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PREFACE TO THE 19BB REISSUE

Nine years have passed s i r rce the f i rs t  re lease of  On Aesthet ics
in Sclence.

The course f rom which the idea for  th is  volume develooed has
not  been taught  at  MIT s i r rce my departure in  1978.  But  i t  has
been rewarding to have cont inual  posi t ive response to the ef for ts
made in the course and to th is  book.

Since the essays are concerned with issues tlrat remain essential,
we decided to re issue them as they appeared in the last  pr in t ing
wi thout  fur ther  rev is ion.

In recent  years there have been many new developments in
physics, mathematics, biology, chenristry, and computer science
which sug,Best  f ru i t fu l  topics for  fur ther  aesthet ic  explorat ions.  In
a sequel  to  t l r is  book,  I  hope to explore some of  these issues wi th
the  pa r t i c i pa t i on  o f  sc ien t i s t s  and  those  whose  d i sc ip l i ne  i s  f o r -
ma l l y  human is t i c .  ( l  s t i l l  be l i eve  tha t  much  o f  t he  bes t  wo rk  i n
sc ience  can  be  seen  i n  a  human is t i c  f r amework . )

New questions of aesthetics emerge around phenonrena which
wi l l  not  obey the order  w,e have been taught  to perceive or  to
impose.  We are forced to come to terms wi th the not ion of  a
universe in  in f la t ionary movement,  of  pat terns grounded in d is-
order  and chaos-states that  d iverge f rom the t radi t ional  not ions
of aesthetics in science. What are the aesthetic corollaries to these
neu,  theor ies? How does the study of  f racta ls  or  of  s t r ing theory
influence our sense of aesthetics? Does the attempt to incorporate
new forms of  sc ient i f ic  understanding shat ter  ex is t ing aesthet ic
assumpt ions? In a conrputer  age,  can intu i t ion p lay the sanre ro le
as i t  d id for  the physic is ts ,  c l remists,  and engineers in  the f i rs t
decades of  th is  century?

In sorne n,ays these nelv d iscover ies and tools  para l le l  devel -
opmen ts  i n  t he  v i sua l  a r t s ,  chang ing  the  o lde r  no t i ons  o f  t he  sep -
aratior.r between order and disorder as well as betvveen the rational
and  the  i r r a t i ona l .  The  t ime  has  come to  eva lua te  t he  mean ing
of  beautv in  aesthet ic  considerat ions of  both sc ience and ar t .

F a l l ,  I 9 8 7 ludi th Wecl- rs ler



INTRODUCTION

Aesthetic sensibil i ty plays the part of the de/icate sieve.
Henr i  Poincare

Scient is ts  ta lk ing about  thei r  own work and that  of  other  sc ient is ts
use the terms "beauty," "elegance," and "economy" r,r, ith the
euphor ia of  pra ise more character is t ica l ly  appl ied to paint ing,
music,  and poetry.  Or there is  the exclamat ion of  recogni t ion- the
"Aha" that  accompanies the d iscovery of  a connect ion or  an Lrn-
expected but  ut ter ly  r ight  real izat ion in  ar l  and sc ience.  These are
epi thets of  the sense of  " f i t " -of  f ind ing the most  appropr ia ie,
evocative and correspondent expression for a reality heretofore
unart icu lated and unperceived,  but  s t rongly sensed and act ive ly
probed.  The r ight  formal ism or  model  which "captures"  th is  real -
i ty  seems almost  magical  in  i ts  potency.  Both ar t  and sc ience
evoke the previously  inef fable in  making ideas and concepts c lear ,
coSent ,  and manipulable.

Heisenberg recal ls  comment ing to Einste in on the force of  rec-
ogni t ion he associates wi th aesthet ic  exper ience:
You may object  that  by speaking of  s impl  ic i ty  and beauty I  a  m int rod uc ing
aesthetic criteria of truth, and I frankly admit that I am stronglv attracted b)'
the simplicity and beauty of the mathematical schemes w'hich natr.rre
presents us.  You must  have fe l t  th is  too:  the a lmost  f r ightening s impl ic i ty
and rvholeness of  the re lat ionship,  which nature suddenly spreads out
b e f o r e u s . . . . '

De f  i n i t i on

But  the ro le of  aesthet ic  judgment  is  rare ly  ment ioned in the cor-
pus of  sc ience and nrathemat ics.  When sc ient is ts ,  however,  ref lect
on thei r  work,  the development  of  concepts,  and the theor ies that
expound them, i t  is  ev ident  that  in tu i t ion and aesthet ics guide thei r
sense of  " th is  is  how i t  has to be,"  thei r  sense of  r ightness.

