. - Sciencc 18 gcncr_&lly_cnn;:ciﬁ*cd
of as a dialogue between theory
and cxperiment, ‘but in recent -
years a third parly has’ joined’the *
" conversation. The intruder is com- .

puter simulation, and 1l pro pnqr*c:r
nothing less than a new metln g 0 ._
discovering truth — a way of un-

%.ing it. In the ‘1980s this third way

: 1 most areas of rescarch. * -

o Often enough it is the only
1 ‘way that works. _'ﬁs_:rgsearchers
advance into evet-murkier corners,

¢ finding details and complexilics  enire
| decades ago, and they ‘are con-  gears

_stantly confronting the limitations
(" of lhgir old methods and of their

ive an example of what I mean.
g} " Astrononiers have known for
' some time now what 2 sygemnva
is. In the 1930s astrophysicist Sub-

| - weight. In some cases, it was later
-~ realized, the collapse lriggers an

leaving behind a dense neutron

cannot cope; and laboratory exper-

currents

through the layers of the atmo-

But the results arg: worth
; waiting for.
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‘ Essentially the problem was that
the force field between two quarks
was too complicated. to calculate.
. A definitiversolution to this
" problem has still not been found,

but the best appraximation so far
# 18 a.type of computer simulation
1 deviscd by Kenneth Wilson of

Cormell University. In this tech.

nique the forcefield calculation is

simplificd by repalcing continuous

. space dand ume with a fictitious

tour-dimensional lattice, a kind of

* space-uime jungle gym. The

' quarks can only occupy intersec-

~ tion points in the laftice, and the

b

* links connecting these points rep-

resent the forces acling ‘on the
: quarks. Each link is vaniable, and
so the-number of possible configu-
# rations of the overall force field is
cnormous. But in the approach fol- -
lowed by workers who have elab-
orated on Wilson's original idca,
the computer considers only 4 rep-
resentative sample, which it sc-
* lects at random by means of the
Monte Carlo method. It then com-
!: /. putes an average configuration.
; What such simulalions have
" domne. is fo vindicate quantum
chromodynamics, by showirig that.
. it does indeed predict that quarks
should remain confined by the
strong -force in proions and ncu-

-

simulations have also made a fas-
cinalifg prediction. At lempera-
4 tures of several million million

degrees, they suggest, quarks

‘might be liberated from the strong .
ties that bind them .and swim.
| |  freely in kind of “quark soup.”
_ ; Many investigglors now think that.
. qQuark soup is what the universe
was made of n the immuediate
* aftermath of the Big Rang. It may
sitlll be around today inside the
neutron stars ket behind by super-

novas.” ’

onc that crupted in the Large ‘
} derstanding the world by reivent: ., Maggllanic Cloud in 1987 —— have — ———
' ."inspired computer modelers. The s an even number, the netron

"} of doing science has ‘penetrated | dialogue of science has become a
- : . noisier, threeway klatch, from
. which all parties cmerge the wiser.
| Aciually, the use of computers

to work Sut'the detailed conse-

| L - I world, they are * guences of ‘physical laws 1s not
| - of the Mot o ly new.In the 18th centary,

imagined a -few " grreries with claborate clockwork

oades 280, ; | s — mechanical compulers, in
effect — simulated the motions of
the planets and -their ;amllil?_s; _11‘

‘ brains. Let' mc - you wanted to know thc conligu-

T eaple gatinn of:the solar system some
years -hence, you couid just lurn
the crank. Some medieval astro--
I , labes served & similar purpose. In-
|- rahmanyan Chandrasckhar showed  geed, the technology of such sEn;li;
{ that when a large star exhausts 1S “lations is probably ancient: a hu K

| ¥ “under its OWN  of corroded metal found in a
- fyel, it collapses. shipwreck near the Greek island of

Antikythera is thought 1o be the

' ~—that ins of -a planetary computer
explosion —a SUpernova remains _ _
blgws off much of the star's mass,  byilt jn the first century B.C.

or perhaps even a black hole.  jabor savers: they didnt solve: any
i?lr ﬁlisp::ﬂs Fﬂvﬂﬂlﬂd by the meth-  problems that conldn’t be solved
| ods of paper and-pencil Physics. by other means Only when me-
! But those methods beg down 1 | chanical computers were replaced
. tracing the events of the crucial by more powerful elecironic ones, -

trinos and other particles stream oy hor of collisions.

