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Artificial life ("Alife") is purported to subsume real life, but in prdctice

life-as-il-cuuld-be is not based on life-as-we-know-il, but rather on
life.tJs-we..{lon'l-know-ll. In terms of developmental biology, this means that

we have yet to decide which of numerous paradigms for the embryogenesis

of organisms is,correc~ if any, Two paradigms arc comparedandtontrdsted:

positional information and differentiation waves. These provide very different

models for the, nascent field of embryonic&, the construction of computers an.d
robots based on ideas (ro,m embryology. The behavioml component of Alife is

usually thought idfuut in tcmos of neural networks. Yet bacteria, single-cell

ciliates socii as,ParameCium, and multicellular organisms, such as the ciliated

placllZOlln Trlcllopi~J:adhtJirem, have reasonably rich behavioral repertoires

without nervous systems at all, It is therefore sugg~!ed that if Allfe is to

imitate and go ~ond real life, then siml;11ations of these organisms may

be the place to begin;
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UFE-AS-WE" KN OW-1T7

This sounds satisfactory. ~cept for theJact that we have barely begun to
understand real life. so we are actually faced with trying to make a
supersct starting from life..ds,lI1e-t!on'f-know-;t., We may, tben, take
the dim view that ALifeisfan6ther case of the nearsigbted drunk looking
for lost glasses under a lamp post""because the light is brighter there!'

In my own work, 'I have taken a different approach to the role of
computers in understanding life, Once we have extracted what we guess
as some essential feature of a living system. and reduced it to a set of
componen~s and their rules of interaction, tben we <;:anwrite a computer
simulation embodying those rules. If the results of the simulation matcb
the empirical observations, then the model has ,some chance of being
correct. If not, we have to refine it or start over. Some 35 years ago

, Max Braverman, a bulky ex-Marine who stodied delicate hydroid
colonies, and I verbiili~ this 'in tbe following,way (cf. Gordon, 1999).
We haq each shown that computer simulations with simple ,rules could
imitate some of the complex morphogenesis of living organisms
(Braverman, 1962. 1963; Braverman & Schrandt, 1966; Gordon, 1966).

We knew' full well 'that alternate models could generate similar looking

results. So we declared that the time haa cOme to find the actual
mechanisms by which organisms constructed themselves.

This program was carried out with Antone G. Jacobson to work out
the mechanism by which the open neural plate in salamander embryos
changes from a disk to a keyhole shape (Figure I).

Today's artificial life research, and its derivative, embryonics
(Tempesti, Mange. & Stauffer, 1999), which 'aims to make better com-
puters based on life, stlU"~frQm models of life that are unp'rovep. Life-

as;.it-cauhJ-,be becQiDes'a)sJbs~~ rather t~an ;\ s,uP.~J;.$~t"iOJ'th~ ,possi-
bilities that we could imagine. Can one reldly. bJIild Alife ;nsilico from
there?

(a)

The basic premiseo.f' artifi'ciil Ufe (tt.Ljf~}stl!:s.lies is ~t one can trans-
cend carbon-based real life ~a other media. such as computer
simulationS anil,lfpbots:

'1

"Artificial Life' can contribute to theoretical biology by locating
life-as-we-kllolv--it within the larger p,ictureof life-as-it-could-be"
(Langton, 1989).

(b)

Fljptre I. COnie~ion of (Ii) QUrcomj:niter simulation of the neUral plate, which started as

It ftat circular disk of diameter 2.4,mm, with (b) 'an aCtual neurBJ pJafC;removeiHrom B
salamander embryo. (from4figure 1.7 in J~CQt!SOt1and O~)J'~on [19.761 with permissioi!
.of John WileY'f':~SO~$.,~,J'aJs6Po~on and Jllcobson (1971U.).
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Barbara McClintock received the Nobel Prize in 1983 for her dis-
coverY of jumping genes in the ,1940~. $,!te was described by Keller
(1983) q having '~aJe~.IingJor the orpnism'. "\This is an intimate knowl-
edge of an org_m, ill M:c..c:fulto~~S:f~etl)e genetics of pigmentation
varieties of domestic corn, whiCh ,aiiows doe to see through (i.e" via)
the detail to the actuat,p1ecbanism qr\8;:,~,~P aspect of life (cler Teufel
ist im Detaille: the devil is ih the~d~~aus). ALife has its practitioners,
such as Tom Ray (1992)" who ~t1u1ed with a background in botany.
But I think one '~,s to IfPme fqll cirpleand bring artificial tife back to
rea11ife. Once realli(e can be s~ubUea, with confidence that the truth'
has been approached, then ALire'C:aiJ.blossom well beyond the confines
of carbon-based rea1life.