I t  is  a lmost  too obvious to say that  i f  one bel ieves sc ience to have
a s ingular  and exclus ive re lat ion to real i ty  and assume i t  to  be
synonymous wi th t ruth,  then the idea of  aesthet ics in  sc ient i f ic
judgment  or  cogni t ion may seem capr ic ious or  marginal .  One can
st i  l l  regard the products of  sc ience as beaut i fu l  ( t ruth equals
beauty) .  But  i f  one v iews sc ience as at tenrpt ing to approximate
real i ty ,  subject  to  exper iment  but  not  necessar i ly  to  ver i f  icat ion,
then there is  la t i tude,  and one can conceive that  the choice of
alternative hypotheses are subject to aesthetic factors. Karl
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Popper's theory that "not the verif iabil i ty but the falsif iabil i ty of a
system be taken as a criteria of demarcation," allows for that
la t i tude.  " .  .  .  i t  must  be possib le for  an empir ica l  sc ient i f ic  system
to be refuted by experience," he writes in The Logic of Scientif ic
Discovery (1959).

The Oxford Engl ish Dict ionary def ines aesthet ics as " th ings
percept ib le to the senses,  th ings mater ia l "  as opposed to " th ings
th inkable or  immater ia l . "  Aesthet ics by th is  def in i t ion might  seem
inappl icable to those areas of  sc ience whose operat ions appear to
be purely  in te l lectual - log ical  processes,  mathemat ica l  for-
ma l i sms .

Kant  understood the l imi tat ions of  such a def in i t ion when he
commented in The Cr i t ique of  Pure Reason,  "concepts wi thout
factual  content  are empty;  sense-data wi thout  concepts are b l ind.
The senses cannot  th ink.  The understanding cannot  see.  By thei r
union only can knowledge be produced,"

ln  i ts  deal ings wi th " th ings percept ib le to the senses,"  aesthet ics
comes to gr ips wi th re lat ions;  s t ructure,  context ,  schemata,
s im i  I  ar i ty /d iss imi  lar i  ty ,  consonance/d issonance.  (About  iso lated,
s imple sense impressions aesthet ics has l i t t le  to  say.)  These re la-
t ions,  which are somet imes separated f rom thei r  " factual  content"
or perceptual substrate in science, are sti l l  subject to aesthetic pref-
erence, as they are in art or nature where this separation has not
been made.

In th is  sense,  Kant  wr i tes,  aesthet ics is  " the sc ience which t reats
the condl t lons of  sensuous percept ion"  (my emphasis) .

A d ichotomy exis ts  in  sc ience between those l ike Bohr who as-
sume that  thei r  s tar t ing point  and base of  ver i f icat ion is  sense per-
cept ion,  and those,  l ike Heisenberg,  who bel ieve that  sense per-
cept ion is  an unnecessary l imi tat ion.  Such a case is  the contrast
between Hertz  and Mach:  Hertz  advocated a purely  in te l lectual
process in  h is  "pure natura l  sc ience,"  whi le  Mach bel ieved "ev-
ery statement in physics has to state relations between observable
quant i t ies."  Both pure sc ience and sc ience re lated to observat ion
are subject  to  aesthet ic  judgment .  The aesthet ics of  pure re lat ions
engages ourminds as musicdoesthrough harmonic re lat ionships.

Intu i t ion as wel l  as aesthet ic  judgments operate in  both ap-
proaches to sc ience.  In  ar t ,  and in l i fe ,  we acknowledge the p lace
of aesthetics and intuit ion, but we don't readily associate these
more tac i t  d imensions wi th the logical  processes of  sc ience.  Yet ,
as Norbert Wiener and Arturo Rosenblueth observe,
An intuit ive flair for what wil l turn out to be the most important general
quest ion g ives a basis  for  se lect ing some of  the s igni f icant  among the
indef  in i te  number of  t r iv ia l  experrments wh ich could be carr ied out  at  that
stage.  Qui te vague and tac i t  general izat ions thus in f luence the select ion
of data at  the staf t . '?

