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The following is an edited transcript of the spoken lecture, minus material that
dependeal on live demonstiations (only summarized here) plus material that did
not havetime to be included.

Intro duction

Thank you, Professorltoh, for thosekind words of introduction, which |
managedto follow with the help of the excellent simultaneousinterpretation
that we are privileged to have here. | want to thank the organizersof this
very courageousymposiumfor askingme here,and to congratulatethem on
the excellet organizationand on an exceptionally interesting programme. |
am deeplyhonouredto be part of it and to be addressingan audienceof such
wide interdisciplinary interestson sud an important set of topics.

There is no doubt, in my mind at least, that scienceand the arts have
profound human importance and that the various points of view that they
generatehave much to teach us all. They prompt usto ask questionslike:

2 What are the arts, and why are they important? What is music, and
wheredoesit comefrom?

2 What is scienceAWVhat is mathematics?
2 What is lucidity (of writing, speaking,thinking, design,...)?

2 What is the Platonic world? Where doesour powerful senseof \truth",
\b eauty”, \p erfection", etc., comefrom?

ICoordinator's Note: Someof ProfessorMclntyre's material is early draft ma-
terial for a book in preparation. He tells me that he would welcomecommerns on
how to improve it. The lecture was precededby the coordinator's brief intro duc-
tion, which is not included in this proceedings.
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2 Why are so many peopleinstinctively \h ypercredulous”|
believing, or feelingan urgeto beliewe, in someunquestionableAbsolute
Truth or Answer to Everything? | aswith \it's all in the genes" \it's
all down to culture”, \market forces are the answer", \targets and
performance-measureare the answer”

2 Why do peopleinstinctively want to dichotomize or polarize every-
thing? | aswith \nature versusnurture”, \science as Mere Opinion
versusscienceas Absolute Truth”, \good genesversusbad genes” etc.
(the eugenicsmyth | oblivious to the unimaginably complexinterac-
tions amonggenesand their products)

2 What are thesethings called\instincts"?
2 How can we better understandthe power and limitations of science?

2 What is \self"? What is \free will"?

| can hardly answer, in onelecture, every questionon sud a list, even with
sudh a generousallocation of lecture time | especially sinceideaslike \in-
stinct" have taken sudh a battering for so long and from so many vested
interests. The whole debateabout \instinct”, by the way, hasjust beenput
into perspective in a beautiful new book by Patrick Batesonand Paul Mar-
tin (1999). But | think | can put us within read of somegood answers by
emphasizing, rst, afew points about how our human and pre-human ances-
tors must have ewlved, accordingto today's best evidence,and, second,a
few points about how we perceiwe and understandthe world | evidencefor
which includesdemonstrationslike those from ProfessorShimagjo this morn-
ing, and othersthat I'll shov and that you can easily ched for yourself, with
little or no special equipmen. The two setsof points are related of course.

That is, I'll take it asreasonableto assumethat our menal apparatus
for what we call perceptionand understanding| cognition, if you prefer |
must have beenshaped by the way our ancestorssurvived over many millions
of years. And the way they survived, though clearly a very \instinctiv e"
businessndeed,wasnot, the bestevidencesays, \all in the genes". Nor was
it \all down to culture”, not evenin the last few tens of millennia.

Arguably, the most crucial point missedin the sometimesnarrow-minded
debatesabout \instinct”, \nature versusnurture", \sociobiology", \evolu-
tionary psydology", etc., is that most of what is involved in perceptionand
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cognition, and in our generalfunctioning, takes place well beyond the reac
of consciousthought. Somepeople nd this hard to accept. Perhapsthey
feelo®endedjn a personalway, to be told that there is the slightest aspect
of their existencethat might, just possibly not be under full and rigorous
consciouscortrol. But as we were reminded this morning, and as | shall
remind you again with somesimple demonstrations, it is very easyto shov
what is, after all, a priori likely, and is in any casewell known: plenty of
things in our brains take place\in voluntarily”, that is, ertirely beyond the
readh of consciousthought and consciouscortrol.

Anyone who has driven cars or °own aircraft to any great externt will
probably remenber experiencesin which accideris were narrowly avoided,
ahead of consciousthought. The typical experienceis often descrited as
witnessing oneself taking, for instance, evasive action when faced with a
head-oncollision. It is all over by the time consciousthinking has begun.
This has happenedto me, and | think sudh experiencesare quite common.
Many yearsago,the anthropologist{philosopherGregory Bateson(1972) put
the essetial point rather well, in classicewlutionary cost{bene t terms:

\No organismcan a®ordto be consciousof matters with which
it could deal at unconscioudevels."

Gregory Bateson'spoint appliesto us aswell asto other living organisms.
Why? There is a fundamenal reason,conbinatorial largeness.Every living

organismhasto dealall the time with a conbinatorial tree, a combinatorially

large number, of branching possibilitiesfor future everts | a point to which |

shallreturn. Combinatorially large meansexponertially large,like compound
interestover millennia. Each branching of possibilitiesmultiplies, rather than

addsto, the number of possibilities. Being consciousof all thesepossibilities
would be almostin nitely costly.

The \instinctiv e" avoidance of head-oncollision in a car | the action
taken ahead of consciousthought | was not, of course, something that
cameexclusively from geneticmemory. Learning was involved as well. But
much of that learning was itself unconscious stretching all the way badk to
the (instinctiv e) infantile groping that discoversthe world.

A journey toward self-understanding

As must be obvious by now, my approad to the foregoingquestionswill
beessetially that ofasciertist. Scierti ¢ thinking is my profession.My work
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is mainly on theoretical researt to understand the Earth's atmosphere,as
Professoritoh hasindicated, with somerecen spino®sfor the Sun'sinterior.
But long ago | almost becamea musician. (Or rather, it would be more
accurateto say that for short periods of my life | have beena musician.) So
I know something about the artistic impulse as well. Scienceand the arts
are both intimately bound up with the way perceptionworks. And common
to both of thesehuman activities | whatever the popular mythologies may
s& to the contrary | is the urgeto create,the joy of creation, the thrill of
lateral thinking, and awe and wonder at the whole phenomenonof life itself
and at the astonishinguniversewe live in.

Oneofthe greatestof thosewondersis our own adaptability. Of coursewe,
the human species,are still in terrible trouble. We are geneticallyalmostthe
sameasour hunter-gathererancestorstrib esof peopledrivenagainand again
to migration and warfare by, amongother things, hugeand rapid climate °uc-
tuations. (Why elseis our species| a single,genetically-compatiblespecies
with its single \numan genome"| spreadall around the globe?) | shall
shov you someof the new evidencefor those climate °uctuations, gleaned
from tiny gasbubblestrapped for hundredsof millennia in the Earth's great
ice caps.

Our ancestorsmust have had not only languageand lateral thinking |
and | shall argue music, dance, poetry and storytelling too | but alsothe
medanismsof corviction politics, scapegoatingand all the rest. It is now
almost certain that they had languagefor well over a hundred millennia, at
quite a sophisticatedlevel. | shall remind you of the recen, remarkable, and
practically conclusiwe evidencefor that aswell.

Even one hundred millennia is far longer than linguists usedto tell us.
But ontoday's evidenceit wasat leastthat long agothat our speciesstarted
to spreadaround the globe from origins in Africa. The idea that language
and culture started much more recerily, an ideathat you still hear repeated
from time to time, makeslittle senseany more, if it ever did. What tends
to be forgotten is that languageand culture can be mediated purely by light
waves and sound waves. This is a very corveniert, an eminertly portable
form of culture for a trib e on the move. And light wavesand soundwavesare
sud ephemeralthings: together with body painting they have the annoying
property of leaving no archaeologicaltrace.

And now, in a mere °ash of ewlutionary time, a mere few certuries,



we have shavn our adaptability in ways that seemto me more astonishing
than ewer. We no longer burn witches. We no longer panic at the sight

of a comet. Demonsin the air have shrunk to a small minority of alien
abductors. We dare to tolerate individual opinions. We dare to talk about

an amazing new thing called human rights, and sometimeseven take the

idea seriously The Pope daresto apologize for past misdeeds. We have
spacetravel, satellite data links, and the Internet, bringing into existencea
new freedomof information and disinformation and opportunities to exercise
critical judgemen, and to build computational systemsof unprecedeted

power| all ofit basedonrecen, and alsoamazing,achievemeris in software
reliability (Valloppillil et al. 1998). We canread, though not yet understand,
geneticcodes. On large and small scaleswe are carrying out extraordinary

new sccial experimerts with labelslike \free-market demacracy”, \children's

demacracy” (Neill 1970),\emancipation of women", and \Grameen Bank". |

hope everyone has heard of the GrameenBank of Bangladesh;if not, seethe

links on my homepage. The emancipationof womenis already, in Bangladesh
for instance,leadingto the stemmingof population growth. Someof this was
unthinkable asrecerly as fty yearsago.

This lecture re°ects my own journey toward the frontiers of human self-
understanding. One often hearsit said that we live in an age dewid of
faith. Well, | have a personalfaith, a belief, a corviction, a passion,that the
urge and the curiosity to increaseour own self-understandingcan cortinue
to ewlve us towards scacietiesthat will not, of course,be utopias, but could
well be spiritually more healthy and generally more civilized than today.

When the Mahatma Gandhi visited England in 1930he was asked by a
journalist, in front of the newsreelcameras\Mr Gandhi, what do you think
of modern civilization?" The Mahatma replied, \That would be a good
idea". The optimist in me hopesyou agree.Part of suc a civilization would
not only be somekind of newcovenart betweenscienceand scciety, including
a clearerrecognition of the power and limitations of scienceand its power to
help us understand our own nature, but also a healing of the estrangemen
betweenscienceand the arts.

Many others, of course,have made sud journeys. But in my casethe
journey beganin perhapsa slightly unusual way. Music and the visual and
literary arts were always there in the badkground; but the consciougourney
beganwith a puzzle,with wonderingwhy lucidity | in commnunication and
in thinking | is often found sodixcult to achieve, and then wonderingwhat
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lucidity really is, in a functional or operational sense.l won't actually say
very much about lucidity, as sud, in this lecture | there is more about it
in my published papers referencedbelown asl, Il, and Il | exceptto say
that | want to useand understandthe term in a wider and deeger sensehan
usual. I am not talking so much about what you can nd in style manuals
and in books on how to write, excellert and usefulthough someof them are.
(Strunk and White 1979is a gem.) What especially interestedme, and still
interests me, is the connectionwith sud things as pattern perception and
with the \organic-changeprinciple" recognized, think, by most artists.

For clear biological reasons,patterns intelligible to, and interesting to,
the human brain usually involve what can reasonably be called \organic
change”. This meansthat somethings change, usually by small amourts,
while others stay invariant. Harmony in music is one example,as explained
in Note 58 0of I andin the expandedversionon the Internet. Musical harmony
is a particularly interesting casebecausésmall” hasnot one but two quite
di®eren meanings,leading to the idea of \m usical hyperspace”. In music
there are \h yperspaceleaps”, in the senseof going somewherehat is both
nearby and far away. That is how someof the magicis donein many styles
of Westernmusic. There are many other examplesof organic changeand its
e®ectienessin the arts, in comnmunication, and in thinking | in thinking
about practically anything at all.

Fundamenally, as arguedin |, our peculiar perceptual sensitivity, and
cognitive sensitivity, to organicchangeseemdo stemfrom the survival-value
of being able to recognizethe di®erencebetweenliving things and dead or
inanimate things. To seea cat stalking a bird is to seeorganic change. The
sensitivity is, | would dareto assert,very deeplyinstinctive. Not surprisingly
from this viewpoint, the ability to recognizethe di®erencebetweenthe living
and the inanimate has beenshawvn, experimertally, to be well developed in
human infants a few months old.

Notice by the way how intimately involved, in all this, areideasof a very
abstiact kind. There are clueshere about mathematics and the Platonic.

