Abstract:

D’Arcy Thompson (1860-1948) was a graattier of A-Life. In his boolOn Growth and &rm
(1917), he pioneered a type of mathematical biology which rested closelysiogtand asd
mary questions that are asked today by researchers in A-Life.

His theme was the nature andrelepment of biological form, i.e. "morphology" (a word he
borroved from Goethe). He argued that biological form tisiétermined only by Darwinian
evdution but also, and more fundamentalby laws of form that apply to all species. He used
geometry to display (for instance) the similarities between the skulls of varentesbrate
species, or between the body-shapes of different kinds of fish.

Of Growth and Brm excited mary people, and was one of only six referencegygby Alan
Turing in his 1953 paper on morphogenesiswideer, it was too far before its time to be really
useful. He himself recognized that he needed a more powerful mathematical language to describe
series of morphological transformationdVithout computers and computational concepts,
D’Arcy Thompsors ideas couldrt’be put into practice. Were he still aé today he’d be ding
A-Life.
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I: The Grandfather of A-Life

It's well known that three core ideas of A-Life were originated yngaars ago, but couldnbe
appreciated--still less, explored--until vastly increased computeemp@nd computer graphics)
became wailable. Alan Turing’s dffusion equations and John von Neumarmellular automata
were introduced with a fair degree of theoretical detail in the early-1950s. As for genetic
algorithms, these were glimpsed at the same timeohyNeumann, and defined by John Holland

in the early-1960s. But it asnt until the late-1980s that gnof these could be fruitfully
implemented.

What's ot so well known is that various issues that are prominent in current A-Life were
being thought about earlier stillven before the First World \At. In 1917, Sir D’Argy
Wentworth Thompson (1860-1948), Professor of Zoology at thevedsity of St. Andrevs,
publishedOn Growth and &rm. He was asking biological questions, and offering biological
answers, very much in the spirit of A-Life today.

The book vas immediately recognized as a masterpiece--mostly because of the hugely
exciting ideas and the mgrfascinating gkamples, but also because of the superb, and highly
civilized, prose in which it was written. Countless readers wendt¢leed by it, and begged for a
second edition. That appeared during the next Woidd W 1942 (six years before his death). It
had grown from the initial near-800 pages to nedethan 1116. There was plenty to when,
there.

So wty isn't it more famous n@? The reason is much the same as the reasgrlrwing’s
[1952] paper on morphogenesis became widelywkn@nly fairly recently Biologists, and
especially embryologists, in the 1950s could see thanhd@'s work might be highly rebeant,
indeed fundamental, to their concerns. But, lacking both specific biochemical knowledge and
computational power to handle the sumsy tteuldn’t do anything with it.

The same was true of Holland work [1962, 1975]. | remember being hugely impressed by
the paper heayeat a 20-person weekend-meeting held irvédein 1981 [Selfridge, Rissland
and Arbib 1984]. Not only had he tacklegbkitionary programming, but heé'solved the credit-
assignment problem--a recurring, and seemingly intractable, problem in contemporarg Al. I
never heard of him, and when | got home from thevBreshire countryside | asked my Al-
colleagues wi they werent shouting his name to the rooftops. Some replied that gk w



wasn't usable (hed done the mathematicsubnot the programming)--and some hagendeard
of him either.

Similarly, D’Arcy Thompsors war-time readers were intriguedven persuaded, by his book.
But putting it into biological practice agnt intellectually--or rathertechnologically--possible.
Today, we're in a better position to appreciate what he was trying to do, \andt@ carry on
where he left off.

In sum, if Turing and von Neumann (with theotWilliams: Ross Ashby and GyeMalter)
were the fathers of A-Life, D’Arg Thompson was its grarather | don't just mean that he
could hae hkeen, if anyone had still been listeningor at least one person was listening@n
Growth and Brmwas e of only six references cited by Turing at the end of his morphogenesis
paper For that reason alone, D’AycThompson is wrthy of respect. But in the post-WWII
period, his name was still one to conjure with. | came ad@ws&rowth and &rm as a medical
student in the mid-1950s, ancsventranced. Marothers were too, which is presumablyyndn
abridged (though still weighty) version was published some years latehort, D’Arcy
Thompson has inspired not only Turing, but others too.

[I: Who Was D’Arcy Thompson?

D’Arcy Thompson--hes hardly ever referred to merely as "Thompson"--was born only a year
after the publication ofThe Origin of Speciesand was already middle-aged when Queen
Victoria died in 1901. He sumad through both Wirld Wars, dying at almost ninety years old in
1948. That was the year in which the Manchester MADM compigemhich Turing was the
first programmerbecame operational.

