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According to Thomas Kuhn's wdl-known theory, scientifil.: n:\'olutions 

are triggered b~' a "paradigm-induced gestalt switch." A traditional wa), 
of r.:onducting ~dcl1tifk research is replaced by a new one (3 new para­

digm is implemented). and scientists come to percein: phenomena that 

pre\'iou~ly were "iovisiblc.- Kuhn gives the Copernican r{'\'olution as onc 
example of such a shift. Unlike Chinese astronOtnt:rs, who had been able 

to obsenc the occurrence of sunspots centuries before GJ1ilco simply 
because their cosmological helicfs did not preclude celestial ch,mge, 
carly \Vestern astronomers wcre unable to ~scc" changes in the cosmos. 
Sunspots, for example, remained ~in\'i sible" - thilt is, insignillcant 

Jnd anomalous - until Copl~rllicus's ideas changed the ways in which 

European astronomers could look at the heavens.l 

The l<lst thirty ye<lrs have witnessed a similar paradigm shift in scien­

tific research. In particular, a centuries-old del'otion to "consen'ative 

s~'stems" (physical systems that. for all practical purposes. are i.wlated 

from their surroundings) is giving way to the realization that most sys­

tems in nature are subject to flo\\'s of matter and energy that continu­

ously mO\1~ through them. This apparently simple paradigm switch is, in 
turn, allowing us to discern phenomena that. a f!;!w decades ago, were, if 

they were not iced at all, d ismissed a ... anomalies. 

For example. when we approat:h systems as if they were COnservative 

- that is, artifkial1y isolate them (experimt!ntally or analytically) from 

ambient fluxes o f energy and matter - we arc led to expect that 

these s~'stcms will en :ntually reach a point of steady-state eqUilibrium . 
Ilowevcr, whell we acknowledge that these nuxe~ neces~aril ) nO\\ 

through th(' ,ystem, a new pOSSibility emerges - a dyn<lmlc eqUilibrium. 

One of thl' most striking examples of thi, is the spontaneous assembl~' 

of a "chemical clOf,;k:' In a "normal" chemical reaction. the interact­

ing molecule, "impl~' collide randoml~', tramforming one another Ilhen 

the eneTgy generated by thdr ('ol li sion~ pa~~t's a ce rtain lhn·,hl)l{l. 

If lIe imagirw the S\lb~tanccs inl'ohed a ~. ~a~., "red" and "blue," In' 



Another class o f sdf· organizing phenomena, very different from 

those just discussed but also instrumental in reshaping how we under· 

stand the richness of txpression of the material world, is called "solitary 

waves." Differing from ordinary waves in that they do not CJuickly dissi· 

pate as they mo\'c, they maintain their shape for a relat ively long period 

of time. \Vhen, as happens, a solitary w.we maintains its e.xact identity 
after Interacting with other waves, it becomes a "soli ton."! As with 
chemical oscilbtions, various forms of this phenomenon ha\'e been 

ohsen 'ed for a long time - over a centu ry and a half - but they were 

relegated to the realm of anomalies. The first person to study these phe. 

nomena was John Scott Russell, a Scottish engineer and ship deSigner. 

In 1834, he \\itnessed the spontaneo us emergence of a soliton in the 

surface o f a canal near Edinburgh, and after chasing the coherent mass 

of .... -ater for se\'eral miles, he became convinced he had seen something 

extremely important. But scie nce was not ready fo r this discowry, even 

though a mathematical explanation for it was available as early as 1892 
(the Kortweg-de Vries equation).9 As the components of a ncw scien· 

tific paradigm bcgan to consolidate in the 1960s, sol itoll.S were recog. 

nized e\"eI")'Whe~ In the ocean, for instance, they .. m~ called "tsu ndmis": 
Tsunamis are formed when a Slrong seismic shock occun in the ocean 

floor. The .... "'ve, onl) a f~' inches or feet high, Cdn tra\'e! intact across the 

ocean for many thousands of miles .. .. The human problem Ix:gins when 

the tsunami reaches the continental shelf. In shallower waters, nonlinear 

effects at the sea bed act to shorten the wll\"dcngth of the \\",\"e and increase 

its height. The result is awesome. From a soliton a few inches or fut high, 
the tsunami become, a loo-fool mountain of water crashing into (.'OaSts and 

harbors. The tsunami that killed thousands in U~bon in 1775 caused many 

\\Titers in the age of Enlightenment to question the existence of a bene\·o· 

lent God. In 1702 a tsunami in Japan drowned over 100,000 people, and in 

the seismic soliton created by the \"okanic explosion of Krakatoa Island in 

1882 thousands died. to 

Solitons can occur at much greater scales than tsunamis. In the 

atmosphere of Jupiter. for instancc, there exists a soliton (the famous 

Red Eye) with a diameter roughly equal to the distdnce from the. Earth 

to the Moon. On the other hand, solitons have also been found at ex· 

trcmcly small scales: for example, this is the way in which electrons 

traveling through solid objects form charge.dcnsity waves. Indeed , 

anything thdt nows ill regular waves (electricity, sound, heat, light) can 

gil'e risc to solitons. Not surprisingly, the Idws of classical thermody. 
namie, ,",'Ould seem to forbid such coherent """,(:3 from ariSing spon· 

uncousl),: if a gh'en amount of energy is introduced into it nowing 

medium, the energy should d iffuse evcnly throughout the components 

of the medium. And indeed. this does normally happen; but in speCial 

circumstances, the energy can form into a pulselike \va\'c and retain its 
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I.:ohcrcnt identity over time - and in some I.:as~ s, cvrn ",nf'r rol1i~ion~ 

with other solitons. 
Che mical docks (periodic and chaotic) and solitons exist within our 

bodies. An importam chemica) react ion in o ur own metabolism, which 

serves to transform glucose into useful energy (glycolysis), has been 
shown to generate spontaneously rhyth.mic oscillations. 11 Chaotic oscil ­
latio ns, on the other hand, occur in neur~) activity associated with the 
control of the heartbeat and the secretion of S()JllC hormones. (Apparently. 
llonperiodic oscillations arc more adaptable and flexible than rigidl), 
per iodic ones, lending them, perhaps, a functional advantage. ll ) Solitons, 
for their part, are hdpful in understanding how energy is conveyed 

throughout the human hody: since regu lar waves dissipate their e nergy 
too rapidly to be of any metabolic use, coherent pulses that maintai n 
thei r ident ity could Coxplain how energy produced in one part of the 
hody fuels processes in another, distant part. Solitons tra\'eling along 
the " backbone" of certain proteins could be the answer to this puule. 11 

Similarl )" electrical signals travel through the nervous system too fast to 
be accounl(:cl for by the tl"dditiotldi UIlll..::I~td!lJiug uf " incoherent" wave5; 

thus, solitons have been proposc(i as the nlost likely mechanism fo r 
neural Signal transmission , and in this regard they ha\'c been describcd 
as constituting the "elementary particles of thoughl." 14 In short, it seems 
that our bodies arc inhabited as much by the phenomena of "nonorganic 
life" as hy the more familiar phenomena of organic life. 

Chaos and solitons have become the yin and yang of the new physiCS. IS 

At onc extreme, there are relatively simple systems (a c hemical clock, 
a mechanical pendulum), which call generatc bc\\~lcleringly complex 
behavior; at the orner, there arc extrcmclycomplicatcd systems (oceanic 
and atmospheric motion), which can generate simple and cohercnt 
structures (pulselike solito ns, or mo re generally, fronts., shock wa\1~ S 

and bubbles). When the two are combined - by adding "friction" to a 
soliton-bearing equation , for instance - the result is the formation and 

competition o f spatial patterns of great complexity and beauty. Indeed, 
what the study o f chaos and solitons was to the 19805, the study o f pat­
tern formation may be to the 1990s. 16 What is important for our pur­
poses, though, is that both periodic and nonpc riodic oscillations and 
coherent structures are among the unexpected possible behaviors of 
" inert n matter, behaviou of which we ha\"C only reccntly become aware. 

Matter, it turns out, can "express" itself in complex and creative ways, 
and our awareness Oflhis must be incorporated into any future materi­

alist philosophy. 
One rna)' well wonder why it has taken ~o long for these material 

effect.~ to be recognized. Of the many possible explanations, one un ­

doubtedly deserves spl."cial mention : our ~mathematical technology'" 
was Simply incapable of modeling self-organi7.ing phenomena. The kind 
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of c'luation most abund,mt in science (both classical and quantum), th~ 

"linear" equation, is cxtrcmd~' useful for modeling physical systems­

not .~() much bt'cau~(' this m,lthenl,ltical form captures all the rel~\"3nt 

a~pects of behavior, but because it pro\ides a workable approximation, 

easily solved, and thus adequate in its predietiv~ ability. Nonlinear equa­

tion~, on th(~ othlT hand, were not so easily soked, at least not before 

the ,ld\"{'nt of rligital computers; e\"en if they gave u~ a mor~ r~ali.~tic 

represent,ltion of reality, they were useless for practit·al appJieations. As 

a result, nonlin~aritie~ (like frietion amI air {lrilg) were eliminated as 

much as possible from mathematical models, making nonlinear effects 

like chaos and solitons "invisible" (that is, visible only as anomalies to be 

eliminated), According to one mathematician: 