For a start, the idea of somethings changing while others stay invariant
is itself very abstract. I'll point out somemore exampleswhen we cometo
guestionsabout mathematics. As arguedin |1, | think it's easyto show
that we all have unconsciousmathematics and an unconsciouspower of ab-
straction. This last is almost the sameas saying that the brain can handle



combinatorial largeness.The brain canhandle| unconsciouslyof course|
vast numbers of possibilities at once. That is fundamenally what abstrac-
tion means. The implication is that the roots of mathematics and logic |
and abstract cognitive symbolism generally| lie far deeper, and are ewlu-
tionarily far more anciert, than they are usually thought to be. This in turn
opensthe way to understandingwhat the Platonic world is.

Sol am talking about lucidity in a sensethat cuts far deeper than, and
goes far beyond, the niceties and pedartries of style manuals. But before
anyone starts thinking that it's all about cloud-cudoo-land and ivory-tower
philosopty, let me remind you also of somehard practical realities. What
| am talking about is relevant not only to thinking and comnunication but
also, for instance, to the designof madinery, of technological systems, of
software, and of userinterfaces. Unreliable, unmaintainable software whose
internal designviolates lucidity principlesis still almostthe norm, especially
in the world of commerce.(This is partly becauseof ignorancebut partly for
other reasonspf a purely commercialkind, relatedto what is calledmonopoly
lock-in; seeValloppillil et al., op cit..) And even user interfaces that violate
lucidity principles, making them \unfriendly”, are still commonplace. The
self-evidem cost of all this seemsto me to indicate, above all, that lucidity
principles are not yet widely understood and appreciated, outside specialist
commnunities, or perhapsthat they still tend to be regardedas somekind of
luxury.

Underlining this last point is the fact that one nds user-unfriendly in-
terfaceseven wherethey imperil safely in a big way. The Three Mile Island
nuclear reactor was a particularly clear example,as| pointed out in I. You
don't needto be a professionalpsydologist to appreciatethe point. Before
the nuclear accidert for which Three Mile Island is well known, the cortrol
panelswerelike a systemof traxc lights in which red sometimesmeansstop
but sometimesgo. (The problem is all too familiar: \User-friendlinessis a
luxury we can't a®ord;go away and read the manual: look, it says on page
199,that red means'go'at a T junction but "stop’ at a crossroadssoyou've
no excuse",etc.)

But now I'm getting ahead of myself. What, indeed, are these things
calledinstincts, theseinternal forcesprecedingconscioughought, and what
role did ewlution have in forming them? What indeed do we know about
human and pre-human ewlution? If it isn't all in the genes,if it isn't just
nature doing eugenicy dichotomizing genesinto \good" versus\bad" and
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Figure 1: 1500yearsof strong climate °uctuations in the Asian monsoon region,
around 30000to 40000yearsago, seenat high resolution (right-hand plots); +20,
plot B, measureshe °uctuations in the ratio betweenthe oxygen isotopes®0 and
160. From Thompson et al. (1997).

wiping out the \bad" ones| then how on Earth did it all work?

Climate instabilit y and our ancestors

Let us rst remind oursehes of the timespan, or rather timespans, of
climate changeand human ewlution. These have been much informed by
recert resear.

An exampleis shovn in gure 1. This plot is from the marvellouswork by
Lonnie Thompson and his collaborators, who have taken heary equipmen
high into the Andes and the Tibetan Plateau to drill for ice cores, then
subjected them to laborious and painstaking analysis. Figure 1 is from the
Guliya Ice Cap on the Qinghai{Tib etan Plateau (Thompson et al. 1997).
From the tiny bubblesof gastrappedin the ice, analyzedwith high-precision
measuringinstrumerts to look at chemicaland isotopic composition, we can
seethe traces of past climate °uctuations. Time runs vertically upward.



The left hand plot, covering a timespan se\eral tens of millennia ago, showvs
enormous°uctuations in a quartit y denotedby +20, measuringthe relative
amourts of two oxygen isotopes and usually taken as a temperature proxy.
The expandedview on the right shows a 1500-year chunk of the record. This
is from around 30 or 40 millennia ago. The rst plot in the expandedview,
plot B, is from the same+'80 record. Notice that the typical period of a
single one of the oscillationsis of the order of 200 years, that is, 10 human
generationsif we assumethat a generationtakes20 years.

But the largestamplitudes of the °uctuations in +80 arefar too large for
the usual proxy temperature formulae to be credible. If you were to apply
sudh formulae, then the temperature °uctuations you would deducewould
be an enbarrassingly large number of degreesCelsius. All we can sa is
that vegetationand food suppliesmust have changeddrastically during the
lifetimes of single individuals, generation after generation. In that part of
the world, sudr changeswould very likely have beenrelated to changesin
monsmn and rainfall patterns. It is highly plausible that there would have
been cyclesof plenty and population growth followed by hardship and, in
many casesmigration. The picture would no doubt have beencomplicated
by the chaotic dynamics of ecologicalsystems,but it is ditcult to believe
that sud large changescould not have had large e®ects.

Let us zoom out to the larger timespan, 240000years,shovn in “gure 2.
This is from the work of another researt group famous for drilling and
analyzing very deepice coresfrom the ice cap that forms the high plateau
of East Antarctica (Jouzelet al. 1993). Herewe have coarsertime resolution
but a far longertimespan. Figure 2 shows two trace gasesn the ice bubbles,
upper and lower plots, and an estimated temperature, middle plot, from
isotope ratios (20 and deuterium). Time now runs from right to left.

You can seethat there are big °uctuations over the larger timescalesas
well. The timespan of 1500yearsthat | emphasizedn gure 1 has shrunk
to the width of the thin vertical line near the left of gure 2; 1500yearsis
75 human generations.Figure 2 hasa timespan of, notionally, 12000 human
generations.

We can zoom out again and cortemplate an even longer timespan ( g-
ure 3). We are now talking about the past 3.5 million yearsor 3500 mil-
lennia or, notionally, 175000 generations,perhapsmore. I'm not going to
show you any climate information this time | and | don't think anyonehas
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Figure 2: Climate indicators from the high Antarctic (Vostok ice cores)over the
last 240 millennia, from Jouzel et al. (1993). The top and bottom plots show
error-bar envelopes. The width of the thin vertical line roughly indicates the 1500
yearsor 75 human generationsshown at the left of gure 1

sudh information at anywhere near the time resolution seenin gure 1 |

but palecclimatologists would probably think it plausible that, over most
of the past half million yearsor so at least, the climate, being a \glacial"
regimegenerallysimilar to that in gure 1, probably carried on with its huge,
unstable °uctuations in much the sameway assuggestedoy gures 1 and 2.

Figure 3 is a rather busy picture and I'm goingto talk about it for a little
while. Let usfocusfor a momert on the two-million-year mark. Two million
yearsagois a very signi cant time for human and pre-human ewlution. It
is the beginning, very roughly | this, we think, was not a sharp transition
| of what we call the Pleistoceneperiod, which covers somethinglike the
past two million yearsall the way to a time around 10000 yearsago. Then
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Figure 3: Human and pre-human ewlution over the last 3.5 million years, from
the Australopithecenesto modern Homo. Plot of brain sizeis from Aiello (1996)
(ref. 1730f I 11); but the messyscribblings are mine, asusedin the spoken lecture,
with apologiesto ProfessorAiello! (Some of the brain-size measuremets have
since come up for revision, but the generaltrend is not in doubt.) Ref. 166 from
11 is Ehrenreich (1997). The climate entered the Pleistocene,an unstable glacial

regime, around 2 million yearsago

the Pleistoceneendsrelatively suddenly and givesway to what we call the
Holocene,which is the last 10000 yearsup until the presert. The Holocene
had, and has, we still hope, a relatively warm, relatively stable climate. It
was that relatively stable climate that made agriculture possible,and with
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it the rst city-sizedhuman communities (as well as lots of new human and
animal diseasesas Jared Diamond has reminded us). Notice how tiny a
sliver of time the Holocene occupiesin gure 3, as indicated at top left.
Even 10000years, 10 millennia, is a mere °ash of ewlutionary time.

Archeologistswill tell you about the period calledthe Upper Paleolithic,
alsoindicated at top left, which started very roughly 30000to 50000 years
agodependingon whereyou do your archaeology Even this is scarcelymore
than a °ash of ewlutionary time. But the Upper Paleolithic is when things
get interesting for an archaeologist. It is the timespan of recordedculture.
Instead of just a rather restricted set of utilitarian stone tools, archeology
suddenly sees,in theselast few tens of millennia, very obvious evidene of
human high culture | many visual artifacts, beadsand bracelets,exquisitely
beautiful cave paintings, musical instruments, and so forth.

What's actually plotted in gure 3 is not climate information, but rather
the fossilrecord of the brain sizesof our ancestorsmeasuredin millilitres or
cubic certimetres. There are somedramatic trends. Over the last half mil-
lion years,well into the glacial regimewith its climate probably like that of
“gure 1, you canseethat the increasein brain size,viewed on this timescale,
wasvery rapid. Looking further bad in time, you can seea lessclearly delin-
eated, but alsovery big, increasein brain size,starting just under 2 million
yearsago,and reasonablyassumedoy mostresearbiersto be connectedwith
the onsetof the Pleistocene,in which the climate cooled and forestsshrank
in placeslike certral Africa.

The crosseat bottom right correspndto the Australopithecenesthought
to be our early ancestors,or to be very like our early ancestors.By the way,
not all thesepoints are consideredcompletely accuratetoday. After the re-
sults werepublishedit wasdiscoveredthat someof the measuremets needed
to be redone;but the correctionsare unlikely to be big enoughto a®ectthe
broad picture.

The Tled squaresin gure 3 correspnd to Homo erectus, the rst pre-
human speciesfully committed to bipedality and ground-dwelling. Homo
erectus seemsto have beenthe rst pre-human speciesto have migrated
almost world wide, from origins in Africa. There are Homo erectus remains
in China and in Indonesia, though as far as we know none in Australia.
There is someevidence,very recenly discovered, that at least one Homo
erectus group devised,or stumbled on, somemeansof crossingdeep-vater
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channelsbetween Indonesianislands, when sealevels were low enoughand
the destination was in line of sight. (In the Pleistocene, sealevels were
sometimesl20metreslower than today.) But they probably couldn't launch
themseheson to the open sea. Homo erectus appearsto have beenpretty
smart and much more adaptablethan, say, today's chimpanzeesand better
at toolmaking, but probably didn't have anything approading our language
ability. Soboatbuilding and astronomicalnavigation would be a bit much to
expect.

The open squaresin gure 3 are oursehesand our immediate ancestors,
archaic and modern Homo. The fossil record is too sparseto be able to
say exactly wherethe lines of ancestryare cortinuous, though the transition
from somethinglike Homo erectus to somethinglike our speciesis currertly
thought to have taken place in Africa. This is very much an area of on-
goingreseard, especially asthe hunt for more fossilscortinuesand the DNA
techniquesincreasinglycomeinto play.

Climate, language, and the arts

Let metry to summarizewherewe have got to. Palecaclimatic recordsat
various time resolutions, including recent onesin which very high time res-
olutions have beenadchieved | of which gure 1 is only onerecert example
amongmany | strongly suggest,and for more recert times clearly demon-
strate, that the climate of the past million yearsor so was largely glacial,
and typically very unstable, with many large and rapid °uctuations. Rapid
meansso rapid that there are signi cant changesin an individual's lifetime.
Endnotes179,185,and 186 0f |11 provide a few more keysto a burgeoning
literature. In someparts of the world at least, notably the North Atlantic
and West European areas, there were climatic temperature changesof the
order of seweral degree<Lelsius\within decades".In the Asian monsmn re-
gion there werethe large oscillationswith periods of the order of 2 certuries
showvn in gure 1. And againand againthere werelarge changesin sealevel,
including episalesof sea-leel rise at rates up to about 3 metresper certury.
Togetherwith the vagariesof chaotic ecadynamicsand of human population
growth, the climate °uctuations must have kept trib eson the move in what
becamea global scaledi®usionof our species,almosta \random walk" in the
technical senseof the term, in an unwritten sagaof growth, famine, migra-
tion, and warfare. The runaway brain ewlution, asChristopher Wills (1994)
has called it, whosesignature is seenat the left of gure 3, is probably the
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signatureof | quite literally | an\evolutionary armsrace".