If D’Arcy Thompson had an exceptional span in life-years, he also had an extraordinary span
in intellectual skills. He was a highly honoured classical schelho translatedHistoria
Animaliumfor the authoritatie alition of Aristotle [Thompson 1910]. In addition, he was a
biologist and mathematician. Indeed, he wdsretl Chairs in Classics and Mathematics as well
as in Zoology.

While still a teenager (if 'teenagers’ existed in Victorian England), he edited a brief book of
essays from the Museum of Zoology in Dundee [Thompson 1880]. But he soon graduated to
larger tomes. In his early-twenties, he prepared a-8@@spage bibliographof the work on
invertebrates that had been published since his birth [Thompson 1885]. At that young age, too, he
edited and translated a German biologistattered writings on o flowers of different types
are pollinated by insects. In broom, for instance, the stameptote" when the bee lands on
the keel of the fiwer, and the style curls upwards so that the stigma strikes the beek. The
result was a 670-page volume, for which Darwin himself wrote the Preface [Thompson 1883].

Forty years laterhe was commenting on ancient Egyptian mathematidsature[Thompson
1925], and analysing thirty yearsonth of figures on the catches made by fishermen trawling of
Aberdeen [Thompson 1931]. And just before the second editi@ndtrowth and &rm, he put
together a collection of some of his essays [Thompson 1940]. These ran from Classical biology
and astronomythrough poetry and medicine, to "Games and Playthings" from Greece and



Rome; and theincluded popular pieces originally written f@ountry Life Srand Magazine,
andBlackwood$ Magazine[Thompson 1940]. His last book, out avfenonths before he died,
was aGlossary of GreekiBhes:a "sequel” to his volume on all the birds mentioned in ancient
Greek texts [Thompson 1895, 1947]. Cleaithen, D’Arcy Thompson was a man of parts.

He was no mere list-mak as ®me of the titles ab@ mght suggest. On the contrahe was
a geat intellect and a superb wordsmith. His major book has been described by the biologist
Peter Medaar as 'beyond comparison the finest work of literature in all the annals of science
that hae been recorded in the English tongue" [Meda 1958: 232]. And his intoxicating
literary prose was matched by his imagimatientific vision.

I1l: Biomimetics: Artefacts, But Not A-Life

For all his diverse skills, D’Arey Thompson was no Charles Babbage. So hsnivplaying
around with computers, electronic or not. Nor was he playing around wjtbtl@r gizmos. In
short, he wasm'doing biomimetics.

Biomimetics ivolves making material analogues of the physicaf sfuiving things, in order
to investigate its physico-chemical propertie¥aulted roofs modelled on leaf-structure count,
since thg are testing/gemplifying the tensile properties of such physical structures. But
automata don’t. Ean if the meements of specific bodily gens are being modelled--as in
Jacques de alcansors [1738-1742] flute-playerwhich moved its tongue, lips, and fingers
[1738/1742]--the physicatuffis not.

Perhaps the first example of biomimetics, and certainly one of the most stardmglue to
Henry Caendish. In 1776, Gaendish nominated Captain Cook for election to thg&&ociety
Having just completed his second grealage of disceery, Cook had exciting tales to tell of
exotic fish and alien seas. But so didv@&adish. fer, in the very same yeahne’'d built an artificial
electric fish and lain it in an artificial sea (M¥0984; Hackman 1989].

Its body was made of wood and sheepskin, and its elecgm avas two pewter discs,
connected by a brass chain to a large Leyden battery; its halisatwrough of salt ater.
Cavendish's dm was to pree that "animal electricity” is the same as theg/qhbist’s dectricity,
not an essentially different (vital) phenomenon. His immobile "fishtiln’t havefooled aryone
into thinking it was a real fish, despite its fish-shaped leather 'bd8yt--and this was the
point--it did delver a real electric shock, indistinguishable from that sent out by a real torpedo
fish.

Cavendish had intended his artificial fish to detian intellectual shock, as well as a real one.
His aim was to demystify a vital phenomenon, tovskite continuity between the physical and
the oganic--and, of course, to display the physical principle underlying the living behaviour.

He thought this shocking hypothesis to be so important that he invited some colleagues into
his laboratory to obseevthe experiment--so far as we kmahe only occasion on which he did
so [Wu 1984: 602]. Certainlysuch an invitation from the taciturn @andish was a remarkable
evalt: an acquaintance said that he "probably utteregrfevords in the course of his life than



ary man who &er lived to fourscore years, not at all excepting the monks ofréggode" [Lord
Brougham, quoted in n.a. 1990: 975].

(Oliver Sacks [2001] has suggested thatv@ualish's unsociability was due to Aspger's
syndrome. If so, he was--perhaps--in good company: the same posthumous ’diagnosis’ has been
made of Einstein and Newton [Baron-Cohen & James 2003].)