So docile arc linear equations, that <:la;;si<:al mathematicians wen:: \\illing to 

compromise their physics to get th"m. [C()nM;~quently, I the classical theory 

,ieals "ith shallow waves. low-amplitude ,"ibratio"" ~mall temperdture gra· 

di"nL~ [that i~, t'liminat.t'~ nonlinearit iesl. So ingrained became the linear 

habit that by the 1940's and 1950's many scientisL~ and enginens knew lit­

tle clse .... Linearity.is a trap. The behaviour of linear equations .. . is far 

from typical [in nature] . Rut if ~·ou dnide that only linear equations are 

worth thinking about, ~ ... lf-n·nsorship sets in .... Your textbooks Ill! with 

trinmphs 01" linear atlaiysis, its failures hurit'tI so deep that the graves go 

unmarked and the existence 01 the graves got's unremarked. 17 

Thus, one of the main l:aUSe.~ of the paradigm shift that has allowed 

us to "see" matter as capable of self-organization is an advance in the 

technology that materiall~· supports mathematics, and with it mathe­

nl,lticai technology. Needless to say, thi~ will not be an overnight re­

pla("(~ment , ami mnch of science (classical and quantum) will rem'lin 

lin~ar. But nonl in ~~,lr scicn Cl~ has bcgun to re\·eal new ami ~tartling /acts 

dbl)ulllldlln, ill j!Mliluldr, dldllhe Ldld\'ior of entirely different mate­

rial s)stems can exhihit "ullin~r~al fcatures." Ph~'sidsts, for example, 

have known for some time that phase transitions in matter (from liquid 

to solid, from magnetic to nonmagnetil:, from conductor to supercon ­

ductor) <l ispla), ,l common mathematical ~tructure despite' the diversit;-, 

of their actual physical mechanisms. More recently, it was found th'lt 

the onset of turbulence in a flOWing liquid (a self-organi7:ing process) is 

also closely related to such pha~e t ransitions, as well as to the onset of 

cohnen(:e in laser light. In a vcry important sense, then, all these tran ­

sitions ma~' be said to be "mechanism iml~pell{knt": one ,md the same 

"mathematical mechanism" can account for all these events that would 

M~{·m othcn\~se to be wholly \lnre1ated.l~ 

Similarly, the onset of rhythmic behavior in a chemical re,l('tion is 

idemicai to mall)" other prOfesses in which equilibrium systems sud{lenly 

begin to oscillate - a well-documented example is the spontaneous 

aggregation of .~lim~ mold amoebas, in which one individual amoeba 
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functions <IS a "clock" that regulates the <lssembly of other sep,lrate cells 

into one I<lrge multicellular organi sm. Nonlinear oscillat ions have bC(~n 

obst~rH'd in ficlds ,1S dhTrse as electronics, economics and ecological 

relations (such as predator-prey s~·stems). Soliton phenOlllen,l, as \\T 

saw, occur <It every scale, from Jupite r 's Red Eye to tsunamis, to atomic 

charge-density wa\·es, and in eyer)' kind of l'nerg)' tlow (heat, light, 

sound) . This startling universality of the mathematics of self-organi7k 

t ion is one of the most revolutiona,)' elements of these new theories: 

"There is no hetter, then: i~ no mort! open door by whkh )"OU can enter 

into the study of natural philosophy," Michael Faraday has" riuen, "than b} 

considering the physical phenomena of a camlle." Although the" isdom of 

this remark layurlITeognized for well on~r a century, it is now rather \\iddy 

understood that the study of nonlinear difTusion in a {Cam]]", .. is dos .. ly 

related to the ,I~·nami'-·s of nerve impuhe propagation. the spread of conta­

gious disease, and the beating of the human heart. . .. The ~ame equation 

that solid state physicists and electrir'll engineers use to describe the prop­

agation of magnetic Ilux quanta (called '·Iluxons") ... is also employed by 

theoretical ph~'sicists as a modd for elementary particles. Similarly. the 

soliton on an optkal fibre. __ is closely rdalt'd to suggested mechanisms for 

th .. transport ami storage of biologkal energy in prott"in. 19 

In mathematical terminology, the erents at the onset of sdf-org,mi­

lation are calJ~d "bifurcations." Bifureat iom an: mutations that (KeUr 

at critical points in the "balance of power" bdween ph~' sical forces­

temper<lture, pressure, speed and so on - when nell' configurat ions 

become energetically possible, and matter spontaneously adopts them. 

It is as though "inert " matter, confronted with a problem stated in 

terms of a balance of fo rces, spontaneously generates a machinelike 

solution by drawing from a "reservoir" of abstract mathematical mech­

an isms. For instance, in the case of chemical self- organization. two (lis­

tinct forces are at work: the rate at which tbe suhstances diffuse and the 

rate at which they react \\ith each other. \Vhen the balance of power is 

dominated by diffusion, the result is a steady-state equilibrium, but the 

moment reaction rates begin to dominate, the chemical substances are 

suddenly confronted \\ith a new problem, and they must responn to thc 

(Challenge by adopting a con figurat ion that meets the new energetiC 

requirements. In this case, the lIew stable solution to the problem is to 

enter into an oscillatory equilibrium, and it is in this way that chemi<.:al 

docks are born. But, again, more important than the self-assem bly of 

these docks is the fact that essentially the same solution is available to 

other s~'stems, like populations of elect ronic circuits or of economic 

agents, which involve balances of power between forces of a complctd)· 

different kind. 

Gilles Deleuze and Felix Guattari have suggested that this ,1bstract 

resenoir of machinelike solutions, com mon to physical systems as 
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diverse as douds. names, rin:rs and even the phylogenetic Iin~age~ of 
living creatures, be calle(1 the "machinic ph} lum" l0 - a term that 11~lul(1 

indicate how nonlinear nows of matter and energy spontaneously gcner­
Jte machinelike assemblagc\ when internal or external pressures reach 
a critical lel'el. which only a vcr)' few abstra <.:t mechanisms can a<.:<.:ount 
for. In short, there is a si ngle machinie phylum for all the different living 
and nonlhing phylogenetic lineages. 

Thc machinic ph~'lum remained largely iJl\i~iblc until the advent o f 
d igilaJ computers; or rather. considering h011 pcrvasive nonlinear be­
havior is throughout nature (it could hirdly hal'e escaped everyone's 
attention), we had to learn to recognize iL ll Bifurcating sC9ucnces lead­

ing to complex behal ior had been "observed" by mathematicians such 
as Henri Poine;m: as e.,rl), as the 1890s - although those early glimpses 
into thc wild spaces of the machinic phylum horrified most who sail 
them. Those pJ.5~i ng gli mpses hal'e, Ilith the proliferation of computers 
in mathematical inl'e~ tigations (giving rise to ;'experimental mathemat­
iL'~ "), opened OIltO vasl landscapes - compuH,:r screens becoming ou r 
"\\indows" onto th~~ machinic phylum in more than a figurativc sense. 

If computers have emerged as \dndows onto this world. it is ht!<:ause 
the nonlinear mathematit ai models ofbifuTCalinn processes can he gil'en 

a I'i:.ual representation , a "phase portrall." The IIrst step in creat ing a 
phase portrait is to iclentify the rdevant aspects o f the behavior o f the 
physical system to be modeled. It is impossible, for example. to model 
an ovcn by conSidering each and every atom of which it is composed, 

but ont! can consider the singlc aspect of the oven that matters: its tem ­
perature. Similarly, in modeling the hehal;or of a pendulum, only its 
velOCity and position arc important. In tec hn ical terms, the oven has 
"one degree of freeJom ," i t.~ change in temperature; the penJulum. 
in turn, has two degrees of freedom , A bicycle. on the other hand­

taking into account thc coordinated motion of its diffen'nt parts (han­

dlebars, front and back IIheds. righLlIld left pe(lals) - is a system with 
apprOXimately ten degrees of freedom . 

The next step is to create an abstract sp,lce (called "phase space") 
that has as many dimemions as the s~ stem to be modeled ha.~ degrees 
offree(lom.!2 In tltis way, ewrything that matters about the system at 
an)' given moment in time can be condensed into a Single point : a point 
in one-tlime1l5ional space (a li ne) for the oven. a point in two-dimen­

sional space (a plane) for the pendulum or a point in ten-dimensional 
space for the bicycle. Moreol'er, a~ the ~)'s tcm changes in time (the olen 
heau up or the 6i ... ~·dc " lakes a turn), this poi nt in ph"", ... "Pi1<!c will also 
<: hange. thus descrihing a trajectory This trajectory, in e~~encc, will 
cOlllain all the inforrn.Uion that matters about the history of the mod­

~Ied system. For example, if the system under study tends to o~(~i1tatc 

between two extrcmes, like a driven pendulum. ib t rajectory in phase 
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space will form a closed loop, which represents a system whose "mo\'e­
ment " consists o f a repetitive cycle. A free pend ulum, on the other 
hand , which c\'entual ly comes to a standstill , appears in a phase portrait 
as a ~plraL ~'I ore complex systems will be represented by more complex 
trajectories in phase space. 

Now, it is one thing to model a system with a set of equations, but 
'1uite ;lI\other to soh'C those equation~ . Somctime~, when thcc<juatiol1S 
modeling a ~ystem are so complex that they cannot be solved - that is, 
whe n they are nonlinear - scientists can nevertheless lear n s[Jmething 
about the system's behavior by looking at its phase portrait. They cannot 

make precise quanti tath'e predictions about the system, but they can 
use the phase portrait to elicit qualitative insights about the general 

traits gm'crning the system's long-term tendencies. In particular, there 
are certain special spots in phase space that tend to att ract or repel all 
nearby trajectorit"sj that is, regardless of where a trajectory begins, it 
will tend to <Irift toward certain points (called "attractors"), or to mO\'e 
away from certain others (called "n:pcllors"). 

Because these trajectories represent the behavior of real physical sys­

tems, the attracto rs and repellors in a pha.lic portrait represent the long­
term tendencies of a system. For instance, a ball rolling downhill will 
always "$Uk" thc lowest point. If it is pushed up a little, it will roll down 
to this lowest point again . Its phase portrait will contain a " point aUrac­
tor": small fluctuations (the ball being pushed up a little) will move the 
trajectory (representing the ball) away lrom the attractor, but then the 

trajectory will naturally return to it. Other systems will have two point 
attractnrs or more. A well-made light S\vitch, for example, whose resting 
stales arc "on" and "off," has two attractors - and if it is delicately set 
between them, c ha nces are good that it will spontaneously snap into 
either position. Its phase portrait can't tell us It·ben it will do so - that 
is, pro\'ide a precise quanti tative prediction, which implies that the 

equat ion has been soh'Cd ~ but it can describe the system's long-term 
tendency to snap into one of i~ points of equilibrium. In fact, the spe­
cific form of the nonlinear equation modeling the system \\ilJ re\'eal this 
before i~ specific trajectory has been calculated. 