It is strongly arguablethat suc an armsracewaspart of what drove, and
wasdriven by, the dewelopmern of languageand of related cognitive abilities
| the exerciseof which produces,amongother things, what we now call art
in its various forms. | have discussedhis in more detail in I11. In brief, all
thesethings would have felt a runaway selective pressureto dewelop because
they enabledtrib esof our ancestorsto becomelarger and better organized.
This would have advantagesin the whole businesof surviving in the teeth of
climate °uctuations, migration, warfare, and other cortingencies. How does
a large group, say ten or more times the size of a group of chimpanzeesget
organizedfor survival? They can't, like chimps, depend on group bonding by
grooming (e.g. Goodall 1990). They have to uselight and soundas well as
touch. How do you form even bigger groupsif warfare or migration demands
it? How do you organizescouting parties, with unknown dangersahead? It
is obvious that language,for onething, would be an advantage.

And, speculation aside,what is now more than strongly arguable| be-
causerecer evidenceshaws it conclusiwely | is that our languageability
residesin geneticmemory It doessoin a very clearcut sensethat | shall
explain shortly. The implication of all this is that languageis far more an-
ciert than usedto be supposed. If the languageability residesin genetic
memory, then the dewvelopmern of that ability must have involved signi cant
genetic ewlution, in the sensethat the genomechanged signi cantly. In
other words, languagecould not have beenjust a quick adaptation using
existing geneticdiversity, or pre-existinggeneralintelligence| whatever the
rather disreputable phrase\general intelligence" might mean. Rather, lan-
guage must have involved a substartial, systematic changein the genome
itself. The timespan for such a change, geneticistswill tell you, is likely to
be hundreds of millennia at least. The strong, indeed almost inescapable,
suggestionfrom this is that our languageability must have beendeweloping
simultaneouslywith the increasein brain size,most spectacularly over those
samelast few hundred millennia | and very likely an intimate part of, and
a major driving forcein, the brain dewelopmert itself.

And the momert you acceptthe likelihood of the runaway selectiwe pres-
surel am talking about, you can seethat there would have beena concomi-
tant pressureto dewelop the essetials, the core, of somethinglike what we
call culture, aswell as, of course,what we call religion. The two would not
have beenseparate.How doesa large group stay together, feelinspiredto act

14



together, survive traumas, and generally be what we might call spiritually

and emotionally healthy and strong asa group? It needsways of expressing
and reatrming group bonding, what is sometimescalled \solidarit y" today.

That hasalways, until recerly, in nearly all cultures known to us, involved
not only what | call hypercredulity (seelll) | in the form of unquestioning
belief in the trib e's Absolute Truths, somethingthat beginsto be possible
onceyou have language| but also an intimate involvemert with what we
call the arts. (Part of our own spiritual malaise,l would dare to suggest,is

that today we tend to put The Arts on a distant pedestaldivorcedfrom real

life. My wife Ruth and | had a few wonderful years,long ago,in professional
chamber music, and were struck by how much more responsive the audience
would be if we said a few friendly words beforeplaying | it didn't seemto

matter how trite | just establishingourselesasordinary humanswho were
not on a pedestal.)

Sol am arguingthat there must have beenrunaway selectiwe pressurefor
the developmern of what amourts, in essenceo artistic activity. The musical
side of this, at least, might indeed be even more anciert than the language
side. The seedsof the Orpheuslegendmay lie very deepin the collective
unconscious,as Jung called it. After all, today's ground-dwelling baboons
needgroup bondingto survive (in fairly large groups),and seemto make use
of vocalization for that purpose. For us, group musical activity | singing
and dancing| can ewke feelingsof emotional releaseand togetherness of
transcendingthe self, with lessrisk of provoking con®ict than doesthe use
of language(Cross 1999). Musical vocalization and gesturecan replace, or
supplemem, chimpanzee-sgle grooming in a way that is e®ectiw in a much
larger group. It hasnatural beginningsin the play betweenhuman mothers
and infants, itself quite obviously a kind of vocal and gestural grooming.

Today, any musicianwho knows how to bring musicto life, in any style of
what is aptly called live performance,knows that, somewherdn our uncon-
sciousbeing, there is an \in ternal musician" for whom singing and dancing
are essefially the samething and to whom, in the end | after the notes
have beenlearnedand the technical obstaclesclearedaway | cortrol of the
performancemust be handedover, in order to bring the performanceto life
(e.g.Greenand Gallwey 1987). In a deeplyfelt sensepnemust let the music
itself take cortrol of the performance. ProfessorBando's wonderful lecture
and musical demonstrationssuggestto me that he would agreewith this.

Another thing we know from the fossil record is that, as far badk as
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Figure 4: Side view (upper picture) and nearly-horizontal section (lower picture)
through the human brain. From Blakemore(1977). Upper drawing by Louis Pierre
Gratiolet (1815{1865)

2 million yearsago, the brain was already highly asymmetric: it had very
much the samekind of left-right asymmetrythat our brain hastoday, related
to the ability to vocalize in an elaborate way and to follow details in the
soundwhenheard (e.g. Aiello 1996& refs.). Figure 4 shaws two views of the
modern human brain. The upper drawing is a side view of the brain from
the left. In the normal right-handed personthe two regionsshovn coarsely
shaded,known as Broca's areaand Wernicke's area, are bigger on this left-
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hand side. They are crucial, respectively, to our ability to speak and listen.

If you imaginetaking a nearly-horizortal cut through the brain and looking
down from above (lower drawing) you seethat Wernicke's area (hatched) is
much bigger on the left than the right. The presenceof sud asymmetry
2 million or more yearsago is consisteth with the idea that our ancestors
were already using elaborate vocalization as well as visual gesture,and that

the selectiwe pressureto dewelop sud vocalization camefrom the value, for

survival, of large groups and henceof group bonding though sound waves,
vocal grooming if you will.

The Nicaraguan Big Bang

What, then, of my brazenassertionthat, in any case,our languageabil-
ity, howewer it deweloped, residesin genetic memory? Let me try to make
the assertiona little more carefully. In the modern human brain, genetic
memory cortains, implicitly , the complete wherewithal | the seedsof the
self-asserdling, self-organizingyet input-sensitive componerts | from which
to build the syntactic madinery, the grammatical madinery, of language.

And what evidencesupports this last assertion?There are se\eral lines of
evidence.But by far the strongest,| would say conclusiw, evidenceis that
from Nicaraguansign language. This evidenceemergedin time to make a
brief appearancen StevenPinker's excellert and powerfully-arguedbook The
Languagelnstinct. | have studied the sourcematerial myself, as referenced
in I'1l; alsoKegl et al. (1999).

In Nicaragua, beforethe Sandinistagovernmert cameto power in 1979,
there was no sign language. Deaf people were sccially isolated. Following
their scocialist idealsthe Sandinistascreatedtwo sdools for the deaf,in the
city of Managua. At those schools, the children begansigningto ead other.

This was a crisis for the school authorities. They had to nd out what
the children were saying or the situation would get completely out of hand.
In June 1986 they called in an expert on sign language. The expert was
ProfessorJudy Kegl of the University of Southern Maine, then at North-
easternUniversity. Sheand her co-workers Ann Senghasand Marie Coppola
found themsehesdocumerting somethingthat had never beenobsened sci-
erti cally before: the birth of an ertirely new language. An ewernt of such
uniquenessand importancewould probably be calleda\big bang" thesedays;
and it is not only unique but alsovery remarkable.
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There were two stages. First, the older children, older than about sewen
years of age, created what linguists call a pidgin | syntactically feeble,
incoheren, chaotic, and unstable. It lacks the usual grammatical devices
| verb tenses,noun cases(nominative, possessie, etc.), adjectival clauses,
conditional \if " clausesand all the rest. Then, secondthe youngerchildren,
between about three and sewen years of age, added the missing grammar.
They corverted the pidgin into what linguists call a creole. This meansa
syntactically powerful, coheren, complete, and stable language. They did
it with no adult input. All the children neededwas the social stimulus, the
needto comnunicate. No adult knew their languageuntil Judy Kegl and
co-workerslearnedit from the children!

When observingyour own children learning to speak, you may well have
noticed hints of their grammatical powers. In the caseof English| | haven't
found out what the Japanesesquivalerts are| small children will say things
like\l keeped mousesn abox". What they haveto learn more consciouslyis
the irregular form of standard English: \I kept micein abox". They have un-
consciousknowledgeof verbs and nounsand their cogitive{syntactical func-
tions; they have noticed, unconsciously the usual in°ections correspnding
to those functions in the regular verbs and nouns of the languagein their
ervironmert. They have noticed, unconsciously that \k eep” functions as a
verb, and \mouse" as a noun; and they have applied the usual in°ections.
As Noam Chomsky recognizediong ago, it is the degartures from coheren
syntax | the culturally ewlved irr egularities | that have to be learnt.

The archaeological fallacy

You can still nd in the archaeologicalliterature and, | think, in some
linguistic circlesand in other high placesin academiathe ideathat language
and culture | andindeed,in somevariants of the idea, the cognitive ability
to dewelopsud languageand culture | suddenlyblossomedat the beginning
of the upper Paleolithic, at the sametime as recordedvisual art, far faster
than the genomecould have ewlved. Up to a point | sympathizewith the
position that you mustn't believe anything until you have hard evidence but
that's not quite the sameas saying that the absenceof evidenceimplies that
a thing can't possibly exist. And in the caseof language,at least, we do
now have very hard evidenceindeed,the existenceand documerted origin of
the Nicaraguansign language. It no longer makesthe slightest senseto say
that languageis \all down to culture”, that it was suddenlyinvernted at the
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beginning of the upper Paleolithic then passedon from parerts to children.

What now seemsmore than likely is that, long beforethe Upper Paleo-
lithic, there werehighly deweloped cultures basedon what we call dance,po-
etry, storytelling, rhetoric, and song, carried with them by migrating trib es
and leaving no archeologicaltrace. |11 discusseshis further, together with
the related question of the role of the play instinct | juvenile play asthe
deadly seriousrehearsalfor adult life. And Batesonand Martin (1999) have
now given us an excellen and authoritativ e chapter on juvenile play and its
signi cance, informed by much detailed behavioural obsenation.

Any biological competence,including the languageability, will atrophy if
it is not usedto the full. Poetry, storytelling, rhetoric, conviction politics,
and their juvenile-play precursorsseemto meto be likely aspects| natural
consequencep of using the languageability to the full. Kittens chaseeadh
other's tails; children bounceserienceso®ead other.

The portable cultures in questionare of coursenothing other than what
we already call \oral traditions". Long beforethe Upper Paleolithic, their
storytelling would have probably included, in variousforms, the usualsorts of
sagaabout heroic journeys and exploits. This makessensebiologically. For
onething, what more e+cient way, other than a powerful oral tradition, could
there be to maintain tribal memory of past famines,migrations, surrounding
geograply, or whatever was important to survival over the certuries? It
seemdo meto be no acciden that we feelmorethan a touch of magictoday
when we hear a well-told tale, not least a tale of an epic journey, preferably
with an elemen of exaggerationor fantasy (Neill 1970). Look at the massiwe
succes®f the Tm Star Wars, and the power of tales like Ursula Le Guin's
The Left Hand of Darkness Everyone has favourite examples. Australian
aborigines\sing" their actual and dreamworlds, and tell us that their songs
are (among other things) maps of the beautiful land in which they live, the
land they love. Their art contains fantasy but also re°ects the real world,
just as does the greatestart of our own Western high culture. It seems
to me to be no acciden that Gustav Mahler felt that a symphory must
cortain the world, and Carl Nielsenthat music is life. And in the harsh
and treacherous conditions of the Pleistocene,portability would have been
useful. Lugging material works of art around during exploration, migration,
and warfare might just not have beenour ancestors'highest priority.

