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Abstract:

At the 1981 Physics of Computation Conference, held at MIT s Endicott House, **John |,
** The Computer and the Universe ** where he put forward the idea of one day understan
1982). By the early 1980s, it was already well established that information is insepara
and therefore subject to physical law. Yet, several conference presentations advanced

themselves can be viewed as algorithms for information processing, and that their ulti
physically executable computation (see Landauer 1982; Fredkin 1982; Kantor 1982; Zuse

After a distinguished career at Princeton, Wheeler joined the University of Texas at Aus
for Theoretical Physics. His time there offers a perspective on how the informational tt
influenced the trajectory of quantum mechanics research in the latter half of the twentie

During his time at Texas, Wheeler became intensely focused on the question, ** How
deeper principle from which the gqguantum formalism could be derived. In this search,
intertwined with computing and information theory. As director, he assembled a di\
postdoctoral fellows, and visiting researchers, creating a dynamic research environment
engaged deeply with emerging developments in computer science reading widely on pa
cellular automata, and cybernetics and often held informal seminars where these topics
physics, particularly debates on the many-worlds interpretation (Everett, 1957).

For Wheeler, the informational turn culminated in his proposal of ** it from bit, ** the
it derives its meaning from fundamental units of information, or bits (Wheeler, 1989
passed through Austin, this perspective translated into concrete efforts that laid the c
what would later be recognized as quantum information theory, quantum computation, an
of quantum mechanics. This influence is particularly evident in the work of **David D
**William Wootters** (quantum distinguishability and teleportation), **Wojciech Zure
Schumacher** (quantum coding), with Wootters and Schumacher together introducing the
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The decade Wheeler spent at Austin provides a fresh perspective on the expanding role
in shaping modern physics in the late twentieth century. Computers were not merely pra
models and heuristic devices that that helped steer the direction of research in quantum
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AT S R S SR
Richard Feynman

Conference on the “Physics of Computation”
May 6-8, 1981
Held at MIT's Endicott House
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MATHEMATICS
+

COMPUTATION “Information in computers, in

" biological systems, or on paper,

is inevitably tied to physical

degrees of freedom, and is

S7 thus subject to physical laws.”

(Landauer, “Uncertainty principle and minimal energy
dissipation in the computer,” 1982, p. 283)

PHYSICS

(Landauer, “Computation and Physics: Wheeler’s Meaning Circuit,” 1988, p. 569)
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MATHEMATICS

+
COMPUTATION

Aoy

PHYSICS

“Computation is a physical
process, inevitably utilizing
physical degrees of freedom.
Computation, therefore, is
restricted by the laws of
physics... Physical law, in
turn, consists of algorithms
for information processing.
Therefore, the ultimate form of
physical laws must be
consistent with the restrictions
on the physical executability of
algorithms.”

(Landauer, “Computation and Physics: Wheeler's
Meaning Circuit?,” 1988, p. 568)

(Landauer, “Computation and Physics: Wheeler’s Meaning Circuit,” 1988, p. 569)
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MATHEMATICS
+

wmov | \Mhat can physics learn from the
) % capabilities and constraints of
‘ computation?

PHYSICS

Richard Feynman universal quantum simulator
Konrad Zuse cellular automata to model matter and fields
Frederick Kantor information Mechanics (IM)
Tommaso Toffoli unified framework linking computation and physical processes
Ed Fredkin Digital Philosophy

John Wheeler comparison of the universe with a vast computer
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International Journal of Theoretical Physics, Vol. 21, Nes. 6/7, 1982

The Computer and the Universe'
John Archibald Wheeler
Cemer for Theoretical Physics, The University of Texas at Austin, Austin, Texas 78712
Received May 7, 198]

The reasons are briefly recalled why (1) time cannot be a primordial category in
the description of nature, but secondary, approximate and derived, and (2) the
laws of physics could pot have been engraved for all time upon a tablet of
granite, but had to come into being by a higgledy-piggledy mechanism. It is
difficult to defend the view that existence is built at bottom upon particles, fields
of force or space and time. Atention is called to the “clementary quantum
phenomenon” as potential building clement for all that is. The task of construc-
ton of physics from such elements is compared and contrasted with the problem
of constructing a computer out of “yes, no™ devices.

