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PLAYING BOTH SIDES

Parrondo’s paradox shows that you can win at two losing games by switching
between them. The result has surprising implications for the origins of life

BY ERICA KLARREICH

FILER A STAIL-

thng run-up,

the stocks of

Internet  and
technology compames have
sutfered a precipitous decline in
the past vear. A porttolio equal-
lv invested n such technology
grants as America Onhne, Dell
Computer, Lucent Technol-
ogies and Qualcomm, Inc.,
would have lost halt its value
between March 1 and Decem-
ber 1, 2000,

But mvestors can remain
tullv invested in the market
and make money even if they
own only poorly performing
ﬁttu'kr—p['[n'ldcd ther port-
tolio includes several ditferent
losers. On the surtace, 1t nght
seemm that if owning one sinking stock were a bad idea,
owning several would be nsane. Mathematicians, physi-
cists and biologists have proved otherwise.

| he key to such a countermtuitive mnvestiment strategy
is to take advantage of random fluctuations in the prices of
the stocks trom day to day and from week to week. Even
though all the general trends may be downward, the pnee
of virtually anv declining stock can also rally briefly if the
market momentarily believes the stock is cheap enough to
buy. If investors can manage to sell that stock during the
briet price uptick that results from such market demand,
and then shift those funds to another stock thatis i aslump,
they can overcome the general losing trends in both stocks.
[t 15 not an unproblematic strategy to pull off—reransaction
tees could gobble up profits, or a crash could drop prices
monotontcally tor every stock in the porttolio. Yet the alter-
native, holding on to a losing stock as its value progres-
sively slips away, offers no winning possibihty at all, and
could lead to tar greater losses.

No one vet has tound a toolprool way to play such odds
profitably and reliably with a real losing stock porttoho.
But it turns out, in a surprising number of circumstances,
that 1t 15 quite possible to, in essence, “time the market.”

HWheel of Fortune, ¢. 1'9(H)

I other words. even when one
18 faced wiath a number of
SCEeArios 11_‘-1' ‘willuh lhr.‘ Ul-.id'«i

of success are unfavorable
whether i games ot chance, in
choosing between competing
political parties or n circum-
stances mnvolving the second
law of thermodynamics—it 1s
pi_iﬂlhll: Lo P!ﬂ'}' two of the sce-
narios against each other to cre-
ate a4 single winning strategy.
T'he workings of that para-
doxical result were elucidated
recently by the Spanish physi-
cist Juan M.R. Parrondo of
Complutensian University in
Madnd. Parrondo showed that
what was once an obscure
cunosity in physics could be rel-
evant to daily hte—and much
more besides. Some mvestigators think Parrondo’s para-
dox may hold the key to certain biological processes—and
perhaps to the development ot hife itselt.

ARIRONDO, AS | HAVE IMPLIED, WAS NOT THI
first to notice the paradox that bears his name.
In 1992 the French physicists Armand Ajdan
ot the Pans School of Industrial Physics and Chenustry and

Jacques Prost of the Cune Institute, also i Pans, discov-

ered a microscopic engine that possesses an unusual prop-
erty. It lett on, the engine pushes particles to the left. but
it turned on and off repeatedly, the engine moves particles
to the nght instead. The engine, which 1s now known as
a Hashing ratchet, operates by exploiting the random jig-
clhing of particles known as Brownian motion.

[n 1827 the English botamist Robert Brown observed that
microscopic pollen grams suspended i water are in con-
stant. chaone monon. Those motions are the by-product
of ceaseless random collisions with individual water mole-
cules. Each individual partcle—the mvisible water mole-
cules as well as the pollen grains visible in the microscope
acts m stmct accordance with Newton's laws of mechanics.
Y et taken togerther, the monons of the particles are so diverse
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ticles subject to the bumps and grinds ot so many colhsions
1s as trustrating and, ultumately, impossible, as predicting the
outcome of a4 random cou toss.

Investigators trequently treat Brownun motion as nose,
regarding 1t as an undesirable but unavoudable by-product
ot anv machime that does usetul work on the molecular scale
Engineers. however, have recently harmessed the verv ran
domness of Brownan mouon w LCTICTT 411g]L'Iiy RRISAYS
ment. Machmes that can bring about such directed motions
are known as Brownun ratchets, so named tor the simple
mechanical device that combines an asvimmetne sawtooth

wheel and a spring-loaded pawl. or rocker anm, to restrict
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i, According to the Numbers, Per. 1,
rOtary motion to one directon |se rffJian.Jra.1If|‘If1‘I’y'|?~fI:'F’l€ﬁr |