Of courseit's possiblethat maverick individuals might neverthelessfrom
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time to time, have played with visual artefacts| not hard to think of once
they thought of painting their bodies| long beforethe Upper Paleolithic
explosionof the recordedarts when the idea of making visual artefacts be-
came,we must suppose,suddenly fashionableand widely accepted. We can
imagine the likely reaction of the tribal elderslong before that changein

fashion: \If the gods had meart us to fool with beadsand bracelets, they
wouldn't have given us poetry, song,and dance." Or, more perhapsmore
realistically, in thunderoustones: \Violate not the sacredshapesof our an-
cestraltools. Your transgressionwill dissipatetheir power and doom us all.”

One can imagine an even sharper reaction to experimerts with the begin-
nings of musical instruments. Sud fascinating soundsmust surely attract

evil spirits! \F oolish one,do not play with re! It is a mockery of the sacred
songs. A terrible punishmert will be visited on us." Priorities would have
beendecidedunconsciouslythen astoday.

Fickle benefactors and devouring monsters

What, then, of religion? To be sure,the unquestioningbeliefin the trib e's
Absolute Truths, plus the dichotomization Us versus Them,? would have
beenpowerful in tribal bonding, including bondingin warfare, and powerfully
selectedfor. But is that all there is to it? | suspect not. Why for instance
do so many tribal{religious mythologies seemto be full of deities that are
both "ckle benefactorsand dewouring monsters? Where doesthe enormous
\high" | the ecstasy| of war and self-sacri cecomefrom? What ewokes
martyrdom and the transformation of ordinary humans, male or female,into
killers or willing sacri cial o®eringspor both? As Ehrenreic points out (1997
and I Il ref. 166), thesethings, too, probably have pre-linguistic roots.

Think again of the circumstancesaround 2 million yearsago. Our an-
cestorswere abandoningthe shrinking forests and becomingcommitted to
a ground-dwelling existence,to being fully bipedal. That mearn, of course,
increasedvulnerability to the big cats and other large predators. The price
of versatility and geographicmobility was to live very dangerously even if
groupswere already large.

2| shan't have time to say much about the dichotomization instinct. There is a more
careful discussionin Il and I11. Us or Them merely extends primordial dichotomies suc
asedible or inedible, "ght or °ight, male or female. The dichotomization instinct imposes
this pattern on everything, puts everything into extremist, black-and-white terms, whether
appropriately or not. It is an aspect of hypercredulity.
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Lacking, at rst, the most highly deweloped hunting skills and the most
sophisticatedweapons,thoseearly ancestorsof ourswould not only have been
regular victims of sudh predators but would also, very probably, Ehrenreich
argues,have dependedon scarenging from carcasse®f other large animals
killed by the samepredators| cortributing to the high quality diet both
demandedby, and made possibleby, increasingbrain sizeand the commit-
mert to live dangerouslyand get smart quickly, in all kinds of ways including
the ways of sacial intelligence.

Hereis another runaway selective pressure. It may well have beenwhat
drove the rst episale of brain expansionseenin gure 3, the expansionbe-
ginning around 2 million yearsago. And yes,the large predatorswereindeed,
quite literally, ckle benefactorsand devouring monsters,terrifying and awe-
somefrom our ancestors'viewpoint, just asthey would be, at closequarters,
from ours. The self-assernling, self-organizingyet input-sensitive compo-
nerts of the correspnding menal imagery may well have been established
in geneticmemory even earlier, over many millions of years.

Sud a scenario,followed later by the transition to being predators our-
sehes,well explains,it seemgo me, why our psycesand mythologiesare so
full of thesedeities that combine the seeminglyillogical roles of benefactor
and monster, deitiesto whom someindividuals will gladly, even ecstatically,
becomemartyrs for the salke of the group or trib e, and with whom individ-
uals must also, from time to time, do battle | what is called ghting with
dragonsor wrestling with angels.

Images like these seemto permeate all mythologies; they are another
very deep part of our collective unconscious. You seehints of them from
the way small children, and their parerts, love to \play monsters." As the
great composer Michael Tippett (1995) has reminded us, these awesome,
terrifying and sometimesbeautiful deities, these\t ygersburning bright" and
their protean variants, their organically-cangingproliferations, part human,
part beast, endlessly multifarious, divine and demonic, are part of what
underliessomeof the greatestachievemeris of artists of all kinds.

Darwinian and sociobiological fallacies

| have beentalking rather a lot about ewolution, in a Darwinian sense,
and | want to make an important cautionary remark. There is a popular
mistake, or myth | you read it again and again in the newspapers, you
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even hearit from biologists and respectedscierists who should know better
| which says that Darwinian ewlution is hypercompetitive, that it is all
about individuals "ghting ead other, about survival of the Tttest in a nadve,
comic-strip sense about nothing but \nature red in tooth and claw".

This myth, or the adherenceo it, is sometimedabelled\brutal biological
determinism”, or, whenappliedto humans,\sociobiology"” (quite cortrary to
the original meaningof the word, | heard Edward O. Wilson, who coinedit,
say on the radio recertly). Sometimesthe myth is compoundedwith other
myths and given labels like the \dominance of the sel sh gene", understood
in a very narrow sense.\Wic ked peoplelike Wilson are saying that it's all in
the genes,"we are told (again cortrary to what Wilson actually wrote and
said); \such peoplesay that human beingsare just like simple computers,
programmedlike automatonsto follow somerigid program.”

Well, of course,it ought to be obvious that that is absurd, and that Dar-
winian processespParwinian ewlutionary ideas,don't really say that. The
most essetial ideais that whatever helps survival is selectedfor. Sud se-
lection must have goneon even whenthe detailed circumstancesand meda-
nismsfor selectionare highly complex,and not easilyunderstood by us. And
the processed have beentalking about are nothing if not highly complex.

Take love and altruism, for instance. In practically all of this lecture so
far | have, in e®ect,beenarguing that sud things aslove and altruism are,
amongother things, for a specieslike ours, a crucial part of what makesfor
survival. Sol am saying that Darwinian ideasexplain the existenceof human
love and altruism just aswell asthey explain the existenceof wings on birds.
For survival, birds depend on wings| amongother things| and humans
depend on love and altruism.

This point seemgo have escagd many of today's politicians, and others
who seemto have enbraceda very dangerous,and | would say hypercred-
ulous, belief that More Competition is Always Better (and who will even
qguote Darwin to \prove" it). But for survival in the real world one can put
it thus, following a recert fashion: co-op-etition is usually better than hyper-
competition. To sa this is to recognizean aspect of hard practical reality,
long recognizedin the scierti ¢ and more recerily in the commercialworld.

Co-op-etition meansa balancebetweencooperation and competition, and
it is very interestingthat just now the world of big businesy including some
multinational corporations| arerecognizing,more openly than before,that
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co-op-etitionis often better than hypercompetition. (\Co-op-etition" is their
neologism, by the way, not mine. They just recenly invented the word.)
In ordinary commercial hypercompetition, by cortrast, you just think of
competition aswarfareand try to annihilate or swallow up your competitors,
as documerted for instance in Valloppillil et al. (1998) and elsewherein
the literature, in works by Richard d'Aveni for instance. | am told that
d'Aveni coined the word hypercomgetition. But people are realizing that,
like ordinary war, hypercompetition is getting too expensive. Businessesin
other words, now seemto be recognizingmoreopenly | in the Westat least;
| don't pretendto know anything about what's happening herein Japan |
that co-op-etition is much more excient and cost e®ectie.

Now, on the longertimespansof human ewlution, it's pretty obviousthat
co-op-etitionis much better for gregariousspecieslike our own and, I've said
this already; social intelligenceand all thesethings that keepa trib e together
| including ordinary friendship, love, altruism, play, including children's
play, rehearsalsfor real life (we call it play eventhough it is deadly serious)
| areimportant for survival, henceselectedfor.

The geneticimemetic dynamic, the ozone hole, and instincts

So let's put the myth that \Darwin equals hypercompetition” behind
us. Immediately there is an important implication: that ewlution is more
complex than you read about in the textbooks. For human ewlution in
particular, \memes" | this is Richard Dawkins' word for an infectiousidea,
acultural virus, somethingthat capturespeople’'simagination, that replicates
itself within the cognitive brain and propagatesthrough a culture | memes
as well as genesare involved, and so | prefer to speak of geneticimemetic
ewlution. | understandthere is no exact Japanesesquivalert, but \genetic"
is an adjective made from \gene" and \memetic" an adjective made from
\meme". Genesand memesact together. They interact in a non-trivial way,
and that's completely crucial to the ewlution of specieslike ours.

Only by recognizingsomekind of genetic{memeticinteraction or dynamic
canwe beginto explain, it seemdo me, sut things asthe existenceof a lin-
guistic syntax-builder in geneticmemory, hencethe existenceof Nicaraguan
sign language. We are talking about an intimate interplay of cultural and
geneticfactors, inextricably bound togetherin a complexmutual interaction
| anintricate dynamic operating over multiple timescales.
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But wait a minute. How canthis be? How canthere be such aninterplay?
How cansud a fast thing ascultural or memeticewlution interact with sud
a slow thing as geneticewlution?

Let usdigressfor amomert. Dynamically ewlving systemswith multiple
timescalesarenothing new. They arecommonplacenot only in the biosphere
but elsewherein the real world. Someof them have beenwell studied by
mathematiciansand physicists. One that | happen to have studied myself,
in my own professionalreseard, is the Earth's atmosphere. Even ignoring
the birds and the butter°ies, we have here a system describablein almost
the sameway as above. It is a systemin which a large number of physical
and chemical processesre inextricably bound togetherin a complexmutual
interaction | an intricate dynamic operating over multiple timescales!

For the atmosphere,the signi cant timescalesrange from femtoseconds
(thousand-million-millionths of seconds)kll the way to certuries. And in the
caseof the atmosphere,a casethat is relatively well understood, there is not
the slightest doubt that processe®n onetimescalecrucially a®ectthose on
another.

For instance, if you want to understand why the deepest ozonehole is
in the south (despite the pollutants causingit being emitted in the north),
and why the ozonehole will take certuries or longerto disappear, then you
will have to considera subtle, and systematic, interplay of photochemical
and °uid-dynamical processesover the whole range of shorter timescales.
Photochemistry, the interplay of colliding atoms, molecules,and ultraviolet
photons, is the fastestsigni cant process,with fentosecondtimescales. Its
products, sud asozone,a®ectthe heating and cooling of the atmosphereand
the air motions that take man-madepollutants on epic journeys acrossthe
globe. Many of the air motions themselhes,sud asthe turbulence you some-
times encourter in passengenrircraft, seemon rst acquairtanceto be mere
random °uctuations. But someof them can, and do, have systematice®ects
accunulating over long times. The chief ways in which the faster processes
systematically interact with the slowver onesare now fairly well understood.
Certain kinds of random-seeming’uctuations can have a ratchet-like char-
acter that makes their averagelong-term e®ectvery signi cant, even over
certuries (e.g. Mcintyre 1998b).

Returning, now, to human ewlution, | am suggestingthat its multiple
timescalesneed not surprise us even though, as individuals, we experience
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only the fastest °uctuations of cultural whim and fashion| many of which

seemon rst acquairtanceto be mererandom °uctuations! And the kinds of

long-term selectie processesv e beenemphasizingdemandthat the genome,
languageability, and cultural ability all ewlved together, along with the

survival-related usesof languageand culture that | have mertioned already
| storytelling, courtship, rhetoric, advocacy invective, mimicry, dance,mu-

sic. The rapid and seeminglyephemeralmemetic processedecomea subtle,

ratchet-like part of the whole complexenvironment of selective pressureson

the genome.

Every °uctuation in linguistic repertoire, for instance, hasthe potential
to spavn new opportunities for individuals with particular genevariants to
be rhetorically powerful, in°uential, and reproductively successfuin novel
ways. As Batesonand Martin (1999), and Wills (1994), and others thinking
about thesequestionsincreasinglyemphasizethe \environment" seenby the
genomecan be as much an internal and sccial environment as an external
one.