But if Cavendishs doubly shocking demonstration was amereise in biology and
simultaneously in physics, itagnt an eercise in mathematicsThat's to sy, it wasnt an arly
example of A-Life.

A-Life is abstract in nature. On the one hand, ancerned with "life as it could be,” not only
"life as it is" [Langton 1989]. On the other hand, it studies life-as-it-is not by putting it under the
microscope, or twirling it around in a test-tube, but by seeking its logical-computational
principles. Even A-Life work on biochemistry is looking for abstract principles, not--or not
only--for specific molecules [e.g. Drexler 1989; Szostak, Bartel, & Luisi 2001; Kauffman 2003].

Cavendishs experiment couldrt’ have been done without the artificial fish in its bath of
conducting fluid, because his aim was to reproduce the same physical phemomenon (electrical
conductvity) that occurs in some living things. Biomimetics requires physical mimesis. But A-
Life doesn't.

Someone might ven say that A-Life doesn’ need any artefacts: not fish-in-fluid, nor
computers eitherlf artefacts are needed at all, then just three wilfiseif pencil, papgrand
armchair In principle, thats . We saw in Section | that some hugely important A-Lifeork
was done either without the aid of computers or (iariig’s case) with the aid only ofery
primitive machines. In practice, hower, computers are almostvadys needed.

It's possible, in other wrds, for someone to do mathematical biology without being able to do
computational biologyThey may be able to define the mathematical principles, aed ®
intuit their general implications, without being able to calculate their consequencegsdetaih
That's precisely the position which D’Asc Thompson was in. After all, computers werdra
feature of the Edwardian age.

IV: First Steps in Mathematical Biology

Isolated examples of mathematically expressed biological research were scattered in the pre-
twentieth century literature. But mathematical biology as an all-encompassing and systematic
approach was attempted only after the turn of the century--by RpAmompson.

Although Darwin had written the Preface for his first real’ book, DiAthompson had
become increasingly critical of Darwinian theoAn early intimation of this vas in his paper
"Some Difficulties of Darwinism," gen in 1894 to an Oxford meeting of the British Association
for the Advancement of Science (one of Babbagedry brainchildren, as of 1831). His book,
over twenty years laterexplained at length wh he felt Darwinism to be inadequate as an
explanation of the living creatures we see around us.



Like sme maerick modern biologists [Wbster & Goodwin 1996; Goodwin 1994; Kamén
1993], he rgarded natural selection as strictly secondary to the origin of biological form. The
origin of form, he said, must be explained in a different way.

He integrated a host of individual biologicalcfs within a systematic vision of the order
implicit in living organisms. That is, he usedanous ideas from mathematics not only to
describe, but also to explain, fundamental features of biological form. asatwontent, for
example, to note that patterns of leaf-sprouting on plants may often be described by a Fibonacci
numberseries (such as 0,1,1,2,3,5,8,13,21...). Hevexted this finding from a mathematical
curiosity into a biologically intelligible fact, by pointing out that this is the mdsatieft way of
using the spacevailable.

Significantly he dten combined 'pure’ mathematical analysis with the equations of theoretical
physics. In this vay, he tied to explain not only specific anatomicatfs (such as the width and
branching-patterns of arteries, relatito the amount of blood to be transported), but alsg wh
certain forms appear repeatedly in the living world.

D’Arcy Thompson referred to countless examples of actggh@ms, lut he had in mind also
all possiblelife-forms. As he put it:

"[I] have tied in comparatiely simple cases to use mathematical methods and mathematical
terminology to describe and define the forms gfapisms.... [My]study of oganic form, which

[1] call by Goethes nrame of Morphologyis but a portion of that wider Science of Form which
deals with the forms assumed by matter under all aspects and conditions, and, in a still wider
sense, witHorms whit are theoretically imaginable[1942: 1026; italics added].

For D’Arcy Thompson, then, the shapes of animals and plantst guaely random: we cat’
say "Anything goes." @ the contrary devdopmental and wlutionary changes in morphology
are constrained by underlying general principles of physical and mathematical order.

V: Goethes Morphology

As his own acknowledgment (al®) made clegrD’Arcy Thompsors work was closely related

to Johann on Goethes (1749-1832) rational morphologyGoethe had coined the ond
"morphology" meaning the study of ganized things. It concerns not just their external shape,
but also their internal structure andwdopment--and, cruciallytheir structural relations to edc
other. Goethe had intended morphology tovewo both living and inoganic nature, een
including crystals, landscape, language, and art. But ’Atlwompsors interest was with its
application to biology.

