Beyond chaos: Ultimate unpredictability

To predict the future course of a dy-
namical system such as a swinging pen-
dulum, physicists have traditionally
counted on solving a suitable equation to
find a formula describing the system'’s
position or state at any time. However,
many of the equations used to model
physical systems do not yield such for-
mulas. In such cases, researchers turn to
methods that produce approximate an-
swers, which usually offer only a limited
degree of predictability.

Indeed, the course of so-called chaotic
dynamical systems depends so sensi-
tively on initial conditions that a predic-
tion's accuracy is strictly limited by the
amount of information available. The
farther into the future one wants to
predict, the more precisely one needs to
know the initial conditions.

But for some dynamical systems, the
future seems even more clouded. Gradu-
ate student Cristopher Moore of Cornell
University in Ithaca, N.Y.,, has constructed
amathematical scheme corresponding to
dynamical systems that are, in a sense,
more unpredictable than chaotic sys-
tems. “Even if the initial conditions are
known exactly, virtually any question
about their long-term dynamics is unde-

cidable,” Moore states in the May 14
PHYSICAL REVIEW LETTERS.

His discovery means that researchers
studying physical systems that happen to
correspond to such a mathematical
scheme would have no way of determin-
ing the system’s future, not justin the long
term but also in the short run. Moreover,
the system would behave so irregularly
that reliable, statistical measures of its
average or overall behavior would be
impossible to obtain.

“There isn't a serious physical applica-
tion for these ideas yet,” says Cornell’s
Philip J. Holmes. Nonetheless, he says,
Moore has shown that “a class of mathe-
matical objects, which are used to de-
scribe physical systems, can have this
property”

One approach to studying dynamical
systems involves converting a differential
equation or some other complicated
mathematical expression into a kind of
game played with specific rules for ma-
nipulating sequences of symbols or digits
—often just zeros and ones. Moore turned
that idea on its head by first inventing a
new type of game with interesting charac-
teristics, then searching for connections
with dynamical systems.

A surrogate mother named Nicole
has provided scientists with a moment
to remember. The 9'-year-old Siberian
tigress gave birth on April 27 to three

~ Bengal tiger cubs, the world’s first “big
cats” produced through in vitro fertili-
zation and embryo transfer. The births
have boosted biologists’ hopes for pre-
venting extinction of the world’s five
tiger subspecies as well as a number of
other endangered animals.

Veterinarians at the Henry Doorly
Zoo in Omaha, Neb., delivered the cubs
through Cesarean section. Two cubs
later died, one from respiratory compli-
cations and the other from kidney fail-
ure. Zoo scientists do not think the
deaths were related to the fertilization/
implantation technique.

Reproductive physiologists Ann
Miller and Leslie Johnston of the Na-
tional Zoo in Washington, D.C., tailored
the technique to tigers in collaboration
with researchers from the Henry
Doorly Zoo and the Minnesota Zoologi-
cal Gardens in Minneapolis. They also
developed a miniaturized in vitro fertil-
ization lab for use in Omaha and possi-
bly in the wild.

The team gave Bengal tigresses hor-
mones that increase egg production,
then removed the eggs for fertilization
in a petri dish. The resulting embryos
were placed in Nicole’s reproductive

Battling extinction with test-tube tigers

-
Uly (left) and Mary Alice, from the world’s|
first litter of in vitro-fertilized tigers. Uly
and a third cub died within weeks of birth.
So far, Mary Alice seems fine.

tract.

Only 3,000 to 5,000 tigers remain in
the wild, most driven into isolated re-
serves by human encroachment, notes
tiger specialist Ulysses Seal of Min-
neapolis, a consultant on the project.
This fragmentation has separated po-
tential mates and increased the chances
of inbreeding, he says.

“One of our objectives in the long
term will be to move genetic material
from one reserve to another,” Seal told
SciENCE NEWS. “Moving embryos rather
than animals is much less dangerous for
the animals.” In vitro fertilization not
only promises to bolster genetic stocks
in zoos and reserves, but also might
enable biologists to freeze embryos of
species on the verge of extinction, he
adds. — W Stolzenburg
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Moore was able to show that his games,
which he calls “generalized shifts,” corre-
spond to dynamical systems known as
iterated maps, which researchers some-
times use to model physical systems. An
iterated map represents the results of
substituting each of a set of initial values
into a mathematical expression, calculat-
ing the answer, then substituting that
answer back into the original expression
to calculate a new answer, and so on.

Moore also demonstrated that, in cer-
tain cases, his games are equivalent to
abstract models of computation known as
Turing machines. “Various properties of
Turing machines can therefore be trans-
ferred to iterated mappings,” Holmes
says. “So they [the maps] inherit all the
sorts of complexities that Turing ma-
chines have — complexities very different
from those that one generally has in
chaos.”

A properly constructed Turing ma-
chine, operating under rules that specify
its step-by-step behavior, can perform
any computation that a computer can do.
However, a particular Turing machine
might be saddled with a problem that
takes an inordinate — perhaps infinite —
amount of time to solve. For a given initial
state, such a machine may never stop
once it gets going, and therefore may
never come up with an answer.

Chaotic behavior “is unpredictable be-
cause our initial description will have
small errors, and these errors grow until
our prediction is completely off,” Moore
says. “Turing machines are unpredictable
even if the initial conditions are known
exactly”

Consequently, if a step in an iterated

-mapping happened to correspond to a
generalized shift that incorporates a Tur-
ing machine saddled with an “impossi-
ble” problem, researchers would have
practically no way of determining what
ultimately results from those particular
initial conditions. “The best one can do is
to simulate the system and see what
happens,” Moore says. “Thus even the
simplest long-term properties of the mo-
tion are undecidable.”

No one yet knows whether this type of
dynamics arises in realistic physical sys-
tems. “Normally, you see a phenomenon
and you model it,” Moore says. “These are
[models] in search of a phenomenon.”

Although the dynamical systems he
has studied appear contrived, they sug-
gest that it may be worth looking for a
similar level of complexity in, say, the so-
called three-body problem, which con-
cerns the complicated motions of three
gravitationally interacting objects.

“It’s the kind of question that I have
often wondered about and urged other
people to wonder about,” says Charles H.
Bennett of IBM’s Thomas J. Watson Re-
search Center in Yorktown Heights, N.Y. “I
think this is a significant step along the
way to really nailing that down.”

— I. Peterson
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