Sointimate, then, is the interplay between genesand memes,between
predisposition to learn and what is learrt, that when we witness oursehes
\instinctiv ely" avoiding a head-on collision on the roadway, for instance,
we should not be surprisedto nd oursehestalking about somethingthat
is neither completely innate nor completely learned, even though it plainly
acts aheadof consciousthought. Sud is almost certainly the nature of the
urgesand actionsthat we experienceas\instinctiv e". | think it hardly ever
makessenseto say that they are ertirely innate or ertirely learned.

We could perhaps begin to de ne \instincts" as potential or realized
behaviour patterns that are not consciously learned, and not consciously
ewked. That is, they in°uence our actionsin someway that, at the time,
comesfrom beyond consciougead. And somuch unconscioudearning goes
on| mostof all in infancy, but alsoin later life | that it becomesa futile
and meaninglesgquestionto ask whether behaviour comesfrom nurture or
nature, asif there were a clearcut distinction. Doesa lock work ertirely by
its key or ertirely by its tumblers? That sort of lock-and-key questionmakes
no senseat all.

In the remainder of this lecture | want to look at someaspects of our
mertal powersand propensities,which ewlvedin sud ways, and under such
pressuresand under sud conditions. To understandsomethingabout these
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mental powers and propensitiesof ours is to make progresstoward under-
standing ourseles. One of the most basicthings to understandis the role of
unconsciousassumptions,and how crucially we depend on sud assumptions
without the slightest awarenesghat we are making them.

The starting point is to recall that ewverything we think and do depends
on perception. Our survival depends,and always depended,on how we make
useof sensorydata from the outside world. ProfessorShimgjo hasreminded
us that signi cant cluesabout this can be found in easily-demonstrableper-
ceptual phenomena.And becauseperceptionand cognition overlap, we learn
about cognitiontoo, by implication. If there canbe perceptualillusions, then
sotoo can there be cognitive illusions | somethingto remenber whenewer
you're being sold something (Piattelli-P almarini 1994). If | stick to someof
the simpler cases) canremind you, for a start, that there exist many highly
relevant, instructiv e, and easilyreproducible perceptualphenomenahat any
obsenant personcan ched for themsehesin simple experimerts.

The model-tting hyp othesis: self and consciousness

The mostimportant key to understandingperception,and, by extension,
cognition | including suc things as where mathematics comesfrom | is
the idea, or hypothesis,that perceptionworks by model- tting.

The ideais that the brain ts internal modelsto sensorydata. In other
words, ordinary perceptionis a sort of unconscious\sciencein miniature";
and science,whosejob is to t modelsto data, is an extensionof ordinary
perception. Notice that | am keepingAbsolute Truth out of this; asarguedin
['11, it is much more usefulto talk about goodness-of- t! Neurophysiological
and neuropsytological studies indicate that the model- tting done by the
brain is a very active process,even though we are normally quite unaware of
it. It is done,of course,almost ertirely at unconscioudevels.

What do | mean by \sensory data"? | do not mean the \sense data"
of somephilosophical traditions. Those are merely the subjective percepts
themseles. | meanthe photons of light hitting the bad of your eyes, or
the soundwavesvibrating the drums of your earsor the moleculesentering
your nose.| meanthe actual raw information that hits you from the outside
world. | am suggesting by the way, that we take the existenceof that world
for granted (by hypothesis,if you will | though the hypothesisthat there
existsa singleoutside world is a pretty good one, having stood up to a great
deal more consistency-bedking than most hypothesesl can think of).
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The model- tting hypothesisaccourts for very many otherwise inexpli-
cable perceptual phenomena,as will be illustrated shortly. It even givesus
a simple and sensibleapproad to the questionsabout self and free will |
consciousnesand soon, if you prefer| as| have arguedvery carefully in
I'l, with due attention to the positivist and other philosophicalpitfalls.

In brief, even though our actual brains are committee-like, with many
distinguishable \divisions" or \modules" with various ewlutionary origins,
the internal modelsto which we t sensorydata must include a single \self-
model". They must do sobecauseto t the data in a way that is useful for
survival, my brain needsan internal model of the world and the things in
it including the particular thing in it that is my body. Otherwise, | would
becomedisorierted. When | avoided that head-oncollision, my brain had to
have a pretty good model of me in my moving vehicle,as well as models of
the roadway and its side marginsand the oncomingvehicle,all of which had
to be put together coherenly in model spacetimeand tted to the sensory
data. Otherwise,|'d have had a survival problem!

This point relates to the very interesting remarks made by Professors
Yoshida and Bando this morning, on what | would call the versatility and
ex@ndability of the self-madel: how the boundary of self can expand for
instancein the psydotherapy room, or in the concerthall | sometimesto
in nit y! It hasbeenpointed out that the driver of a vehicletendsto feelthe
vehicleaspart of himselfor herself,like the clotheswe wear. | onceheard it
said of a famously skilful Cessnapilot, \Oh, he wears the aeroplane.”

It is the brain's internal models that give rise to subjective percepts.
Mulifarious and multifaceted though the actual brain may be, the singleself-
model givesrise to the subjective percept of a single, consciousself, just as,
multifarious and multifaceted though visual cortical activation may be ( ne-
grain maps, coarse-grainmaps, colour maps, motion maps, etc), the internal
model of the oncomingvehicle gave rise to the percept of a single oncoming
vehicle.

Perceptionresearbers sometimesrefer to somethingcalled \cross-madal
transfer" | a good exampleis given in Batesonand Martin, and more are
referredto in Il | in which an object is perceived through onesensorymode
or data type, sud astouch, and later recognizedthrough another, suc as
vision. Monkeys, for instance, have beentrained to demonstratethis. The
model- tting hypothesiseasily makes senseof such phenomena. If a single
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internal model is being tted to whatever incoming data are available, then
the recognition of the sameobject via alternative sensorymodesis just what
onewould expect. Indeed, the word \transfer" becomessuper°uous: with a
singlemodel, no \transfer" is required. All along,the commonestnaturally-
occurring situation has beenfor more than one mode of sensorydata to be
usedsimultaneously in the model- tting. There is no biological reasonwhy
the brain should not make useof all the available data. A classicexampleis
the \McGurk" or lip-reading e®ect,in which the perceived sound of speet
is changedby visual data.

But onceagain| am getting aheadof myself. What, conceptually speak-
ing, are thesethings called models?

Mo dels, computers, and mathematics

By model | simply mean a partial and approximate represemation of
reality. That's the sensan which the word is normally usedin science.Notice
that it is alsonot far from the senseusedin connectionwith children's model
boats, cars, houses,or what have you.

Theselatter are models,in the samesense aswell as being real objects.
More precisely they can be regardedasmodelsin this sensebecausea model
housecan be regardedas a partial and approximate represetation of a real
house. The essetial points arethat it represeis someaspectsof a real house
but not others, and that ewerything is approximate.

When | was a small child | usedto be fascinatedby model housesthat
had electric lighting. But | newer sav onethat had a roof that could keep
the rain out in the sameway asa real house.And if you wanted to represen
that correctly, the °uid dynamicswouldn't scale,soyou'd have a problem.
Sothat's the rst point. Model housesboats, or whatever, are exactly this:
partial and approximate represemations of reality, if you meanby reality the
real full-size boats, cars, houses,or whatewer.

Now thesedays you canhave practically the samethings in what is charm-
ingly calleda \virtual reality” system. You canrun a computer programme
and have somekind of video deviceor headphonesr gogglesor gloves,and
you can seeand perhapsewen touch the model housesetc. in the virtual re-
ality system. As a matter of fact, in their presen state of developmen, sud
model housesoften look rather similar to, or even simpler than, the wooden
toys that children often have. Virtual-reality housesare a lot simpler than

28



the real thing, sothey are anotherillustration of exactly the sameidea. They
are partial and approximate represemations of reality.

But remenber now that thesemodels are made of computer code. They
are not made of wood or plastic. And notice alsothe following point: if you
inspected that computer code, it would not directly tell you that it repre-
serted a model house. It wouldn't be at all obvious. You would seea bunch
of symbols and strange charactersand arcane-lamking words. The point I'm
making is that the samemadel can have di®efent representations and that
it neednot be obvious that the di®eren represemations are equivalent to
ead other.

Likewise, models can equally well be made of neural patterns and al-
losteric protein circuitry. Protein moleculesare often allosteric, which means
that they behave like logic elemerts or miniature transistors.

By the way, textb ooks about the brain tend to give the impressionthat
brain function is all in the neuronsand synapsesinterconnectedin a network
in which synapsesrethought of asterribly simplethings, a bit like transistor
inputs. But we now know that this is only the tip of a hypermassiely parallel
computational iceberg. There are enormousnumbers of allosteric protein
moleculesinside even one synapse. A single synapseis beginning to look
more and more like a big parallel computer in its own right, as peoplelook
in more and more detail with ever-improving experimertal techniques. It
seemgpractically certain that in the next few decadeghe picture we have of
how the brain works is goingto get immenselymore complicatedthan it is
now. (This point seemso have escad researberswho claim, on the basis
of the simple network picture, that arti cial intelligencewill socon outstrip
the human brain.)

Anyway, that's one way to make models, in the relevant sense. Here's
another way. Models can also be made of mathematical equations.

That's almost obvious from what was just said about virtual reality.
Mathematical equationsare, for this purpose,not too di®erert from com-
puter code. Mathematical equationscan be regardedasinstructions to com-
pute. Of course,there are non-trivial di®erences. Mathematics is a very
beautiful thing that allows you to handle in nite numbers of computations.
Soin a very signi cant way it goes further than computer code. But for
the purposesof this argumert it's not really all that di®erert. Whether one
thinks of a nite or an in nite number of computations is for our purposes
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only a detalil.

Soit shouldn't surpriseusthat modelscanbe madeof mathematicalequa-
tions. Thereis an essg, that every physicist knows of, | think, by the famous
physicist EugeneWigner who talked about the \unreasonable e®ectieness
of mathematics" in describingthe real world. But what's surprising is not
the fact that mathematics comesin; what's surprising is the fact that very
simple mathematics comesin when you are building models of sub-atomic
Nature. It's not the mathematics that's unreasonable;it's the simplicity.
Sol think Wigner should have talked about the \unreasonablesimplicity of
sub-atomic Nature". It just happens,and | don't think anyone knows why,
that at the level of electrons, protons, and neutrons, the sub-atomic level,
things are very simple. That's just the way nature seemdo be at that level.
And of coursethat meansthat the mathematicsis simpletoo.

After all, if | weretalking about a housethat happenedto be perfectly
spherical,and perfectly smooth | | admit that it wouldn't be much useas
a house| then the mathematicsto descrike it would also be simple. All
you would have to sa is the househas a certain radius. The rest could be
expressedyy arguing from symmetry. You could say the sphericalhousehas
a certain radius, and that it looks the samefrom all angles. That's enough
| you've then descriked the whole thing. Well, an electron, say, is a bit
like that, with one slight di®erence:an electron can look just two di®erer
ways, no matter what direction you look at it from. This is what's called
\quantum-medanical spin one-half'. It is strange but newerthelesssimple,
nearly as simple as a perfectly sphericalhouse.

Let me cortinue this discussionof what modelsare, for just half a minute
more, becausdahe next exampleis very remarkable. Figure 5 shovs what we
cando with thesesamesimple modelsof electronsand other similarly simple
ertities, including the entities called photons. This is the famousgraph of
what's called the Planck function. The Plandk function has a very simple
equation, which you can nd in any physicstextbook. It is simple because
it comesfrom a model built from simple entities. This model is called the
guantum theory of blackbody radiation, if you want the technical term. It
predicts the intensity of the radiation as a function of spatial frequencyor
inversewavelength, that is, the number of wavesper certimetre. In the case
shavn in gure 5 we are talking about photons of millimetre wavelength.

