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In Dec 2002, Michael and I attended 
the QIP conference at MSRI in 
Berkeley. (We both spoke about the 
security of quantum key distribution.) 
We drove in my rental car to a dinner 
in San Francisco.



The car was equipped with a GPS 
navigation system, a novelty at that 
time. GPS was less reliable back then. 
I trusted the nav, but Michael was 
more cautious. 



At one point, the nav directed me to 
drive off the road, into San Francisco 
Bay, and I obediently followed. 

Michael, correcting my error, saved 
the day by crying “Stop!” 



ChatGPT prompt: Create an image 
portraying John Preskill and Michael 
Ben-Or about to drive a car off the 
road and into San Francisco Bay. It is 
nighttime and both are terrified.







In 2005, Caltech’s Institute for 
Quantum Information hosted a 
workshop that brought together 
classical and quantum cryptographers, 
which Michael attended.



Conversation between quantumists during 
a break:

A: What do you do when [classical 
cryptographer] X uses terminology you 
don’t know?

B: I look it up on Google. What about you?



A: I ask Michael Ben-Or.

B: Yes! Michael is as good as Google.

A: He’s better than Google!

Michael (overhearing): I look up the answer 
using Google on my laptop.

(He is self-effacing, too.)



The underlying physical laws necessary 
for the mathematical theory of a large 
part of physics and the whole of 
chemistry are thus completely known, 
and the difficulty is only that the exact 
application of these laws leads to 
equations much too complicated to be 
soluble. 

Paul A. M. Dirac, Quantum Mechanics of 
Many-Electron Systems, Proceedings of 
the Royal Society, 1929



Richard Feynman
(1981) 

“You can simulate this with a 
quantum system, with quantum 

computer elements. It’s not a 
Turing machine, but a machine 

of a different kind.”



“Nature isn’t classical, dammit, and 
if you want to make a simulation of 
Nature, you’d better make it 
quantum mechanical, and by golly 
it’s a wonderful problem because it 
doesn’t look so easy.”

Richard Feynman
Simulating Physics with Computers
May 1981



David Deutsch
(1985) 

“I describe the universal quantum 
computer, which is capable of 

perfectly simulating every finite, 
realizable physical system.



Umesh Vazirani
(1993) 

“The study of the computational 
power of quantum Turing Machines 
gives a method of demonstrating, 
in a quantifiable way, the inherent 
difference between the model 
proposed by quantum physics and 
any classical model.



Peter Shor
(1994) 

“These algorithms take a number of 
steps polynomial in the input size, 

for example, the number of digits of 
the integer to be factored.”



“The thermal time scale thus sets a (weak) 
limit on the length of time that a quantum 
calculation can take.”

Unruh, Physical Review A, 
Submitted June 1994



“…small errors will accumulate and cause the 
computation to go off track.”

Landauer, Philosophical Transactions, 
Published December 1995



Combining repetition 
codes for bit flips and 
phase errors (Shor code). 

A quantum version of 
the classical Hamming 
code (Steane code).



Entanglement purification and teleportation for 
faithful transmission of quantum information 
through noisy channels.



Proceedings of the Royal Society A, Received 27 November 1995, Published 8 November 1996

Calderbank-Shor-Steane (CSS) Codes: the first family of good quantum codes.



Quantum stabilizer codes: 
the quantum analogue of additive classical codes.



Fault-tolerant syndrome measurement, 
using encoded ancillas, verified offline.

Universal gates acting on encoded quantum data, 
using “magic states” verified offline.



Scalable quantum computing 
using recursive simulations.

(Aharonov and Ben-Or, November 1996)

“This paper … shows how to perform fault tolerant 
quantum computation when the error probability is smaller 
than some constant threshold. The cost is polylogarithmic
in time and space.”

“Hopefully, this paper motivates a search for proper 
quantum codes with higher thresholds, at which point 
quantum computation becomes practical.”



Haroche and Raimond, Physics Today, 
Published August 1996

Therefore we think it fair to say that, unless some unforeseen new 
physics is discovered, the implementation of error-correcting 
codes will become exceedingly difficult as soon as one has to deal 
with more than a few gates. In this sense the large-scale quantum 
machine, though it may be the computer scientist's dream, is the 
experimenter's nightmare.



Alexei Kitaev
(1997)

“Such computation is 
fault-tolerant by its 

physical nature.”



superconducting qubits

photonics

trapped atoms/ions

spin qubits



Overhead cost of fault tolerance
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Surface code

Suppose 𝑃physical = .001, 𝑃logical = 10−11

⇒ 𝑑 = 19, 𝑛 = 361 physical qubits per logical qubit 
(plus a comparable number of ancilla qubits for syndrome 
measurement). (Improves to d = 9 for 𝑃physical = 10−4.)



Progress toward QEC

Erasure conversion. Dominant errors occur at known locations, 
hence easier to correct.

Biased noise. Physical suppression of bit flips, error-correcting codes 
for the phase flips.

More efficient codes. But geometrically nonlocal syndrome 
measurements required.

Co-design. Adapt the coding to the hardware, adapt the hardware to 
the code.



Open Questions

How will we scale up to quantum computing 
systems that can solve hard problems?

What are the important applications for 
science and for industry?



The most important ideas in 
physics in the past 40 years?

1. The holographic principle (1994)
2. Topological quantum order (1989)
3. Quantum error correction (1995)

All three ideas are closely related!
The common thread: many-particle quantum entanglement.



Quantum error correction

Quantum bits (qubits) tend to be very 
fragile, but k bits that are cleverly encoded 
in n >> k qubits can be stored and 
processed reliably.

We can control the behavior of large-scale quantum 
systems, including powerful quantum computers. 



Topological Quantum Order

Quantum phases of matter that look 
identical when observed locally can be 
distinguished by their global properties.

An electron in a topological phase can split into 
pieces, each carrying a fraction of the electron’s 
charge. 



The Holographic Principle

All the information contained in a three-
dimensional region of space is encoded on 
the two-dimensional boundary of the 
region.

Our most important clue about how to reconcile 
quantum mechanics with gravitational physics.



Frontiers of Physics

short distance long distance complexity

Higgs boson

Neutrino masses

Supersymmetry

Quantum gravity

String theory

Large scale structure

Cosmic microwave 

background

Dark matter

Dark energy

Gravitational waves

“More is different”

Many-body entanglement

Phases of quantum 

matter

Quantum computing

Quantum spacetime
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