
The death of US computer scientist and 
physicist Edward Fredkin this June 
went largely unnoticed, except for a 
belated obituary in the New York Times. 
Yet despite never quite becoming the 

household name that some of his contempo-
raries did, Fredkin had an outsized influence 
on both of the disciplines that he straddled. 

Many still baulk at his central contention: 
that the laws of physics, and indeed those of 
the Universe itself, are essentially the result of 
a computer algorithm. But the ‘digital physics’ 
that Fredkin championed has gone from being 
beyond the pale to almost mainstream. “At the 
time it was considered a completely crazy idea 

to work on using computers to process radar 
information to guide pilots. Leaving the Air 
Force in 1958, Fredkin joined the pioneering 
computing company Bolt Beranek & Newman, 
based in Cambridge, Massachusetts — now 
part of Raytheon — where, among other pro-
jects, he wrote an early assembler language 
and participated in artificial-intelligence (AI) 
research. After founding his own company, 
Information International, specializing in 
imaging hardware and software, he came back 
to MIT in 1968 as a full professor, despite not 
even having an undergraduate degree.

Fredkin ended up directing Project MAC, a 
research institute that evolved into MIT’s Lab-
oratory for Computing Science. The position 
was just one of a wide portfolio. “He did a lot 
of things in the real world,” says Margolus, now 
an independent researcher affiliated with MIT. 
These included running his company, design-
ing a reverse-osmosis system for a desalination 
company and managing New England Televi-
sion, the ABC affiliate in Boston, Massachu-
setts. Contractually limited to one day a week 
of outside activities, Fredkin was sometimes 
not seen for weeks at a time, says Margolus. 

Forward thinking
In the late 1960s, AI was still a mostly theoret-
ical concept, yet Fredkin was early to grasp 
the policy challenges that machines capable 
of learning and autonomous decision-mak-
ing pose, including for national security. He 
championed international collaboration on 
AI research, recognizing that early consensus 
on how the technology should be used would 
prevent problems down the line. However, 
attempts to convene an international meeting 
of top thinkers in the field never quite mate-
rialized — a failure that resonates to this day. 

In 1974, Fredkin left MIT and spent a year as 
a distinguished scholar at Caltech, where he 
befriended the physicists Richard Feynman 
and Stephen Hawking. He then accepted a ten-
ured faculty position at Carnegie Mellon Uni-
versity in Pittsburgh, Pennsylvania, and later 
a second position at Boston University. It was 
from then that he started work on reversible 
computing.

At the time, reversible computing was 
widely considered impossible. A conventional 
digital computer is assembled from an array of 
logic gates — ANDs, ORs, XORs and so on — in 
which, generally, two inputs become one out-
put. The input information is erased, produc-
ing heat, and the process cannot be reversed. 
With Margolus and a young Italian electrical 
engineer, Tommaso Toffoli, Fredkin showed 
that certain gates with three inputs and three 

that computation science could teach you any-
thing about physics,” says Norman Margolus, a 
Canadian computer scientist who was a long-
time collaborator of Fredkin’s and his sole 
physics PhD student. “The world has evolved 
from then, it’s all very respectable now.”

A dropout from the California Institute 
of Technology (Caltech) in Pasadena after 
his freshman year, Fredkin joined the US Air 
Force in 1953, becoming a fighter pilot and 
eventually the instructor for the elite corps 
of tight-formation jet pilots. The Air Force set 
him on to computer science, sending him to 
the Massachusetts Institute of Technology 
(MIT) Lincoln Laboratory in Lexington in 1956, 

Is the Universe a giant 
(quantum) computer?
An idea long on the fringes of physics is gaining 
credence in updated form today. By David L. Chandler

Physics might all be explained as the manipulation of bits of information.
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outputs — what became known as Fredkin and 
Toffoli gates — could be arranged such that all 
the intermediate steps of any possible compu-
tation could be preserved, allowing the pro-
cess to be reversed on completion. As they set 
out in a seminal 1982 paper, a computer built 
with those gates might, theoretically at least, 
produce no waste heat and thus consume no 
energy1.

This seemed initially no more than a curios-
ity. Fredkin felt that the concept might help in 
the development of  more efficient computers 
with less wasted heat, but there was no practi-
cal way to realize the idea fully using classical 
computers. In 1981, however, history took a new 
turn, when Fredkin and Toffoli organized the 
Physics of Computation Symposium at MIT. 
Feynman was among the luminaries present. In 
a now famous contribution, he suggested that, 
rather than trying to simulate quantum phe-
nomena with conventional digital computers, 
some physical systems that exhibit quantum 
behaviour might be better tools. 