In his Essay on the Metamorphosis of Plar®gethe [1790] had argued that superficially
different parts of a flowering plant--such as sepals, petals, and stamens--aeel tgri
transformations from the basic, or archetypal, form: the leaf. Lhtepsited an equelence
(homology) between the arms, front-legs, wings, and fins of different animals. All these, he said,
are diferent transformations of the fore-limb of the basic vertebrate type. And all bones, he
claimed, are transformations of vertebrae. In other words, he combined meticulous naturalistic



observation with a commitment to the fundamental unity of nature.

For instance, he widely credited with a significant diseery in comparatre ahatomy.
Namely that the intermaxillary bone--which bears the incisors in a rabfat--exists (in a
reduced form) in the humaneakton, as it does in other vertebrates. (Stri¢tyrediscovered
this fact [Sherrington 1942: 21f.], amdstatedthe claim that sepals are a type of leaf [Goethe
1790: 73].) The issue ag "significant” because some people had used thesberehing
absence to argue that God created a special design for human beings, marking ttemtbé
animals. Goethe, by contrast, related human skulls to the arche¢yteirate skull, much as he
related sepals to the archetypal leaf.

Goethe didrt’ think of morphological transformations as temporal changes, still less as
changes due to Darwiniarvaution--which was yet to be definedRather he aw them as
abstract, quasi-mathematical, detions from some neo-Platonic ideal in the mind of God. But
these abstractions could be temporally instantiated.

So in discussing the ddopment of plants, for instance, he referred to actual changes
happening in time as the plant g He suggested that sepals or petals wowda® under the
influence of different kinds of sap, and that external circumstances could lead to distinct shapes,
as of leaes devdoping in water or in air--a suggestion that D’Ar@hompson took ery
seriously as we’ll see.

The point of interest here is that Goethe had focussed attention on the restricted range of basic
forms ("primal phenomena") in the ganic world. He encouraged systematic comparison of
them, and of the transformations yheould support. He also suggested that only certain forms
are possible: we can imagine other living things, fot justany life-forms. In a letter of 1787,
he wrote:

"With such a model [of the archetypal pldbkrfplanz) and its transformations] ... one will be
able to contrre an infinite variety of plants. Thewill be strictly logical plants--in other wrds,
ewen though the may not actually exist, tlyecould exist. They will not be mere picturesque and
imaginatve projects. Thg will be imbued with inner truth and necessiynd the same will be
applicable to all thatwes" [quoted in Nisbet 1972: 45; italics added].

Similarly, in his essay on plant metamorphosis [1790], he said: "Hypothesis: All is leaf. This
simplicity makes possible the greatestedsity".

Critics soon pointed out that hevendid the simplicity He ignored the roots of plants, for
instance. His excuse was telling:

"It [the root] did not really concern me, for whatvieal to do with a formation which, while it

can certainly tai& on sich shapes as fibres, strandslbb and tubers, remains confined within
these limits to a dull variation, in which endlesarigties come to light, but without yn
intensification [of archetypal form]; and it is this alone which, in the courseemarlst for me

by my vocation, could attract me, hold my attention, and carry me forward" [quoted in Nisbet
1972: 65].



To ignore apparent falsifications of osdi/pothesis so shamelessly seems utterly unscientific in
our Popperian age. And some of Goethentemporaries complained about it, too. But his
attitude stemmed from his idealist belief in the essential unity of science and aesthetie He e
compared the plant to a superb piece of architecture, whose foundations--the roots--are of no
interest to the vieer. More generally: "Beauty is the manifestation of secret laws of nature
which, were it not for their being vealed through beautyvould hare remained unknown for

eva" [quoted in Nisbet 1972: 35]. For Goethe, and perhaps for FArfcompson too, this
language had an import much richer than the familiar appeals to theorsiicglicity,
'symmetry’ or’elegance.’

Questions about such abstract matters as the archetypal plantexgreniike those being
asled by most physiologists at the time. If a body is not just a flesh-and-blood mechaniam, b
transformation of an ideal type, Wwat happens to work--its mechanism of cords and paHés
of less interest than its homology.

Indeed, for the holist Goethe the mechanism map eepend on the homologierhaps its
true that a certain kind of sap, a certain chemical mechanism, will induce a primordial plant-part
to develop into a sepal rather than a petal. But whatbre interesting--on this view--is that
sepals and petals are the structural possibilities fan. éfow one describes the plant or body
part in the first place will be affected by the type, and the transformations, suppogedbsed
by it.

It's not surprising, then, that Goethe was out of sympatith the analytic, decompositional
methods of empiricist experimentalism. By the same token, anyone following in his footsteps--as
D’Arcy Thompson did--would be swimming against that scientific tide.