Attraetor.;, though, do not ne~;essa ri l y appear as points. For example, 
an att ra(:tor with the shape of a dosed loop (called a "periodic attrac­

tor" or " limit cycle") will force all trajectories passing nearby to wrap 
around it, 10 enter into an oscillating state, like a pendulum . If the phase 
portrait of a physical system has a pe riodic altraetor embedded in it, we 
know that no matter how we manipulate the behavior of the ~'stem . it 
will tend toward an oscillation between two extremes. 

These two attractors., points and closed loops. were the only types 
known before computer screens opent..'<i windows onto phase space. 
What followed was the discovery of a nlUeh wilder ar ray of creatuces 
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inhabiting phase space: J.mong them wtrt attractors with strangd)· 

tangled shapes, called "~trange" or "chaotic" attractnrs, representing 

turbulent behavior in nature, amI the incredibl~' complex, chaotic 

boundaries separating "bJ.~ins of attraction" (J. simple att ractor's sphen:~ 

of influence in phase space). Far more ~tartling, though, WJ.~ the disco\'­

c~' that an attractor can spontaneously mutate into a difTerent attractor. 

These spontaneous transformations are known as "hifun:ations." '-:or 

inHance, a ph~'sical S~'stem that originally tended toward a steady-state 

equilibrium (a point attractor-) <-'an suddenly l>egin to oscillate between 

two extremes (a limit cycle); this would describe the self-assembly of a 

chemical dock. Spontaneous self-organization can take mher forms as 

well: the onset of turbulence in allowing li(IUi{1 J.ppeJ.rs in phase span: 

as a ca~cade of bifurcations that takes a circle (limit cycle) and, through 

~uccessive doublings, transforms it into a strange attractor. Roughly, we 

nmld say that phenomena of self-organization occur whenever a bifur­

cation t'lkes plJ.ce: when a new attractor appears on the ph'lse portrJ.it 

of a s~'stem, or when the system's attractors mutate in kind. 

We ha\-e, then, thr~e distinct entities inhabiting phase space: spe­

cific trajectories (corresponding to systems in the acmal world). attrac­

tors (corT(~spomling to the long-term tendencies of these systems) and 

hilur<-'ation events (corresponding to the emergence in these systems of 

ne.,.. strul'tural tendencies). BifuTca(ion events are brought about by 

ch~nges in certain "control parameters," which represelll the more or 

less constant condition~ affecting ph~'~ i cal ohjects; tempiOrature, pres­

sure, grJ.vit)' and so on. As the value of a parameter shifts through cer­

tain ranges, the attractors of th .. physical s~-stcm representecl \\ill usuall~' 

change subtly; at cert,lin c ritical points, though, ,1 bifurcation \\~Il tJ.ke 

place, ancl the attractors will transform themseh-es. 

As I ~J.id earlier, hecause essentially the same attractors and bifurca­

tions are a,·ailable for many clifferent physical s~·stems. they may be seen 

J.s , irtual or abJlract mechanismJ that are "incarnated" in different ('on­

crete ph~·sicJ.I mcchJ.nisms. This is not to 5<1)' that J.ttractors ancl bifur­

cations exist in somc pLlTonic n'alm waiting to be rCJ.Ii7.eo - rJ.thcr, 

they or ... intrinsic foot UTes 1the dynamics if physical '1)',ltcms, and they have 

no Independent e.yiIlence ourside (!f fhme physical ,~r.ICems. Yet, attractors 

and bifurcations do constitute an abstract reservoir of resourccs a\'J.il­

able to nonlinear flows of matter and energy - J condition that applies 

as much to the beating of hearts as to earth(luakcs, 11,lmcs and clouds, 

tsunamis and amo{~bas. And it is in this n~spect that J introduce the 

term "m<lchinie phylum" to designate a single phylogenetic line cutting 

through all matter, "li\' ing" or "nonliving," a single source of sponta­

neous order for all of realit:-·, More specifkally, the attractors define 

th(: more or less stahle and permanent features of this realit~. (its long­

term tendencies), 'lnr+bifurrations constitute its source of creativity 
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ann v,lriability. Or to put it more philosophkally, att r,lCtors arc vcrit,lblc 

"figures of destiny," for they define the future of man~' ~ystem~. 

For instance, when the {Iynamics of a physical system are governed 

b~' a periodic attractor, it is as if the very 110ws of m,ltter and energy 

rushing through the system were binding it, or destining it, to an oscil­

latory future. And yet , for several reasons, this iron-da(1 determinism 

should not be given too mechanistic an interpretation. For one thing, 

the phase portraits of most system~ u~ually contain more than one at­

tractor, which means that the system in guestion has a "choice" between 

~e\"eral {Ie~tinic s. Then , there is the "freedom" built in to {·haotic attrac­

tors. \Vhen a system's dynamics are caught in a stra nge attractur (deter­

ministic chaos), that system is "hound to be c reath'e," that is, to explore 

all the possibilities of a small region of phase space. Furthermore, even 

if we are nestined to foll ow the attractors guidi ng our dynamical behav­

ior, there arc also bifurcat ions, c r itical poinb at which we may be able 

to change our destin~' (t h'lt is, modify our long- term tendencies). And 

because milluscule Iluctuatiom in the environment in which a bifurca­

tion oec-.us mil~' d..,<.:;.lc thl, l'xact nature of the resulting att ractors, one 

can hardly conclude that all actions we undertake - as indi\'iuuals or 

cul1ectiwh- - are irrelevant in the fJ('e of tht:~e deterministic furces. 

RifuT("ations may not be a "guarantee of freedom," but they ("(' rtainly 

do provide a means of experimenting with - and perhaps cvcn modify­

ing - our dcstinies: 

From the physici.~t's point of view this invol'e~ a J i,tim:tion bt'twt'tn state, 

of the s~'stem in which all indhidual initiatil'e is doomed to insignifl<.:ann· 

on one hand, and on th., other, hifurcation regions in which an individual. 

an idea, or a n.,\, ht;"haviour {'an upset the global state. I:\"en in those regions, 

amplillcation oh, iously doc,. not '''TUr with just any innividu,ll, idea, or 

beha'Jour, but only \'ith those that arc "(langt;"rou," - that is, thust" that 

can exploit to thcir advantagt" the nonlinear relations guaranteeing the sta­

uilitr uf the preceding regime. Thus we arf' led to {ondude that tht" same 

nonliucarities indY produ,·t" an o rder out of tht" chaos of elementary pro­

cesses and still, undt;"T difTt;"rent <.:ir<.:umstances, be responsible for the de­

struction of the same order, eWrltually producing a new coht'rence beyond 

another bifurcation. " 

Although attractors and bifurcations appear only in the phase por­

trait;; of systems that are "dissipative" (those in which energ~' i, not 

conserved), even conservative systems show a partitioning of phase 

space into regions, sunw of which define systemic long-term tenden­

cies. Su{·h a phase space ma)" be seen as an "energy landscape," with 

peaks and valleys that {'orrespond to maxima ,1nd m inima of free energy. 

These val leys ~e r\"e as attractors in the sellSe that these systems will 

spontaneously adopt a physical wnfiguration that minimizes the amount 

of free energy - in other words, their t rajectories will tend toward 
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interacting with one another, A rwl pl.met. on the other hand, has moun­

tains. valleys and other gtolngicililormiitions, \Vere \\'e to pn:r inside 

the mountain.s. for eXJmpk. we would find folded la~'ers of different 
types of stone. In ~hort, we would obsen'e a hbtorkal structurt' - not 

,1 collage of state~ of rnattt:r. 

On Earth, the main historical process ~sl>onsiblc for the formation 
of mountains and other structures. is Lallcd the "geological cyde." 

RriC'n~' put: Erosion and \\eathering cre~tl' the raw materials for Iht' 

cydl' (<;lones, pebbles. grains), 'Ihich ri\'ers, through a proce~s known 

a~ "hyJrauJic sorting," sort om and deposit as .,,·diment at the bottom 

of the oc.:ean. The M.:dimcnt already has a structurl~. since the sort ing 

process causes matter to depoSit in llistinct layers. \-\Ehen the~e 1a~'ef'. 

are buried under furthl'r (kposits., the~' undergo a transformation: the 

pebbles and grains that form these layers an~ (.t!nlcntcd together into 

sedimentary rock (for l·xample, sandstone or lim('s tonc). \Vhen these 
rock layers are folded under Ihe pressun' of mOI'ement.s of the Earth's 

l'fUSI. mountains emerge - whic.:h arc then ~cu lpted by erosion, ,lnd so 

on ad infinitum. ill 

Self-orga nizi ng prOCl'sses drive [he geological C:Tle. The lectonic 

forLe, hehind th{' burial and folding of sediml'nt are dril'en by moltt:n 

rcx:k nu\ling up from beneath the crust in convect ion cells, a cnh",n..'nt 

nO\\ arbing after a tcmper,nure bifurcation. c()n.~tituting II kind of 
sdf-assembled <;on\,.,~'or bdt, Thc riycrs thoU sort out the pebbles and 

grains Ihat make up the layers of sediment, (:an be seen as sdf-organin'd 

"h)draulic computers," The dynamicS oi a rivcr's flow at different 

puints in its course are gO\'erned h~' {Iillcrcnt attraetors. turhulent now 

from strange attractors. and cohen..~n t pulses (soli ton,,) from weaker 

!urlTIS of non linear stabililatiun. It is th{'se different "regimes of !low" 

that gil'l' the river its capability of sorting raW materials by grain sin" 

shape .md e\·en composition, II Finally, the proce~ses of t: rosion and 

"eatht:ring also act as "fllte rs~ or "siel'''s,'' )orting OUI malerial~ hy their 

llegn.·e o f stabilit~·. Mountain~ are II-orkecl O\'Cf by these proCt'~es. 

n.·moving those compollenb that an.: not fully stable. and I{~a\'ing behind 

thosl' that are strollgl~ lo~ked into their attractors. (i-Of thi ~ n:a~on. 

granitc, ,1 highly siable cl)stalline omtlbouration, is typically found 011 

high ground.Jl) 

Thus, adding thc~e historical processes ~hangcs our simple pictun' 

ufthe birth of a planet. Instead of a simple sequence of bifurcations 

taking us from II plasma to c~'~ta l , here tlte formation of harrlened 
~tructures involves attractor~ and hifurcations engaged in more com­

plt·x int('r,l{'tions. The self-organized mathinic assemblages they erNIl' 

(conveyor belts, hydraulic computers) proVide the labor needed to gen­

erat(, gcologkal constructions in a two-~tep process: fi rst. the raw matc­

rials are selecled and ~()rteJ (sl:(limentat ion), then thc~' arc consolidated 
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into permanent structures (cementation or hardening). Because the 

end result of these two operations is geological strata, this process of 

double articulation has been given the name of"stratification."ll 

According to Oelem~.e and Guattari, processes of st rat ification Ol.:tur 

not only in the world of geology but in every sphere of reality. In other 

words, any sphere of reality - the hydrosphere, the biosphere and so 

on - can be defin ed in terms of flows of matter and energy and the 

reservoirs driving those flows. At any given point in time, portions of 

these flows will be involved in an)" number of act ively sel f-organizing 

processes; other portions o f" the flows, however, \\~11 have sedimented 

or hardened into more or less stable structures. Thus, we can (lcscribe 

a given region of the planet at a given moment by specifying which of 

the three possible states of these flows predomin'lte~: fre ely ~df-orga ­

nizing, loosely bound or rigidl)" bound. But because these states are 

neither irreversible oor exdu~ive, we can .' peak of various componenb 

in terms of the "degrees of stratification" they exhibit. 

