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What is quantum computational supremacy?

The quantum computational advantage for simulating quantum
systems was first stated by Feynman in 1981. What is the
justification of Feynman’s insight? According to the data
processing inequality [10], (classical) post-processing cannot
increase information. This suggests that to run an accurate
classical simulation of a quantum system one must know a lot
about the system before the simulation is started. Manin [16] and
Feynman [12] have argued that a quantum computer might not
need to have so much knowledge.

This line of reasoning seemingly inspired Deutsch [11] to state

The postulate of quantum computation:
Computational devices based on quantum mechanics will
be computationally superior compared to digital
computers.
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What is quantum computational supremacy?

A spectacular support for this postulate came from Shor’s 1994
polynomial factoring quantum algorithm [20] in spite of the fact
that the problem whether factoring is in P was, and still is, open.

In 2011 the syntagm “quantum supremacy” was coined and
discussed by J. Preskill in his Rapporteur talk “Quantum
Entanglement and Quantum Computing” [19] at the 25th Solvay
Conference on Physics (Brussels, Belgium, 19–22 October 2011):

We therefore hope to hasten the onset of the era of
quantum supremacy, when we will be able to perform
tasks with controlled quantum systems going beyond
what can be achieved with ordinary digital computers.
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What is quantum computational supremacy?

Recently, quantum computational supremacy was described in [6]
as follows:

Quantum supremacy is achieved when a formal
computational task is performed with an existing
quantum device which cannot be performed using any
known algorithm running on an existing classical
supercomputer in a reasonable amount of time.
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Brief critique of the concept of quantum computational supremacy

Note the imprecision in the above formulation: the comparison is
made with “any known algorithm running on an existing classical
supercomputer” and the classical computation takes “a reasonable
amount of time”. Can this imprecision be decreased or, even
better, eliminated?

Quantum computational supremacy suggests a misleading
comparison between classical and quantum computing: if a
quantum computer can outdo any classical computer on one
problem we have quantum supremacy, even if classical computers
could be at least as good as quantum ones in solving many (most)
other problems. Put it bluntly, quantum computational supremacy,
if achieved, won’t make classical computing obsolete.
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Quantum computational supremacy under the microscope

A quantum computational supremacy experiment has to prove
both a lower bound and an upper bound.

In Google’s proposed experiment [17] the upper bound is given by
a quantum algorithm (running on a quantum computer with 49
qubits) sampling from the output distribution of pseudo-random
quantum circuits built from a universal gate set—a mathematical
fact and an engineering artefact (the construction of the quantum
machine).

The lower bound is necessary for proving that no classical
computer can simulate the sampling in reasonable time.

Proving lower bounds is notoriously more difficult than
demonstrating upper bounds.
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Criteria for quantum computational supremacy

Harrow and Montanaro [13] have proposed a reasonable list of
criteria for a quantum computational supremacy experiment:

1. a well-defined computational problem,

2. a quantum algorithm solving the problem which can run on a
near-term hardware capable of dealing with noise and
imperfections,

3. an amount of computational resources (time/space) allowed
to any classical competitor,

4. a small number of well-justified complexity-theoretic
assumptions,

5. a verification method that can efficiently distinguish between
the performances of the quantum algorithm from any classical
competitor using the allowed resources.
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Google quantum computational supremacy

The proposed experiment is not about solving a problem: it is the
computational task of sampling from the output distribution of
pseudo-random quantum circuits built from a universal gate set.

This computational task is difficult because as the grid size
increases, the memory needed to store everything increases
classically exponentially. But, do we really need to store
everything?

The required memory for a 6 × 4 = 24–qubit grid is just 268
megabytes, less than the average smartphone, but for a
6 × 7 = 42–qubit grid it jumps to 70 terabytes, roughly 10,000
times that of a high-end PC. Google has used Edison, a
supercomputer housed by the US National Energy Research
Scientific Computing Center and ranked 72 in the Top500 List [1],
to simulate the behaviour of the grid of 42 qubits.
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Google quantum computational supremacy

The classical simulation stopped at this stage because going to the
next size up was thought to be currently impossible: a 48-qubit
grid would require 2,252 petabytes of memory, almost double that
of the top supercomputer in the world. The path to quantum
computational supremacy was obvious: if Google could solve the
problem with a 50–qubit quantum computer, it would have beaten
every other computer in existence.

Simple and clear!
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Google quantum computational supremacy

Google was on track to deliver before the end of 2017!

Let us note that many, if not most, discussions about quantum
computational supremacy focus on the most exciting possibilities
of quantum computers, namely the upper bound.

What about the lower bound? Google’s main article on this
topic [6] refers cautiously to the lower bound in the abstract:

We extend previous results in computational complexity
to argue more formally that this sampling task must take
exponential time in a classical computer.

They do not claim to have a proof for the lower bound, just a
“better formal argument”.
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Proving the lower bound. . .

Memory assumption. Sampling this distribution
classically requires a direct numerical simulation of the
circuit, with computational cost exponential in the
number of qubits.

The assumption was corroborated by the statement:

Storing the state of a 46–qubit system takes nearly a
petabyte of memory and is at the limit of the most
powerful computers. [17]
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Proving the lower bound. . .

The Memory assumption is crucial for the proposed lower bound,
and, indeed, this was confirmed very soon. The paper [18] proved
that a supercomputer can simulate sampling from random circuits
with low depth (layers of gates) of up to 56 qubits.

Better results have been quickly announced, see for example [7].
The limits of classical simulation are not only unknown, but hard
to predict.

In spite of this, IBM has announced a prototype of a 50–qubit
quantum computer, stating that it “aims to demonstrate
capabilities beyond today’s classical systems” with quantum
systems of this size [2].
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Digression: again about the importance of lower bounds

Ewin Tang (an 18-year-old undergraduate student at UT Austin)
has recently proved [21] that classical computers can solve the
“recommendation problem” – given incomplete data on user
preferences for products, can one quickly and correctly predict
which other products a user will prefer? – with performance
comparable to that of a quantum computer.

Is this significant? Yes, because quantum computer scientists had
considered this problem to be one of the best examples of a
problem that quantum computers can solve exponentially faster
than their classical ones.

The quantum solution in [15] was hailed as one of the first
examples in quantum machine learning and big data that would be
unlikely to be done classically. . .

The Road to Quantum Computational Supremacy 13 / 24



Current state of the art

According to [3]

The successful classical simulation does not undercut the
rationale for quantum supremacy experiments. The truth,
ironically, is almost the opposite: it being possible to
simulate 49–qubit circuits using a classical computer is a
precondition for Google’s planned quantum supremacy
experiment, because it’s the only way we know to check
such an experiment’s results!

The goal is to get via quantum computing as far as you can up the
mountain of exponentiality provided people still see you from the
base. Why? Because it’s there. “It is not the mountain we
conquer but ourselves”, as Edmund Hillary aptly said.
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Three lessons

I Do not underestimate the importance of mathematical
modelling and proving (lower bounds, in particular).

I A trend in quantum computing is emerging: when a problem
is solved efficiently in quantum computing, it draws more
attention and often produces better classical alternatives than
existed before. Some of the new efficient classical solutions,
see for example [9, 4, 5, 14, 21], have been directly inspired by
the quantum work.

I The conversation on quantum computing, quantum
cryptography and their applications needs an infusion of
modesty (if not humility), more technical understanding and
clarity as well as less hype. Raising false expectations could be
harmful for the field.
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The race continues! See more in [8].
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