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53 qubitsQuantum
Supremacy
2019



Quantum Error 
Correction 
2024

105 qubits
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Does it take five years to double the 
number of qubits?
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Does it take five years to double the 
number of qubits?

No. Effort does not go into doubling the number of 
qubits. It goes into implementing capabilities.



Roadmap: Understanding Quantum Progress

How do we make progress?

• Assessing Capabilities vs. Counting Qubits

• Across Platforms: Anderson-Tushman Model

• Compiling: The finish line gets closer

What happens when we get there?

• Decoded Quantum Interferometry

• Quantum Algorithm for Planted Inference
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Capabilities introduce
performance discontinuities
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Example 1: Quantum Error Correction

Before: Quantum information in a 
superconducting circuit survives for ~100μs
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Example 1: Quantum Error Correction

εd is the Logical Error Rate
p is the Physical Error Rate
pthr is the Threshold Error Rate
d is the Code Distance
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Example 1: Quantum Error Correction
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Example 1: Quantum Error Correction

Before: Quantum information in a 
superconducting circuit survives for ~100μs

After: Quantum information in a 
superconducting circuit survives for 

essentially however long you wish
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Example 2: Coherent Connections Between Processor Modules

Two 100-qubit 
modules.
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Example 2: Coherent Connections Between Processor Modules

Now they can 
exchange quantum 

information.
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Now they're 
cryptographically 

relevant.
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Now they're 
cryptographically 

relevant.

This example is a simplification focused 
on a single capability and is meant to 
illustrate how a new capability introduces 
performance singularity. In practice, 
runaway performance growth eventually 
runs into another scaling barrier.
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Now they're 
cryptographically 

relevant.

This example is a simplification focused 
on a single capability and is meant to 
illustrate how a new capability introduces 
performance singularity. In practice, 
runaway performance growth eventually 
runs into another scaling barrier.It is the scaling barriers and the device 

capabilities that set the timeline of progress 
towards cryptographic relevance.
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A demonstration of Shor's algorithm 
on a e.g. 64-bit integer

is not a wake-up call to deploy PQC.

It is a potential signal that
PQC deployment has already failed.
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Sycamore Willow

Sycamore vs Willow: Coherence Time
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Instrumented 
Quantum Circuit 

Real-time 
Decoding and 
Control Logic

Syndrome

Feedback

Sycamore vs Willow: Fault-Tolerance Control Loop

Runs on quantum 
processor

Runs on classical 
processor
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Instrumented 
Quantum Circuit 

Real-time 
Decoding and 
Control Logic

Syndrome

Willow: Supported Elements of the Fault-Tolerance Control Loop

Runs on quantum 
processor

Runs on classical 
processor
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Sycamore: Supported Elements of the Fault-Tolerance Control Loop

Runs on quantum 
processor

Runs on classical 
processor

Slide intentionally left blank
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Sycamore can run Quantum Supremacy circuits

Terminal measurements 
suffice for supremacy demo
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Willow supports Quantum Error Correction circuits

A single QEC cycle

QEC requires mid-circuit 
measurements
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Sample of capabilities

system (2019) system (2024)

Is connectivity dense enough for surface code QEC? Yes Yes

Can it perform safe mid-circuit measurements? No Yes

Is error rate below threshold? No Yes

Can it decode syndrome in real-time? No Yes

Can it feed the result back to control quantum gates? No No

Can it produce magic? No No

Can it consume magic to execute T gates? No No

Can it exchange quantum information with other chips? No No

Sycamore vs Willow: Sample of System-level Capabilities
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Anderson-Tushman Model of Technological Change
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Anderson-Tushman Model of Technological Change

Era of Ferment
● Design competition
● Substitution

Era of Incremental Change
● Elaboration of

Dominant Design

Technological 
Discontinuity 1 Dominant Design 

Emerges

Technological 
Discontinuity 2

Time
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Car Industry in late 1800s

Jacquot Tonneau steam car
(1878)

Flocken Elektrowagen
(1888)

Benz Patent-Motorwagen 
(1886)

Steam Internal Combustion Electricity

What is the range?How many miles per 
gallon?
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Car Industry in late 1900s

Corvette C4
(1990)

Toyota Supra
(1985)

Alpha Romeo 155 GTA Stradale
(1992)

Internal CombustionInternal Combustion Internal Combustion

What is the range?How many miles per 
gallon?
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Quantum Computing in 2020s

Superconductors

Ions Majoranas

Photons Neutral Atoms

Spins

What time and device size 
are needed to factor 

2048-bit integer?
How many qubits 

does it have?
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Quantum Computing industry
is going through its

Era of Ferment

Meaningful comparisons involve system-level performance.
Numbers of physical qubits between devices in different 

architectures are not directly comparable.



Roadmap: Understanding Quantum Progress

How do we make progress?

• Assessing Capabilities vs. Counting Qubits

• Across Platforms: Anderson-Tushman Model

• Compiling: The finish line gets closer
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• Decoded Quantum Interferometry

• Quantum Algorithm for Planted Inference
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2012
Computational volume required for T state creation

C. Gidney et al, arXiv:2409.17595 (2024)

2024

Progress in Optimizing Magic Production
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Progress in Compiling Shor's Algorithm for 2048-bit RSA integers
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Progress in Compiling Shor's Algorithm for 256-bit ECDLP 
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Decoded Quantum Interferometry
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Decoded Quantum Interferometry

DQI

Optimization

Decoding
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DQI

● DQI uses Quantum Fourier transform to reduce optimization 
problems to decoding problems

● DQI's performance can be characterized rigorously. Indeed, 
the fraction of satisfied constraints s/m can be expressed in 
terms of the performance the decoder subroutine l/m and how 
restrictive the constraints are r/p:

● It is based on Regev's reduction and has connections to 
Learning With Errors and Oblivious Polynomial Evaluation.

Optimization

Decoding

Decoded Quantum Interferometry
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Quantum Algorithm for Planted Inference
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Quantum Algorithm for Planted Inference

● Quartic (square of square) quantum speedup and 
exponential space reduction over classical algorithms.

● Maps planted inference problems to the problem of 
estimating the ground-state energy of a certain mean-field 
Hamiltonian and solves it by preparing a guiding state with 
significant overlap with the ground state of the Hamiltonian.

● Solves sparse variant of Learning Parity with Noise.
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Research into quantum algorithms 
based on Regev's reduction has led to 

results in quantum optimization.

Research into quantum algorithms based on the 
Kikuchi method has led to quartic quantum 

speedup for sparse Learning Parity with Noise.
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Thank you!