In a mechanical ratcher, the pawl tollows the contour of
the toothed wheel. The teeth themselves are gently sloped
on one side. and the pawlis mounted so tharicshdes smooth
Iv over them when the wheel turns in one direction. O
the other side of the teeth, however, the pomnts fall away
sharply, so that when a torce tnies to spin the wheel in the
opposite direction, the pawl jams aganst a tooth, prevent
myg the wheel trom turning. Thus even when the ratchet
15 subject to forces that would move the wheel back and
torth. the action of the pawl and rhe reerh allows the wheel
to move mn only one direction. Such asvmmetry s also an
essential part ot the design of Browman ratchets, including
the one that inspired Parrondo’s paradox

l o sEC ]!thnn A ;11:ﬁl1!1 8] ¢1Ej]fx (5 11 11i11n]|r111 MOTION Cian 1\r
ratcheted preterentially in one direction over anorther, nunag

i
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ine 4 collecnon ol elecmeally charged pamicles distnbured

randomly along a gente slope. Assume the particles are all
m Brownuan, random mooon, which makes them peele wirh
caual prabability to the night and to the lefr along that line,
with a shght dnft letoward, say, down the slope. COne can
then superpose along the slope an clectne potential that looks

much like the teeth of asaw: penodic energy peaks nise steephy

L] ltlt' lL'1[ side ol the En*t!lit A ‘t;‘~t u'!iti }IL'E*’%K AOWT S
neht side. (Engimmeers have bult such potentials, tor exam
ple, by depositing asymmetne electrodes along a hine and
then runmimg a current through them.

When current s turmed oft i such an apparatos, the

i F
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charged partacles simply peele in E‘iJL ¢ along the hine, wath

only a shehie ner downward drite, Whes

the current s turned on. however, and

Hn'mnxhuﬂ]1puhwuLﬂ1xinhHrd.lhr

! El partcles are drawn toward the points ol

Lr=

lowest energy, r|n11u\|H};rnq;prhn1'ln the
HHthHHrHH‘PHHWHL”

Now switch the current ot a second
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random Browman npeggling. Since the
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right. as the particle dnifts, it has a better
chance ot crossing the peak ot the poten
tial to its immediare nght than the one
to 1ts mmmiediate letr, Switch the current
on a second nme, and most of the par
tcles that dnfted to the left will be swept
back mto the same trough from which
they started, But some of the partcles that
dnfred to the nght wall

1ave drifted so
tar that thev wall be drawn to the nexi
trough  over. It such a potental s
switched on and oft, or “Hashed,™ at the
proper frequency, the charged partcles
m the Hashing raccher wall march up the
\]lllﬁl'. DYETN n:ITl1I1}: ;LT.IR 10y
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i
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could model the Hashmg

mathematcally,
the mathemancs tor domng so 1s tormuda

ratchet

ble. The complexity of the problem
made 1t appealing only to a small coterie ot physicists and
mathematicuans, “"We've known tor several vears that there
was thus really countenmmtumtive phenomenon m physics,”
says Charles 1L Doermg, a mathemancan at the Univers
ty of Michigan in Ann Arbor, who comed the term “tlash

g ratchet”™ i the mid=19905, “Parrondo’s msight was to

tormulate the Hashmmg ratcher in rerms ot games, which
evervone can understand.”

Simce the motons of microscopic partcles are as random
as i corn toss, Parrondo knew he could rranslare the mechan

1es of the Hashimg ratchet into the language of game theo

ry—and i the process reduce 1its mathemancal content to

sunple tracuons, 1 thought that it would be really mice to

explain something so surpnsing just with three simple num
$oand 17107

-

bers, such as 1/2. 3 savs Parrondo. ] love

sunple tungs.



Parrondo mvented two u.'uill-tum-'.mg ga1mes to E‘illlmd}'
the essential elements of the Aashing ratchet, and sum-
moned his collaborator, the engineer Derek Abbott ol the
Umversity of Adelaide in Australia, who was delighted
with Parrondo’s mnovanon. Together, they worked
through the details over cotfee, seribbhing on napkins
2 Madnd café. One com-tossing game would be set up
to mumic the Brownun motion of a particle on a shight
mncline when the porennal of a flashing ratcher was tumed
otl, providing a slow, steady drag on winmngs. The sec-
ond game would mimic the sawtooth bias of the Hashing
ratchet with the potenual turned on. When he got back
to Australia, Abbott and his colleague Gregory P, Harmer

began computer sumulations to see what would happenf

thev plaved the games a hundred nmes. Sure enough,
when they played either one of the games for a long tume.
they lost steadily.

