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(Top) A frog cerebellum. (Above) Purkinje
cell. (Right) Cerebellum model showing
one of two input systems: mossy fibers excite granule cells, whose axons-the parallel fibers-activate Purkinje cell dendrites.
responded with the kind of electrical patterns characteristic of the real thing. Remarked Llinas: "It's like building a bird
out of bits of straw and saying 'OK, you
look like a bird. Can you fly like a bird?'
If it does fly like a bird, you have a very
good model."
By studying the electrical activity of
single brain cells in anesthetized animals
or in brain slices or in isolated brains, scientists have become familiar with the
structure of the cerebellum. They know
that the cells in each cerebellar cortex lie
stacked like plates. Researchers have also
studied the way the cells communicate
with one another across countless tiny
junctions called synapses.
At the outset of their experiment,
Llinas and Pellionisz-both experts on
the cerebellum-knew all the parts of the
region and felt they knew the properties
of the parts. They also understood the
range of services performed by this region
of the brain. Just because you are familiar
with the wheels and springs inside your
watch and know the device tells time,
however, doesn't mean you can build a
working timepiece. The important thing
is understanding the relationship between
structure and function.
Alissa Swerdloffworked in the neurobiology lab
at Cornell before becoming a journalist.
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The human cerebellum is made up of building material. To program neurons
100 billion nerve cells, the neurons, or as into the computer, Pellionisz and Llinas
many cells as there are stars in the Milky equipped their machine with both a miWay. These cells communicate via a net- croscope and a TV camera and instructed
work of a million billion internerve con- it to examine and memorize, the forms of
hundreds of real neurons froiD. various lonections, or synapses.
The central neurons of the cerebellum cations in the cerebellum.
are slender in one dimension, thick in the
The computer recorded the e:xact shape
other two and are about 400 millionths of of each cell: the length of its axon, the
a meter in diameter. They look a bit like number of branches, the interbranch dismicroscopic trees, with numerous tance, the angles of branching. It combranchlike projections called dendrites piled information about what a computerthat grow from .one end of the cell. At the generated nerve cell might look like and
other end, a single branch emanates from compounded the data into a neuronthe cell's body. This long central stem, or shaped "probability cloud" that could
axon, transmits the signals gathered by serve as a template for generating hypothetical neurons.
the dendrites to other nerve cells.
As instructed by Llinas, Pellionisz and
Each neuron is capable of receiving
chemical signals through the synapse and Perkel, the computer then created huntransmitting them electrically along its dreds of thousands of "neurons," each
axon to the synapse at the other end. slightly different from the next. Governed
There the signal is reconverted into pack- by the knowledge that certain types of
ets of chemical messenger that move cells occur in certain layers of the cerebelacross to the next cell and trigger it.
lum and that each part of the cerebellum
Without the cerebellum, animals are has its parallel neurons oriented in a parunable to perform coordinated move- ticular direction, each cell was assigned to
ments. Humans who suffer cerebellar an appropriate layer and oriented.
damage develop tremors and have diffiNEURON STIMULATION
culty performing the simplest motor
To make the computer cerebellum
tasks, such as touching the nose.
Whereas real brains are made of nerve complete, the researchers programmed
cells, blood vessels and supporting tissue, each neuron with the ability to stimulate
computer brains need a different sort of any other neuron it touched. Thus, when
Opening spread: computer image taken from A Computer Model of the Cerebellar Cortex of the Frog, Pellionisz, Llin&s, Perkel.
Pergamon Press. 1977; photographs by Humphrey Sutton. This pag., diagrams adapted from A Computer Model of the Cerebellar
Cortex of the Frog, Pellionisz, Lliruis, Perkel. Pergamon Press, 1977; photograph by Lliruis and Sujimori, unpublished observation
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To form a working model of the brain, artificial neurons must be able to reproduce
electrical responses that occur in living brain cells. The voltage patterns shown above
were triggered by one type of cerebellum nerve fiber. The measurements taken from the
computerized Purkinje cell body (A) are similar to those detected in the frog's cell
(B). (C) Each voltage trace at right comes from a specific part of the Purkinje cell.

