be  s im ila r o r ide n tica l.  

$ E a c h  DNA b a s e  c a n  b e  e ith e r lo n g  o r s h o rt (p u rin e  o r p yrim id in e ),  a n d  m a ke  e ith e r we a k o r s tro n g  
b a s e  p a irs  (two  o r th re e  h yd ro g e n  b o n d s );  th u s ,  e a c h  b a s e  c a rrie s  a  m a x im u m  o f 2 b its  o f in fo rm a tio n ,  
a n d  e a c h  th re e -b a s e  wo rd ,  6 b its .  Wo rd  re c o g n itio n  in th e  g e n e tic  c o d e  is  s o m e wh a t  re d u n d a n t ;  o n ly 20 
o f th e  64  (=2 6 ) a va ila b le  wo rd s  wo u ld  in  p rin c ip le  be  n e e d e d  (i.e . 5 b its /wo rd  wo u ld  m o re  th a n  s uffice ). 
Th e  e n tire  g e n o m e  o f E. coli is  le s s  th a n  a  m e g a b yte  in le n g th ; th e  g e n o m e  o f a  h u m a n  is  s e ve ra l o rd e rs  
o f m a g n itu d e  la rge r.  
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no t p re s e n tly pos s ib le  to  p re d ic t the  3 -D s tru c tu re  o f a  p ro te in  g ive n  o n ly the  
s e q u e n c e .  

Th e re  is  a  s imila r c o m p a c tn e s s  to  h u m a n  lingu is tic  s ymbols .  Th e  min ima l a m o u n t 
o f c o d e  in a  p a ra g ra p h  ca n  c o n ve y a  la rge  a m o u n t  o f in fo rm a tio n  to  the  re a d e r; it 
g e n e ra te s  a n  e la b o ra te  ne u ra l a c tivity p a tte rn  a c ros s  b illions  o f n e u ro n s  the  b ra in  
o f the  a tte n tive  re a d e r th a t in te ra c ts  with  his  o r he r p re vio u s ly s to re d  kn o wle d g e  in 
a n  e xtre m e ly s pe c ific  wa y. As  in the  ca s e  o f ge ne s  a n d  p ro te in s ,  a  little  c o d e  goe s  
s uch  a  lo n g  wa y b e c a u s e  it d e p e n d s  fo r its  in te rp re ta tio n  o n  the  e xis te n c e  o f c o m p le x 
c o n s tra in ts  o n  the  in te ra c tio n  b e twe e n  n e u ra l a c tivity pa tte rn s .  By a n a lo g y with  
ce lls , m a n y o f the s e  m a y be  h a rd -wire d  ru le s  o f p a tte rn  in te ra c tio n  in p rim a te  vis ua l, 
a u d ito ry,  a n d  s o m a to s e n s o ry c o rte x th a t the  a d ve n t o f la n g u a g e  d id  little  to  c h a n g e ,  
b u t th a t a re  c ruc ia lly im p o rta n t fo r la n g u a g e  c o m p re h e n s io n  (i.e . p re lingu is tic  
m e a n in g s  s e lf-a s s e mbling  b y p re lingu is tic  n e two rk ru le s ).  Th is  s ugge s ts  tha t m a n y 
p ro c e s s e s  in la n g u a g e  c o m p re h e n s io n  a re  no t a u to n o m o u s  fro m ,  s a y, vis ua l p roce s s - 
ing  (s e e  e .g. P o tte r e t al., 1986; F a u c o n n ie r,  1985; La koff,  1987; La n g a c ke r,  1987; 
J a c ke n d o ff,  1987). O n e  p o p u la r  s tra te gy ha s  b e e n  to  gue s s  a t the s e  c o n s tra in ts  on  
the  ba s is  o f e xte rn a lly vis ib le  o rd e rin g  p a tte rn s .  F o r e xa m p le ,  o n e  migh t try to  
c o n s tru c t ru le s  fo r g e n e ra tin g  we ll-fo rm e d  s e n te n c e s  (C h o m s ky,  1957). If o u r 
e xp e rie n c e  with  the  a n a lo g o u s  p ro b le m  in c e lls --th e  m u c h  s im p le r (!) p ro te in -fo ld in g  
p ro b le m --m a y be  ta ke n  a s  a  gu ide ,  h o we ve r,  the  c o n n e c tio n  b e twe e n  a bs tra c t ru le s  
g e n e ra tin g  e xte rn a l o rd e rin g  p a tte rn s  a n d  the  u n d e rlyin g  ne u ra l c o n s tra in ts  is  like ly 
to  be  q u ite  a n  e n ta n g le d  one .  