HE OUTCOME OF A SINGLE COIN TOSS IN

either of the two games 18 1denacal: win the

toss and gain a dollar, lose the toss and give
back a dollar. The player begins wath some random num-
ber ot dollars. In the first game the plaver tosses a com weight-
ed so that the odds of winnming are shghtly less than 50 per-
cent. In the second game two weighted comns are in play:
the odds of winning with the first comn are nearly 75 per-
cent in the player’s favor; the odds of win-
ning with the second com are less than 10
percent, The player gets to toss the favor-
able comm whenever his pool of money 1s not
a mulaple of three. He must toss the unfa-
vorable coin whenever his pool of money 1s
a muluple of three.

[t 15 obvious that the first game 18 a loser,
but the long-term has against rthe plaver in
the second game takes a bir of explananon.
Simce the chances are two-rto-one agaimnst
begnning the game with a quannty of dol-
lars that 1s a muluple of three, most players
would begin with the coin weighted in their
favor. Only in one start out of three would
the plaver have to begin with the coin
werghted heavily against him. So on the mmiual toss, the
rough odds of winmng are: (2/3 x (0.75) + (1/3 x 0.1) or
about 53 percent. Think of 1t as a “new customer bonus,”

Play the second game long enough, however, and it
becomes no longer true that the pool of money is divisi-
ble by three just a third of the nme. A player whose pool
of money is not a multiple of three tends to increase his
carnings by a dollar with each com toss, unul the earnings
reach a muluple of three. Bur any dollar amount divisible
by three creates a large barmer to advancement—90 per-
cent of the nme a loss resules. Hence after the first few plays
the pool spends most of its nme bouncing berween amounts
divisible by three and amounts just one dollar less. Although
the random nature of the game means that tor a single run
of tosses the end result could be a ndy protit, play the sec-
ond game enough nmes (Harmer and Abbott ran 50,0010
simulations of 100 tosses each on their computer) and the
trend shows up clearly as a gradual but imexorable loss,

Rarchet, pael and spring

NCE THE POOL GETS STUCK AT ORJUST

below some multple of three, 1t proves dif-

ficult to extract oneself simply by plaving
the second game. Bur Parrondo saw that switching to the
first game was a way to jump our of that rut. Although the
chances of raming one’s eamings above a given muluple of
three with two com tosses are a measly 7 percent in the sec-
ond game, the chances ot doing so are nearly 25 percent in
the first game. And once on the other side of that “energy
barmer,” switching back to the second game gives good odds
of mcreasing the pot to the next mulaple of three, Aler-
nating berween the two games—two com tosses in the firse
gamie followed by two coin tosses in the second game—rturns
two losing propositions into one winning strategy. Again,
the results of execuning that strategy on any single run of
tosses can vary wildly, but over the course of 50,000 runs of
100 tosses cach, the simulanons showed a trend for substan-
tial gains, Remarkably, even when the switches between
games were made at random, the overall gains were similar.

With Parrondo’s strategy, a player can extract money
from an opponent at no cost—"money for free,” in the
words of Abbott and Harmer. And with microscopic
Browman ratchets, there seems to be a similar magic at work.
After all, the random monon of molecules in solution—
analogous to the random outcomes of a comn fip—is trans-
lated into a steady flow in one direcuon, But there is a
catch: the second law of thermodynamics.
The secand law states that a mechanical sys-
rem cannot give rise to more order than 1s
fed into it. In his discussion of the second
law in his famous lecture senes, the physi-
cist Richard P. Feynman whimsically sug-
gested that a microscopic ratchet-and-pawl
system attached to a highly sensive wind
vane might draw enough energy from the
random motion of air molecules 1 a room
to winch up a Hea. Feynman decided that
his setup would violate the second law of
thermodynamics—it would be a perpetual
motion machine. The machine might
mdeed hoist the Hea, he concluded, except
that if the machine were really built on the
malecular scale, the spring, too, would be subject to Brown-
an Hucruations, and so it would lift at random tmes, The
ratchet could then turn in both directions.

At first glance. the Hashing ratchet also appears to defy
the second law, But a closer look shows that here there 1s
an outside source of order acting on the systen: the ener-
oy needed ro swatch the potential on and ott. Browman
ratchets do not provide energy for free; like all motors, they
merely convert one torm of order, such as chemical or elec-
tromagnenc energy, into another torm: directed moton.