Our presen models of the the whole universe, the so-called big-bang
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Figure 5: Model and invisible data: the Planck function plus invisibly small
data error-bars. The data are measuremets of the cosmic microwave background
radiation from the famous COBE satellite. The agreemem is much better than
the thicknessof the plotted curve! From Fixsen et al. 1996. To convert the values
at left from meggansky per steradian to Sl units, W mi 2(mi 1)i 1sri 1, multiply
the valuesby 2:9979245& 10i 12

cosmologiespredict that the Plandk function should accurately descrike the
cosmicmicrowave badkground radiation, the seaof low-energyphotons that
isotropically 11 the universe.Now there was a remarkable project to launch
a satellite and measurethis radiation extremely accurately The satellite
was named COBE, not to be confusedwith the city of Kobe here| COBE
for \COsmic microwave Badkground Explorer”. If you want to read about
the project, there's a a beautifully written popular accourt by Mather and
Boslough(1996). The results of the measuremen gave us a very wonderful
exampleof goodness-of- t of a model to data. The Plandk function ts the
data to a much better accuracythan the thicknessof the plotted curve in
“gure 5! There are no experimertal points visible: you can say that there
are experimertal points in the gure, but hiddenwell insidethe curve. | nd
this awe-inspiring. We really do know something about the universe,and
how it works physically, from modelslike this | ewven though we cannot, if
we are behaving responsibly, pretend to know the Absolute Truth.

31



\W alking lights" and organic change

Now let's comebad to human perception,and the model- tting hypoth-
esisfor perception. Figure 6 shawvs twelve dots. When theseare animated (a
video of this was shown in the lecture; the animated versioncan alsobe seen
on my homepage,http://www.atm.dam tp.cam.ac.uk/people/mem/) anyone
with normal vision will immediately seewhat looks like a personwalking.

Figure 6: Cf. animation on http://www.atm.dam tp.cam.ac.uk/p eople/mem/

This \w alking lights phenomenon'is a classicin experimertal psydology,
though not well known outside the experimertal-psychology community. It
was discovered by ProfessorGunnar Johanssonand his colleagues,one of
whom, ProfessorJamesMaas of Cornell University, kindly suppliedthe data
whosedigitized form was usedin the animation. The phenomenorhasbeen
thoroughly studied, alongwith a host of related perceptualphenomenaunder
the generalheadingof \structure from motion". It is a compelling example
of somethingthat can hardly be made senseof without the model- tting
hypothesis| that is, can hardly made senseof without the supposition that
the brain is unconsciously tting a model to the data.

What are the data? It takesa consciouse®ortto recognizewhat a tiny
amourt of information we are talking about. The signi cant data are just
twelve moving points on a two-dimensionalsurface. The surfaceis the screen
in front of you, or equivalertly the retina at the bad of your eye.

What is the model? It is non-trivial. It involvesunconsciousassumptions
of a very speci c kind. It assumesa particular kind of motion | linked,
piecewise-rigidmotion | in three dimensions. The brain ts this model |
or rather, a member selected,somehaev, from this enormousclass of models
| to the data, to the twelve moving points. It doesso aheadof conscious
thought: the impressionof a personwalking is there in your mind beforeyou
have time to think. It actually takesa time of the order of a few tenths of

32



a second,accordingto the experimertal studiesthat have beendone, even
though the classof modelsto be selectedfrom is conbinatorially large.

It's a very robust and clearcut example. For anyone with normal vision,
the model tting takesplacewhetheryou like it or not. It's completely\in-
stinctive"; and the perceptof a personwalking is completely unambiguous.

Notice incidentally that this examplealsoillustrates what | called organic
change, and its relevanceto detecting lifelike behaviour. Somethings are
changing, cortinuously, while others stay invariant. Organic changeis a
property both of the sensorydata and of the model being tted. For instance
the model hasan invariant number of links and rigid membersjoining them,
but the positions and anglesare changing cortinuously.

Bio complexit y

You might well think it impudent of me to talk about this model- tting
processsocon dently, whenno-onehasany detailed medanistic understand-
ing of how it is actually done by all the tens of billions of neuronsand the
enormouslygreaternumbersof synapsesand protein moleculegand intracel-
lular organellesmicrotubules, etc. etc.). On a quasi-mebanistic level we are
talking about something so complicatedthat it is practically impossibleto
beginto imagineewenthe degreeof complexity, let aloneclaim to understand
anything much about how it works.

| want to digressfor a momert to try to underline this point about com-
plexity, which often seemaot to be sutciently appreciatedor adknowledged
| asstarkly shovn by all the irresponsibletalk about genesfor this, genes
for that, and, most horrifying of all, \designer babies". Even what we call
relatively \simple" life forms are still far, far too complicatedto understand
in detail. They are not simple macdhines;still lessis the human child's mind
a simpleblank slate,assomeeducationauditors think. Take the famousbac-
terium Escherichiacoli, lessthan a thousandth the massof a single human
neuron. We now know the complete genome,to the extert of having more
or lesscomplete samplesof E. coli's DNA sequencen a few cases.But all
this tells us is that even a single E. coli bacterium is a dauntingly complex
dynamical system, with a conbinatorially large number of internal states,
°uctuating, reconformingand ewlving under thermal agitation on picosec-
ond timescales{ vastly too complex for us yet to simulate in detail, even
with today's most powerful supercomputers,let aloneto understandin de-
tail. We can't yet even reliably predict the function, or even the shape or
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conformation, of a single protein moleculeknowing only the DNA sequence
of the genethat producesit. And asingleE. coli bacterium cortains millions
of protein moleculesof up to thousandsof types, many of them acting as
computational elemerts | as allosteric circuit componerts | in somekind
of massiely parallel information-processingoperation.

So,contemplating an E. coli in our presen state of knowledgeis a bit like
contemplating the Internet whenyou have just found out how wiresand tran-
sistorswork and programs stored but know very little about programming
languagesand nothing at all about multi-scale computational architectures
and interacting layers of software. One example among many that under-
line the point about \programming" and \software" is a phenomenoncalled
PTGS, post-transcriptional genesilencing. We know it happensand that it
is important for survival, but we have no idea how it works. It can nullify
the e®ectof a geneeven if that geneis not switched o®.

Mo del- tting, prior probabilities, and rep ertoires of comp onents

Despite suth considerationsof biocomplexity, the walking lights phe-
nomenonand many other examplesof perceptual phenomenasomeof them
discussedn I1) allow us to make somereasonablegeneralstatemerts about
the kind of thing the model- tting processmust doing| what someof its
characteristicsmust be. Theseare evidert from the nature of the perceptual
phenomenawithout knowing the medanistic details. | have discussedhis
more carefully and at greaterlengthin | and 1.

First of all, the model- tting processmust not only be capable of e+-
ciertly optimizing goodnessof t, but must also, somehav, be able to cope
with a combinatorially large tree of possibilities. This is a very remarkable
computational feat. No computer sciertist has any idea, | beliewe, how it
is done at the kinds of speedsrelevant to survival. (That is part of why
computersdon't yet drive taxis.)

Let me remind you again what conbinatorial largenessmeans.Here'san
example:if you make even a structure assimple asa linear one-dimensional
chain with ten di®eren links, the number of ways to do that is more than
three and a half million. If you make a chain with a hundred links, the
number of ways to do that » 108 which means10 with 158 zerosafter it:
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100,000,000,000,000,000,000,000,000,000,000,000,000,000,000,
000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,
000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,
000,000,000,000,000,000,000,000.

Now it is one thing to write sud a number down, but quite another to
imagine, intuitiv ely, how large it is. | would defy anyoneto do so. That's
the point about conbinatorial largeness: you can't begin to imagine the
actual magnitudes, and you can't enumerate the possibilities one after the
other, even at supercomputer speeds. More realistically complicated model
structures that can somehav represem, for instance, what you commonly
seeand make senseof in a three-dimensionalvisual sceneinvolve far greater
numbers of possibilities still | so great that it becomesnontrivial even to
write sudh numbersdown, let aloneto imagine their magnitude.

Sothe brain must have ways of drastically pruning the combinatorially
large tree of possibilities. It hasto solve the model- tting problem fast
enoughfor survival purposes,so it needsto be very fast at rejecting huge
numbers of unlikely cases.lt alsoneedsto nd, whene\er possible,a unique
solution to the model- tting problem. In principle, many modelswill 't one
set of data (what a mathematician might call the \nonuniquenessof inverse
theory"). The tree must be pruned, if only to get uniqueness.We may think
of the pruning as equivalernt to the assignmen of Bayesian prior probabili-
ties| call it prior prejudiceif you will. The walking lights demonstration
nicely illustrates that point, shaving amongother things that piecewise-rigid
motion in a three-dimensionalspaceis given a high prior probability.

Another way to say the samething, and in a way that might be closer
to the actual biological reality, would be to say that the brain must, in some
rather abstract sense,have a repertoire of pre-existing model components
(whoseseeds.at least, are in geneticmemory). Somethingto represemn the
classof piecewiseigid, °exibly-link ed objectswould be an example,including
within itself a smaller classof \bio-motions" or strongly lifelike piecewise-
rigid motions, to which especially high prior probabilities may tend to be
assigned. That may be part of why the walking lights demonstration is so
reliable and robust. Conversely modelsthat can't be madefrom any of the
available componerts have, in e®ect,beengiven zeroprior probability. Sudt
models simply aren't available to be tted to the data.

Of coursethe prior probabilities might be wrong in a given case. The
twelve moving points neednot have beena personwalking: they could have
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beena bunch of re°ies. They could have beenany old moving points that

had nothing to do with anyonewalking. But the brain made an unconcious
assumptionthat it waslooking at piecewise-rigidnotion in three-dimensional
space,and choseto t that kind of model to the data | all done aheadof
consciousthought | and soyou had the percept of the personwalking.

One can imagine other casesof moving points in which piecewise-rigid
motion doesnot t the data. Then the brain hasto try something else,
such as reies. If no model from the available repertoire succeedsn tting
the data, then the brain hasto give up. In the latter caseyou experiencea
feelingof disoriertation or visual confusion. (Seefor instanceRogerShepard's
\imp ossibleelephant” picture in 1.)

The model- tting processcan't a®ordto wastetime and e®ortwith mod-
els that are incapable of tting things in the outside world. So the model
componerts and the modelsinto which they are asserbled must be coheren
and self-consistety like a good scieri ¢ theory, and must take accoun of
generalproperties of the outsideworld, sud asits local Euclideangeometry
Thus the model- tting brain must have, amongother things, an unconscious
knowledge of Euclidean geometry built into its repertoire of model compo-
nerts. This knowledgeof Euclideangeometryis oneexampleof what | meart
earlier by \unconsciousmathematics".

(How much of this unconsciousmathematics is innate and how much
learned, or calibrated, in infancy, is another of those lock-and-key questions
that makesno sense.lt would probably make more senseto say that genetic
seedingand geneticpropensity-to-learn closelyinteract with incoming visual
and tactile data asthe infant gropesaround. We do know that unconscious
learningis a signi cant part of what is involved, from casesn which children
are born with cataracts or other visual obstructions removed later in life.
Sud peopledo not have normal vision; indeedtheir experiencesuggestghat
they lack most of the repertoire of three-dimensionalmodel componerts.)

Another exampleof unconsciousmathematicsis calculus,the mathemat-
ics of rates of change. This might surprise you; but | can easily show it
through another classicdemonstration ( gure 7). If you look at the inner
edgesof the black marks, you seea smaoth curve, a sort of white or white-ish
edgewith a perfectly smaoth curvature. Again, this seemsto be a robust
and reproducible perceptual phenomenon: anyone with normal vision sees
the smaoth curve. By the way, we were reminded this morning that people
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Figure 7: lllusory contour (the inner curve).

do vary in someperceptualfunctions; but this, like the walking lights, is one
of the very robust perceptualphenomenahat seemto vary very little. | once
met someonewho saw a yellowish curved edgerather than a white one, but
that's an irrelevant detail for presert purposes.

Psydologists call the smaoth curve an illusory cortour, or subjective
contour. The word illusory is perfectly fair, in that there isn't actually a
curve there. The curve is put there by your visual system. If you are a
mathematician, you will recognisethat the visual systemis tting a smaoth
curve to the endsof thoseblack segmets. It's solving| aheadof conscious
thought | a problemin the so-calledcalculusof variations. It is herethat
we beginto glimpsethe Platonic, that timelessworld beyond the everyday, a
world of perfectforms and ideas,a world of truth and beauty, where perfect
circlesaretruly perfectand wherein nitely greaterwondersawait discovery.

