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Abstract

The promise of quantum computers is that certain computational
tasks might be executed exponentially faster on a quantum
processor than on a classical processorl. A fundamental challenge
is to build a high-fidelity processor capable of running quantum
algorithms in an exponentially large computational space. Here
we report the use of a processor with programmable
superconducting qubitsz'z"“'s"{"7 to create quantum states on 53
qubits, corresponding to a computational state-space of
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circuit a million times—our benchmarks currently indicate that

the equivalent task for a state-of-the-art classical supercomputer
would take approximately 10,000 years. This dramatic increase in
speed compared to all known classical algorithms is an
experimental realization of quantum supremacy8'9'10'11'12'13'14
for this specific computational task, heralding a much-anticipated
computing paradigm.



Google confirms ‘quantum supremacy’
breakthrough

Its research paper is now available to read in its entirety

By Jon Porter | @JonPorty | Oct 23, 2019, 6:31am EDT
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Google achieving quantum computing is a huge deal. It
means, among many other things, that no code is
uncrackable.
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Google reportedly attains 'quantum supremacy'

Its quantum computer can solve tasks that are otherwise unsolvable, a report
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We need to catch up with our approach to encryption

s

Quantum Computing and Encryption Standards - Yang2020 - Andrew Yang for P...

Our current encryption standards protecting sensitive national security and
banking data, among other types, will one day be decryptable in a short time ...
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SCienCENeWS ALL TOPICS LIFE HUMANS EARTH

INDEPENDENT JOURNALISM SINCE 1921

QUANTUM PHYSICS
Google claimed quantum
supremacy in 2019 — and

mmmmm) sparked controversy

Competitors questioned whether the milestone had truly been achieved

Google's quantum computer Sycamore performed a calculation that would take thousands of
years with a classical supercomputer, researchers claimed in 2019. An array of quantum computer
chips is shown.
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O TEFEBMEIEVLSTER, 2012F(IZTLRAFILH
& "Quantum computing and the entanglement
frontier” TIRIEL-EE T,

O WIEESE->TLET,
Classical systems cannot in general
simulate quantum systems efficiently.
(HHIRTLIE, —fRIZIE, EFVRTLEDRMIZETI
L—kCE1LY)

Quantum computing and the entanglement
frontier

John Preskill 20124
https://arxiv.org/pdf/1203.5813.pdf
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Simulating Physics with Computers
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classical systems cannot simulate highly entangled
quantum systems efficiently, and we hope to hasten
the day when well controlled guantum systems can
perform tasks surpassing what can be done in the
classical world.

KX COEZAZTSHICEARHIZEDHFTT,

One way to achieve such "quantum supremacy"
would be to run an algorithm on a quantum computer
which solves a problem with a super-polynomial
speedup relative to classical computers,
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To operate a large scale quantum computer reliably
we will need to overcome the debilitating effects of
decoherence, which might be done using "standard"
quantum hardware protected by quantum error-
correcting codes, or by exploiting the nonabelian
quantum statistics of anyons realized in solid state
systems, or by combining both methods.

Classical systems cannot in general simulate quantum
systems efficiently.

Is controlling large-scale quantum systems merely
really, really hard, or is it ridiculously hard?
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The Google Al lab introduced a 72-qubit quantum processor
called Bristlecone in 2018.



IBM's latest quantum computer
is a 20-qubit work of art
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https://engt.co/37gydSA 2019/01/08



IBM's nhew 53-qubit quantum computer
Is its biggest yet September 18, 2019

A close-up view of the IBM Q quantum computer. The processor is in the silver-colored
cylinder.

https://cnet.co/20Q4VES5S
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Characterizing Quantum Supremacy in Near-

Term Devices

John M. Martinis et al. 2016/07/31
https://arxiv.org/abs/1608.00263
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[1 A critical question for the field of quantum
computing in the near future is whether quantum
devices without error correction can perform a
well-defined computational task beyond the
capabilities of state-of-the-art classical computers,
achieving so-called quantum supremacy.

[0 In this paper we show how to estimate the cross
entropy between an experimental implementation
of a random quantum circuit and the ideal output
distribution simulated by a supercomputer.

[0 We study the cost of all these algorithms and
conclude that, with state-of-the-art
supercomputers, they fail for universal random
circuits with more than approximately 48 qubits
and depth ~ 40



Complexity-Theoretic Foundations of Quantum
Supremacy Experiments

Scott Aaronson, Lijie Chen, 2016/12/26
https://arxiv.org/pdf/1612.05903.pdf
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1 “quantum supremacy”: that is, a clear quantum
speedup for some task, motivated by the goal of
overturning the Extended Church-Turing Thesis as
confidently as possible.

[0 These experiments don't yet aim to build full, fault-
tolerant, universal quantum computers, but
“merely” to demonstrate some quantum speedup
over the best known or conjectured classical
algorithms

[0 The ECT is an asymptotic claim, which of course
means that no finite experiment could render a
decisive verdict on it, even in principle. But this
hardly makes experiments irrelevant.

0 In summary, we regard quantum supremacy as a
central milestone for quantum computing that
hasn’t been reached yet, but that might be reached
in the near future.



A blueprint for demonstrating quantum

supremacy with superconducting qubits

Martinis et al. 2017/09/19
https://arxiv.org/abs/1709.06678
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[0 Here, using 9 superconducting qubits, we
demonstrate an immediate path towards quantum
supremacy.