L. FROM ELEMENTS TO STRUCTURE AND FROM
STRUCTURE TO ELEMENTS

An unfamiliar computer from far away stands at the center of the
exhibition hall. Some of the onlookers marvel at its unprecedented power;
others gather in animated knots trying, but so far in vain, to make out its
philosophy, its logic, and its architecture. The central idea of the new device
escapes them. The central idea of the universe escapes us.

No real computer, of course, ever springs full blown from the brow of
Minerva. We start with the elements and analyze how to achieve structure.
For the universe we start with the structure and try to analyze it into
elements. Computer science and basic physics mark two of the frontiers of
the civilization of this age. One seeks to build complexity out of simplicity.
The other tries to unravel complexity into simplicity. No one, it has been
said, is better at taking a puzzle apart than the person who put it together
and no one is better at putting a puzzle together than the one who took it

! Preparation for publication assisted by the University of Texas Center for Theorctical Physics
and by National Science Foundation Grant No. PHY78-26592.
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“.. we start with the elements and
analyze how to achieve structure. For
the universe we start with the structure
and try to analyze it into elements.
Computer science and basic
physics mark two of the frontiers of
the civilization of this age. One seeks
to build complexity out of simplicity.
The other tries to unravel complexity
into simplicity.”

(Wheeler, “The Computer and the Universe,” 1982, p. 557)
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Research Question:

Why did computers come to function as
heuristic devices for examining the
foundations of physics beyond their use as
tools for calculation or simulation?

What part did this play for information to
take center stage in quantum theory?
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John
Archibald
Wheeler

(1911-2008)

Portrait of John Archibald Wheeler. n.d.,
courtesy of AIP Emilio Segre Visual Archives,
Wheeler Collection, Niels Bohr Library & Archive.
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1933 PhD from John Hopkins University
1934-35 in Copenhagen with Niels Bohr
During the War Matterhorn Project
1945-76 Princeton University
1976-1986 University of Texas at Austin

Portrait of John Archibald Wheeler. n.d.,
courtesy of AIP Emilio Segre Visual Archives,
Wheeler Collection, Niels Bohr Library & Archive.
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1976-1986

» Appointed Emeritus Professor at UT Austin

+ Established the Center for Theoretical Physics
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ThiE SEARCH ForR THE AAEANING

Research Agenda B

“l had said and by gestures
indicated what | meant that
I’d be glad to give my forearm,
and at once, in order to know
the secret of existence.”

(Wheeler, “Research Notebook, November 1975 -
October 1976, December 14, 1975, p. 16)

(Wheeler, “Research Notebook,
March 1975 - October 1975,
glued-in inside front cover)

— == =-s [ RNt ]

Starting on one of the Crusa des.
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How come existence?
How come the quantum?

« Growing preoccupation with the observer,
consciousness, and the “making of meaning”

 Reconstruction approach. Sought a derivation of
the quantum principle from more fundamental
principles

« Something like the equivalence principle for
relativity

 Search for the source material

Photograph by Allison H. Speckman, courtesy of AIP Emilio Segre Visual
Archives, Wheeler Collection, Niels Bohr Library & Archive.
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“The key to recognize the right one (answer) is however—if |
am correct—a new one: it must supply a derivation of the
quantum principle. (One) could identify the halfway
plausible theories of creation, take each as seriously as
possible, and in each case try to determine the quantum
principle from it. But to peel off the wrong trappings of each
outlook seems to me so great of a job and so dismaying and
mind-clogging, that | regard it more helpful, more certain,
and more attractive to go out from the certainty of what we
know.”