This talk is widely seen as ushering in the age 
of quantum computers, which harness the full 
power of quantum mechanics to solve certain 
problems — such as the quantum-simulation 
problem that Feynman was addressing — much 
faster than any classical computer can. Four 
decades on, small quantum computers are 
now in development. The electronics, lasers 
and cooling systems needed to make them 
work consume a lot of power, but the quan-
tum logical operations themselves are pretty 
much lossless. 

Digital physics
Reversible computation “was an essential 
precondition really, for being able to conceive 
of quantum computers”, says Seth Lloyd, a 
mechanical engineer at MIT who in 1993 devel-
oped what is considered the first realizable 
concept for a quantum computer2. Although 
the IBM physicist Charles Bennett had also pro-
duced models of a reversible computation, 
Lloyd adds, it was the zero-dissipation versions 
described by Fredkin, Toffoli and Margolus 
that ended up becoming the models on which 
quantum computation were built.

In their 1982 paper, Fredkin and Toffoli had 
begun developing their work on reversible 
computation in a rather different direction. 
It started with a seemingly frivolous analogy: a 
billiard table. They showed how mathematical 
computations could be represented by fully 
reversible billiard-ball interactions, assum-
ing a frictionless table and balls interacting 
without friction. 

This physical manifestation of the reversi-
ble concept grew from Toffoli’s idea that com-
putational concepts could be a better way to 
encapsulate physics than the differential equa-
tions conventionally used to describe motion 
and change. Fredkin took things even further, 
concluding that the whole Universe could 

actually be seen as a kind of computer. In his 
view, it was a ‘cellular automaton’: a collection 
of computational bits, or cells, that can flip 
states according to a defined set of rules deter-
mined by the states of the cells around them. 
Over time, these simple rules can give rise to 
all the complexities of the cosmos — even life.

He wasn’t the first to play with such ideas. 
Konrad Zuse — a German civil engineer who, 
before the Second World War, had developed 
one of the first programmable computers —  

suggested in his 1969 book Calculating Space 
that the Universe could be viewed as a clas-
sical digital cellular automaton. Fredkin and 
his associates developed the concept with 
intense focus, spending years searching for 
examples of how simple computational rules 
could generate all the phenomena associated 
with subatomic particles and forces3. 

Not everyone was impressed. Margolus 
recounts that the renowned physicist Philip 
Morrison, then also on the faculty at MIT, 
told Fredkin’s students that Fredkin was a 
computer scientist, so he thought that the 
world was a big computer, but if he had been 
a cheese merchant, he would think the world 
was a big cheese. When the British computer 
scientist Stephen Wolfram proposed similar 
ideas in his 2002 book A New Kind of Science, 
Fredkin reacted by saying “Wolfram is the first 

significant person to believe in this stuff. I’ve 
been very lonely.”

In truth, however, Wolfram was not alone in 
exploring the ideas. Whereas Fredkin himself 
initially used the phrase ‘digital physics’, and 
later ‘digital philosophy’, modern variations 
on the theme have used terms such as ‘pan-
computationalism’ and ‘digitalism’. They have 
been espoused by researchers including Dutch 
physics Nobel laureate Gerard ‘t Hooft, and 
US physicist John Wheeler, whose famous “it 
from bit” saying is a pithy expression of the 
hypothesis. 

Into the quantum realm
Some, including Margolus, have continued 
to develop the classical version of the theory. 
Others have concluded that a classical com-
putational model could not be responsible 
for the complexities of the Universe that we 
observe. According to Lloyd, Fredkin’s orig-
inal digital-universe theory has “very serious 
impediments towards a classical digital uni-
verse being able to comprehend quantum 
mechanical phenomena”. But swap the clas-
sical computational rules of Fredkin’s digital 
physics for quantum rules, and a lot of those 
problems melt away. You can capture intrin-
sic features of a quantum Universe such as 
entanglement between two quantum states 
separated in space in a way that a theory built 
on classical ideas can’t.

Lloyd espoused this idea in a series of papers 
starting in the 1990s, as well as in a 2006 book 
Programming the Universe. It culminated in 
a comprehensive account of how rules of 
quantum computation might account for the 
known laws of physics — elementary particle 

“Over time, simple 
computational rules 
might give rise to all the 
complexities of the cosmos”

Edward Fredkin saw few limits to what computing might explain.
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In Light-Years There’s No Hurry
Marjolijn van Heemstra (transl. Jonathan Reeder) W. W. Norton (2023)
Dutch space reporter Marjolijn van Heemstra is also a poet, novelist 
and playwright. This translation of her highly personal meditation 
on the Universe reflects lyrically on the fact that the atmosphere 
“signifies a boundary”, whereas space “appeals to our notion of 
boundlessness”. She notes a growing difference of opinion between 
those who see space exploration as irresponsible because our planet 
is in deep trouble — environmental and otherwise — and those who 
regard space as a potential refuge from Earth. Andrew Robinson

Unearthing the Underworld
Ken McNamara  Reaktion (2023)
Earth scientist Ken McNamara focuses on palaeontology and 
evolution. His appealing book about rocks and their lessons — 
illustrated with fine photographs of fossils — leaves aside igneous 
and metamorphic rocks, and the wonders of mineralogy. It 
concentrates instead on sedimentary rocks: mudstones, siltstones, 
sandstones and limestones, scattered over three-quarters of Earth’s 
surface in “endless piles”. As he jokily advises: “Ignore rocks at your 
peril.” But then surely continental drift deserved proper discussion?