For instance, a rock may seem to us the archetypal example of per­

manence and stability, but when one takes the long view, even rocks flow: 

their atoms migrate alooggrain borders (self-diffusion), diskKation 

boundaries within grains move, (:racks and fissures propagate. In this 

sense, the now of rocks is vcr:' \·iscous; they constantly change, but at 

extremely slow speeds. Furthermore, und~r extreme heat and pressure, 

rocks may undergo a bifurcation (limestone, a ~ed imentary rock, meta­

morpho~es into marble),H Alternativc!y, rock may be melted into lava 

and reincorporated into the convection nows driving plate tc(;toni(;~. 

Stratification, then, is in no way a terminal state: free matter and energy 

.~tratif)", <lnd the stratified destratifies. 

Moreover, hydrological st rata (rain belts, ice caps, rivers), atmos­

pheri<-· strata (pressure syst{~ms, \\ind patterns) and organic strata (food 

chains, (lominance hierarchies) can also be understood as complexes of 

maller and energy flows that are stratifie(l to different degrees. 

\Vhat wc have, then, is a kind of'\\isdom of the rocks," a way of lis ­

tening to a crcat h"(" , expressive now of matter for guidance Oil how to 

work \\~th our own org<lnic str<lta. l5 

Organic stratification , which gives rise to our own bodies (among other 

things), unfold s through chemical reactivit)" - that is, the onset of a 

reaction tran sform ing one set of substances into another. This, too, 

can be considcred a phase transi tion because these reactions involve 

"activation thresholds," the minimum amounts of energy necessary for 

chemical processes to begin. The control parameters determining these 

processes, however, arc by no means fixcd: catalysts - substances capa­

ble of manipulating these act ivation thresholds without themselves 
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being affected - can raise the thresholds or lower them, and in this way 

can either inhibit or enhance a reaction. 

In a very literal sense, cata ly~ts are the first form of matter that can 

affect directly the <::ootrol parameters driving bifurcations, either pre­

venting or a<::cderating their actualization. (More precisely, catalysts 

push systems away from their at t ra<::tors and toward the border ofthcir 

basin of attraction, where small fluctuations can push them into the 

domain of a different att raction .]6) In some cases, a substance can cat­

alyze its own production (autocatalysis); in others, two or more sub­

stances can "cooperate" with one another by catalyzing each o ther's 

reactions (cross-catalysis). Chemical docks arise only in these kinds of 

react ions. Among all the clements, the most powerful catalysts are met­

als, and fo r this reason metals have been said to bear a privileged status 

in the machinic phylum: 

[W]hat metal and metallurgy bring to light is a life proper to matter, a vital 

state of matter as such, a matcrial vitalism that doubtless exists e,·erywhen: 

but is ordinarily hidden or covcn:d, rendered unrecognh.able ... [M]etal 

is coextensive with.the whole of matter, and the whole of matter to metal ­

lurgy. Even the waters, the grasses and variet ies of wood, the animals are 

populated by salts or mineral element.~. Not everything is metal, but metal 

is C'o·erywhere. Meul is the comiul."tOr of all matter. The machini<:: phylum 

is metallurgical, or at least has a metal1k head, as its itinerant probe-head 
or gllirhnrp rlPVir .. .l7 

This special capability of catalysts to intervene in the dynamiCS of 

other processes is the necessary precondition for life to begin. Indeed, 

the catalysts invoked in living processes, called "enzymes," are far more 

specific than met als in their dynamic effects, allOWing for much more 

detailed control of chemical reactions. The instru<::t ions for building 

each enzyme are stored in DNA, and this allows particular enzyme 

"designs" to be nO[ only inheritable, but also capable of being finc­

tuned for specific funl.."1ions th rough the action of natural selection. 

Because the t ranslation o f sclJuences of DNA into enzymes is iuelf an 

activity regulated by enzymes, we seem to have here a dassic chicken­

or~egg dilemma. 

Recent theories of how a machine as complicated as DNA and its 

translation operations came to be assembled begin with networks of 

cooperating nucleic acids and enzymes. One suggested precursor, called 

a "hypcrcyde," might havc been a self-replicating molecule (nudeic add) 

coded to produce an enzyme that enhanced the production of a sccond 

nucleic acid, which, in turn, coded for an enzyme t hat enhanced the 

production of the first - a dynamical cross-catalytic system governed 

by attractors and subject to bifurcations.38 

Such a cooperat ing net\\'ork might have been the mechanism 

through which the machinic phylum gave rise to organi<:: life. Organic 
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strata , howe\·er. differ from geological strata in that they have enveloped 

within their sphere of operations the control parameters drhing bifur­

cations. In the case of our hypothetical crystal planet. the forces deter­

mining the control parameters (temperature. pressure, volume) had not 

yt: t been integrated into, nor harnessed by. the mountains and rocks 

tht:y ga\'e rise to. The latter sim ply emergt:d as the flows of matter and 

ent:rgy underwent bifurcations, but thest: structures had little or no 

effcct on which bifurcations occurred . \Vith o rganic strata, on the other 

hand, the struified structures - in particular, DNA - also drh-e the 

control parameter$, and are thereby able to determine which bifurca­

tions are act-Uali1-ed. 

For our purposes, we un treat living S)'Sl'ems as ma.de of two kinds 

of components: those that function more or less independently of the 
rate and flow o f matter and energy, and those that depend criti<.-ally on 

these rates of flow (that is, on degrees of viscosity or ~l'ratifica tion) . The 

bifurcat ions of the latter occur only at cri t ical points in the rate offlol\' 

of matter and energy, whereas the instruct ions stored as genetic infor­

mation for the assembly of enrymt:s are completely stratified and rate 

independent. In this sensc. DNA and its enzymes can be scen as a com­

plex parallel computer regulating the relatin~ "viscosities" of different 

flows so as to permit the actualization of certain bifurcations but not 

othl'fS. This i$, in essence, the hypo thesis propoSt:d by philosopher 

Howard Patee, who calls information-based structures like DNA "sym­

bol systems": 

lSJymbol systems exist as ratt:-independcnt (nonintegrablt:) constraints .. ,. 

fTht:y do notJ depend, Vtithin wide limits. on the rale of reading or wriling, 

or on the rate of energy or mattcr flow in the ~)mbol-manipulating hard­

ware. On the other hand, the effcct ... of symbols functioning as instruc­

tions is exerted through tht: seh:cth1! control of rales. For t:xample. the rate 
of reading O r tr;l.nslning a gene <I<>elI not affect the det .. nnination of which 

protein is produttd. However, the synthesi5 of the protein as instructed by 
the genc is ac(;omplished through thc sdecth-e control, by enzymes, of the 

rates o[individual n:act ions. ~ 

These separate roles played by DNA and nonlinear, sel f-organi zing 

processes ean perhaps be best illustrated by looking at the way in which 
the genetic info rmation contained in a fertil ized egg is slowly converted 

into a fully de\·eloped indhidual of a given s~cies. This is the process 

known as "embryogenesis." Roughly speaki ng, during embryogeneSiS 

two kinds of processes occur; those mediated by DNA, thus subject to 

gem:tic control, and those go\'Crned by attractors aDd bifurcations. thus 

constrainc<l but not created by genetic information. 