My last examplein this seriesis an auditory one, again illustrating the
point about repertoires of model componerts and also giving us, as a by-
product in this case,another clue to the question of what music is and why
it exists. The exampleis the so-calledharmonic seriesof a periodic vibration.
The harmonic seriesor equivalert time-domain information is another entity,
or pattern, that the brain must have in its repertoire of model componerts.
This is simply becauseour ancestorshad to survive in what you might call
a jungleful of animal sounds. It wasimportant to be able to recognizethe
yowls, hoots, and whistles made by birds and animals, menbers of your
own and other species. There is survival value in being able to tell who is
emitting what sound. Soour brains must have models of sound sources and
soundtransmissionthat can be tted to the auditory data and henceyield
information about the sources.

One important classof sound sourcesis characterizedby approximately
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periodic acoustic vibrations, sud as can be produced by organs like my
vocal chords, or a bird's syrinx, which are fundamertally similar for this
purpose| oscillatorsthat vibrate almost periodically, i.e. with a regularly
repeating vibration cycle. Here's a children's toy bird that doesthe same
thing. It producesjust sud a soundthrough the almost-periodic motion of
a vibrating reed. (The toy bird was soundedin the lecture, making a loud
squavking sound.)

That's in caseanybody was asleep! But you seethe point: we are able
to recognisesud a soundas probably coming from a singlesource. It might
be a real bird; it might be a toy like this.

Sothe brain's repertoire of model componerts for this purposehasto in-
clude information about the harmonic seriesor the equivalert time-domain
information or both. The harmonic seriesis a particular pattern of frequen-
cies(demonstratedon the piano during the lecture). This pattern is preser,
implicitly , in any soundmade by a almost-periodic vibrator, like the reedin
my toy bird. It cortains important information about the medanics of the
repeating reed vibrations.

Soit is no surpriseto nd that the pattern of frequenciesepreseted by
the harmonic seriesis a building block in music, too. It is preset in the
music of all cultures that | have ever heard| very clearly, for instance,in
Japanesekoto music. This is further discussedn Note 58 of I on musical
harmory, and its extendedInternet version. Most of what's in the musical
harmory textb ooks, and quite a lot that isn't in them, can be constructed
or reconstructedfrom the organic-hange principle plus recognition of the
harmonic series'special signi cance for the ear-brain system?

Onceagain, we neednot debatewhetherthe ability to recognizesquawks,
yowls, hoots, and whistles is fully formed at or before birth, or whether
unconscioudearning from auditory input hasa role (beforeor after birth),
which probably it does. One way or another, survival compelsthe ear{brain
systemto perform feats of pattern perception in which, inescapably the
harmonic seriesor equivalert information, internally represeted in one way
or another, hasto be one of the most crucial patterns the systemmust deal
with. And where, then, doesmusical pleasurecomefrom? | think part of it

3Strangely, all the music-acousticstextb ooks I'v e seen,and even Helmholtz' great trea-
tise on the subject, completely miss this basic point | asis clear from their discussions
of what is misnamed\just tuning", which givesbad tunings of frequertly-used chords.
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liesin the relation betweensurvival and play. What we call play is a deadly
seriousrehearsalfor real life. To make musicis, in part, to play with these
very samepatterns. It is for survival's sake that the brain takespleasurein
playing with them. That, | suspect, goessomeway toward explaining why
music exists at all.

Mathematics, music, and the unconscious power of abstraction

As already emphasizedthe model- tting hypothesisimplies that percep-
tual processinghandles,somehav, a combinatorially large number of possi-
bilities. Evenafter drastic pruning of the tree of possibilities, suc processing
must still have ways handling vast numbers of possibilitiesat once. This re-
quires, or one could say amountsto, an unconsciouspower of abstraction.

Abstraction meansno more and no lessthan the ability to handle many
possibilities at once. Abstraction hasto be a property of the repertoires of
model componerts.

We have already had various hints of this. Take for instance the phe-
nomenonof illusory cortours illustrated in gure 7. As noted in I, \their
geometricalproperties, including their remarkable smoothness,are abstract
properties | general enoughto include vast numbers of special casesof
smooth object outlines, from the edgeof the moon and the edgeof the seato
the curve of a perfectbananaor elepharnt's tusk, the arch of aleapingdolphin,
or the outline of a hanging grape or drop of water. Hereis a Platonic seed
[part of the unconscious,primeval origin] of the consciouslyabstract ideas
that mathematicians call curvature, continuously-turning tangen, rate of
change,and extremum principle, part of what is called di®eretial geometry
and the calculusof variations in spaceand, by extension,in spacetime.

\Indeed, we directly experiencethe extensionto spacetime. We feel it
kinaesthetically through our senseof cortinuously ewlving motion, for in-
stancethrough athletic gracein humansand in other creaturesand through
the subtlety and elasticity of danceand music. In “gure 7 the shape and clar-
ity of the illusory cortour is sensitive to the preciselocations of the endsof
the black segmets. In a musical performancethe kinaesthetic feel, the mo-
tion and cortinuity, is similarly sensitive to the precisetimings of the onsets
of sounds. Even sogifted a musicianas Mozart had to earn, by hard work at
the keyboard, his legendaryability to make fortepiano passagesound like

“°owing oil".
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Here is another example,one of the most basic and pervasive aspects of
perceptualphenomenagarrying important hints asto how the conbinatorial
tree is pruned. This is the phenomenonthat psydologists call perceptual
grouping. Figure 8 shaws the casedescriked in 1: \It consistsof thirteen
idertical dots, which are automatically seenas four main groups. The rst

Figure 8: Visual grouping by proximity

group, on the left, is seenastwo pairs, and the secondgroup as a pair plus
a single. The last group is seenasthree singles... The third group hassome
ambiguity... the brain is using spatial proximity asits cue."

Continuing as in |, \P erceptual processingis °exible... If the pattern
is animated and the leftmost three dots start to move, performing a rigid
rotation or translation, or both, then those three dots are immediately re-
grouped asa triplet despitetheir unevenspacing. Thereis an English phrase
to descrite the phenomenon:the three dots ‘'move as one'. Sud grouping
phenomenaare basic to structure-from-motion perception. They seemto
be part of how the brain uses[Bayesian]prior probabilities, drawing on ge-
netic and non-geneticmemory, to prune the enormouscombinatorial tree of
possibleinternal modelswhile trying to maintain consistencywith incoming
sensorydata.”

In the lecture, an animated version was demonstrated, beginning with
the static gure 8 asabove but then shawing the leftmost three dots moving
as one, in vertical translational motion, causingthem to be immediately
regrouped as a triplet.

Perceptualgroupingis yet another manifestationof the unconsciougpower
of abstraction. As noted in I, \Relativ e spatial proximity, ‘motion as one’,
and "belongingto a group' are abstract properties. They are abstract in the
senseof being generalenoughto include or excludevast numbers of special
caseshencevast numbers of model- tting possibilities..."

\P erceptualgroupingis recognizablya Platonic seed part of the uncon-
scious,primeval origin |  of the consciouslyabstract ideasof set theory and
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integer usedin mathematics. Theseideasinclude for instance a recognition
that the sequencef positive integers1; 2; 3;::: hasno end. One can think of
adding 1 to any positive integer, arbitrarily chosen,or equivalertly of adding
one object to any group of objects arbitrarily chosen. Though simple, the
exampleis typical of mathematical thinking."

Notice the implications for the origins of \abstract cognitive symbolism",
sometimesthought to have suddenlyarisenat the onsetof the Upper Paleo-
lithic (recall top left of gure 3). The foregoingargumens suggestnot only
where mathematics comesfrom, but suggestalso that the roots of mathe-
matics and logic, of the Platonic world, the world of perfectforms and ideas
\already there", asit is sometimesdescrited| and abstract cognitive sym-
bolism generally| lie far deeper, and are ewlutionarily far more anciert,
than they are usually thought to be.

Il givessomefurther discussionof thesematters, including commers on
the proof of Fermat's Last Theorem and on ProfessorPenrose'sideasabout
mathematical truth.

Some further demonstrations

At around this point in the lecture, | shoved seweral more examplesfrom
the standardrepertoire of visual perceptualphenomena:(a) the barber'spole
illusion, a caseof robustly and persisterly tting the \wrong" model, axial
rather than rotatory motion; (b) the rotating Neder cube, illustrating the
active °ipping betweentwo metastablemodels with comparableprior prob-
abilities that both 't the data; (c) Roger Shepard's\imp ossibleelephart”, a
variation on the theme of Esder's \imp ossibletriangle”, to which the brain
will 't no stable or metastablemodel whatever, and (d) a standard demon-
stration of so-called\gap Iling" (‘gure 9). Thereis an ongoingphilosophical
debateasto whether this should be called gap Tling or not; but the debate
is| | would dare to suggest| neatly circumverted by the model- tting
hypothesis. The data may have gaps,but the model tted doesnot.

This last demonstration (d) was also by way of a joke to demonstrate
wrong prior probabilities. Figure 10 shons what is revealedwhen the fence
in gure 9 is removed.
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Figure 9: Leopard behind bars?

Acausalit y illusions

Acausality illusions, or \illusions of acausaliy”, are perceptual phenom-
enain which causesseemto occur after their e®ects.Thesehave sometimes
beenregarded as mysterious; but the model- tting hypothesis dispels the
mystery.

The phenomenamake perfectly good sensein terms of the model- tting
hypothesisand standard physicsbecauseerceivedtime in the brainis| and
for reasonsof coordination hasto be| aninternal model property, and not
a physical variable. (Think onceagainabout avoiding a high-speed,head-on
collision.) A carefuldiscussionwith literature referencesis givenin | 1. Here
I will bebrief, simply presening two outstandingly clearand simpleexamples
of musical acausalil illusions, consistingof a quotation from Mozart and a
slight variant of it, shavn in the top and bottom halvesof gure 11. Audio
clips are available via my homepagein the form of .wav Tes (and hopefully
MP3 soon, as well), of the piano solosand the orchestral accompanimets
referredto below, all of which were demonstratedin the lecture.

Asin I I, \consider... the changeof harmony at the third bar, shavn by an
arrow, in the Mozart example[reproducedin the top half of gure 11]. Even
at the fairly slov tempo shaovn by the time markers, the harmony change
is perceived to occur at the time of the arrow, even though the information
de ning the changeis ertirely cortained in the following two notes,the rst
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Figure 10: Leopard{elephart?

of which doesnot sound until one-third of a secondlater. This acausalily
illusion dependsonly on the listener's generalfamiliarity with the “language
of Westerntonal music. It doesnot dependonthe listener'shaving previously
heardthe particular pieceof music, any more than understandinga sertence
of speed dependson having previously heard the particular sertence. The
perceivedtime of the harmony changeis especially clearto a musically trained
listener becauseaswith sports training, musicaltraining cultivatesan acute
awarenes®f perceivedtimesthrough the needto monitor and cortrol timings
in performance...

\The perceived timing of the harmony changeat, not after, the time of
the arrow in [the top half of gure 11]is con rmed by the way in which
a composeror arranger skilled in Westerntonal music would devisean or-
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Figure 11: Mozart K 545 and variant
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chestral accompanimen for this example,if intending to presene its musical
sense.Sut an accompanimehwould changeharmory at, not after, the time
of the arrow...

\If you happento befamiliar with the particular Mozart piano soloquoted
in [the top half of gure 11], and think that sud familiarity might be in°u-
encinghow you hearthings at the time of the arrow, then try listening instead
to the piano solo shavn in [the bottom half of gure 11]... There is a new
harmory change,strongly audible and very di®eren from Mozart's. But its
perceived timing still correspndsto the time of the arrow, even though the
exampleis idertical to Mozart's for a full two-thirds of a secondbeyond the
arrow. A suitable orchestral accompanimen.. would again changeharmony
at, not after, the time of the arrow."

