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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.”

1995: “It is shown how to reduce the effects of 
decoherence for information stored in quantum 
memory, assuming that the decoherence process acts 
independently on each of the bits stored in memory.”

1996: “This paper shows both how to correct errors in 
encoded qubits using noisy gates and also how to 
compute on these encoded qubits without ever 
decoding the qubits.”

How Peter Shor Changed the World



“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



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.



Why quantum computing is hard

We want qubits to interact strongly with 
one another.

We don’t want qubits to interact with 
the environment.

Except when we control or measure 
them. 



EnvironmentDecoherence

ERROR!

To resist decoherence, we must 
prevent the environment from 
“learning” about the state of the 
quantum computer during the 
computation.

Quantum

Computer



Quantum error correction

The protected “logical” quantum information is 
encoded in a highly entangled state of many 
physical qubits.

The environment can't access this information if it 
interacts locally with the protected system.
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From NISQ to FASQ

What we have now: 
-- Noisy Intermediate-Scale Quantum (NISQ) machines.
-- Capable of performing thousands of two-qubit  operations.
-- Becoming useful for scientific exploration. 
-- Limited commercial value.

What we want to have:
-- Fault-Tolerant Application-Scale Quantum (FASQ) machines.
-- Capable of performing billions or trillions of two-qubit operations.
-- Opening a wide variety of scientific and commercial applications.
-- Need to improve error rates by many orders of magnitude!
-- Quantum error correction is essential for crossing from NISQ to FASQ.



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.)

white = data
black = check



check qubits

data qubits

surface code

Quantum low-density parity-check codes

The n physical qubits obey n-k constraints 
(“checks”), leaving k “logical” qubits.

Each logical operator acts on at least d physical 
qubits (“distance” d).

Each constraint acts on few physical qubits, and 
each physical qubit is involved in few constraints.

Surface code: checks are geometrically local in 2 
dimensions. k=1 logical qubits per block.

High-rate codes: large k and d via nonlocal connectivity. 



Long-range connections might require complex fabrication in solid state 
devices.

More natural for movable qubits in ion traps and neutral atom arrays.
h

Higher encoding rates with quantum low-density parity-check (qLDPC) 
codes. Reduced number of physical qubits, high threshold, feasible 
decoders.

Universal gate gadgets for qLDPC codes with reduced spacetime cost.

These advantages partially compensate for the slow clock speed.

The joy of nonlocal connectivity



What are these things?
Bivariate Bicycle (BB) Codes
Hypergraph Product (HGP) Codes
Quasi-Cyclic Lifted Product (LP) Codes
Quantum Tanner Codes
Syndrome decoding by Belief Propagation (BP)
Pauli-Based Computation (PBC)
Surgery
Algorithmic Fault Tolerance (AFT)
And lots of other stuff!





https://preskill.caltech.edu/ph219/ph219_2026.html

See here for notes and references
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What are these things?
Bivariate Bicycle (BB) Codes
Hypergraph Product (HGP) Codes
Quasi-Cyclic Lifted Product (LP) Codes
Quantum Tanner Codes
Syndrome decoding by Belief Propagation (BP)
Pauli-Based Computation (PBC)
Surgery
Algorithmic Fault Tolerance (AFT)
And lots of other stuff!



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.