An egg consists of a nucleus (containing genetic information) and 

cytoplasm, Traditionally, the latter was regarded simply as a source of 

energy and nutrients fo r the del'eloping embryo, but it is now known 
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to playa much more fumlamental role. A~ a rule of thumb, \\T .~hlluld 

looK for manifestations of nonorganic life in those processes in th~ devel­

oping embryo where the nucleus is not imoh-ed as a source ifirifiJrIDa­
lional consrraints. This <.jualification is nt:cessar)' because the nudl."1ls rna)" 

be invoked in the emergence of hifurcations, though not by \'irtu(~ of its 

genetic material. For example, its position in the egg can create an ini­

tial "polarity" between {lifferent zones oftht· egg. Thb initial poIHit)', 

estilblished during the formation of the egg (oogenesis), has been found 

to consti tute a fundamental source of as)'TllllKtry guiding the develop­

ment 01 th~ lirst lew st,lges in embryogenesis. Even when the genetic 

actidty of the nucleus has been inhibi ted, an egg \\ill undergo certain 

earl) bifurcations due to its global dynamics: 

Sclf-assembl~· during I the carly stages of J embryonic development is not 

mediated by direct genc intcrYcmioll. \Vhen all the tr,lI}scriptions have 

he .. n prnellted [through the use of an inhibitor] th" regular d"avage pat­

tnns are retained. Howe\"er, the polarity of molecular organi·ation ,)f both 

the egg's cytoplasm and its nucleus (chromatic) are essential for normal 

development. Hellce the main lCatures of I early] cmhr)ogencsis - cell 

dHl"erentiation, induction, determination of pattern formation - all stem 

from the Ilogeneticall}" originated, spatial distrihution of preformt:d infor­

mational manomole<"ules. The initial condition of embr)"ogenesis is oogen ­

e,i~. Th~ erigenl~ti'" of ... mhryunic ,l .. ,dorment is built on the topological 

sdf-org~niL<ltion and orientation uf fl1acromolecul~s of Ih(" total egg:-IO 

In later stages of embryo de\·e!opment. the emergence of the pat-

t ... rm forming various o rgans and structur ... , - an t:~'t", a leg and so on­

similarly invokes events directly mediated by ONA and those resulting 

from the global dynamics of interacting cdls. Ilistoricall~·, the study 

of emhryogenesis has shifted in the imporlance attributed to each of 

thc~e factors. A century ago, there were two main theori es of embryo­

genesis: one positing that organs are somehow preformed in th{~ egg, 

and another positing th'lt organs arise ou t of the dynamics o f develop­

ment. The first ilpproach held that, as an egg cell dh'ides, each cell 

would contain half of the total organism and so on throughout the 

c·oursc of embr:mgenesis. This ha~, of course, been proven false, for 

the destin~· of a cdl is not rigidly predetermined hut, rather, is regulated 

du ring dt:vdopment: 

The das;ic·al demonstration of [the phenomenon of regulation 1 was pro­

\ided in the 18905 in H. Drit"sch's expcrimcnts on sea-urchin embl)·os. 

When one of the cells of a ,"Cry young embryo at the two-celled stage was 

kill ... d, the remaining cell gave rise not to half 3 sea-Uf(.·hin, but til a small 

but \"I,fl1pl ... t .. sed-urchin. Similarly, small hut eompl ... tt" organi~ms d~\"c1-

oped after the destruction of any ont:, two or thrce c.ells of "mb,;·os,lt the 

fuur-u,Il"J ,t"g". CUIII·", ,,,1~. d"" fu,iull uf \"U )UUIlI; '''d-ur~hjll "Jul." )·u, 

resulted in the development of one giant sea_urchin.4 ' 
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Several hypotheses have been proposed to explain the regulation of 

cell differentiation, the process through which a group of essentially 

similar cells - for example, an egg after the first few divisions - gives 

rise to incredibly diverse tissues" Follo\\ing the discovery of DN A, it was 

thought that differentiation was entirely genetic - that as cells differenti­

ated, their ON!. changed as well, guiding the development of various sets 

of proteins and enzymes for various cell £)l)es. It was found , howcver, 

that DNA remains essentially the same in cells of totally different types. 

What, then, accounts for cell differentiation? One general hypothe­

sis holds that during embryogenesis certain chemical patterns emerge 

and guide ("dIs to produce specifif.: proteins at spe<.:ifi<; times. There are, 

in fact, seHral theori es about exactly how chemical patterns an:ompl ish 

this task, which difler mainly in the importancc thc), attribut(· to g~ndi(· 

information in the guidance ofthese processes. On the one hand, the 

"positional information" h~'Pothesis asserts that simple gradient.s of 

chemical concentrations are interpreted by differentia t ing cells according 

to J '"er;' complex genetic code" On the other, the "prepattern" hypothe­

sis ,lsserts th,lI chemic,ll patterns are \"Cry complex, and the genetic code 

with which the cdls interpret them is very simple.i! Clearly, there is a 

tr'ldc-olf here: the greater the complexit), one attributes to a 5c1f-orga­

nizing chemical pattern, the less the genetic information one need pos­

tulate for its interpretation, and vice versa. 

ror a long time, the latter h)'pothesi.~ wa~ favored because a mecha­

nism for spontaneously forming simple chemical P,ltterns seemed much 

more likely than one for complex patterns. But. as I suggested at the be­

ginning of this essay, this situation is changing rapidly: chemical reactions 

arc now viewed as capable of undergoing several kinds of bifuT(·ation.~ 

that result in the self-assembling chemical docks, trawling waves, ~pirals 

and other complex patterns pn'\"iously thought impossible. So the hy­

pothesis of 1 prepattern is becoming accepted more widely, and with it an 

increa~ed role for nonorganic life in tht: creation of organic structures."1l 

Regulation and regeneration were what first prompted scientists 

to postulate forces in embr;"ogen<'sis other than genetic information. 

At particular stages in the dewlopment of an embr;'o, groups of cells 

interact and thereb)· develop along specific paths. These paths, though, 

do not seem to be wholly determined by genetic control: if a group of 

cells in a de .... eloping embryo is transplanted from one region to another, 

they will dn·dop, not into the structun: enwrging in the first area, hut 

into the structure corresponding to the second. These st,lblc paths of 

de\·elopment that guide or "canalize" cell behavior have been called 

"chreods."~4 Confronted with such self-organizing phenomena, one 

scientist has fdt the need to postulate the existence of phYSical forces 

unknown to onlinar;' physics, which arc supposed to act in a nonener­

getic way, indepelldentl~' of space and timc.4i J see no neecl, how~Ter, 
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for poslUlating mysterious agenb to account for chreods: the attr.lt:tor~ 

guiding the global d~namic~ of interact ing cells suffice to an:ount for 
their canalized behiwior. and the bifurcatiuns arising in those dynamical 
interactions .ldequately account for the emergence of the attru'wrs 

thl'lllsclvcs. "1ore specilkal1~, tho: enzymes produced by the exprt'~~ion 
nfgenctic information enter into "chemical reaction nelworb" IIhll~e 
dynamics arC" guidC"d by attractors. Each type of cell (bone, muscle, 
nt'n'c) is now thought to arise fn,m a different attractor, with the DNA 

~imply pushing cells from ont: basin of attraction to anotht:r,46 Thb 
dcscription has the ad,'arnagt: of rxplaining the spontaneous emergencC" 
of ne\\ p,ltterns by illl'(lking on ly intrinsic features of the global (Ipl,lm­

ics of cell populations. \\ ithout postulating additional forces "ith mys­
terious properlie~. 

Roughl~' ~pt:aking, then, the belief that all embryological events in-
I ohe dirl'ct genet ic supervision is giving way 10 a nl'W vision: the egg 
begill~ a, .. an undifferentiated field that undergoes ,1 sC"ries of bifurca­
lions, each of which prQ{luces a new set of attractors that form the 
ch reod~ guid ing de\"elopmcnt until the next hifurcation. One scheme 
for c1a~if~ ing attractors and bifurcations, known as ;;caust rophe the­
or~." pre~<: nt.~ a taxonom~' of se\'en elementa,:' morphogenet ic (that is, 
fnrm-p rodud ng) ("\"ents. To edLh of tht:~c ~l·ts of dttractors and hifun::a­
tion~ corresponds a differelll proce~s of self-organization in cdl groups: 
in tht' right conditions, these will tt:nd spontaneously to form a pleat or 
a fold, a pockel, a spike or a furro\\: n 

The more !>elf-organi7ing processes scienli,t,o, discowf. the smaller 
th,· dom'lin of UNA'S control appears to bl', Rather than including.l 
complete blueprint for the con~truction of an ent ire imli\'i,lu.l1, OS" 

must include only enough COI1~t rdints to harnes~ sdf-organi7ing pro­
cesses in tilt: creation Ofthl' structures that charactcrb.C' a particular 
5pecie~. ,\lathematical an.llysis hds established (for now) that the altrac­
tOf'> .lnt! hifurrations guiding these d~'namics arc rela[i\'ely fe'l in num­
b~'r, so organic processes of stratification are themselves constrained by 
d~'l".ni«l.l rOlt:(C ~, II. utllC' ",,, d~, II .urphugo::ne!>;" - for l'xamp1c, the 

spolltal\eous emergence "f form in a relatil ely fClrlnll"SS egg - is limited 
by the aV<lilahlc ,1ttr.l('{Ors ,md bifurcation", Hence, DNA constraints ca n 
onl) operate within th,~~,' limits, In the word~ of (lne biologist: 

There are sel"eral ,'on.)t:(luo: nc('s of this I'ie" of morphogenesis, !-irst, it i~ 

.-1 Hlenl that morpholog.\' is generated in .. hio:ran:hical manner, from SImple 

to ("omplex, as bifurcation~ f<"WIt in spat iaUy ordered as~'mmt:tri.-s and 

pcriodicitie§. and nnn-Iuwarities givt" rise to fiOt' I'Kal detail. Sinc,," thcJ'(C is 
,) limited set of 'implt: broken ~)'m.m.etrics and patterns Ihal arc possible 

(f',g.. ra.lial. bilatt:ral. pt:riodic), and since tit-,'doping organisms must ~ t ar! 

off la~ Ing duwn tht"st: clements of spatial (ml.-r, it follows tiM! thc~ basi. 

rorms \lill bt:- most common amung all ~p,,"eh:s. On the other hand, the 
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flner dct;uls of pattern will be most \'ariabh,' bct .... <t:en ~pecies, since. the 

pattern-gencr.n.ing proces:s results in a combinatorial richness of tcrminal 

detolil, anu specific: gene produl-U in different sperles stabili7.e trajectories 

lea,ling to one OT another of the§c .. ,. The flet that virtually all the basic 

organismic bod}' plans were discovered and e$tablished during an N.TI)' 

evolutionary period, the Cambrian, is often r"lllarked with surprisc, 

hut il is just what one would expect on the ba~is Qflhe above argument. 