Epilogue: public understanding

| want to return brie°y, now, to the public understandingof scienceand
related matters. This is one of my concernsas a professionalsciertist, and
it must surely concernanyonewho caresabout our future and our children's
future. It is one of the reasonsfor my own journey toward human self-
understanding. And self-understandingshouldin turn give us, amongother
things, a better understandingof the power and limitations of science.

As | wrote in I, a good metaphor for our time, especially for those de-
manding Absolute Certainty and Absolute Truth from scienists, is \science
as our eyes and ears on an uncertain future". In this lecture, and more
extensiwely in the published papers |, Il, and |11, | have given reasonsfor
thinking that sucd metaphorsare far from super cial. Not only can science
be viewed as an extensionof ordinary perception| with, of course,suitable
precautionsand cross-tieks| but sud an extensionis fundamenally what
scienceis. This is becauseordinary perception, as well as science works by
“tting modelsto data from the outside world.

Like ordinary perception, sciencecan make certain aspectsof the outside
world vividly clear to us, and can do so with impressiwe, indeed awesome,
accuracyin somecases.Figure 5 is one example. Converselythere are, and
always will be, aspectsthat are unclear, illusory, or out of sight altogether,
beyond the researt frontier.

What is it like to be a researt scienist? With scienceasan extensionof
ordinary perception,onecan put it like this. Trying to make senseof things
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near the researt frontier will always be | fundamertally | like driving
in the fog. It is, and will be, like driving a vehicle in swirling fog on an
unfamiliar, unmapped, twisty road with many branches,and with plenty of
oncomingtraxzc and potential collisions. One hasto live with uncertainty,
one hasto keepone'seyesand earsopen, and one hasto expect surprises.

Doesit make senseto harass,criticise, or sak the driver who admits to
uncertainty about what lies ahead? It might be a better idea, in the real
world, \Star Wars" notwithstanding, to sadk the driver who shuts his eyes
and blocks his ears and claims infallible prior knowledge of what's ahead,
who setsrigid targets and objectives and sticks to them regardlessof what
emergedrom the fog. This is accurately relevant to public issuesinvolving
science.

It is relevant for instanceto the ongoing ght againstnewdiseasesand |
to take an examplewherel have somespecialistknowledgeof my own | it is
relevant to the problem of monitoring and predicting environmental change,
for instance whether the sealevel will rise, and if so how quickly, and by
how much, over the next certury or two, say by 3 cm or 300cm, or whether
deep ocean circulations could °ip chaotically and devastate local climates
and economies.For well understood reasonsthere is great uncertainty over
guestionslike theselast two: we are indeed, collectively, driving in the fog,
and the \v ehicle" at risk | strong in someways and fragile in others| is
our planetary life support system. We had better keepour eyesopen.

A precondition for doing sowill be the survival of open, independen sci-
encealongsidecommerceand commercialscience.Openscienceds needednot
only becauseof hazardswe already know about, but also,even more, because
of the combinatorially large numbers of unforeseenand unforeseeablaevays
in which things can and will gowrong. The number of sud possibilities will
increasevery steeply as technological systemsbecomeever more complex.
Onereasonl have beenquoting Valloppillil et al. (1998)| the well known
Internet documert called Halloween | | is its unique importance as a tes-
timony to the superiority of the methods and ethics of open, independen
sciencewhen dealing with a conbinatorially large unknown.

Hallowesn | is actually about computer software. But there are clear
implications for the safely and reliability not only of today's vast software
systems many of them critical to businessand nance, but alsoof tomorrow's
systemsof geneticengineering.and of other complexsystems.Understanding
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theseissuesof safey and reliability is very much tied up with understanding
the power and limitations of science.

The survival of opensciencean the teeth of commercial,legal,and political
pressuresannot be takenfor granted. But the needfor it is increasinglywell
understood, within aswell as outside the world of commerce.Opennessand
independenceare preconditionsnot only to scieri ¢ competencein general,
but also| asHalloween| testi es with rare cogency] preconditionsto the
bestpossibleengineeringto maximizing the safety, reliability, and security of
the complextechnological systemson which we depend, whether connected
with computer scienceand electroniccommercewith quantum physics,with
molecular genetics,or with any other eld.

All this may sound paradaxical to the man in the street. What hasthe
survival of open sciencegot to do with commercialsuccessand reliable tech-
nology? Isn't open sciencesomekind of cultural luxury? Why shouldn't the
most powerful software be developedin conditions of commercialsecrecyre-
warding thosewho createit? Why shouldn't the sameprinciple apply to life-
saving geneticmedicine? How can secrecynot be the best form of security?
Why shouldopen, independen, dangerousexpensive scieni ¢ thinking have
anything to do with sud practicalities, and with hard commercialrealities?
Again, the reasonis conmbinatorial largenesssomethingthat the manin the
street doesnot yet understand.

It is despitecombinatorial largenesy againstall the odds| that there
are sud things as reliable scierti ¢ knowledge, and complex yet reliable
computer software. Sud reliability has always depended on the collective
model- tting, the \massively parallel problem-solving", as Halloween | calls
it, made possibleby the existenceof open international scierti ¢ communi-
ties. Theseare cross-cultural groups of peopledriven more by the urge to
understand or improve somethingthan by commercialpressuresor political
agendasor tribal loyalties, and whoseinterest in a problem hasbeenignited
somehev and whosereward is the prestige of helping to solve the problem.
The chancesof noticing the unforeseeablare then enormouslyimproved.

That lessonwas rst learnt during the Renaissanceafter certuries of
scart progresswith alchemy and the like. It is now beinglearnt againin the
world of commerce asthe problemsto be solved becomeever more complex
and ditcult. Open communities with their interest ignited have problem-
solving abilities of an order descriked by Halloween | as\simply amazing",
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when seenfrom the viewpoint of an organization powered by huge nancial
incertivesbut constrainedby commercialpressuresand commercialsecrecy
That sud an organization should have recognized,cortrary to its own in-
houseculture, that opennessand independencecan be more powerful than
“nancial incertive may yet be seenas a turning point in the dewelopmert
of advanced human sccieties| though it will be a close-runthing. One
needhardly add that open, independert comrmunities are the only sourceof
credible scierti ¢ advice when things go wrong.

As my remarks about E.coli may suggestto you, genetic engineering
is going to be a far more subtle and complex matter than computer pro-
gramming. Safely and reliability will be of public concernfor the foreseeable
future; and, especially if presen trends cortinue| in patent law for instance
| today's unreliable commercialsoftware could well be followed by tomor-
row's unreliable genetic engineering. We might even have unreliable Earth
systemsengineering, either by designor, as at presein, by acciden. For
these reasonsalone the survival of open, independern scienceas a distinct
ertit y, alongsidecommercebut independent of commerce,can no longer be
descrited as somekind of luxury. The survival of open scienceis a basic
and urgent necessy, as Halloween | has inadvertently illustrated. That,
above all, is why the public understanding of scienceis important; and if
this Symposium and this lecture cortribute to sud understanding, directly
or indirectly, in the slightest way, then they will not have beenheld in vain.

In my youth I nearly becamea full-time professionalmusician, as hinted
earlier. One reasonl chosescienceinstead was not only becausd had some
talent for it but alsobecauseof the viciousand destructive hypercompetitiv e-
nessfound in parts of the music business:the idea of competition aswarfare,
the dirty tricks and the winner-take-all culture, the shameles®xploitation of
young artists, now documerted in the book When the Music Stopsby Nor-
man Lebredit. | cannotvoud for all the detailsin that book, but the nature
of the beast comesthrough recognizably Scienceas a professionattracted
me and many othersbecausepy cortrast, it had a remarkable \gift culture”
oneof whosekey attributes is the scierti ¢ ethic| akind of chivalry or code
of honour between competing colleaguesaspiredto if not always attained,
and able to keepour natural competitiveness,and alchemical secretiveness,
suzciently within boundsto permit a degreeof opennesscooperation, and
massiely parallel problem-solving.

Good, credible, reliable sciencehas always depended on the existence
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of that sameculture and ethic, whose e®ectieness rst becameapparen
during the Renaissance.Over decadesand certuries, the e®ectienesshas
beendemonstratedin courtless ways, including the ignition of interest and
the recruitment, againand again, of prodigiously talented peoplefor modest
remuneration. The building of complexyet reliable computer software is only
oneillustration amongmany.

But the culture, the ethic, and the recruitment are now in great peril.
This in turn imperils our future problem-solvingabilities and the availabil-
ity of independern thinking and advice on matters of public concern. Parts
of the scienceenterprise are becomingmore and more like the professional
music businesswrit large, with commercialand political forcesspurring hy-
percompetitive behaviour.

An example,if you needone,is genepatenting, or DNA sequenceatent-
ing, the attempt to claim ownership of naturally-occurring geneticinforma-
tion and all its future uses| logically no di®eren from paternting the Earth.
It is not the patenting of invertions, but the patenting of naturally-occurring
patterns. This is not only an unprecedeted kind of paternting, but also a
new hypercompetitive weapon of massdestruction | destruction, that is,
of all competition and independert researti | a weapon now going into its
intensive testing phasein the law courts and elsewhere.I'm among those
who hope the weapon won't work.

The politically in°uential book by TerenceKealey (1997) hasgonesofar
asto urgethat all scienceand engineeringshould be doneunder commercial
pressure,giving opennessand independencelittle chance of survival. This
bearsthinking about eat time your computer systemcrashesand your cus-
tomers are turned away, or a nuclear power plant goes out of cortrol, or
another diseaseagert jumps a speciesbarrier. The belief, largely uncon-
scious,that More Competition is Always Better is arguably, as| suggested
earlier, one of the most dangeroushypercredulousbeliefsof our time.

Conversely those advancedsccietiesthat nd new and e®ectie ways to
value and protect the scieri ¢ ethic and other, similar professionalethics
| notwithstanding their pricelessnesgheir invisibility to the audit culture,
their unquarti abilit y as \p erformancemeasures”| will have a powerful
long-term advantage through balancing competition with cooperation.

This then is the certral paradox of the crisis in scienceand of the larger
crisesin demccratization, commercialization,globalization, and auditing. It
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is a paradax increasinglyrecognizedasalready noted, within the commercial
world itself, re°ected in the current talk about \co-op-etition”, \work sat-
isfaction”, \sustainability", \partnerships"”, the \third way", and \alliances
not takeovers". By limiting hypercompetition, a scciety can becomemore
competitiv e.

| would dare to suggestthat it can becomemore civilized as well, and
spiritually healthy. Perhapsit could even aspireto beingwhat the Mahatma
Gandhiwould call civilized. The optimist in me hopesyou agree! Perhapswe
shall have our new covenart, and a degreeof healing of the division between
scierti ¢ and artistic creativity.

| don't seewhy not. It seemdo methat scieni ¢ understandingcanonly
increase,not decreasepur awe and wonder at the nature of things, at the
miracle of knowing as much aswe do know, and at the promiseof yet deeger
knowing and understanding. Knowing that poetry and musiccanbe foundin
acoustictime series,and in binary numbersetchedinto an optical disc, must
surely enhance not diminish, their power to move us. Knowing that science
and the arts both have a deepbiological signi cance, that they have to do
with genesand our ancestors'survival, with juvenile play and with education
that works, and with the marvellousand multifarious dewelopmerts that we
call culture | knowing that nature and nurture intimately and subtly work
together, that nurture is part of nature, in infancy and beyond | surely all
this should enrich, not impoverish, human life. Admitting that the known
laws of physicsare only appraximate, though exquisitely accurate,and that
they point to deeper mysteriesnot yet fathomed, must surely increase,not
decreasepur senseof the grandeur of the universe.

| think we shall dare to understand, even better than today, the nature
and origin of our instinctive powers. It could begin with scoolchildren puz-
zling over the walking lights phenomenonand similar perceptualphenomena,
and asking whether seeingis believing. It could begin with a few examples
of conmbinatorial largeness.This is a journey that hasbarely begun. Thank
you for listening.
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