5cope

The contr ibutors to th is  book a l l  mainta in that  aesthet ics is  a cru-

c ia l  factor  in  the sc ient i f ic  process.  Aesthet ics is  d iscussed in th is

col lect ion not  as a systemat ic  d isc ip l ine in  phi losol lhy,  but  as a

mode of  d iscr iminat ion and response-a guidel ine for  the appro-

pr iateness of  a sc ient i f ic  expression (as in  the chapters by Papert

and Vickers) .
Aesthet ics is  a lso associated wi th v isual izat ion (Mi l ler ) ,  s t ruc-

ture (Smith) ,  metaphor,  image,  and analogy (Morr ison,  Cruber) '

The ouest ion is  ra ised,  How do aesthet ic  considerat ions af fect  the

form, development ,  and ef f icacy of  models?

Aesthet ic  sensib i l i ty  a lso enters the appreciat ive mocle For  the

ma jor i ty  of  pract ic ing sc ient is ts ,  aesthet ic  cr i ter ia  enter  in  the wa ys

of  iesponse.  The aesthet ics of  recogni t ion is  at  work when we

Brasp an idea,  understand how a pr inc ip le operates,  or  how a sol t t '

t ion *u,  found.  (This issue is  d iscussed in a l l  the essays )  Our ad-

nr i rat ion of  Copernicus or  Newton is  of  th is  orc ler  and can be l ik-

ened to our  aesthet ic  appreciat ion of  C6zanne,  Bach,  or  Mi l ton '

Science too can be a sr lurce of  aesthet ic  del ight .
As in  ar t ,  aesihet ics is  subiect  to  per iod sty les as wel l  as personal

ones.  l t  is  bound to change in t ime,  in  both subiect  and locus

There is  ample ev idence to suSSest  changes i r r  sc ient i f ic  s ty le ancl

taste,  in  the problems posed and the methods posi ted Whi le a

sense of  " f i t "  may be t imeless,  the context  and conl rect ions in

which a theory f i rs t  emerges are af iected by schemata and t radi -

t ion.  In  the twent ieth century,  aesthet ics as the appreciat ion of

form has expanded to inc lude process as r ' r 'e l l  as proc luct '

Process

The emphasis in  th is  book is  on process ln  sc ience,  the jssr ' re o i

model ing.  The f in ished work,  in  sc ie.nce as in  ar t ,  g i i 'es ev ic ience

of  i ts  process.  However,  the balance between product  and proces\

d i f fer  in  ar t  and sc ience.  In  ar t ,  i t  is  the f in ished paint ing,  sonnet ,  or

sonata which is  normal ly  the subject  of  our  cr i t ic ism or  apprecia-

t ion.  sc ience c. loesn' t  exhib i t  products for  aesthet ic  cr i t rc ism in th is

way;  there is  hard ly  any recognized vocabulary of  aesthet ic  cr i t i -

c ism and response for  sc ience.  The usual  cr i ter ion for  "success"  i - r i

a  sc ient i f  ic  product-an equat ion,  a physical  model ,  or  a wr i t ten

paper- is  whether  i t  works,  that  is ,  predicts ,  expla ins Aesthet ic
judgments operate in  the cognrt ive processes of  arr iv ing at  that

p rod uct.
Our contemporary interest in process has a history' At the end oi

the n ineteenth century,  developments occurred in  the ar ts  and

sciences which chal lenged the bel ie f  in  an object ive real i ty  un-

3
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mediated by the subject ive perceiver .  In  paint ing,  the breakdown
of  "sc ient i f ic"  perspect ive meant  an end to an establ ished a pr ior i
wav of  t ranslat ing real i ty  onto a two-dimensional  sur face.
Cezanne asser led subject ive percept ion in  the form of  sh i f t ing
perspect ives.  Simi lar ly  in  l i terature,  James Joyce composed h is
nove l s  f r om the  mu l t i p l e  v i ew  po in t s  o f  h i s  cha rac te rs .

I t  is  in  th is  per iod that  sc ience too began to recognize the indi -
v idual ,  perceptual  and inte l lectual  screen in construct ing models
of  real i ty ,  for  example,  in  Poincare 's  advocacy of  in tur t ion and
Einste in 's  theory of  re lat iv i t l , .  These developments in  the ar ts  and
sciences ar t icu lated the complex phenomenological  re lat ionship
of  subject ive perceiver  and object ive real i ty .