We  n o w re tu rn  to  p ro te in  s tru c tu re  to  e xtra c t s o m e  ge ne ra l c o n s tra in ts  o n  fo ld in g  
th a t migh t h e lp  in the  s e a rc h  fo r ne u ra l ru le s  o f c o n c e p t a s s e m b ly in la n g u a g e  
c o m p re h e n s io n .  Th e  s tru c tu re  o f a  p ro te in  is  firs t c o n d itio n e d  b y loca l c o n s tra in ts  
a ris ing  fro m  the  n a tu re  o f the  b o n d  b e twe e n  a m in o  a c id  "th in g "-re p re s e n ta tio n s .  
A p ro te in  c h a in  te n d s  to  fo ld  loca lly in to  s h o rt s tre tche s  (cf. p h ra s e s ) o f e ith e r 
a -h e lix (3 .6  units  p e r tu rn ) o r fl-s h e e t (2 un its  pe r tu rn )- - th e  two  ma in  type s  o f 
s e condaD, s truc tu re .  Th is  o c c u rs  b e c a u s e  the  in te ru n it b o n d s  b e twe e n  the  c o n s ta n t 
b a c kb o n e  pa rts  o f a m in o  a c ids  (b o th  c o va le n t a nd  h yd ro g e n  b o n d in g  in te ra c tio n s ) 
e s s e n tia lly re s tric t the  a ng le s  o f ro ta tio n  b e twe e n  pa irs  o f un its  to  two va lue s . 
In te ru n it b o n d s  tha t a llow fre e r ro ta tio n  g e n e ra te  floppy,  in d e te rm in a te  s e c o n d a ry 
s truc tu re s ; DNA s tra n d s ,  fo r e xa m p le  a re  qu ite  fle xib le  (R NA s tra nds ,  h o we ve r,  
a re  s tiffe r). A s tiff s e c o n d a ry s tru c tu re  s e e ms  to  be  a  p re re q u is ite  fo r a  s ta b le ,  
d e te rm in a te  te rtiary  s tru c tu re --i. e ,  a  p a rtic u la r c o n fig u ra tio n  o f s e c o n d a ry s tru c tu re  
e le me n ts .  

Th e re  a re  two  ma in  a m in o  a c id  "wo rd  c la s s e s " in c e lls --th e  h yd ro p h ilic  a n d  
h yd ro p h o b ic  a m in o  a c ids .  Th e  d is trib u tio n  o f the s e  two  c la s s e s  in  a  c h a in  s trong ly 
a ffe c ts  the  fina l fo ld in g  p a tte rn  o f the  s e c o n d a ry s tru c tu re  e le m e n ts -- th e  te rtia ry 
s tru c tu re --s in c e  h yd ro p h o b ic  re s idue s  g ro u p  to g e th e r in  the  in te rio r o f the  p ro te in ,  
a vo id in g  wa te r,  while  h yd ro p h ilic  re s idue s  p re fe r the  wa te r-e xp o s e d  s u rfa c e  o f the  
p ro te in .  F o r e xa m p le ,  a n  a p p ro xim a te  a lte rn a tio n  in the s e  two  a m in o  a c id  c la s s e s  
in a  p ro te in  cha in  ha s  the  e ffe c t o f c a us ing  a  s tra n d  o f he lica l s e c o n d a ry s tru c tu re  
to  lie  on  the  wa te r-e xp o s e d  p ro te in  s u rfa ce  with  its  h yd ro p h o b ic  s ide  fa c ing  inwa rd .  
Te rtia ry s tru c tu re  is  a ls o  a ffe c te d  by p a c kin g  c o n s tra in ts  (the  ins ide  o f a  p ro te in  
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c o n ta in s  n o  ho le s ) a n d  b y o c c a s io n a l s trong  b o n d s  b e twe e n  n o n -a d ja c e n t un its  (e .g. 
d is u lfide  linka ge  b e twe e n  a  p a ir o f cys te ine s ).  