"Ancient " and "r{'cenl" morphological characters are secondary conse­

quences of the hierarchical nature o f lIlorphQ!,'t'nesis and the exploration 

of its potential in time.~8 

The idea of an undifferentiated egg slowly de\·eloping into a full 
organism as it crosses bifurcations corresponds to our earlier image of 
a formless plasma giving rise to a crystal p"'nct as it cools dO\\T1 ami 
undergoes phase transitions, But as wc saw before, we must also bring 
into play the action "fhistorical processes of ~tratification in order to 
("'ompletc the picture. Like volcanoes in the: Iithosph(~re or hurricanes 
in th(' atmosphere, cn:atures in the biosphen: must meet st rict matter 
and energy budgets. The !low of flesh (bioOla.,s) th rough food chains 
constitutes the main form of energy circulation in organic strata - that 

i ... , energy budgets are met by all living creatures by eating and avoiding 
being caten. In alt ecosystems, planets are. at the bottom of these food 
chains. constituting a reservoir of sola r energy stored chemieall~' 

(throu~h photosynthesis). On top of this layer of primary product ivity 
come sc\"crallayers of consumers (herbi\"ore!', carnh"ores). The spedflc 

job that an animal o r plant performs in an ecosystem (what is called ilS 
"niche") is dcfine<1 by its position in one of these circuits for the circu­
lation of biomass. So in this sense, organic strata are, like any other 
strata, t:o mposed of temporary coagulatiOns of matter (the bodies of 
planlj and animals), themselves the product of the (;easdcss How of 

energy through ecosystems,~' And yet. animals and plants are unique 
in that they must also meet a second budgt:t, a genetic budget that com ­
pels them to try to spread their genes as far and wide as possible. I-M 
these creatures. meeting their energy-matter budget is, in a sense. of 
seeomlary impo rtance. They must cat and al'oid being eaten only to 
endure until the mating season, when the main objective of thei r !i\'es is 
revealed: the continuation of a genetic line, the preservation of the por­

tion of the gene pool they encapsulate. The gene pool of a species Illay 
be seen as a veritable reservoir dr iving flows of genetic material through 
the bodies ofi u individual members, More Jpecifically. a gene pool sup­
plies the raw matcria l ~ for the pruning procCM of natural K lcction. It 
contains the stored "'experience" of the species O\·cr many generations. 

thc "knO\\ ledge" of how to survi\'e succe~sfutly in a gil'en en\'ironment. 
Individual ani mals and plants are like temporary "experiments" with 
which gene pools probe current envi ronmental conditions to make ~Ufl' 
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that past successes are still viable (in other words, that energy-matter 

budgets can still be met as before).>o 

Al though gene pools are designed to replicate them~d\"Cs very accu­

r,ltcl~' (and thereby presen'e past experience intM·t) random copy-error 

(mutations) and sexual shuffling of gene groups (recombination) gener­

<He enough vari<uion so that these genetic n~servoirs can respond to new 

endronmcnt<ll challcnges. In short , thanks to variation, gcne pools can 

evoke and be submitted to histori(.:al processes of stratification. Roughly 

speaking, mutation and recombination play the role of erosion and 

weathering - that is, they provide thc raw materials for the sortmg pro­

cess of natural selection. In the simplest case, for example in the ca~e 

of sele<:tion by climat ic comlitions, this process merd), sorts out the fit 

from the unfit, or more generally, the stable from the unstable. And yet. 

li ke the h>,draulic computers mentioned above, ~dection pressures are 

also patterned b~' nOlllinearities. I'or instance, some pressures Illa), add 

some directionali ty to evolution, as in the case of natural arms races: 

"thickening of the armor in a prey species directly pro"okes a sharpen­

ing of the claws an~ teeth in its predato,), c'ounterpart, which in turn 

puts pressure on armor designs to get even thicker. Similar catalytic 

loops occur between parasites and hosts, or between male decorations 

and fem ale sexual choice. 51 In other C<lses, when the fitness of a parti­

cular trait or behavior is nonlinear (thM is, when select ion pr~ssun: s 

depend on how fr~lju~nt that behavior is exhibited in a population), 

b~ha\"iod patterns come to be stabilized by attractors (the so-called 

eYoJutiom,")' stable strategies). 52 

Thus, selection pressures of man)' kinds play the same role that pro­

cesses of ,;~d imentation perform in the case of rocks. They select the 

stahle from thl~ unstable, and then sort out what's left into the layers of 

a foo{l chain. The analogy does not eml then~ . Like patterns in the sedi­

menta'")' deposits that form at the hottom of the ocean, the accumu­

lated patterns of adapti\'e traits and behaviors brought about by natural 

selection are very ephemeral. They slowly sediment o\'er man~' gcner<l­

tions hut the), can be \\iped out by a single large-scal{~ bifurcation , like 

the onset of the ice age. ~o what then corr~spond5 here to the process 

of cementing together loosely acc'umulated pebbles into hardened sedi­

menta'")' rock! The answer, according to the {liscipline of macroe,'olu­

tiona'")' d;'namics, is the process of ".~pcciation ," that is, the birth of a 

new species. \Vhen a portion of a population becomes reproduo;:tivcly 

isolated from its parent group, the information cont3ined in its gene 

pool becomes permanently injected into the l<lrger phylogenetic lineage 

to which both groups belong. Speciation acts like a ratchet, preventing 

accumulated adaptations from being eroded away. In this form, what 

\\ as a loosely bonded set of anatomical and behavioral traits is now h"f{l­

cnc{1 into the more or less permanent structur~ of a particular species.>l 
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our circadi~n rhythms are dynamkal proc~ss~s - they are guided by 

periodic attractors - they an: ('apabll' of synchronizing or "entraining" 

to ,m external rhythm. Although emrainment to the light--<lark cycle 

of the regular Earth day. for example, can by d~~Jllch ronized (as in jet 

lag), the same dynamic flexibility that allows self-organizing clocks to 

adjust to th", external environment also allows them to undergo other 

kinds ofbifurcatioll5. Thus, a flash of light at a critical moment (of 

bifurcation) can send one's clock into a totally different period or stop 

it altogether. A whole range of pathologic'll phenomena has been asso­

ciated with the occ'ur rence of hi fur cations <md has receh'ed the name 

"dvnamical dis~ases_">; 

The phenomenon of entr,linment - the spontaneous phase synchro­

nization of different o~cillating entities - is common in nature. One 

well-known example is the slime mold amoeba: in normal circum­

stances, ,l group of these amoebas will behave as unrdate(i individuals, 

but when the level of ell,-ironmentalnutrientS r~ache~ a critically low 

\'alue, they assemble themseh"es into a c'oherent colony with (liflcrcn­

tiatecl "organs.H Entrainment also occurs in laser light, which diffcrs 

from onlin<l,:·light in that the photons oscillate "in phas~" (that it, 

they ,lre sYTlchronized), resulting in the emi .~sion of a coherent beam_ 

Entrainment takes place in so man)' physical systems that it is, in a 

sense, a mNhanism-indepemient process: 

Populations of crickeL~ entrain each othn to chirp coherently. Populnions 

of Ilreflie~ ('omt' to loh",n."nce in fla;;hing: Yeast cells display coherence in 

glycolytic oscillation. Populations of insects ~how coheren(;c in thei r cycles 

of eelosion (emergence from th .. pupal tu the adult form) ... Populations 

of women living togeliwr may ~how phase entrainment of their o\ll.llation 

(·~·,:I",~ . Pupulatiuns or ~e("f"'to,:- cdls, such as the pituitary. pancreas, anJ 

uth",r org.w~, rdt"ase tht"ir hormones in coherent pulses.,6 

In phase space, entrainment appears as a torus-shape{[ attractor, 

which the trajectories of different systt::ms (the oscillJting enti ties) come 

to wrap around. The transition from nons~'Tlchronized to synchronized 

oscillations can be umkrstood ,lS <l bifurcation in which a set of separate 

limit cycles transform themseh-es into a single altractor. Entrainment is 

common in Ih-ing systems because periodic attractors ,lee thdr main 

form of orgJni7,ltion Indeed, one crucial diff"'rence hetween geologic,l l 

and organic strata is the former's tendency to dn-dop around points 

of Slalic equilibrium (minima of energy, point attractors), as opposed 

to the latter's tendency to make usc of forms of dynamiC ~quilibrium 

(periodic ann evcn chaotic att ractors) . \Vere one to track the 110wof 

matter around the planet, one would ~~e how it becomes stratified 

along these lines. for example, although the key dement of life, carbon, 

is for lhe most part locked in rocb, some of it - notabl~' in the form of 

carbon dioxidt, - move~ frcd~' through the biosphere; some of this, in 
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our circadian rhythms are dynamical processes - thcy arc guided by 
periodic attraetors - they are capable of synchronizing or ~entraining" 

to ,m external rhythm. Although entrainment to the light-dark cycle 
of the regular Earth day, for example, can by des),nchronizcd (as in jet 

lag), the same dynamic Ilexibili t)" that allows self-organizing clocks to 

adju;;t to the external environment also allows them to umll'rgo other 

kinds ofbifmcations. Thus, a flash of light at a critical moment (of 

bifurcation) can send one's clock into a totally d ifferent period or stop 

it altogether. A whole range of pathologkal phenomena has been asso­

ciated with the OC('urrence of hifurcations and has reeeh'ed the name 

"dynamical Ji~casc~."» 

Thc phcnomcnon of entrainmcnt - the spontaneous phase synchro­

nization of d ifferent oscillat ing entities - is common in nature. One 

wcll-known (·xa mplc is th(~ slime mold amoeba: in normal circu m­

stances, a group of t hese amoebas will behave as unrelateJ individuals, 

but when the le\"('1 of en\'ironmental nutrients reaches a critically low 

\<llm:, they assemble themseh"es into a {:oher~t co lony wit h d iffe ren­

t iated "organs." F.nt rainment also occurs in laser light, which differs 

from onlinary light in that the photons oscillate " in phase" (t hat it , 

thcy arc synchronized), resulting in the emission of a coherent beam. 