But Browman rarchets are unique in that noise 15 not a
drawback tor them but rather an essennal ingredient. Many
physicists had assumed that random motions would always
hinder, not assist a machine; after all, random molecular
motions are the essence of the disorderly state toward which
the second law of thermodynamics inexorably pulls. But
the flashing raccher shows that such an assumption 1s unwar-
ranted by the second law: the device would fail entirely if

Jurgeary/ Febrnary 2001 » THE SCIENCES 27



there were no Brownian motion to randomize the posi-
tions of the parucles when the potential 1s tumed off: “Noise
1s generally thought of as something undesirable, something
to get nd of or to filter away,” the biochemist Martin Bier
of the University ot Chicago has written. “To think of noise
as something to exploit is a major shift of paradigm.”

NTERESTINGLY, PEOPLE ALREADY EXPLOII
switching strategies similar to Parrondo’s in
everyday life—though not, of course. because
thev are applving theoretical insights about Brownian mo-
tion. But whenever someone changes jobs to get a salary
increase, for instance, or sells peaking stocks and buys slump-
ing ones, Parrondo’s paradox comes into play. Moreover,
many ordinary events are governed by random-seeming
Huctuations, trom the ups and downs of the financial mar-
kets to the succession of political parties in power. Econ-
omists and mathematicians have
begun to ask whether the prin-
ciples of Parrondo’s paradox
could apply to decision making
in those realms.
The physicist Serger Maslov
ot Brookhaven National Labo-
ratory in New York has shown

CITIZENS COULD BE
following Parrondo’s principles
when they vote political parties
alternately into and out of office.

phv is to not be a moderate or an extrenust, but to maintain
a dynamic berween positions that mav appear to be con-
thening,” Abbott notes. “*Parrondo gives us permission to be
‘swing voters' 1 life’s decisions.”

As powertul as the msights of Parrondo’s paradox may
be at the macroscopic level, randomly switching from one
“game” to another mav have its greatest impact at the
microscopic scale. In the past few years engineers work-
ing with such tools as lasers and microscopic clectrodes
have built ratchets to a degree of precision that would
have been unmimaginable just fifteen years ago. Such micro-
scopic ratchets can work with objects of a truly molecu-
lar size—less than one-hundred-thousandth the size of
Fevnman's Heas.

The chenusts Steven G. Boxer and Alexander van Oude-
naarden of Stanford University have found that munuscule
ratchets can sift through the jumble of proteins, lipids and
carbohydrates that make up cell
membranes, The two imvestiga-
tors observed that the ratchert
allows partcles to pass through
it at different speeds, depending
on their size and clectncal
charge. That property makes 1t
possible to sort membrane mol-

that prninciples similar to Par-
rondo’s paradox can be applied
to the stock market. Maslov tound a way thar the value of
astock porttolio can mcrease even if all of'its stocks decline
in the long run: The entire portfolio must be sold pen-
odically—even daily—and the proceeds must be quickly
plowed back mnto repurchasing the stocks in the same pro-
portions as they were in the original porttolio. The net
effect of such peniodic rebalancing is to apply the gans
trom stocks that are doing temporarily berter than aver-
age (and have theretore increased their relative proportion
in the porttohio) to buy more stocks that are temporanly
underachteving. The beauty of Maslov's proposal 1s that
one need not know anything about particular stocks: sim-
ply sell them all and then buy them back in a rebalanced
porttolio. Unless the balance of investments 1s shifted 1o
that way, the long-term prospects for a porttolio full of
duds are "grim indeed,” says Maslov, since all of the stocks
tend to dechne with atme. But Maslov's tacnic can gener-
ate better returns than the “buy and hold™ policy thar 1s
the current tavonte of many economists. (It should be not-
ed, however, that the declines in technology stocks men-
tioned at the beginning of this article might well over-
come even Maslov's strategy.)

Abbott and Parrondo suggest that switching from one
option to another could also prove useful in applying gov-
ernment policies to quantities that Hucruate unpredictably;
tor example, if two policies each cause unemployment to
rise, altermating between them mught acrually create jobs.
Furthermore, Abbott notes, citizens could be, 1n essence,
tollowing Parrondo’s principles when they vote political
parties alternately into and out of office.

L1 short, Parrondo’s paradox demonstrates that two wrongs
can somenmes make a nght—and thar a little indecision can
be a good thing, “One message of the Parrondian philoso-
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ccules simply by passing them
through a ratchet. Sorting mem-
brane molecules could. in tum, become an important step
m understanding just how particular drugs attach them-
selves to receptors in cell membranes.