Initially, Goethes morphology attracted scepticismen from descriptte (hon-experimental)
biologists. But shortly before his death, his ideas were publicly applauded by Etienfi®yGeof
Saint-Hilaire [Merz 1904, ii: 244]Geoffroy agreed with him that comparaé anatomy should
be an gercise in "rational morphology,” a study of the sucoesgiansformations--rational, not
temporal--of basic body-plans.

After his death, Goethg'work was cited approvinglyven by Thomas Huxlg and the self-
proclaimed mechanist Helmholtz. Indeed, Helmholtz credited Goethe with "the guiding ideas
[of] the sciences of botgnand anatomy ... by which their present form is determined,” and
praised his work on homology and transformation as "ideas of infinite fruitfulness" [Helmholtz
1853: 34, 30].

"Infinite fruitfulness" isnt on dfer every day So why were Goethes ideas largely forgotten by
the scientific community? Surelguch an encomium from such a high-profile scientist--and
committed mechanist--as Helmholtz would be enough to guarantee close, and prolonged,
attention?

Normally, yes. Havever, only six years after Helmholtz spelof Goethes "immortal renevn”
in biology, Darwin (1809-1882) publishe®n the Origin of Species by Means of Natur
Selection1859]. This radically changed the sorts of enquiry that biologists foundan¢léOne
might ezen say that thg changed the sorts of enquiry that biologists fountlligible [cf.



Jardine 1991]. Biological questions wereanposed in ways that sought answers in terms of
either mechanistic physiology or Darwiniavokition.

Soon, genetics became an additional source of endiieyneo-Darwinian mix of pisiology,
evdution, and genetics was a headyviarét quickly became the biological orthodgxsclipsing
Naturphilosophiein all its forms. Darwin, like Goethe, encouraged systematic comparisons
between different gans and aganisms. But he posited no ideal types. Heplained
morphological similarity in terms of contingency-ridden variation and se&eatscent, or
coincidental likeness between veonmental constraints. In short, morphological self-
organization largelydisappeareds a scientific problem, surviving only in embryology.

Charles Sherringtonven said that "were it not for Goethejoetry, surely it is true to say we
should not trouble about his science,” and that metamorphosis is "no part of tutag"
(Sherrington 1942: 23, 21).

VI: From Morphology to Mathematics

Ironically, Sherringtons remark was published in theery same year as the longrated nev
edition ofOn Growth and &rm. Although Goethe himself is molargely ignored by biologists
(but see [Vébster and Goodwin 1991: esp. chaps. 1 & 5]), his questimesshavived--thanks,
largely, to D'Arcy Thompson.

Like Goethe, whom he quoted with appabseveal times in his book, D’Arg Thompson
sought an abstract description of the anatomical structures and transformations fouimdg) in li
things--indeed, in all possible things. So he discussed the reasons for the spherical shape of soap-
bubbles, for instance. His reference (aao "forms which are theoretically imaginable" recalls
Goethes reference to "strictly logical plants”--in other words, "life as it could be." And lik
Goethe, he belied that certain forms were more natural, moreeljk than others. In some
sense, he thought, there are "primal phenomena.”

Also like Goethe--though here, the analogy becomes more strained--he asked questions about
the physical mechanismsvimived in bodily growth. But his philosophical maiion for those
guestions was importantly éefent. AlthoughD’Arcy Thompson vas sympathetic to some of
the claims of théNaturphilosophenhe wasnt a fully paid-up member of their clulbhdeed, he
opened his book by criticizing Kant and Goethe, complaining thgthhe ruled mathematics
out of natural history [Thompson 1942: 2].

In part, he was here expressing his conviction that "the harofdhe world is made manifest
in Form and Numberand the heart and soul and all the poetry of Natural Philgsapd
embodied in the concept of mathematical beauty” [p. 1096f.]. Thidatimm wasnt shared by
his professional colleagues: "Evermndhe zoologist has scarce begun to dream of defining in
mathematical languageven the simplest gganic forms" [p. 2]. But in part, he & saying that
physics--real physics--is crucially relmt for understanding "Form."

The idealist Goethe had seenfeliént kinds of sap as effecting the growth of sepal or petal,
but for him those abstract possibilities had been generated by \hee dntelligence self-



creatvely immanent in Nature.D’Arcy Thompson, by contrast, argued that it is realsutal
processes, instantiating strictly physical laws, which generate the range of morphological
possibilities. Certainlythose lavs conform to abstract mathematical relationships--to progcti
geometryfor example. But biological forms are made possible by underlying materiagetieer
relations.

Accordingly, D’Arcy Thompson tried to relate morphology to physics, and to the dynamical
processes irolved in bodily gravth. He suggested that very general physical (as opposed to
specific chemical or genetic) constraints could interact toensake biological forms possible,
or even necessarywhile others are impossible.