MIND MACHINES
A thinking cap linking the human
mind with computers may soon be as
common as a pocket calculator.
Current developments in microelectronics and bioengineering have made
the coming of these human-computer
linkups-or "symbionic minds"-inevitable, according to Dr. Glenn
Cartwright, computer scientist and
educational psychologist at McGill
University. Symbionic is Cartwright's
word: sym as in symbiosis, plus bionic.
With symbionic minds, we could receive and send electronic signals: turning household appliances on and off by
pure thought, retrieving unlimited
amounts of information instantaneously, monitoring the body's functions and creating new senses such as
the ability to perceive radiation or
"see" with radar. Says Cartwright,
"Merely thinking of someone you
wish to talk with could initiate a
search by the symbionic mind to locate that person anywhere in the
world and establish direct contact over
the telephone network."

Though many scoff at Cartwright's
predictions, research seems to suggest
that he's right. Advances in prosthetics now enable amputees to manipulate artificial limbs by "thinking them
to action." Sensors in the damaged
stump, picking up electrical ·signals
from the brain, trigger movement in
the limb. When the mind sends a message such as "move the index finger,"
the prosthesis obeys.
Brain-wave patterns can be used to
virtually read minds. Says Cartwright,
"There's a science called neurometrics
that allows researchers to get a general
idea of your thoughts by decoding specific brain-wave patterns. For example, a P-300 wave is usually associated
with decision making."
Meanwhile, others have been perfecting pacemakers that, implanted
under the scalp, can be triggered by an
outside signal to prevent epileptic seizures. With each operation, surgeons
gain a greater understanding of how to
match up mind with machine.
-Dave Fleischer

Computer image adapted from A Computer Model of the Cerebellar Purkinje Cells, Pellionisz and Llimis. Pergamon Press, 1977.
All material, except opening photographs, courtesy of the Department of Physiology and Biophysics,
New York University Medical School
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the computer laid down the cells, each
point of intercellular contact became a
"synapse."
In a real brain, there is simply not
enough information in the genes to tell
each neuron exactly where to send its fibers and exactly where synapses should
be. Instead Pellionisz and Llimis believe
brain cells grow toward a "neighborhood" rather than an exact address and
simply synapse with the cells they happen
to touch. They feel, therefore, that their,
method of computer brain construction
probably mimics real neuron growth.
The uniqueness of the experiments becomes apparent when one realizes that all
the computer synapses were determined
by randomly generated variations in the
cells' branching fibers. Other points of
synapse would have presumably served as
well. The simulation suggests that our
wonderfully capable cerebellum-which
enables us to walk, to ski or to writedepends on millions of locally random
connections! Exact connectivity is not
necessary.
When their computer cerebellum was
completed, it was the largest simulation
of a brain ever made, containing nearly 2
million "nerve cells," roughly the same
number as in a frog cerebellum. In an additional experiment, the two scientists attached a computer simulation of a human
arm to another computer version of a
"cerebellum" and instructed it to copy
the letters OK.
When the command was channeled
through the cerebellum, the arm wrote
OK in nice, neat script. If the same instructions were sent directly to the arm
without benefit of transformation by the
cerebellum, the arm developed a tremor
and produced a jerky, disorganized version of the letters-just the kind of OK
that a person with cerebellar damage
would construct.
Throughout the twentieth century, the
brain has been compared to a sophisticated machine. "People now say the brain is
like a living computer," remarks Pellionisz. "Before computers, they said it was
like a radi()--{)r a telegraph-or whatever
was the top technology at the time." In all
machines, the sequence of connections is
vital. To draw an analogy between brain
and machine function, researchers have
proposed that the nervous system transmits encoded information along linked
chains of nerves to a point in the brain
where it is received and "decoded." You
see an orange, and its code signal travels
down your neural pathways.
The success of the Llinas-Pellionisz
simulation militates against the brain-asmachine theory. If the brain mimics a machine, its specific wiring pattern would be
crucial; an improperly wired computer is
Continued on page 94
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Continued from page 83
no computer at all. But the brain simulation demonstrates that parallel neurons
can be wired together with a great deal of
variation-nothing like a mechanical device. If a machine could work on this
principle, the transistors, capacitors and
resistors of a stereo could be wired up in a
sloppy fashion-and music would flow.
TRIGGERING IMAGES
But if the brain does not work like a
machine, how does it work? Based on
their simulation, Llinas and Pellionisz
propose that information reaches the
brain as the result not of a chain of transmission but of the pattern of nerve activity created by hundreds of thousands of
parallel fibers firing simultaneously. Because each neuron is slightly different
from the next, it experiences its own version of an object or event. Each fiber
therefore fires off nerve impulses at its
own particular frequency. The pattern of
transmission-that is, which cells are firing and at what rate-produces the internal image we call a thought.
The situation is a little like having a
large number of witnesses to a car crash.
Each viewer sees the event from his own
perspective, but the incident can be reconstructed fairly accurately from the
consensus of all the witnesses.
Our perception of a jet plane, for exampie-its size, color, shape, sound, number
of engines, etc.-sets off certain neurons
at certain rates. The entire array of stimulation "means" jet to the brain. And since
there are millions of neurons, an almost
infinite variety of patterns is possible,
each corresponding to a unique object or
situation in the outside world.
Llinas uses the analogy of a color TV
screen to demonstrate that the mind routinely resolves discrete signals into the
perception of a whole object. A color TV
screen is composed of thousands of little
dots-some red, some blue, some green,
some brighter than others-and each fires
differently from its neighbors. But when
you look at the Tonight Show, you don't
see the dots-you see Johnny Carson.
If you hold an apple in your hand, you
know its position, size, shape, color, texture, hardness, aroma and temperature simultaneously. These dimensions are perceived all at once and seem to mix
together; the experience has a unity to it
that we call apple.
In scientific terms, Pellionisz and
Llinas would say that every human being
has inside his head an "n-dimensional hyperspace," that is, a nerve network that
can accommodate an almost infinite variety of different patterns, each corresponding to unique objects or events in the
world. This rather cosmic-sounding entity has given the researchers a tool for or. ganizing the thousands of simultaneous
94 Science Digest-March 1982