Nolv more than ever  we focus on the ef fect  of  process in  ar t  and
scrence;  our  age is  par l icu lar ly  se l f -conscious of  cogni t ive modes.
Because of  Freud we are a ler l  to  la tent  as wel l  as mani fest  content .
The studies of  Piaget ,  Bruner,  and other  cogni t ive psychologists
i nd i ca te  t he  ro le  mode ls  p lay  i n  ou r  t h i nk ing .  Sys tems  ana l ys i s  and
conceptual  ar1 fur ther  prepare us to look at  process rather  than
proouct .

Scient is t 's  predi lect ions are of ten revealed in  thei r  choices of
tmagery and metaphor.  Nie ls  Bohr,  recal led Heisenberg,  equates
the language of  poetry and physics:
.  .  .  when i t  comes to atoms,  language can be used onlv as in  poetry.  The
poet too rs not nearly so concerned rvith describing facts as rl, i th creating
images and establ ish ing mental  connect ions.  .  euantum theory .  .  .
prov ides us wi th a st r ik ing i l lust rat ion of  the fact  that  \ , . , ,e  can fu l ly  under-
stand a connect ion though we can onJ ' " .speak o i  i t  in  images and parables

Aesthet ics v iewed as a mode of  sc ient i f ic  cogni t ion may paral le l
a sc ient is t 's  out look and concern in  other  areas of  l i fe .  poincare
observed of  mathemat ic i  ans,  " l t  is  the the very nature of  thei  r  mi  nd
wh ich  makes  them log i c i ans  o r  i n tu i t i ona l i s t s ,  and  theycanno t  l ay  i t
as ide when they approach a new subiect . " .  Werner  Heisenberg
and Nie ls  Bohr of ten wrote of  these l inks.  Cerald Hol ton has exanr-
ined the mapping of  persona I  l i fe  onto sc ience in E inste in,s  lvork.  t

I  n tu i t ion and Aesthet ics

Bohr,  Di rac,  Einste in,  Heisenberg,  poinca16,  and others ac-
knowledge intu i t ive and aesthet ic  judgment  as decis ive factors in
the acceptance or  re ject ion of  a par t icu lar  model .

Poincare was convinced of  the ro le of  in tu i t ion in  sc ient i f ic
process.
Pure logic  could never  lead us to ant , th ing but  tauto logies;  i t  could
c rea te  no th i ng  new ;  no t  f r om  i t  a l one  can  anv  sc i ence  i s sue .  l n  One
sense  t hese  ph l l osophe rs  a re  r i gh t ;  t o  make  a r i t hme t i c ,  as  t o  make

geomet ry ,  o r  to  make any  sc ience,  someth ing  e lse  than pure  log ic  i s
necessary .  To  des ignate  th is  someth ing  e lse  lve  have no  w 'o rd  o ther  than
in tu i t ion .6
Po incare  goes  fu r ther ,  l ink ing  in tu i t ion  w i th  aes the t ics :

I t  may appear  surpr is ing  tha t  sens ib i l i t y  shou ld  be  in t roduced in  connec-
t ion  w i th  mathemat ica l  demonst ra t io t . t s ,  wh ich ,  i t  wou ld  seet r ,  can  on ly
in te res t  the  in te l lec t .  Bu t  no t  i f  we bear  in  mind  the  fee l ing  o f  n ra themat -
ica l  beautv ,  o f  the  harmony o f  numbers  and fo rnrs  and o f  geomet r ic  e le -
gance.  l t ' s  a  rea l  aes the t ic  fee l ing  tha t  a l l  mathen la t i c ians  recogn ize ,  and
th is  i s  t ru ly  sens ib i l i t y  .  ,  .  The usefu l  conrb ina t ions  are  prec ise ly  the  nros t
b e a u t i f u l  . . . '

Re in fo rc ing  Po incare 's  t rus t  o f  aes the t ic  juc lgment ,  D i rac

commented on  Schr i id inger 's  no t  pub l i sh ing  h is  f i rs t  vers ion  o f

the  wave equat ion  because i t  con f l i c ted  w i th  empi r i ca l  c la ta :