Had he Wed today D’Arcy Thompson would doubtless Ve relished the wrk of Ralph
Linsker [1986, 1988, 1990] and Christoptornv der Malshrg [1973, 1979] on the self-
organization of feature-detectors in sensory cort€or this explains wly we dhould expect to
find systematic neuroanatomical structure in the brain, as opposed to a random ragbag of
individually efective detectorcells. Morewer, the "why" isnt a matter of selection pressures,
but of spontaneous self-genization. But this recent research required computational concepts
and computing peer (not to mention anatomical data) that he simply didsawe He could use
only the mathematics and physiesitable in the early years of the century.

Although D’Arcy Thompson wasnt the first biologist to study bodies, he might be described
as the first biologist who tookmbodimentseriously The physical phenomena he discussed
included diffusion, surface forces, elasticitydrodynamics, gndty, and mary others. And he
related these to specific aspects of bodily form.

His chapter "On Magnitude," for example, argued both that size can be limitedysiggbh
forces and that the size of thegamism determines which forces will be the most important.
Gravity is crucial for mice, men, and mammoths, but the form and behaviour efea-beetle
may be conditioned more by surface-tension than hyitgra bacillus can in effect ignore both,
being subject rather to Brownian motion and fluid viscoSimilarly, the fixed ratio between
volume and surface-area is reflected, in a single cell or a multicellular animal, in respiratory
surfaces such as the cell-membrane, feathery gills, or alveolar lungs. Agairasbisafing
discussion of "The Forms of Cells" suggested, amongynottrer things, that the shape and
function of cilia follov naturally from the physics of their molecular constitution.

Perhaps the best-known chapterGf Growth and &rm, and the one which had the clearest
direct influence, as entitled "On the Theory of Transformations, or the Comparison of Related
Forms." This emplged a set of two-dimensional Cartesian grids tonshaw dfferently shaped
skulls, limb-bones, leas, and body-forms are mathematically related. One form could generate
mary others, by enlargement, eking, and rotation.

So, instead of a host of detailed comparisons oWiddal body-parts bearing no theoretical
relation with each otheenatomists were o being offered descriptions having some analytical
unity.

To be are, these purely topological transformations couldnswer questions about more
radical alterations in form. The gastrulation of an embryo, for example, cobleletplained in
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this way (see [Uiring 1952]). And only very f& zoologists--of whom Medsar was one--tried to

use D’Arey Thompsors gecific method of analysis. But his discussion inspired modern-day
allometrics: the study of the ratios of growth-rates of different structures, in embryology and
taxonomy.

VII: More Admiration than Influence

One didnt need to be doing allometrics to admire D’sxrf€hompson. By mid-centuyjhe was

widely revered as a scientist of exceptional vision [Hutchinson 1948; Le Gros Clark &wéeda
1945]. The second edition @n Growth and &rm was receved with excitement in 1942, the

first (of only 500 copies) having sold out twenty years before. Reprints had been forbidden by
D’Arcy Thompson himself, while heatked on the résions, and second-hand copies had been
fetching ten times their original price.

However, only a decade after the second edition, which people haitea so eagerly for
years, the adnt of molecular biology turned him virtuallwenight into a minority taste. As
we've £en, much the same had happened to his muse Goethe, whose still-unanswered biological
guestions simply stopped being asked when Daswirgory of @olution came dfthe press in
1859. By the end of the 1960s, only wf@ologists rgarded D’Arcy Thompson as more than a
historical curiosity.

One of these was Conrad Waddington (1905-1975), \&lajemental biologist at the
University of Edinlurgh (whose theory of "epigenesis" influenced Jean Piaget [Boden 1994:
introd., 98-101]). Vlddington continually questioned the reductionist assumption that molecular
biology can--or rathemwill--explain the mawp-levelled self-oganization of lving creatures. I§
hardly surprising, then, that D’AycThompson was often mentioned in his ’invitation only’
seminars on theoretical biologkeld in the late 1960s at the RockefellesuRdations Villa
Serbelloni on La& Como [Waddington 1966-1972].

But Waddington, too, was a neuick, more admired than belied. His theory of epigenesis
couldnt be kacked up by convincing empirical evidence, whether in thesldping brain or in
the embryo as a whole. Only after his death did his ideas ground. Significantlythe
proceedings of the first A-Life conference were dedicated to him [Langton 1989: xiii].

D’Arcy Thompsors nost deoted admirers, hwever, had to concede that it was difficult to
turn his vision into robust theoretical realitipespite his seeding of allometrics, his direct
influence on biology @s less strong than one might expecyemithe excitement (still)
experienced on reading his book.