nerve firings that accompany perception.
Einstein postulated a four-dimensional
hyperspace, a model of the Universe that
consisted of the three dimensions of physical space-length, width and heightplus a fourth, time. But hyperspace can
have any number of dimensions above
three. Indeed, if time can be considered a
dimension, why not redness? Or hardness? Or temperature? Or any of an infinite number of other qualities?
Why not? Probably because we are
trapped by our own preconceptions. We
have always thought of "dimension" in
terms of length, width and height. When
we want to graph something, we think of
three axes: x (left and right), y (up and
down) and z (front and back).
Now, try to free yourself from the constraints of three or even four dimensions.
Imagine hundreds, even thousands of
axes on the graph paper-one for redness,
one for suppleness, one for fluffiness and
so on. Along each axis, a particular quality can be described on a scale of 1
through 10. An orange juggler's ball at
the top of its trajectory will have position
values-x,y,z-but it will also have values for orangeness (say, 10), hardness

In a strict sense, no
fundamental information
ever passes into the
brain: we learn only
what we already know.
(say, 4), temperature (say, 5) and a host of
other qualities. Somewhere in n-dimensional hyperspace is a point whose coordinates are these numbers-and that point
represents precisely this ball.
In simplified fashion, the concept of a
hyperspace-the so-called Tensor Network theory of brain function-works
like this: each neuron is considered a dimension, and the number of times it fires
is thought of as units along that dimension. Just as the theoretical values associated with a juggler's ball can be made to
correspond to a single point in hyperspace, so too can the neuron-firing values
produced by any stimulus.
With a little abstract geometry, the activity in hundreds of thousands of parallel
nerve fibers can be reduced to one point,
called a vector. An apple would create a
unique firing pattern, which would reduce to a different point in n-dimensional
space-an "apple" vector. An orange
would create an orange vector.
Actions as well as perceptions can be
explained in terms of neuron-firing patterns. You want to sneeze and you also
want to scratch. The sneeze, of course,
takes precedence. According to Llinas