I th ink  there  is  a  mora l  to  th is  s to ry ,  namely  tha t  i t  i s  more  in lpor t . rn t  to
have beautv  in  one 's  equat ions  than to  have them f i t  exper iment .  l i

seems that i f  one is rvorking from the point of vtew oi gett ing beauty irr

one 's  equat ions ,  and i f  one has  rea l l y  a  sound ins igh t ,  one is  o t r  a  sure
l ine of progress. l f  there is not complete agreenrent bet\^ 'een the results

o f  one 's  work  and exDer i  ment ,  one shou ld  no t  a l low onese l i  to  be  too
d iscouraged,  because the  d isc repancy  may we l l  be  due to  minor  iea-

tu res  tha t  a re  no t  p roper lv  taken in to  account  a r rd  tha t  rv i l l  ge t  c learec l  up
w, i th  fu r ther  deve lopments  o f  the  theorv .u

P o l a r i t i e s

Di rac  and Po incare  bo th  appea l  to  aes the t ic .  c r i te r ia  ye t  the  f rame

of  the i r  aes the t ic  d i f fe rs .  Po incare 's  i s  a  more  geomet r ic  sens ib i l -

i t y ,  D i  rac 's  an  abs t rac t  mode o f  deduc t ive  reason ing .  But  D i rac

too  is  concerned rv i th  the  beautv  o f  fo rm,  o f  re la i i v is t i c

covar iance or  pers is tence o f  fo rm.  The capac i ty  to  v isua l i ze ,

D i rac  main ta ins ,  does  no t  advance new theor ies ,  bu t  ra ther  re -

f lec ts  a  more  bas ic  need to  p ic tu re  and represent .

Many sc ien t is ts  have commented on  the  po la r i t ies ,  even t f le

d ia lec t i c ,  o f  sc ien t i f i c  imag ina t ion .  Cera ld  Ho l ton  has  descr ibed

th is  phenomenon as  the  " thema and an t i thema"  o f  sc ience.  Two

bas ic  fo rms o f  sc ien t i f i c  th ink ing  have been charac ter ized  as  de-

scr ip t i ve  vs .  s t ruc tu ra l  sc ience (Ar is to t le  vs .  P la to ) ,  " the  concept

o f  space vs .  the  concept  o f  number"  (Erns t  Cass i re r ) ,  p ic to r ia l

mode ls  (p rocess  o f  opera t ions)  vs .  func t iona l  mode ls  ( func t iona l

mapp ing)  (Wiener ) ,  log ic ians  and ana lys ts  vs .  in tu i t iona l i s ts  and

geometers (Poi ncar€).
Cont ras t ing  modes o f  sc ien t i f i c  i rnag ina t ion  is  a  recur ren t  i ssue

in  th is  book .  V ickers  d is t ingu ishes  be tween aes the t ic  c r i te r ia  and

ra t iona l  deduc t ion  in  mak ing  judgments ,  Paper t  be tween in tu i -

t ion  and pure  log ic  in  mathemat ics ,  Mi l le r  be tween v isua l i za t ion

and nonv isua l i za t ion  in  quantum theory ,  and Gruber  be tvveen

c lass ic  and romant ic  imagery  in  n ine teenth  century  b io logy

)
i n t r o d u c l r c -
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We knorv f rom the development  of  quantum theory that  a l terna-

t ive explanat ions can coexist ,  be complementary:  wave and par t i -
c l e ,  con t i nu i t y  and  d i scon t i nu i t y ,  ma themat i ca l  f o rma l i sm and
visual izat ion,  each of  which "descr ibes"  the nature of  atomic
phenomena.  (Both are needed because nei ther  saves a/ /  the
pnenomena . )

I t  may be more d i f f icu l t  to  speci fy  the aesthet ic  propert ies of
symbol ic  mathemat ica l  re lat ions than those of  models,
metaphors,  and images based on our  exper ience and observat ion.