VEN AS ENGINEERS ARE DEVELOPING THE

technology to build and wse minuscule

Brownian motors, biologists are beginning to
suspect that nature has been exploiung the properties of
mtricately designed Brownian ratchets since the beginnings
of lite. The ability to convert energy into directed monion
15 vital to hiving creatures; people, for instance, depend cru-
crally on the muscular contractions that pump blood, draw
breaths and move arms and legs. On a much smaller seale,
cellular motors pertorm such chores as ransporting
organelles. The tuel tor those motors 15 well known—the
chemucal energy stored n the molecule adenosine tn-
phosphate, or ATP. But the inner workings of the motors
themselves remain enigmatic.

Some mvestigators have proposed recently that so-called
motor proteins, which haul microscopic cargo, might oper-
ate in part by a ratchet mechanism. In 1993 a team of engi-
neers at Harvard University and the Rowland Insotute for
Science i Cambridge, Massachusetts, tracked the move-
ments of the motor protemn kinesin. That protein moves
by propelling itself along cellular *train tracks™ called micro-
tubules, and can transport cargo more than a hundred omes
its size—much like an ant carrving an e¢normous cake
crumb. The team discovered that instead of moving
smoothly along the microtubule, kinesin makes distinct

Jumps, each about eight nanometers long, as if it were chmb-

ing the rungs ot a ladder.
Those discrete jumps led Martin Bier and Dean Astummi-
an, a colleague of Bier's at the University of Chicago, to



hypothesize that a
ratcher-hike  engine
was at work. The
nucrotubule, they pro-
}'uwt'l.i, could be elec-
trically charged ro re-
semble  the sawtooth
potential of the fashing
ratchet. When the kinesin
molecule 1s at rest, they
suggested, i pre-
fers to stay in
one of the roughs
of the porennal
But when ATP s
burned, the kinesin
molecule rempaora-
rily gains enough
energy to escape the
trough. Brownian mo-
non makes it dnrft a hit-
tle to the I'Ighl' or left, so
that when the momentary
burst of cnergy subsides,
the kimesin molecule may
shde down inro the nearest
neichboring rough—say, to
the nght. Occasionally, the
molecule may instead shaft to
the nearest neighboning trough
on the left, but as wich the Hash-
mg ratchet, the combmanon of
neehng monon and the shape of the
sawtooth should give rise to a net
long-term movement to the nght.
Astumian and Bier calculated the
power output of such a ratcchet, and
their esomares came within an order of

magnitude of the measurements made by the Harvard and
[Rowland Institute team. Since that time, several other maod-
¢ls have been suggested that fit even more closely with exper-
unental observanon. Each model exploits a Browman ratch-
¢t engine, along with other mechamsms,

Engineers hope that the mechamsm ot kinesm acnon,
when finally understood, will provide the bluepnnts for
nunute, man-made motors that could be useful i micro-
clectronic devices. “lon pumps and motor proteins are the
siallest engines we know and they can no longer be though
ot as wind-up rtoys,” Bier has wntten, “If nano-techno-
|:11,{l-.‘.1| devices are to be as ethicient and rehable as l‘mmlng-
wcal molecules a good understanding of noise will be indis-
pensable to their design.”™

EYCOND EXPLAINING THE INNER WORKINGS (O}
hving creatures, some Investigators suggest
that Parrondo’s paradox may hold the key to
explaining one of the oldest puzzles of nature: how life began.
(ne central problem is to explain how the inchoate. ran-
domly pggling mass ot particles that physicists call pnimor-
dhal soup could give nse to the complex molecules of hite,

.L”‘“ Hammmond, No One Can Win
at the Humecane Bar, [9Y98-949

But Parrondo’s paradox demonstrares rhat processes lead:
ing to net losses can be combined to generate a positive out
come, and that randomness can facilitate that outcome.
Abbott suggests that a mechamsm such as the Hashing ratch-
et mught have hamessed torces that would otherwise have
led to disorder, and channeled them roward the assembly
of complex anuno acids. Put i a shghtdy different way,
processes that would, if left to themselves, tear up mole-
cules essential to the chemistry of Tife, might have worked
together mstead to foster the synthesis of such molecules.
Thus perhaps the emergence of order 1s not as unlikely
as 1t has often seemed. The physicist Paul C.W. Davies,
who examuned the question of how hfe began m his book
[ he f:f.IrF.i[i Mira J't', has HIHL‘H't‘i_i;
Nobody knows what the process was, but anything that clan
fies how information and organized complexity can emerge from
the randomness of molecular chaos will cast welcome light on

this most profound of scentitic mystenes. That s the sigmih-
cance of Parrondo’s |:.b.u'.1-_ii.'-:~.'_ and the associated work ol |'-:;n|'-|:+

ke Derck Abbortt, e

ERICA KILARREICH 15 a freelance writer and mathematicean T
i Santa Crins, California,
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