The Seven Measures of the World
Piero Martin (transl. Gregory Conti) Yale Univ. Press (2023)
The great civilizations of the ancient world could use precise 
measurements — witness the Egyptian pyramids. But their units 
differed. Not until 1960 was the international system of measurement 
(SI) introduced, defining the metre, second, kilogram, ampere, kelvin 
and candela — then the mole in 1971. Each gets a chapter in this 
concise, anecdotal history by experimental physicist Piero Martin. He 
stresses the subjective aspect of measurement, such as the idea that 
the quality of scientific publications matters more than their quantity.

The World of Sugar
Ulbe Bosma  Belknap/Harvard Univ. Press (2023)
Sugar’s societal dominance is a recent development. Granulated sugar 
was eaten from the sixth century bc in India, but refined sugar became 
widely available in Europe only in the nineteenth century. Its history is 
both a story of progress and a bitter-sweet tale of “exploitation, racism, 
obesity, and environmental destruction”, writes historian Ulbe Bosma 
in his authoritative, highly readable study — the first to be truly global. 
Of 12.5 million Africans kidnapped in the Atlantic slave trade, between 
half and two-thirds were enslaved on sugar plantations.

Life and Afterlife in Ancient China
Jessica Rawson  Allen Lane (2023)
When constructing monumental tombs thousands of years ago, “the 
Egyptians built up” — with their pyramids — whereas “the Chinese 
built down”, writes sinologist Jessica Rawson. The geology of 
China’s dry Loess Plateau permitted the excavation of shafts more 
than 10 metres deep. These tombs were filled with objects for the 
afterlife. Rawson’s majestic history explores 11 such monuments and 
one large sacrificial deposit, dating from 5,000 years ago to the third 
century bc, with the First Emperor’s protective Terracotta Army.

theory, the standard model of particle physics 
and perhaps even the holy grail of fundamental 
physics: a quantum theory of gravity4.  

Such proposals are very distinct from the 
more recent idea that we live in a computer 
simulation, advanced by the Swedish philoso-
pher Nick Bostrom at the University of Oxford, 
UK,  among others5. Whereas the digital Uni-
verse posits that the basic initial conditions 
and rules of the computational universe arose 
naturally, much as particles and forces of tra-
ditional physics arose naturally in the Big Bang 
and its aftermath, the simulation hypothesis 
posits that the Universe was all deliberately 
constructed by some highly advanced intel-
ligent alien programmers, perhaps as some 
kind of grand experiment, or even as a kind 
of game — an implausibly involved effort, in 
Lloyd’s view.

The basic idea of a digital Universe might 
just be testable. For the cosmos to have been 
produced by a system of data bits at the tiny 
Planck scale — a scale at which present theories 
of physics are expected to break down  — space 
and time must be made up of discrete, quan-
tized entities. The effect of such a granular 
space-time might show up in tiny differences, 
for example, in how long it takes light of vari-
ous frequencies to propagate across billions 
of light years. Really pinning down the idea, 
however, would probably require a quantum 
theory of gravity that establishes the relation-
ship between the effects of Einstein’s general 
theory of relativity at the macro scale and 
quantum effects on the micro scale. This has so 
far eluded theorists. Here, the digital universe 
might just help itself out. Favoured routes 
towards quantum theories of gravitation are 
gradually starting to look more computa-
tional in nature, says Lloyd — for example the 
holographic principle introduced by ‘t Hooft, 
which holds that our world is a projection of 
a lower-dimensional reality. “It seems hope-
ful that these quantum digital universe ideas 
might be able to shed some light on some of 
these mysteries,” says Lloyd.

That would be just the latest twist in an 
unconventional story. Fredkin himself thought 
that his lack of a typical education in physics 
was, in part, what enabled him to arrive at his 
distinctive views on the subject. Lloyd tends 
to agree. “I think if he had had a more con-
ventional education, if he’d come up through 
the ranks and had taken the standard physics 
courses and so on, maybe he would have done 
less interesting work.”

David L. Chandler is a science writer based in 
Massachusetts.
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