(Wheeler, “Research Notebook, October 1976 - April 1977,” November 20, 1976, p. 11)
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Photograph by Frank Armstrong (1976 to 1986, year approximate), courtesy of AIP Emilio
Segré Visual Archives, Wheeler Collection, Niels Bohr Library & Archive.
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Daring
Conservativism

* Rejection of “free
novelties.” Well-
established physics
principles taken to
their extreme

consequences.

(Furlan, 2021)
(Furlan & Gaudenzi, 2021)

* Role in defining the
key questions
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“We will not offer ‘the blood, sweat and tears’ that Da ring
Churchill challenged his people with. We offer a still o o
greater challenge — Questions, questions, questions. ConservatIVIsm

Deep questions. Do come” o
* Rejection of “free

novelties.” Well-
established physics
principles taken to

(Letter from Wheeler to Lauren Gunnarsen, February 5, 1983)

“Why am | speaking? Because dialog is essential.

Yet we aren't having dialog because everyone is their extreme
keeping his mouth shut for fear of making a fool of iopsiglzljences-
himself. So | can offer myself up as a sacrifice gpgglgg’& oe3) oz, 2027

hoping it will encourage others to do the same.”

(Wheeler, “Research Notebook, July 1984 - May 1985, September 24, * Rolein de.fmmg the
1984, pp. 88-89) key questions

Photograph by Frank Armstrong (1976 to 1986, year approximate), courtesy of AIP Emilio
Segré Visual Archives, Wheeler Collection, Niels Bohr Library & Archive.
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Steven Weinberg Benjamin Schumacher

Philip Candelas
Wojciech Zurek

Claudio Bunster

Henry Sta
David Deutsch y PP

William Wootters
George Sudarshan _
Tullio Regge

Hugh Everett

Bernard d'Espagnat

Asher Peres

Bryce DeWitt Abner Shimony David Bohm
Ilya Prigogine

Carl Friedrich von Weizsacker
John Klauder

Pirsa: 25100167 Page 18/32



“Deutsch continues to feel it is
hopeful to look for a way through.
He spoke of a kind of Turing
machine, (...) about which there is
by now a tremendous literature. He
recommended articles on this by
Martin Gardner in Scientific
American.”

(Wheeler, “Research Notebook, October 1976 - April 1977,”
May 15, 1977, p. 195)

Portrait of David Deutsch.
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all but two of the then knows sporadic

(They are called "sporadic” be-  for §

ail to it any classification 1967,
an
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AL GAMES

The fantastic combinations of John

Conwayv’s new solitaire game “lifv”
E

elosely with an

by Martin Gardner un

ost of the work of John Horton
Conway, a mathematician at

[&

pure mathematics. For instane
lic discovered a new group—some call it
"Conway's constellation”—that includes

~) It is a breakthrough that has
@ repercussions in both group
theory and number theory. It ties

ics. Although he is highly p
seldom publishes his discov-
ception was his paper on
Quilt,” a dissection prob-
diseussed in “Mathematical Games™
plember, 1966. My topic for July,
was sprouts, a topological pencil-
invented by Conway
Conway has been

this ficld, h
eries, O
“Mrs. P

and M. §. Paterso
mentioned here several other times.

MOVES
1

spheres

way abo enjoys recroational mathe

lier discovery by John
Leech of an extremely dense packing of
a space of 24 dime
where cach spliere touches 196,560 o
ers. As Conway has remarked, “Thes
a lot of reom up there.”