Computer simul ations prohabilitics. The symulauon could
' ald, for example, that it 3, Grigcipie be performed with the
. rﬂlﬂdl ' casy to blow Up 2 ‘pmf.l } fette wheel. For cx-
is not always casy v aid of a roui ‘heel.
real supemovas — particularly he “whanover a spin of the wheel pro-

| explanation of why quarks 'shqulrt':lj -
be so free and yet so inseparable.

trons. Beyond that,: however, the .

o

., the human race has the pdwer,
through the greenhouse elfect, to

. . '

earliest electronic : L
ers. Today, the simulations run on -
.- the fastest machines ava_iliible: and
Rut thosc devices were mere s o (he wider availahility of such
. machines that enabled compuler -
_simulation  to “blossom in the.
19305. r : - “ i
1t is hardly surprising that sim- "
S, ulated science has been adopted
. milliseconds in which the core ofa ;n the middle of this century, did most eagerly in thosé fields where
star contracts, "bounc«s,” and then — gimylation emerge as an allcm?-
Y - explodes. There is 50 much going  (jve path to genuinely new knowl-
"on in that brief span that theorists  edge. - g
l ~Omne of the ca:hcr ) -
) urse, arc unthinkablc.  famous instances © 5{_:1ch£: ) ‘ . | al-
_““E?f{}if;gs[ decade or 0 com-  gjmulation happened just afier - jamatives 10 simulations 1;1 trying.
-puter simulations have begun 10 World Wat 1 at IhE Los Alamos |, understand the large-scale struc-
1. %11 in the missing details of star  Jaboratories in New Mexico,
death. Such simulations begint pere rescarchers needed to pre-. s st
with a mathematical model of 2 djct the fatc of ncurons traveling - wispy filaments and cobwebs that .
<tar that describes its mass and ook various materials. When a
 chemical composition and internal .y 1ron ‘struck ar atom, it could be _ ona, . 87
structure. Starting up the simula- ¢ ayared or absorbed, or in sOME . yronorgers,’ and they give at least~
' tion- Has the cffect of turning ON . cas the atomic nuclcqs cnl‘ﬂd
| " the laws of physics, so thal the undergo fission. thereby liberating -
fhodel star begins to Sook. Nuctear o0 nontrons. For any given col-
_ reactions are ignit J; conveclon g, the probabilities of the vari- _ ies. |
| begin to {iew: gravitalion 50 ayicomes were known, but also for inadequate theories. bn__._
compresses the sic:lar core; NCU-  ....h peutron took part 1n a vast lhclg'}_’{}s one nl'bthc harde_?l prob- -
| lems in theoretical physics was ..

< scatlered, whereas an odd num- .
ber corresponds to absorption; - the
rare [ission evenis mug
place when ab?,cm turns up. {The -
robabi |
?:;E‘?liﬁese,} After thnugands of -
spins, the average properues of the
neutrons' trajectorics would b(_a.gu_'; ]
e. - - o
° crﬂ?:::iusu of the element of -
chance in the procedure, 1 was -
dubbed the Monte Carlo-method.
_For this probiem and others Ulam ,
and his colleagucs employed not a.
. roulette wheel .but some of the -
"-i———-—‘-__—__-.
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lities are different:
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1gial comput-=:

other methods run nto the most-

{orbidding obstacles. Supemovas
are simulated because the rcal

st and most® thing is rare, remole, and in:a:cce:si -
cible. Similarly, there are few al-

~wre of the universe, to get an out-,
sider's view.. They show .vasl.

rescmble the tenlalive maps Ipm-_i'_,_
duced by observational -as- .

preliminary hints about how these"
stru¢tures might have evolved. .+

Simulation can fill-in not only.

for impractical experiments but

Stanislaw Ulam, a mathemati- explaining the “"confinement” of-

. sphere. Mcanwhile th:;..-:physimst cian by training, uniscd a 51m_plc quarks {the coraponent particles of "
waits to scc what will happen.The solution,— or at least it seeMs g ne ke).
- wait is niot neghigible! even Witk 3 G e in retrospect. The outcome  *jpide a proton, Cuarks scemed (0"
fast computer, the simulalion May  of each collision was determiricd
" yake several minutes for each mil- 4y chansinga number al fﬂﬂdgﬂll, ‘ _ apat
}iS-ECﬂnd of rcal uime. Lhe nthcrs TEpI:ESEﬂlEd pOSEI!} C in..paruclc ﬂCCE]E_TﬂtUTS revea E: )
. sutcomes according to the known # Ly dakable bonds between them.
“The bonds were those~ of the
strong nuclear force. which 1s de-
scribed by- the theory called
_quantum_ chromodynamics; but .
corists were

prolons, ncutrons, and the like).