Th e  firs t p re d ic tio n  fo r la n g u a g e  is  th a t th e re  is  a  s ta n d a rd iz e d  wa y to  b o n d  
to g e th e r two  wo rd  m e a n in g  p a tte rn s  (e .g. h ig h e r le ve l vis ua l c o rte x c a te g o ry re p- 
re s e n ta tio n s ) s uch  th a t the  c o m p o s ite  two -u n it p a tte rn  is  o n ly a llo we d  to  a d o p t  a  
s ma ll n u m b e r o f d iffe re n t c o n fig u ra tio n s ; b o n d s  a llo win g  to o  m a n y c o n fig u ra tio n s  
will g e n e ra te  c o m p o s ite  p a tte rn s  th a t in te ra c t o n ly n o n -s p e c ific a lly with  o th e r pa t- 
te rns .  To  m a ke  s e ns e  o f th e s e  ide a s ,  we  firs t n e e d  to  c o n s tru c t a  n e two rk th a t a llows  
a s ingle  p a tte rn  in it to  m o ve  in a  c o n fig u ra tio n  s p a c e  while  re ta in in g  its  ide n tity.  
An  e xtre m e ly s implifie d  th o u g h  s ugge s tive  e xa m p le  o f th is  is  the  "g lid e r" p a tte rn  
in C o n wa y's  G a m e  o f Life - -a  s imp le  c e llu la r a u to m a to n  [s e e  La n g to n  (1986) a n d  
Toffo li & Ma rg o lu s  (1987) fo r a d d itio n a l e xa m p le s ].  A g lide r m a in ta in s  its  id e n tity 
a s  it p ro p a g a te s ,  d e s p ite  th e  fa c t th a t the  u p d a te  ru le  fo r e a c h  ce ll in  the  G a m e  o f 
Life  o n ly re fe rs  to  n e a re s t n e ig h b o rin g  ce lls . Th e  G a m e  o f Life  c e llu la r a u to m a to n  
is  fo rm a lly e q u iva le n t to  a  ve ry s imp le  n e u ra l ne t.  Ne e d le s s  to  s a y, it is  like ly to  be  
a  ra th e r m o re  d ifficu lt ta s k to  d e s c rib e  a n d  m o d e l g lide r-like  p a tte rn s  in the  im m e n s e ly 
m o re  c o m p le x n e two rks  in in fe ro te m p o ra l c o rte x o f h u m a n s .  G ive n  s uch  a  th e o ry,  
h o we ve r,  b o n d in g  wo u ld  th e n  be  d e fin e d  a s  a  m e th o d  o f m o d ifyin g  two  s u c h  s ta b le  
p a tte rn s  with  re s pe c t to  a n  a xis  b e twe e n  th e m  s u c h  th a t th e y a re  s u b s e q u e n tly 
c o n s tra in e d  to  p ro p a g a te  a s  a  s ingle  (p o s s ib ly fle xib le ) un it.  

Wo rd  o rd e r  typ o lo g y (G re e n b e rg ,  1966; Ha wkin s ,  1984; G iv6 n ,  1984) p ro vid e s  
in d ire c t e vid e n c e  th a t s o m e th in g  like  re s tric te d  s e c o n d a ry s tru c tu re s  a re  g e n e ra te d  
a t the  le ve l o f a  ph ra s e .  La n g u a g e s  like  Eng lis h  te n d  to  p la ce  the  "h e a d " (p re d ic a te ) 
b e fo re  the  "m o d ifie r" (a rg u m e n t) a c ros s  m a n y d iffe re n t loca l c o n s tru c tio n s .  F o r 
e xa m p le ,  ve rbs ,  p re p o s itio n s ,  a n d  ge n itive s  p re c e d e  th e ir ob je c ts  (h it the  ba ll; into 
the  h o u s e ; J o h n 's  ca r).  Th e  a d je c tive -n o u n  c o n s tru c tio n  (b ro wn  chair) is  a n o m a lo u s  
(cf. F re n c h ).  La n g u a g e s  like  J a p a n e s e  h a ve  the  o p p o s ite  te n d e n c y --p o s tp o s in g  h e a d s  
o f p re p o s in g  th e m . Th is  s ugge s ts  th a t th e re  m a y b e  a  s ma ll n u m b e r  o f in itia l fo ld ings  
o f the  c h a in  o f wo rd  m e a n in g  p a tte rn s  a t the  s e ve ra l-un it le ve l o f c o n s titu e n t 
s tru c tu re s  in  a  ph ra s e .  