In addition to such serious work Con-

This month we consider Conv
latest brainchikd, a fantastic sol .
pastime he calls “life.” Because of its
es with the rise, fall and altera-
socicty of living org
0 a growing class of what are
ulation games™—games that
ife processes. To play
life you must have a fairly lar
erboard and a plentiful supply of flat
counters of two colors. (Small checkers
or poker chips do nicely.) An C
“ga” board can be used if y
flat counters that arc small
stones are unusable
t Hat) It is possible
il and graph paper but
darly for begin.
a board,
rt with a simple
of counters i

analo,

tious of

per gan
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one to a cell, then abserve how it changes
as you apply Conway's “genctic laws”
for births, deaths and survivals, Canway
chose his sules carcfully, after a long pe-
of experimentatio
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L
cheekerboard (a
1) has cight neighboring o
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arvivals. Every counter with two
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for the next generation,

2. Deaths. Each counter with four or
hbars dies (is removed) from
very counter with one
ies from isolatio
mpty cell adjacent to
ghliors

o more, 1o

It is important to understand that all
births and deaths occur simultancously,
Together they constitute a singh

eelitis

/ through.
uring

ich there is
erature. He
on this by
tific

1976 - April 1977,
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- An elegant conceptual and calculational

foundation for physics. ..
- INFORMATION MECHANICS
Frederick W. Kantor

~ Here is a basic theory that concisely subsumes
| and is independent of previous approaches. It

offers fundamental new concepts for physics,

~ dation for future philosophic investigations of

ume pro

-

IS
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| mol |
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astronomy, cosmology, and mathematics; a foun-

meaning, objective reality, mind, linguistics, and

- new technologies. Kantor develops and presents
both the concept and tools necessary for its use

_ and offers a unified picture of space, time, relativity,
quantum mechanics, gravity, electromagnetism,

- “strong Interaction”, and neutrinos. This new vol-

vides much of the conceptual basis and

_ formal methods, to date, of an interesting new path
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of inquiry. The presentation can be followed with-
out extensive prior background, although such
background is necessary for a critical review of
some formal derivations. The reader—physicist,
inventor, biophysicist, mathematician, philosopher,
astronomer, information scientist, or student—is
introduced to a new picture of the universe to be
examined and explored for the future.
CONTENTS: Informal Introduction. Compatability
with Prior Knowledge. Axiomatization. Comments.
Some Predictions and Experiments Which Might
Be Interesting. Appendices. References and Foot-
notes. Index.
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Machines Who Think

pamela McCorduck

duce oursel

Artificial intelligence comes blessed with on
richest and most diverting histories because it addresses
itself to something profound and pervasive in the human

L]

“We harbor that mysterious but ancient urge to repro-
ves in some essential but extraordinary way.

spirit.” —from Machines Who Think

With a reporter’s regard for facts and a novelist's feeling -
for drama, Pamela McCorduck traces the coursé@f: ¢
artificial intelligence, from its mythic and literary -
beginnings to its sometimes frightening future. Dr;
on her interviews with major figures in the fiel
describes the exhilarating, frustrating course of mo

research in this controversial field.

1979, 392 pages, 19 illustrations, hardbound: 1072-2 $14.95 I
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Microelectronics
and Computer Science

The funceional architecture of the computer has tradicionally been

shaped by the size of specialized components and conceprs of how

people think. Microeleccronics is now eliminaeing these constraints

by Ivan E. Sutherland and Carver A. Mead

ompuler science has grown up in
C an era of computer technologies
in which wires were cheup and
switching elements were expensive, In
tegrated-circui technology reverses the
cost siluation, making swilching cle
ments essentially (ree and lea
as the only expensive compas
integrated circuit the “wires,” actually
conducting paths, are expensive because
they occupy most of the space and con
sume most of the time. Between inte-
grated circuits the wires, which may be
flat conducting paths on a printed circuit
board. are expensive because of their
size and delaying effeet. Computer theo-
ry is just beginning 10 take the cost re
versal into consideration. As a result
computer design has not yet begun 1o
take advantage of the full range of cap
implicit in microclccironics. As
n to understand the changed rela-
tive costs of logic and wiring and to take
advantage of the possibilitics inherent in
lurge-scale infcgrution we can expect o
real revolution in compiitation, not only
in the borms of computing machines but
alse in the theories on which their design
and use are founded
Why is it that computation theory
nccds 1o be revised? Suppose one sels
out 1o develop some theories of compu-
tation. hoping 1o put them to work
toward [wo ends; 1o establish upper
bounds on what is computable and to
serve guide 1o the design and use of
computing machines. Such theories
would presumably also advance under
standing of computation processes and
perhaps shed light on the nature of
knowledge and thought, The theories
might be based purcly on mathcmatical
reasoning of might also be based on fun.
damental physical pringiples. By mathe-
matical reasoning alonc one can prove
many things about computers without
resorting to physical principles. Only by
attending to physical principles. how-
ever. can one make mofe quantitative