Entrainment takes place in so many physkal system s that it is, in a 

sense, a mechanism-independent process: 

Populations of crickeL' emrain t"ach uthn to chirp cohercncly. I'opulations 

0: fin·flies <com .. tu t'uhnenct" in flMhing. Yeast cells display coherence in 

g~"Col)'tic oscillation. Populations of inseCL< show coherence in their cycles 

oi" cclosion (emergence from tht"l'ul',,1 tu the adult form) .... Popul ... tions 

01 women li"ing togeth.-r rna)" ~how phase entT.1inment of their o\'Ul ... tion 

(·~·des. Pupulatiuns uf senetory cells. such ... s the pi tuit.1 r)", pancrea~ and 

uthn organs, release their hormones in coherent pulses.>6 

In phase space, entrainment appears as a torus-~hape{1 attr,lCtor, 

which the trajectories of different systems (the oscillat ing enti t ies) come 

to wrap around. The transition from non~~'TI ch ronized to synchronized 

oscillat ions can he understood as a bifurcation in whit-h a set of .~eparak 

limit cycles transform themsehces into a Single att rador. Entrainment i~ 

common in lh'i ng systems because periodic attractor~ arc their main 

form of organiz,ltion . Indeed. one crucial difference hetwnn geologic,ll 

and organic strata is the former's tendenc)" to den' lop around points 

of st.l.tic equilibrium (minima of energy, point attractors), as opposed 

to the lattcr '~ tendency to make usc of forms of dynamiC equilibrium 
(periodic and evell ch,lotic att ractors). Werc one to t rack the flow of 

matH'r around the planet, one would sce how it becomes stratified 

along these lines. for example, al though the key dement of li fe, carbon, 

is for the most part locked in rocb, some of it - notabl~' in the form of 

carbon dioxid(· - moves fred~' t hrough the biosphere; some of this, in 
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turn, is trapped I.-)Tlically by plants (through photosynthesis), captured 

in their bioma~s and released when their leaves fall in autumn. 

There is a sense, then, in which we are all inhabited by processes of 

nonorgani<.: lifc. \Ve carry in our bodies a multiplicity of sdf-organi7.ing 

processes of a dd"inite physical and mathematical nature - a set of 

bifurcations ami attractors that could be determined empirically, at 

least in prindple. Yet. is there any way to experience this nonorganic life 

tran:rsing us (for example, through the use of m("llitation techniques 

or psychedelic chemicals to "dcstrati~'" ourselves)?>? As noted above, 

there is a "wisdom of the roch" from which we can derh'e an ethics 

involving the notion that, ultimately, we too arc Oows of matter and 

energy (sunlight, oxygen, water, protein and so on). At any moment in 

these flows, we {:an (listinguish some portions that are more visuJUS 

(hardened, strat ified) than others. An ethics of everyday life, in these 

terms, would invoke finding the relative viscosities of our Oow ... , and 

giving some /lui{lit)· to hardened habits and making some fleeting ideas 

more viscous - in short , fimling, through experimentation, the "right" 

consistenc)' for our l1ow5 (the "right" mixture of rigid ~tructurt:s, sup­

ple structures and self-organizing processes) . . 

Clearly, though, it is impossible to derive ethical lessons from the 

machinic phylum without considering processes of self-organization 

and stratification at the level of society. Animal and human societies, 

like individual organic bodies, are also "crossed" by the machinic phy­

lum . For example, a particular population of animals is regulated by a 

simple e<Juation concern ing its birth ~nd death rates and the reservoir 

of its environmental resources. This simple equation has been shown to 

undergo bifurcations: a population that for many y"J.f~ t"nd"./ tow.lni 

a steady-state equilibrium may suddenly begin to oscillate between 

two extremes. Similarly. the respecthe biomasses of two populations 

(one prey. the other predator) arc also lin ked by equations susceptible 

to bifurcation.58 

Elaborating on the observat ion that phase transitions and other bifur­

cations occur at the le\·el of animal populations. Arthur Iberall has pro­

posed a model of human SOciCl~' in terms that emphasize self-organizing 

processes. In his view, societies function as an ensemble of tlows and the 

reservoirs driving those flows: water, metabolic energy, bonding pres­

sures, action modes, population, trade, technology and so on. In doing 

so, lherall is not out to replace standard accounL~ of human development 

but "to stress the role of (lows and phase t ransitions in determining 

socia! field st ability." ]-Ie goes on to say: 

I view the discontinuous social change manifested by the appearance of 

food-producing societies (e.g., from hunting-gathering [0 horticulture to 
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, .. \tIed ilgri<.:ultun:) as evidenct' of internal rearrangementS, new a>sudations 

and (Configurations. and a new phase (Condensation - a.s if a gaslike phase 

of matter were hecoming li,!uidlikt: or solid state-like .... At his beginning, 

modern man appilrently Ii-'ed in hunting-gathering group> uperating in a 

range appropriatt' \0 human size and metabolism .... If, as is appropriate 

to his size, man hacl the typical mammalian mdaholism and roam.ing range 

of about 25 mile,I,lay, ,;ultures separated on the onler of 50 miles would 

have little intt:radion .. .. The 70- \0 IOU-mile separation of populations. as 

empiri<.:all~' found , is highly suggesth'e of a system of weak force, --gaslike" 

interactions .... fDlecreases in the level, uf lhe re'luired potentials (temper­

ature. water. food) cause condensation rli'luificationJ of small bands on 

fixed centers of' population .. . The nature of the social phase condensation. 

however, depends on the amplifying ,-apability of the technological pOI .. n­

tial. Associated with thost' twu "hief pott'ntials _ water supply and te<.:h­

nology (tool,, ) - "arne "hanges in modes of lil'ing. impro"t'ment in tht: use 

of water n'sources, and localized sodal de"elopment thruugh tht: domesti­
cation or plant., ami animals.. S9 

En~nt u.lJly, these "nuidlike" social formations "cTyst<llli7e.--l" into strati­

fied civilizations. Bastd on the archaeological record, Ib~ral1 condu.--les, 

Cl> ili~.ations began when thne WdS extensive trade (com'e<--tive flow) dmong 

population "oncentratioll5 (condensations). Tht' urban centers held cumu­

lative populations greater than 2500 and wne composite groups. The thresh~ 

old sizt' can be estimated from the absen,-e of complex cultures of smaller 

populatioll.60 

Thi .~ picture of socbl evolution corresponds in man~' ways to the 

c reation scenario of our hypothetical <.:i)'stal planet. Clearly though, if a 

simple li<Juid solution can hardtn into crystal or glass, ice or snowflak(~, 

depending on tht multiplicity of nonlinearities shaping the solidilk.l~ 

tion process. human societies - which have a wiclt;:r range of attractor 

t~-pes - have far more leeway in how they develop stable configurations. 

And while there is much to be learned from anal~'Zing in detail the 

actual processes of stratification and destratilkation that ha\'e occurred 

in differem societies at different times, even a picture as simple as this 

;Jl rf'"M~y poinl~ 10 ct'TI:.in principles of a "geological ethic •. " Notabl~', 

SOLid), (:annot he understood as climbing a ladd{~r of "progress." as 

though hunter-gatherLrs, ,lgriclllturalislS and "civilized" communities 

were stages on a path toward ever- increasing perfection. Rather, under­

stan.--ling these t ransformations as phase transi t ions would imply that a 

State apparatus is not essentially bl·tter than a "primiti\e" society, since 

after alL there is nothing intrinsically better about a solid th<ln ,lliquid. 

hom the viewpoint of ,l geological ethics, early societics may even 

have achieved iI better consistency among their /lows, a viscosit), more 

in tunc \I~ th their ecosystems than our own. Indeed, it seems that some 

early societies may have sensed tht <lpproach of social solidification .1011 
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developed mechanism~ to prcn:nt aCluali7jng sut-"h a birurcation.61 This, 

of course, is not to say that we should return to some lost paradisc or a 

"sa\'ag~ state," a bygone era of greater innocence and harmony. Rather, 

we must work on the society in which we rInd uursel\-cs, tracking the 

no\\'s or matt~r and energy, destratirying hardened institutions, setting 

into flux human practices thaI have sedimented - in short, we must 
find the right viscosi ty for our iluxes, the exact eonsistell,-), that would 

allow humanity to sclf-organi.:e without the need for coercion .1I1d war. 

Iberall pictures the !low of goocls alnng trade routes as an example 

of cOIwectivc flow, as though precapitali ~ t markets were indeed self­

org"ulil.ing structures creating order out of c haos. \Ve may ha\·e to dis­

cover in the history and present of human practices those institutions 

that fealize best the workings of the machinic phylum, Of, more pre­

cisely, the degrees of stratification of each of its components: thos(' 

flm\ing more or less freci}', those scJimented into morc or less supple 

structures and those rigidified into permanent institutions (enu enche(1 

political hierarchies, in fl exible belief systems). The geological strata 

teach us that even the seemingly most rigid struct ures can now (how­

ever slowly) , mutate (metamorphic rocks) or even be rt'incorporated 

inlo sel f-organizing proct;':sses (conn:t:tion flows of lava). 

P,lrt of such an effort would il1\"olve t:reating "maps" showing the 

att ractors that g()\"ern the clynam.ical behal'ior of social flows, and more 

important. the bifurcation regions where - to paraphra~e Prigogi ne­
a "dangerous idea" can amplify ihcl f by taking advantage of the nonlin­

earjties that guarantee the stabili ty of a gi\"en social system. The work of 

Ddcul.e and Guattari is exemplary for the creation of ~uch maps: they 

show ho\\ our li\1~s may be I'iewed as a compo~ite of rigid structures 

(family, school, military service, office, m,lrriage), supple structures 

(temporary alliances, transitory lo\"t~ affaj rs, loosely knit groups) and, 

finally, "lines of flight:' the bifurcat ions that could allow us to t:hange 

ou r destinies as defined by those two types of structures.6l In (. ... ·c':' area 

of human realit)" (art, politics, lo\"e), they attempt to "measure" the 

degrees of stratificat ion of thc flows of matter and energy at work in 

these domains. f"O r eXilmple, after shOWing how music o riginates from 

the expressi\"{' pc)\\ ers of matter itsdf (in particular, the sel f-organizing 

processes of animal ter ritories that gi\"e T)se to bird ~ongs), they argue 

t hat music has a greater capacity to "destratify" thiln does pai nting. It is 
as though the modulated fl ows of ai r that we experience as music ha\'e a 

greater capat:i ty to sct our emot ions and thoughts into nux than do the 
more viscous, spatial flows of fo r", ""J l..o IQ)" foo nd in painting. ~1 

It fo llows, theil, that thc kind of "stra tometers" that could perform 

thcse measurements of relath'c viscosity in \'arious material and cnergy 

flow~ need not all be mathematically basel\. A great novel can, for a gi\'~n 

society. capture the cocxistence amI interactions of rigid structures and 
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sedimentcd habits, as well as the active and creativc forces driving a 
society to undergo bifurcations. That there is plenty of room for intu­

ition and experimentation in tracking the machinic phylum in no way 
obviates the need for, or possibilities of, stratometers of a more mathe­
matical kind. Some might be computer programs capable o f cre~ t ing 

comple)[ phase port raits of interacting dynamical systems., <Ind of 
detecting their various dements ~ those operating linearly in eqUilib­
rium conditions (rigid structures), those that arc nonlinear in near 
equilibrium conditions (supple structures) and, finally, those operating 
nonlinc<Irly far from eqUilibrium. (Only the latter allows the flows of 

matter and energy to express themse.h-es.) 
In onier to visualize belter the uses to which we could put these 

stratomcten, consider as examples two kinds o f human institution 

operating <It different degree~ of stratification: the marketplace and the 
State. As noted, cities and towns m<ly be seen as composed of a !eries of 
rcscn·oirs (water, protein, labor and so on) driving il variety of flows and, 
in the process, giving rise to the institutions that c hannel , am plify o r 
contro l these flows. On the o ne hand , the more o r less fl uid structures 
of markets arise fro m the spontilneous interaction of many agents. with­
out ;my central organ directing the process of as.o;embly. On thc othcr. 
the more rigid hierarchical structure of State inst itutions conles to life 
not spontaneously but through the goal-direCTed acth'ities of an eli te. 