Te rtia ry s tru c tu re  in la n g u a g e  d e ve lo p s  a s  the  s e n te n c e s  in a  c o h e re n t d is c o u rs e  
(e .g. a  p a ra g ra p h ) be g in  to  in te ra c t with  e a c h  o th e r to  c o n s tra in  the  m o re  uns pe c ifie d ,  
ge ne ra l m e a n in g s  e a c h  s e n te n c e  ha s  in is o la tion .  Th e re  a re  m a n y e ffe c ts  th a t e xte n d  
b e yo n d  the  s e n te n c e  b o u n d a ry in a  d is cou rs e .  P e rh a p s  the  s imp le s t is  a  p ro n o u n ,  
wh ic h  re fe rs  s pe c ifica lly to  a n o th e r wo rd  o r g ro u p  o f words .  P ro n o m in a liz a tio n  in 
la n g u a g e  ha s  m a n y e la b o ra te  fo rm s ; b u t its  ro le s  in  d is c o u rs e  s till re s e m b le  the  tying  
to g e th e r o f the  p ro te in  c h a in  by d is u lfide  linka ge s . Th e  a n a lo g y p re d ic ts  th a t loca l 
wo rd  c la s s  o rd e rin g s  (e .g. a p p ro xim a te  a lte rn a tio n  o f mod ifie rs  a n d  h e a d s ) m a y 
h a ve  a n  im p o rta n t ro le  in  c a us ing  the  in te rn a lly g e n e ra te d  d is c o u rs e  m e a n in g  to  
a d o p t a  p a rtic u la r c o n fig u ra tio n .  Th e re  a re , o f cou rs e ,  m a n y m o re  wo rd  c la s s e s  in  
h u m a n  la n g u a g e  th a n  in  p ro te in s  (5 -15  vs . 2); thus , th e re  a re  p ro b a b ly s e ve ra l 
d iffe re n t kin d s  o f wo rd -c la s s -d e p e n d e n t o rg a n iz in g  p rin c ip le s  like  the  h yd ro p h o b ic  
e ffe c t in  p ro te in s .  

If a  s h o rt s e q u e n c e  o f a  p ro te in  is  e xc is e d ,  it will m o re  o fte n  th a n  n o t fo ld  up  
a p p ro xim a te ly in to  its  na tive  fo rm . S imila rly,  we  ca n  u n d e rs ta n d  a  s e n te n c e  in 
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is o la tion . Ne ve rth e le s s ,  a n  is o la te d  p e p tid e  fra g m e n t ra re ly e xh ib its  n o rm a l fu n c tio n  
in the  c o n te xt o f a  ce ll. Is o la te d  s e n te n c e s  a re  s imila rly u n d e rd e te rm in e d  wh e n  
c o m p a re d  to  the  a b ility o f a  c o m p le te  d is c o u rs e  to  m o d ify o th e r a c tivity p a tte rn s  
in the  b ra in .  Th e  c o n c e n tra tio n  o f linguis ts , e s pe c ia lly g e n e ra tive ly-m in d e d  linguis ts  
one s , o n  s e n te n c e s  a s  o p p o s e d  to  dis cours e  s tru c tu re  ha s  te n d e d  to  o b s c u re  the  
robus t in te ra c tio n s  th a t o c c u r a c ros s  s e n te n c e s  (s e e  de  Be a u g ra n d e  & Dre s s ie r,  1981; 
va n  Dijk & Kin ts ch ,  1983; G iv6 n ,  1983; F a u c o n n ie r,  1985). 

A n e u ra l th e o ry o f c o n c e p t a s s e mb ly in wo rkin g  m e m o ry (la n g u a g e  c o m p re - 
h e n s io n ) will re q u ire  a n  e xp lic it m e c h a n is m  fo r b u ild in g  up  a  c o m p o s ite  p a tte rn  
fro m s im p le r un it p a tte rn s ,  a n d  a  th e o ry fo r h o w the  c o m p o s ite  p a tte rn s  s u b s e q u e n tly 
fo ld  a c c o rd in g  to  the  d yn a m ic s  o f n e two rks  o f vis ua l co rtica l a re a s .  I ha ve  g ive n  
no  m o re  o r le s s  th a n  a n  in s p ira tio n  fo r s uch  a  th e o ry he re . We  migh t lo o k to  the  
s tudy o f s c e n e  c o m p re h e n s io n  fo r in itia l m o d e ls  o f this  c o n s tru c tive  p roce s s ; s c e n e  
c o m p re h e n s io n  is  a n o th e r a c tivity th a t like ly invo lve s  c o n c a te n a tio n  o r b o n d in g  
to g e th e r o f un its  (h ig h e r vis ua l co rtica l a re a s  a c tivity e lic ite d  by a  s ingle  g la nce ) 
a nd  fo ld in g  (re a rra n g e m e n t o f the  pe rs is ting  c o m p o s ite  p a tte rn ) (S e re n o ,  1991). 