_miove around without constraint. .-
but any attempt to pull them apart™

a loss 10 ﬁnd_'_fiﬂ'-'
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tant subdiscipline. Some comptita-~
tional chemists labor to calculate
the structure of a molecule from
the fundamcntal equations .of

quantum mcechanics, Others em-

-ploy less ‘rigorous compultational

methods - to describe: large

molecules, such as polvmers, or to
investigate complex systems of
linked reactions, as in the combus-
tion of fuels. A big advantage of
. the computational methods is that

~they allow the chemist to see di-

rectly things that would have to be
in- ferrcd from, the results of a
conventional experiment. For ex-
ample. a few years age Varico

Clemcenti of IBM perforined a
Montc ®arto simulation of the
water molecules surrounding a

sirand of DNA, the chainlike

molecule that carfies genelic ‘m- -
. formation; whercascx

-had given only indirect evidence:

of how DNA interacts with water,

the simulation revealed specific

ways in which the. water
mnlecuh‘:s tended to arrange them-
sclves. '

In hinlﬂg;'. oo, the computer

has clbowed its way into the Jabo- -

ratory.Among the first biologisis

‘1o turn to computer simulations

-were those who study populatiun
dynamics. A typical problem in.

that discipline is*to figure out how .

the population of a predator

-species and -that of a prey species’

fluctuaic when the two are in

contact. Field observalions can

lakeé years, but in just a few min-
ules a compuler.can run through
many gencerations of,-say, hares
and lynxes. Similar methods are
now being applied to the study of
epidemic discase, includirig. the
spread of AIDS. through the hu-

man population, . -

Climate forecasting. is another

arca an which computer simula-

tions are touching on -issues of
imatedhate social concern. In the
1980)s all of us became awar¢ that

These cxamples' may givc the ' change Earth’s climate.*The wili-

impression that computer simula-

s uon is used only in extreme situa-

. tions, when traditional theory and

chenns

experiment fail. Bul in fact simula-

tion has also-ldund a place in
sciences that have no such
methndological barriers. Chem--
istry for example, is the prototypi-
cal experiricnial science, but dur-
ing the past decade computational
has become an impor-

LR Bl — —

mate source of that realization was

computer simulations, which fore- -
cast the effects on-climate of in-
creasing concentrations of carbon
dioxide in the atmosphere. thd
science a5 still-primitive.and the
various ‘models are distressingly
differént in their detailed fore.
casts. Bul most seem to agree on

. the central idea that Earth is going
10 gt warmer.

pcriments

-

#l"

_machine. - S

The hazard that gets' the"most

- gltention is what might bé - called
the Piolemaic {allacy. A’ computer -
model could work-smoothly” re-
produce experimental‘results,in.
great- detail,even’ give“-accurale :
predictions of fiiture observaiions,
and yet still be totally wrong. A

. - Not everyone welcomes®the
S : new role of the compuicr:in
T - science. One cause of disconiént is . -

u' er “cultural: a biologist,who “Works .
¥ e with animals or a2 geologist:who
S ‘ .~ -hammers rocks may be reluciant
S - to acknowledge someone - who
twiddles computer bits"as a mem-
ber of thesafre fratemity.;But
~ there. are also more substantial
questions. about the prudence of
trusting answers -that come from a -~

case in point is an orrery built to -

represent a geocentric. universe,
like' the one the firstcentury:as-"
tronomer Plolemy ‘envisioned, a
theory that held sway until:dis-
“proved by Copernicus in 1543, By

* fine-tuning the gear. ratios>and’.’

adding epicycles, we could con-
tinually refine the machine, cover-

Ing up any discrepancies between

“the stmutated universe and the real
one. With enough effort we coulid

match the model's accuracy to that
of any available telescope, and so
we wdllld never. detect a failure.

-

That is just the problem. - .."

Personally, 1 4o not believi
that such deceptive imodels present -

much of a threat (o the pursuit?™i

knowledge  and the integrity“of
science. After all, conveniional -
experuments can also be mislead:
ng, and thcorists are certainly fal- .
. dle; i institutional science has
b n able to cope with these
W .knesses, then it should also be”
at+ to handle the occasional simi: -
u- «inn gone astray. Indeed, a'third
n-«le of doing science — even'if *
At~ very imperfecl — oughtito
buprove overall reliabjlity by
providing an additional check on .

-

* the twor existing modes.

Anm]lc: hazard of simulati.un

may bc more insidious. Suppose-
'we set out to build a“computer.

modei of the biochemistry of-a

living cell. We might start Wflh__a :

few fundamcntal reactions, sayihe

cycle for extracting cnergy from -

nutricnts. Then we could add some

finer details, such .as the .
“pumping’ of ions. across. cell
membranes. Next would come the
‘enzymes that - regulate -the
‘metabolic procoss, the genes that
-regulate the enzymes, and 50 on.
‘Eventually éur model might be-*
. come so accurate that it could
~nimic the behavior of the rea) cell
in full detailssuch an achievement”

would have 10 be counted a SuC-
cess. Tobe continued: -
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