210
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statements about how long & compuler
of given physical dimensions must take
to accomplish & given process, based on
the fact that information cannot move
around in the computer faster than the
speed of light and that it takes a certain
smount of matter. energy and space to
represent one bit, or binary digit, of in
formation with a given reliability

omputer science as it is practiced fo-
day is based almost entirely on
muthematical reasoning. It is concerned
with the logical op ons that take
place in computing devices. It touches
only lightly on the necessity to distribute
logic devices in space, & necessity that
forces one to provide communication
paths between them, Computer science
ws It is practiced today has little 1o say
about how the physical limitations io
such communications bound the com-
plexity of the computing tasks a physi
cally realizable computer can accom.
plish
That is 30 in part because anyone who
thinks of a computer as a logical
chine that performs logical, numerical
or ulgebraic operations on data will nat
wurally think of the machine in terms of
the mathematical notation relevant to
those fields, In such notations the sym
bol x written 1n one place on the page is
wentical in meaning with the symbol x
written in another place on the page
The iden that communication in space is
required if such values are to be identi
cal us represented in a computer storage
device has no place in the notation. The
notation itself focuses attention on the
logical operations. reflecting the fact
that human beings think most effective
Iy about only onc thing at a tme. A
mathematical proofl is & sequence of
steps we absorb over a period of time,
and it is casiest 1o think of computing
deviees thut alse do only one thing uta
time, The sequential approach to math
ematics is not required inside a comput

er, bul the mathematical appreach we
normally take to problems does not en
<ourage us to think of approaches other
than sequential ones for the solution of
problems. Nearly all computers in oper
ation today perform individual steps on
individ ms of data one after anoth
«r in time sequence

It was appropriate 10 ignore the costs
of communication when logic elements
were slow and expensive and wires were
relatively fast and cheap. Scquential
machines arc appropriate 1o such tech
nologics because they can be buiit with
a minimum nimber of switching ele
ments. We have been led—by natural in
clination, by our accustomed notations
for mathematics and by technology—to
develop a style of computing machines
and 1 body of computing theory both of
which are rendered obsoleie by integrat
ed-circuit technology, We have been
able to ignore the limitations placed by
physical principles on communications
nside computers because those co
nications did not slow down our opera
tians appreciably and were only a small
part of the cost of the machines we built
By making logic elements essentially
free and leaving communication cost
the dominant {actor, integrated-circuit
technology forces us into a revolution
not only i the kinds of machines we
build but also in their theoretical basis

Developing & new theoretical basis

A

=OM” CIRCUIT, an experimental micraproc.

he chip. The main body of the chip (omitting
the communication interfaces at top and bot.
tom) is made up of 16 nearty identical col-
umas in four groups of four; each column Fep-
wesents one bit of o 16-bit computer, About
40 percent of the chip Gower portion) is mem-

wry; middle 20 percent i the “hifter” section
and top 20 percent i the arithmetic section.

Computer Architecture

“Microelectronics and Computer
Science”

Mead and Sutherland, 1977

It inspired Wheeler to write and
circulate the unpublished essay:
“Can Computer Design Illuminate
Spacetime Physics?”
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