8. Conc lus ions  

E a c h  o f th e  th re e  a n a lo g ie s  s u m m a riz e d  a t the  b e g in n in g ,  I th ink,  a re  re a lly a b o u t 
d iffe re n t a s pe c ts  o f the  g e n e ra tive  c a p a c ity mo s t fu n d a m e n ta lly s ta te d  by the  c e ll/p e r- 
s on  a n a lo g y.  F o r m u c h  o f h u m a n  h is to ry,  the  h o m e o s ta tic  p ro p e rtie s  o f living  
o rg a n is ms  we re  s imp ly mys te rious .  By the  19th c e n tu ry,  m a n y o f the s e  p e c u lia r 
p ro p e rtie s  h a d  b e e n  tra c e d  to  a  s pe c ia l "p ro to p la s m " in ce lls . But b e fo re  a  s a tis fa c- 
to rily d e ta ile d  e xp la n a tio n  fo r the  re m a rka b le  p ro p e rtie s  o f ce lls  b e c a m e  a va ila b le  
in the  la te r 20 th  c e n tu ry,  o n e  h a d  to  c h o o s e  b e twe e n  th in ly s u p p o rte d  c la ims  th a t 
c e llu la r m e ta b o lis m  a n d  re p ro d u c tio n  in vo lve d  n o th in g  m o re  th a n  o rg a n ic  c h e m is try 
with  a  fe w twis ts , a n d  a  m o re  re s p e c tfu l b u t d e s p a irin g  vita lis m, c o n s ta n tly re a c h in g  
fo r e xp la n a tio n s  fa r b e yo n d  e ve ryd a y c h e m is try.  Th e  a d ve n t o f m o le c u la r b io lo g y 
re ve a le d  a  c h e m is try th a t wa s  s triking ly fruga l in  its  c h o ic e  o f s ubun its ,  ye t fa n ta s ti- 
ca lly b a ro q u e  in its  d e ve lo p m e n t,  s pe c ific ity,  a n d  fu n c tio n .  

In s e ve ra l re s pe c ts ,  o u r p o s itio n  with  re s pe c t to  the  n e u ro b io lo g y o f m in d  re s e mble s  
the  p o s itio n  o f the  19th c e n tu ry b io log is t with  re s p e c t to  the  ce ll. We  a re  c a u g h t 
b e twe e n  th in ly s u p p o rte d  c la ims  tha t m in d  a ris e s  fro m n e two rk p a tte rn s  like  the  
s imple  o n e s  we  ca n  n o w s tudy,  while  mo s t p h ilo s o p h e rs  a n d  linguis ts , a nd  m a n y 
p s yc h o lo g is ts  a n d  n e u ro p s yc h o lo g is ts ,  m o re  a wa re  o f the  m a g n itu d e  o f the  p ro b le m ,  
a re  p re s e n tly c o n te n t to  igno re  the  "c h e m is try" o f n e two rks ,  c o n fid e n t th a t s a tis fa c- 
to ry e xp la n a tio n s  will go  fa r b e yo n d  the s e  s imp le  d e m o n s tra tio n s .  Th e  a rg u m e n t o f 
this  p a p e r is  th a t the  a rc h ite c tu re  o f the  s trip p e d -d o wn  s ym b o lic -re p re s e n ta tio n a l 
s ys te m in living  ce lls  m a y h e lp  in b rid g in g  the  la rge  ga p  b e twe e n  o u r ca s ua l p e rs o n a l 
e xp e rie n c e  o f m in d  a n d  the  s tra nge ,  ta n g le d  fo re s t o f m e n ta l "c h e m is try" th a t 
u n d e rlie s  it. 

I tha nk J im Grie s e me r, Vale rie  Gre million, Chris  La ngton, P e te r Markiewicz, S te phe n 
Mons e ll, Cha rle s  S e re no, Bill Wimsatt, a nd two a nonymous  re vie we rs  for he lpful dis cus s ions  
a nd comme nts . 
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