Even the subsequent attempts to outline a mathematical biology eschewed his methods. Joseph
Woodgers [1929, 1937] axiomatic biologyor instance, owed more to mathematical logic and
the positivists’ goal of unifying science [Neurath 1939] than to DyArbompson. And tiring’s
mathematical morphology employed numerically precise differential equations, not geometrical
transformations. In short, D’AycThompson figured more as inspirational muse than agpanrv
of specific biological theory or fact.
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The reason whhis influence on other biologists, although "very great",” was only "intangible
and indirect” [Medwar 1958: 232] is implied by his own summary comment.

At the close of his final chaptene recalled the intriguing work of a wa engineer who, in
1888, had described the contours and proportions of fish "from theugtigts point of view."
He suggested that hydrodynamics must limit the form and structure of swimming cre8uires.
he admitted that he couldvgi o more than a hint of what this means, in practice. In general, he
said:

"Our simple, or simplified, illustrations carry us but a littlayvand only half prepare us for

much harder things.. If the difficulties of description an@presentation could bevercomeijt is

by means of such co-ordinates in space that we should at last obtain an adequate and satisfying
picture of the processes of deformation and the directions witljr$1942: 1090; italics added].

VIIl; Echoes in A-Life

This early @ercise in mathematical biology resembled current work in A-Life in varioagsw
So much so, that one would expect D’Afthompson, were he to return todé&y recognize the
theoretical point of most work in A-Life,ven though hed be kemused by its high-tech
methodology.

For instance, he be fascinated by Dimitri &rzopoulos’ lifelile computeranimation of fish,
with its detailed interplay of hydrodynamics and bodily form [Terzopoulos et al. 1994]. These
'fish’ werent robots, but software-creatures existing in a computer-generated virarad. w
Whereas Qeendishs 'fish’ was a solitary object lying inert in a dish ofter these were
constantly in motion, sometimes forming hunter-hunted pairs or co-moving schools. Each one
was an atonomous system, with simple perceptual abilities that enabled it to respond to the
world and to its fellows. The major bodily mements, with their associated changes in body-
shape, resulted from twehinternal muscles (conceptualized as springs). The computerized fish
learned to control these in order to ride the (simulatgdyddynamics of the surrounding sea-
water. A host of minor meements arose from the definitions of/eaty-nine other springs and
twenty-three nodal point masses, whose (virtual) physics resulted in subthelléadmotion.

He'd be ntrigued, also, by Karl Sims’ [1994] A-Lifevelution of decidedlyun-lifelike
behaviouy as a esult of a specific mistakin the simulated physics. Hebe he first to realize
that in a physical world such as that defined (mistakenly) by Sims, these strange 'anoufls’ w
be better adapted to their environment than those which actua#lyy &or sure, he be
interested in programmes of research that systematically varied physical parameters to see what
sorts of creatures would result. And thdéde fascinated by Randall Besr&udies of locomotion
in cockroach-robots [Beer 1990, 1995; Beer & Gallagher 199&]. unlike Terzopoulos and
Sims, Beer subjected his computer-creatures to the gimifag discipline of the real pfsical
world.

Hed goplaud Grg Turk’s [1991] models of diffusion gradients, delighting inurks

demonstration of he to generate leopard-spots, cheetah-spots, lion-fish stripes, ante-giraf
reticulations. And h@ doubtless be pleased to learn thatrkls equations were based on
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Turing’s, which in turn were inspired by D’AycThompson himself (see al).

He'd sympathize with biologists such as Brian Goodwin and Stuart Kauffman, who see
evdution as grounded in general principles of physical order [Webster & Goodwin 1996;
Goodwin 1994; Kauffman 1993]. Hk'agree with A-Lifers who stress the dynamical dialectic
between environmental forces and bodily form and welba He mght well havre enbarked on
a virtual biomimetics: a systematic exploration of the effects of (simulated) physical principles
on (simulated) anatomies. And dekertainly share A-Lifes concern withlife as it could be-his
"theoretically imaginable forms"--rather than life as wewknb

IX: Difficulties of Description

The "difficulties of description and representation” bemoaned by §’'Atrompson remained
insuperable for more than half a century after publication of those first 500 copies of his book.
Glimpses of har they might be wercome arose (in the early-1950s) avfgears after his death.
Actually overcoming them tooken longer Or perhaps one should rather saysittakingeven

longer, for we haen’t answered all of his questions yet.

Despite the deep similarity in spirit between D’Ar€hompsons work and A-Life research,
there are three important, and closely relatedetifces. Eaclf these reflects his historical
situation--specificallythe fact that his work was done before theamion of computers.

One diference concerns the practical usefulness of computer technalod)yshows wiz
(contrary to the suggestion noted adoA-Life’s atefacts are not, in fact, dispensable. The other
two concern limitations on the mathematical concep@lable when D’Ary Thompson \as
writing: in his words, the difculties of description and representation that needed to be
overcome.