'"

PARADIGMS IN DEVELOPMENTAL BIOLOGY

The view of how an organism develops from an egg to an adult is colored
by preconceptions, which are now caUed paradigms" (Table 1).
Fortunately. there have- been many competing preconceptions, though
few receive funding. and most are' fO)'gotten before the evidence comes
in for or against them~ Instead of the scientific revolutions of Kuhn
(1996), in which, foJ:' eXaIQpte, p'pysics advan~d [tom one paradigm.
to another. in biology a'coUeetive amIiesiahas been achieved, a short
term memory that atlows one to for~t botIi ,good hypotheses and oldI,

",:<io

evidence against favorite, cmrent hypotheses~ thl:lt don't work.
One favorite paradigm forembryonics, is "pos~tional information"

. (Levin. 1994: Mang~., Slpper. &: M~hal, 1999). While this phrase. .

,was coined by Wolpert' (1969), the ~ncept that wh'at a ceU in a
developing embryo doq> depen4s on its po~!tion can be traced' back
to Yachting (l87?) (see Gordon. ,1999; cf, Wolpert.,J996). In computer
jargon positional infoJ:lD8tionis 'equivalent to~ '

1. a ceU knows where it is:.
~.

2. it enters its coordinates into a lookup tabJe;
3. it carries out whatever instructions are sitting, there.,.. ~

~'
This popular paradigm.is generally formulated in terms of gradients

Qf "morphogens." The original theory of morphogens requir,ed at'tsiast
two; chelDicaUy ~t.eractingsub$,tances wiQ1 different ..diffusion rates
(Turing" 1952). 'whicbcreated stand.i9g waves of syncopated higher
and lower concentrationS of'ih'e'two morphogens. In thS' gradient tbtfur}i
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Table 1. Paradigms for the devl!lop!Rent Qf.~rganisQ1s

cell environment

~jCClI !nt,!;ractions

com,~unity effect

complex systems. dynamics

cytoplasmic determinants

deviation ampliJY1ng mutual cauaid

proCess

differentiatioq waves

diSsipative structures

divine intervention

edge of chaos

electrophoresis
~

epigenesis

gene regulation

generic mechanisms

genetic determinism

gradients
induction

.
ioniCt,ilurrenlS'. l1li

"mlite1rii11determinartts
morphogeneti~,Jle)ds.

k
mechanism

"I): ~ .1"mQrp ~el\li
ltegii~(eCdbick.

,

"'.!

ne~i?lks oMnteractink g~es

organicism

plit5D1;llPJ1~
.

p,omuonw;irifonnanon

Positixe reedbaCk
predetemunation

prepattcrns

reaction-ciilf1il!.ioD'equations

se1f~biy or self-organization
!lp;iJ:ochcte cortical colonies

traCtion
'Viililis~

.:

From Gordon (1999) with permiSl/ion 9fWgrld ~entific.

and its variations (cr. K.erszberg & Changeux, 1994: Pages & Kerridge,
2000), a monotonic gra~e:pt of a single morphogen is set up across
an embryonic tissue, and then ceUs respond to different levels of this
morphogen, or time dependent [unctions thereof (Kerszberg & Wolpert,
1998). Activin's role in mesoderm induction in the frog Xenopus has been
studied in the greatest detail (McDoweU, Zorn. Crease, & Gurdon, 1997;
Dyson & Gurdon. 1998; Gurdon, Dyson, & St Johnston, 1998; Gurdon
et al., 1999; Podos & l7erguson, 1999~ Shimizu & Gurdon, 1999). In
some cases gradien~s have been distinguished as intraceUular (Barth
etal., 1999; Cretan, Kreiling, & Jaffe, 2000) or extracellular (Strigini
& Cohen, 2000). While the concept or positional information is easy
to understand, cells do not seem to take such a straightforward
approa~: "the, biological mechanism used to specify positional infor-
mation within each ceUfield diffCf1>" (podos & Fergtl$on. 1?99). While
gradients seem to have much evidence behind them. they remain
unproven as primary mechanisms of morphogenesis and dif{erentiation
of ceUs(Ne~ & Cohen" 1997).

If "embryoni~ (embryonic electrooipsris supposed to be"'an
attempt to d.r~\f Inspiratiop from the ontogenetic Brocess~ that
determine, the Fowth..o'ttpulticeUular or~~ in the design of new.
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