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ABSTRACT

Information is something that can be encoded in the
state of a physical system, and a computation is a task that
can be performed with a physically realizable device.
Therefore, since the physical world is fundamentally
quantum mechanical, the foundations of information
theory and computer science should be sought in quantum
physics. In fact, quantum information has weird properties
that contrast sharply with the familiar properties of
classical information. A quantum computer — a new type
of machine that exploits the quantum properties of
information — could perform certain types of calculations
far more efficiently than any foreseeable classical
computer. To build a functional quantum computer will be
an enormous techmical challenge. New methods for
quantum error correction are being developed that can
help to prevent a quantum computer from crashing.

THE FUTURE OF INFORMATION TECHNOLOGY

You are probably aware that we are at the dawn of a new
millennium, and as we look back at the 20" century, one of the
most notable achievements of our civilization has been the
development of our information technology. I think that my
laptop computer is a pretty hot machine. But surely by, say, the
end of the 21" century, the information technology that
impresses us so much today will have been far surpassed by
new technology that we cannot even imagine. Even so, I intend
to speculate about the future of information technology.

This sort of projection of the future of technology is a task
fraught with danger. Here is one cautionary tale. We recently
celebrated the 50" anniversary of the ENIAC, which many
regard as the first electronic digital computer. It is interesting
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Fig. 1. If you put a ball in a quantum box (A),
and then open the wrong door of the box (B),
the color of the ball that comes out is random

to see what people were saying back in the 1940s about the
future of electronic computing. Following is a quote from
Popular Mechanics that appeared in 1949:

“Where a calculator on the ENIAC is equipped
with 18,000 vacuum tubes and weighs 30 tons,
computers in the future may have only 1,000
vacuum tubes and perhaps only weigh one and a
half tons.” In fact, the computing power of the
ENIAC is roughly equivalent to what is in a digital
watch, and we have had digital watches since the
1970s. So the visionary who said this evidently was
not thinking big enough or small enough.

No one can accurately predict the future of technology;
that’s a given. And aside from that, I am particularly ill
equipped for this task. I am a theoretical physicist, not an
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engineer and I am not particularly knowledgable about how
computers work. But a physicist knows without hesitation that
the crowning intellectual achievement of the 20" century has
been the discovery of the quantum theory, and it is natural to
wonder how the development of quantum theory in the 20"
century will impact the technology of the 21" century.

A physicist knows that, whatever information might be, it is
something that can be encoded and stored in the state of some
physical system, like the pages of a book, or the sectors of a
hard disk. But we also know that all physical systems are
fundamentally quantum mechanical systems. So information is
something that can be encoded in a quantum state. The
question addressed here is: Can the computers of the future
better exploit the quantum properties of information, to
perform tasks that are beyond what can conceivably be
achieved with conventional silicon-based information
technology?

CLASSICAL AND QUANTUM BITS

To get started, we’ll need to recall some basic facts about
information. All (classical) information can be reduced to
elementary units, what we call bits. Each bit is a yes or a no,
which we may represent as the number O or the number 1.
Anyone who has played the game 20 questions knows that
much information can be conveyed by yes/mo answers. A
highly skilled player, by asking 20 questions, could in principle
distinguish about 1,000,000 different objects. And if we are
willing to allow more questions, in principle any number of
objects could be distinguished. So we say that any amount of
information can be encoded in the yes/no answers.

1 like to visualize a bit as an object, let’s say a ball, that can
be either one of two colors, let’s say either red or green. Bits are
valuable, and we can store a ball for safekeeping by sealing it
up inside a box. Then if we open the box later on, the color of
the ball that pops out is the same as the color that we put in; we
can recover our bit and read it.

But in quantum theory, the elementary unit of information is
something rather different from the classical bit — I'll call it a
quantum bit, or a “qubit” for short. We may think of a quantum
bit'as a box with a ball stored inside, but in this case, we can
open the box through either one of two doors, door 1 or door 2.
To an experimental physicist, the two doors correspond to two
different ways to measure the quantum state of an atom, or of a
particle of light, but let’s not worry about that, we’ll just think
of it as a box with two doors.

Suppose that we put a red or a green ball into the box,
through either door 1 or door 2, close the door, and then open
the same door again. The color of the ball that comes out is the
same as the color that we put in, just as for a classical bit. But
suppose that we put the ball into door number 1, and then we
open door number 2. Then the color of the ball that comes out
doesn’t have anything to do with what we put in, the color is
completely random — 50% of the time it will be red and 50%
of the time it will be green. If we open the wrong door, we can’t
read the information that was put into the box.

HIDDEN INFORMATION

We have now seen one way in which quantum information,
information encoded in qubits, is different than classical
information, information encoded in bits. You can’t read
quantum information unless you open the right door. But there
is a more interesting difference between classical and quantum
information, and to appreciate it, we’ll need to suppose that we
have two boxes. The boxes can be far apart. One is at Caltech in
Pasadena, and the other is in the custody of a friend who lives
in the Andromeda galaxy. These boxes have some peculiar
properties. First, if I open my box here in Pasadena, either
through door 1 or door 2, the color of the ball that comes out is
completely random. And the same is true for my friend in
Andromeda. So when either one of us opens his box, through
either door, we don’t get any information; we don’t find out
anything about what is inside. That’s funny . . . we have two
boxes so we should have been able to store two bits of
information. How is that information encoded? Where is it
hiding?

The answer is that the information is contained in
correlations between what happens when I open a box in
Pasadena and what happens when my friend opens a box in
Andromeda. If I open my box through door number 1, I might
find a red ball or I might find a green ball. Butif I find a green
ball, then if my friend also opens door number 1 on his box, he
finds a green ball, too. And if I find a red ball, he always finds a
red ball. Same thing if I open door number 2 and he opens door
number 2 — we are guaranteed to find balls of the same color.
What he finds is perfectly correlated with what I find if we
open the same door.

. There are several different ways in which what happens
when we open a box in Pasadena can be correlated with what
happens when we open a box in Andromeda, and we have

. chosen one of those ways — that’s information. But in this

case, there is no way to get access to any of the information, no
way to read it, just by making observations in Pasadena or
Andromeda. Instead, the information is spread out in a very
nonlocal way, shared equally in a sense, between the box in
Pasadena and the box in Andromeda. This property of quantum
information, that it can be encoded nonlocally, is what we call
quantum entanglement. It is the crucial way in which quantum
information is different than classical information [1], and it is
what underlies much of what I want to discuss herein.

But not everyone is so impressed by these correlations.
Correlations are not really so exotic; we encounter them all the
time in everyday life. For example, I have a friend who, on any
given day, decides at random to wear either red socks or green
socks. (You may think my friend is rather eccentric, but among
physicists he is considered quite normal.) Anyway, I can trust
my friend to always wear two socks of the same color; he is
very fastidious about that. So his socks are perfectly correlated.
That means that, as soon as I see one of his feet and notice that
he is wearing a red sock on that foot, I know for sure before I
even look that there is a red sock on the other foot. And if  see a
green sock on one foot, I know for sure that there is a green
sock on the other foot, even without looking. So correlations
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