First, D’Arcy Thompson was able to consider only broad outlinegelgrbecause he had to
calculate the implications of his theories using hand and brain aloday theories with richly
detailed implications can be stated and tested with the help of superhuman computattenal po
The rel@ant theories concern (for instance) the hydrodynamics of fish; the interactions between
various combinations of difision gradients; and processes oblation and co-golution,
occurring wer mary thousands of generations.

In addition, we can o study chaotic phenomena (which include maspects of Iing
organisms), where tiy aterations to the initial conditions of a fully deterministic system may
have results utterly dierent from those in the non-altered case. These resultsbeapedicted
by approximation, or by mathematical analysis. The ordy w0 find out what theare is to
watch the system--or some computer specification of it--run, and see what happens. In all these
cases, the 'help’ A-Life gets from computers tsamri (ptional extra, but a practical necessity.

Second, D’Arg Thompsors theory though relatrely wide in scope, didn’encompass the
most general feature of life: selfganization as such. Instead, it considered yngpecific
examples of self-ganization. This isrt surprising. Prior to computer science and information
theory no precise language wasalable in which this could be discussed.

-13-



And third, although he did consider deformations produced hysigdl forces, D'Ary
Thompson focussed more on structure than on process. This is characteristic of pre-
computational theories in general. In anthropojogy example, Claude Levi-Strauss in the
early-1950s posited cognigé structures (based on binary opposition) to explain cultural
phenomena, leaving his successors--notably Daniel Sperber--to consigendbssesnvolved
in communication and culturalvelution (see Boden 2006: chap. 8.vi). Prior to computer
science, with its emphasis on theet results of precisely specified procedures, scientistedack
ways of expressing--still less, of accurately modelling (and tracking)--the details of change.

Uniform physical changes could be described by linedereintial equations, to be sure. And
Babbage [1838] couldven lay down rules, or programs (for his Difference Engine), determining
indefinitely many "miraculous” discontinuities. But much as Babbage (as he admitted) d¢ouldn’
program the transformation of caterpillar intatterfly, so DArcy Thompsons mathematics
couldnt describe the morphological changes and dynamical bifurcations that occur in biological
development.

X: And What Came Next?

One might hee eypected that cybernetics would prde some of the necessary advances in
descriptve aility. The scope of cyberneticians’ interests, especially on ¥y Aratompson’s
home ground, the UK, was very wide [Boden 2006: chap. 4]. Among other things, it included
various ercises in mathematical biology; and it used robots and (analogue) computer modelling
as a research technique. The study of "circular causal systemsddnmeainstream ideas about
metabolism and ref®logy, not on the morphological questions that interested DjArc
Thompson. But the cybernetic nenent considered some central biological concermsatdhe

core of A-Life: adaptie lf-organization, the close coupling of action and perception, and the
autonomy of embodied agents.

It even made some progress. For instance, Ashilf$952] "design for a brain,” and his
Homeostat machine, depicted brain and body as dynamical physical systems. AhdaEees
[1950] tortoises, explicitly intended as "an imitation of life," showed that lgeb&havioural
control can be generated by a very simple system.

However, the cybernetics of the 1950asvhampered both by lack of computational power and
by the dversionary rise of symbolic Al. Only much later--and partly because of lessons learned
by symbolic Al--could cybernetic ideas be implemented morevinomgly. (Even so, recent
dynamical approaches suffer a limitation shared by cyberneticseutdigsical Al, thg can’t
easily represent hierarchical structure, or detailed structural change.)

As it turned out, it was physics and computer science--not cybernetics--wéiighsoon after
D’Arcy Thompsors death in 1948, produced mathematical concepts describing the generation of
biological form. Indeed, twof the founding-fathers of computer science and Al, Turing amd v
Neumann, were also the dviounding fathers of A-Life. (Von Neumarmintellectual range as
even greater than Turing’s, including chemical engineering for example [Ulam 1958].)

Around mid-centurythey each deeloped accounts of self-ganization, showing ho simple
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processes could generate comgstems inolving emergent ordeThey might have done this
during D’Arcy Thompsonrs lifetime, had thg not been preoccupied with defence-research.
While Turing was code-breaking at Bletchld’ark, von Neumann was in Los Alamos,
cooperating in the Manhattan Project to design the atom bomb.

The end of the war freed some of their time for more specelattivities. Both turned to
abstract studies of selfganization. Their ne theoretical ideasventually led to a wide-ranging
mathematical biologywhich could benefit from the increasinglyvperful technology that their
earlier work had made possible.

In sum, D’Arey Thompson didrt’ get there first. He didb'really get there at all. But he did
pave the way.
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