The aesthet ics of  pure mathemat ica l  re lat ions and the st rong
emot ion i t  evokes recal l  the formal is t  aesthet ic  in  ar t - though at  a
more abstract  level -s i  nce mathemat ica l  form u la t ions somet imes
escher,v  v isual izat ion.  The pr inc ipal  cr i ter ion in  th is  aesthet ic  was
termed "s igni f icant  form" by the ar t  theor is ts  Cl ive Bel l  and Roger
F ry  a round  1914 .  S ign i f i can t  f o rm  imp l i es  t he  op t ima l  un i t y  and
coherence of  the composi t ional  e lements.  Fry 's  posi t ion marked
the beginning of  the modernis t  aesthet ic  in  ar t ,  rv i th  i ts  lack of
concern for  representat ion and i ts  focus on the beauty of  formal
re lat ions.  Signi f  icant  form evokes a par t icu lar  k ind of  react ion that
Fry descr ibed as "aesthet ic  emot ion,"  which,  according to h im,  is
more in tense and focused than the ord inarv enrot ion we exper i -
ence  i n  ou  r  da i l y  l i ves .  Ma themat i c i ans  have  sa id  t he  same o f  t he i r
exper ience of  pure mathenrat ica l  re lat ions.

Conc lus ion

The choice of  or ientat ion is  not  necessar i  l ; ,  set  in  sc ience by the
problem but  by a mode of  th ink ing.  Though there are constra ints ,
there is  no a pr ior i  essent ia l  epis temological  way of  seeing.  There-
fore the ro le of  cogni t ive mode and aesthet ic  sensib i  l i ty  p lays a
v i ta l  par t  in  the st ructure and sty le of  the sc ient i f ic  process.

In summary,  aesthet ics is  presented in th is  col lect ion as a mode
of  cogni t ion which focuses on forms and metaphors used in sc ien-
t i f ic  conceptual iz ing and model ing.  The at tent ion to process in
sc ience and ar t  leads to a considerat ion of  the par t  p layed by
paradigms (Kuhn) and personal  s ty le in  d iscovery and invent ion.

Viewed as a way of  knowing,  aesthet ics in  sc ience is  concerned
wi th the metaphor ica l  and analogical  re lat ionship between real i ty
and concepts,  theor ies and models.  The search in  sc ience for
models that  i l luminate nature seems to para l le l  cer ta in cruc ia l
processes in  af t ,  as Cyr i l  Smith points out :  they share a fundamen-
ta l  evocat ive qual i ty .

The forms of  symbol  izat ion are centra l  to  the study of  aesthet ics
in sc ience.  Science uses a symbol ic  language,  most  commonly
mathemat ics.  New concepts necessar i  ly  expand the vocabulary
and syntax of  th is  language.  The way new symbol  ic  forms develop
is in parl influenced bv aesthetic concerns.

Scien t i f i c  ideas  (mode ls ,  hypotheses)  deve lop  w i th in  a  cu l tu ra l

f ramework  roo ted  in  the  sc ien t is t ' s  t ime in  h is to ry .  There  are  cu l -

tu ra l  s ty les  and t rad i t ions  in  sc ien t i f i c  concepts .  Though there  has

been a  h is to r ica l l y  recur ren t  apprec ia t ion  o f  e legance anc l

economy,  V ic to r ian  sc ience,  fo r  example ,  o f ten  pre fer rec l  more

compl ica ted  fo rmula t ions .  An examinat ion  o f  aes the t ic  c r i te r ia

revea ls  the  pressure  o f  va lue  sys tems tha t  a re  re la ted  to  the  sc ien-

t i s t ' s  soc ia l  and cu l tu ra l  con tex t .  The ab i l i t y  to  re l inqu ish  the  pre-

d ic tab i l i t y  o f  c lass ica l  phys ics  and accept  inde terminacy ,  p roba-

b i l i t y ,  and complementar i t y ,  we assoc ia te  w i th  contemporary

sens ib i l i t y .  So  too  the  emphas is  on  process  over  p roduc t .

Th is  book  examines  the  aes the t ics  o f  fo rnru lae ,  theor ies ,  cor l -

cep ts ,  mode ls ,  and processes .  The aes the t ic  fac to rs  in

cogn i t ion-man i fes t  in  bo th  a r t  and sc ience,  though un t i l  recent l ; '

more  recogn izab le  in  a r t -a re  cont inuous  and broader  t l ra r r

e i ther .  The essavs  bv  four  sc ien t is ts  and two soc ia l  sc ien t is ts  r .v r l l

hopefu l l y  enr ich  the  reader 's  v iew o f  the  na ture  o f  aes the t ic  cogn i -

t ion  in  the  sc ien t i f  i c  p rocess .
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