Mainstream economic science, however, fails to capture the fluid 
nature of market dynamics: the operation of markets is treatt:tl as 

though it resembled the growth of perrect crystall ine structures, that is, 

as though it were govcrned by a tendency to movc toward a Single point 
of e'luilibrium (where supply meets demand) ~ a point or optimal effi­

ciency. from t he viewpoint of society as a whole (full employment equ i­
librium). In order to obtain this weil-beh a~"Cd dynamics rrom thei r 

models, though, economists must rely on two unwiddy assumptions: 
first, that there exists perfect competition among all economic agents 
(that is, no monopolies or oligopolies manipulating prices); and second, 
that these ilgents have perfect information about market ccmditions as 
well as an unboundccl rationality to al;t on that information, so that each 
is able to negotiate the deal~ that maximize the agent 's benefit (utllity).64 
But when these un realist ic assumptions are relaxed, the dynamiCS of 
thc market begin to resemble in miln)" respects those of self-orgnnizing 

structure~ in li'luids, from the controlled flow of a convecth·e cell to the 
wild patterns of turbulence or e\"Cn solitons. If, alternatively, the rela­
t i\·cly long- lasting and stable structures of some markets are under­

stood as suggesting that a "solid" metaphor were appropriate, market 
behavior would resemble, among all solids. that of glass ~ which is 
gu ided by multiple e'luilibria ~ more th<ln that of a uystal with a Single 
equilibrium. The more nmorphous structure o f glass results precisely 

, 56 
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from the connicting constraints imposed by many attractors (local 

energy minima) ami from the possibility of being "trapped" by an 

attractor that pre,·ents the optimal use of t'nerg),. Markets function like 

glass in that, in the presence of imperfect conditions (imperfect deci­

sion making) , they can be trapped in suboptimal equilibria -like a 

supply-dcmand equilibrium \\lth high unemployment - as has been 
well known sinc~~ Keynes's work in the 1930s.'" 

As Joseph Schumpeter showed around the same time, moreover, the 
equilibrium on which a market settles need not be a stationary state: 

mon° likely than not it \\111 be a cycle instead. The up!i\ving of a cycle 

\\ill bring prosperity, and the downswing a period of recession and high 

unemployment. This behavior has been accounted for by models that 

generate these nonlinear dynamics through a periodic attractor: 

Kondratieff cycles, for example, in which prices and interest rates fol ­

Iowa fifty- two-ycar long-wiwe motion - which has been operating for 

at least two centur i ~~s - han~ un'n explained as resulting from positive 

feedback loops form ing in specific areas of the economy (specifically, 

in the capital gO(){ls sector, which produces the machinef)' needed to 

generate con~umer gOo<ls). By amplifying small nuctuations in the rele­

,'ant sector, these positive fenlback 1001'S drive the economy away from 

equilibrium aml trigger a Hopfuifurcation, transforming a steady-state 
equilibrium into a stable oscillatol)' motion.66 

Modeling markets as self-organiZing strUt'tures has nothing to do 
with the famous "im'isihle hand " that, at;coruing to some economists, 

guides a market toward optimallevcls of efficiency when left to its own 

devices. On the contral)', the presence of nonlinear effects throughout 

the economy - from multiplier-accelerator effects in invcstment and 

finance to the multiplici~' of delays, bottknecks, surpluses and shortages 

stemming from the limited rationality of economic agents - means that 

real markets must be able to cope with life far from equilibrium, and 

indeed, to create special buffering structures (inventories, retail stores, 

banks) for this purpose.67 In short, to the extent that markets t'mt'rge 

and operate spontaneously, they an: incapable of achic\lng optimal 

equilibria on their own. Other kinds of human organi7.ations, on the ' 

other hand - the State, sedentary armies, large corporations - are 

more capable of goal-directed optimi7.ation; the~e latter can be treated 

as crystallizations in the flows of matter and energy. 

And yet, not e,·cn these are perfect (; ~·stallillc structures, for just as 

the dynamics permitting actual formation of cl)'stals is complicated by 
the Earth's real (."OllditiollS - by gravity, notably _ so are the dynamics 

of human institutions. If olle wants to grow "pure" n p tals, one must 

do so (for now) aboard a space shuttle, where the singlt~ point of equi­

librium guiding their formation is artificially isolatt.>i.l from other influ­

ences. Should one attempt to do so on Earth, crystals require special 
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complex compu ters. the sum of the decision· making abilities of many 
micro·c(:onomic agents (consumers and producers). J\binstrcam eeo· 

nomics regards these agenb as perfectly rational, so the computational 
abilities of the economr a.~ a whole arc see.n Simply as a renet:tion of this 
underlying rationalit). But if nonlinear economics is r ight, if agents arc 
essentially limited in their rationality;>~ well as in their dCC~Si to informJ.­
tion. then the economy as a whole may ha\"e to acquire il.S power of com­
putation dynamically, Ihat is, by opc:r.1ting poisccl at the edge of chaos. 

Be(:au~e the problcms raised by hybrid systems involve both dealing 
with flows of mdtter and energy ami stud~'ing the st ra tifications that 
form in those flow!'>, we might do well to ledrn from tht": experiences of 
tho~c: who were thc first to tra<.:k the machinic phylum - anisans ami 
metallurgists. Before the ad,ent of modern methods, they did this by 
using their instincts and the cmpirical know-how accumulated through 

the .1ges. They had to track e\Trything from strati/led ore deposits to a 
metal's melting and crystallization points, and then to experiment \\i th 
different \1 a) s of crossing those bifurca.tions through forging tc:chniques; 
thc~· had to look for their min hybrid!>, that is.. synergist ic combinations 
of metals in I\hich the whole sporllaneously becomes more than the.sum 
of its parts (alh))"s), ,1Od to allow the materials to hal"e their own say in 
the Hnal for m produced. All of this Im'oked following a gil·en material's 

locdl accidents and impt·rfections, rather than imposing a rigid, pre· 
pJ.:mllcJ fw III urr il. 

AcuJrlling to metallurgist C~Til 5tallle)' Sm ith, this know-how had 
been dt'\'cloped well before the Greeks began to appl~· form al rea:;oning 

10 these problems. and it was therefore mostly of a sensual nature.75 

These artisans, in a .'~nse. developed ,1 ,petial ability to follow the phy­
lum. to track the machinic efTects created by nonlinear phenomena in 
nature. and it is thi$ abilit~' that we mu~t aC9uire again if we are to help 
:'Ocidl hybrid ~tructures eHlke. (ASJellsuoJ knowle{lge. this know. how 

would cOllstitutl~ ~Tt another stratOnlehT, one buil t into our own bodies.) 
Artisans and metallurgists. though, .lre not the only sou rce of insight 

for sU<.:h a project: the Earth itself has been (Iealing with nows of matter 
and energy for millennia, and hert.'in lies the wisdom of the rocks from 
which we might {it-rive our inspiration. In geologi<:al, hydrological and 
organic strata. (as well ,\S in the two other strata that bind us. intention­

ali~' and Ianguagt":'6), we can always find some elemt":ntary components 
thdt are not only less stratitled , less bound to thei r dttractor, but that 
are also capable of dt":l>trati~ing thdr own amI other systems' compo­
nents b~' pushing them away fmm their attrOlctors, toward the honler of 
thcir basin of attraction, "hcre small fluctuations can then tip the ~·s· 

lem into a completd)' new regime. In the lithosphere, for eXOImple, this 
role is played hy metanic catal~'sts: by interacting wi th various other ele· 
menl.S and thereby dllowing them to transform each other chemical1~·, 
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they enable inert matter to explore the space of possible chemical ('om­

binations, in a nonconscious search for new machinelike solution~ to 

problems of matter and energy flo\l: It i~ as though catalysts were, to use 

Deleuze and Guattari's term, the Earth's own "probe head~," its own 

built-in device for exploration; and indeed, to the extent that autocat­

alytic loops and hyperc)'cles were part ofthe machinery involved in the 

"discovery" of life, these probe heads allowed physicochemical strata to 

transform themselves and their milieus into completely new worlds. 

\Ve ourselves must bet'ome this kind of probe head in our 011T\ strata, 

and allow society to t:xplore and experimem with the possible machinic 

solutions to its own problems. \-Vt: must creatt: stratometers of every 

kind - mathematical and nonmathcmatical- and gd to work mapping 

the attractors that define our local destinic ~ and tht: bifurcations that 

could allow us to modi£)' these destinies. And though this i~ undoubt­

edly an enterprise fraught with dangers. we can derive some comfort 

from the hints of the machinic phylum that have recently become visibk· 

to us and seem to indicate there may be \\'a~'s of evading our currcnt1~· 

doomed environmental destiny. 
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