and Pellionisz, your choice depends on
the fact that the sneeze involves so many
neurons firing simultaneously that "it's
almost like a small epileptic discharge."
By far the most elegant and useful aspect of the hyperspace brain model is that
it proposes a method for converting intention into action. Leonardo da Vinci sees
Mona Lisa and decides to paint her. But
how can he organize the thousands of
muscle cells in his arms and hands to reproduce the image of his model? Vectors
in brain hyperspace may hold the key.
Vectors are geometrical entities that
can be mathematically translated from
one frame of reference to another. The
process is called transformation. Llinas
and Pellionisz feel that the brain may be
adept at such calculation and could readily transform Leonardo's perception vectors into the action vectors required to
paint the portrait. Signals come in, informing the brain of Mona Lisa's appearance; signals go out, telling the joints and
muscles of Leonardo's arm and hand how
to reproduce her face.
But does the brain actually read nervefiring patterns and translate them into action? The l:lest test of the theory would be
to record real nerve impulses in hundreds
of fibers entering the cerebellum and then
record the impulses in another set of
nerve cells leaving the cerebellum. The
computer could then combine these values so that a mathematician could tell
whether the outgoing signals represented
a transformed version of the incoming
data. Here, unfortunately, we are approaching the limits of modern technology: Pellionisz and Llinas have already
completed designs for a device capable of
simultaneously recording large numbers
of individual neurons, but for the moment, theory has outrun the possibility of
experimental validation.
Undoubtedly, the proof (or disproof)
will come someday. If this new model of
brain function is validated, it will be of
interest to philosophers as well as scientists. We may have to alter the way we
view ourselves, our consciousness-our
very being.
INTERNAL UNIVERSE
According to Llinas, the ability ~2 close
our eyes and construct a perfect itrrage of
an orange suggests the existence of an internal universe. We create at will the firing pattern that means orange.
In fact, the two scientists feel that we
may be born with a tentative model of the
world already programmed into our
brains. Other animals, they note, seem to
be wired to recognize those structures of
the Universe that will be important for
their survival. The nerve-firing patterns
caused by various objects-apples, oranges or sports cars-merely "turn on"
the appropriate portions of the internal
world. In a strict sense, no fundamental
information passes into the brain, and

"very deeply, we learn only what we already know," says Llinas.
At least some of man's knowledge and
ability is probably preprogrammed as
well. Human infants are born with the
ability to pronounce all phonemes, the
sound components of language. They can
even pronounce the phonemes of languages foreign to their place of birth. German babies can easily pronounce the th
sound of English, and English infants can
pronounce the rolled r of Spanish. (A
child starts to lose this ability at about six
months, when it begins to specialize in a
particular language.)
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PERCEPTUAL WIRING
How extensive is this innate wiring? It
depe_idS on the creature. A chick's percep~l,abilities are largely predetermined, \\rith some small ability to learn.
Human preprogramming is much less extensive-but we seem to be wired to some
extent. Says Llinas: "You will recognize
those patterns that form part of your perceptual library; you will recognize the
colors that you have evolved to be able to
recognize."
We utilize this inner universe to great
advantage. By mentally mobilizing our
"props," we can monitor or experiment
with behavior and predict the outcome of
our actions. As Llinas puts it: "You hunt
your bear many times before actually trying it on the outside. In this way you can
find out what you need. You can even
project yourself into the bear .... The
hunter can become his prey." The brain is
a most versatile part of man.
But is the brain simply a part of man?
Or is man, perhaps, part of the brain? If
the brain contains ·a model of the Universe, then in a sense it must be far more
than the self. The I is orily one pattern
that the brain generates.
The I is an important pattern, no
doubt. In order to survive, you know that
you are a particular kind of beast with
particular competitors and certain nutritional needs. Nevertheless, the I disappears when you sleep-but the brain
hums on. It i.s busy producing the many
other pattet'ils of which the conscious I is
unaw_are, patterns that lie outside the
smltfl portion of reality we inhabit on this
Earth.
Ironically, the metaphysical speculation that grew out of the computer cerebellum experiment suggests that a full
computer brain may be an impossibility.
A computer can utilize only the information that man can arrange to have programmed in.
According to Llinas, we are the music
that the brain's instruments, the neurons,
create. Each neuron plays its own notes,
and together they play the tune called
man. When they die, we die. Even in life,
they do not always perform the symphony of consciousness. At night we dream,
and they move on to other songs.
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