[0 By extending these results to a system of 50
qubits, we hope to address scientific questions
that are beyond the capabilities of any classical
computer.



https://arxiv.org/abs/1709.06678

Quantum Supremacy and the Complexity of

Random Circuit Sampling

Vazirani et al. 2018/05/12
https://arxiv.org/abs/1803.04402
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[0 A critical milestone on the path to useful quantum
computers is quantum supremacy - a demonstration of
a quantum computation that is prohibitively hard for
classical computers. A leading near-term candidate,
put forth by the Google/UCSB team, is sampling from
the probability distributions of randomly chosen
quantum circuits, which we call Random Circuit
Sampling (RCS).

O In this paper we study both the hardness and
verification of RCS. While RCS was defined with
experimental realization in mind, we show complexity
theoretic evidence of hardness that is on par with the
strongest theoretical proposals for supremacy.

[0 While quantum devices capable of solving such
important problems may still be far off, decades of
work undertaken toward building scalable quantum
computers have already yielded considerable progress

in high-precision control over quantum systems.
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Quantum Computing in the NISQ era and beyond
John Preskill 2018/01/27
https://arxiv.org/abs/1801.00862v2
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Boaz Barak -- The current contest between IBM
and Google is analogous to Kasparov versus
Deep Blue—except with the world-historic irony
that IBM is playing the role of Kasparov!
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QUANTUM PHYSICS
Google claimed quantum
supremacy in 2019 — and

mmmmm) sparked controversy

Competitors questioned whether the milestone had truly been achieved

Google's quantum computer Sycamore performed a calculation that would take thousands of
years with a classical supercomputer, researchers claimed in 2019. An array of quantum computer
chips is shown.
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0 IBM Research Blog:
Because the original meaning of the term
“quantum supremacy,” as proposed by John
Preskill in 2012, was to describe the point
where quantum computers can do things that
classical computers can’t, this threshold has not

been met.

O Preskill:
Classical systems cannot in general simulate
gquantum systems efficiently.
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[0 Both are sensible objections. And we would further
add that the “"supremacy” term is being
misunderstood by nearly all (outside of the rarified
world of quantum computing experts that can put it
in the appropriate context). A headline that
includes some variation of "Quantum Supremacy
Achieved” is almost irresistible to print, but it will
inevitably mislead the general public. First because,
as we argue above, by its strictest definition the
goal has not been met. But more fundamentally,
because quantum computers will never reign
“supreme” over classical computers, but will rather
work in concert with them, since each have their
unique strengths.




[0 For the reasons stated above, and since we already
have ample evidence that the term “quantum
supremacy” is being broadly misinterpreted and
causing ever growing amounts of confusion, we
urge the community to treat claims that, for the
first time, a quantum computer did something that
a classical computer cannot with a large dose of
skepticism due to the complicated nature of
benchmarking an appropriate metric.
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Supremacy is for racists—use ‘quantum

advantage’
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From shtetl to Forum
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IBM rejects the entire concept of "quantum
supremacy”: because it's an irrelevant curiosity.
and creating value for customers in the
marketplace (for example by solving their
supply-chain optimization problems) is the only
test that matters.



IBM®Senior Vice President
Arvind KrishnaMHE

[0 Later, Krishna explained why quantum computers
will never replace classical computers: because if
you stored your bank balance on a quantum
computer, one day you’d have $1, the next day
$1000, the day after that $1 again, and so forth!
He explained how, where current supercomputers
use the same amount of energy needed to power
all of Davos to train machine learning models,
quantum computers would use less than the
energy needed to power a single house. New
algorithms do need to be designed to run neural
networks quantumly, but fortunately that'’s all
being done as we speak.
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"Simulating Physics with Computers”
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Just as the theory of computability had its foundations in the
Church-Turing thesis, computational complexity theory rests
upon a modern strengthening of this thesis, which asserts
that, any “"reasonable” model of computation can be
efficiently simulated on a probabilistic Turing Machine (an
efficient, simulation is one whose running time is bounded
by some polynomial in the running time of the simulated
machine). For example, computers that can operate on
arbitrary length words in unit, time, or that can exactly
compute with infinite precision real numbers are
unreasonable models - since it seems clear that they cannot
be physically implemented. It had been argued that the
Turing Machine model (or the polynomial time equivalent
cellular automaton model ) is the inevitable choice once we
assume that we can implement only finite precision
computational primitives. Given the widespread belief that
NP = BPP, this would seem to put a wide range of important,
computational problems (the NP-hard problems) well beyond
the capability of computers.



However, the Turing Machine is an inadequate model for all
physically realizable computing devices for a. fundamental
reason: the Turing Machine is based on a classical physics
model of the Universe. whereas current physical theory
asserts that, the Universe is quantum physical. Can we get
inherently new kinds of ( discrete) computing devices based
on quantum physics?

The first indication that such a. device might potentially be
more powerful than a probabilistic Turing Machine appeared
in a paper by Feymnan [Fe82] about a decade ago. In that
paper, Feynman pointed out a very curious problem: it,
appears to be impossible to simulate a general quantum
physical system on a probabilistic TM without an exponential
slowdown. The difficulty with the simulation has nothing to
do with the problem of simulating a continuous system with
a. discrete one - we may assume that, the quantum physical
system to be simulated is discrete, some kind of a gquantum
cellular automaton. In view of Feynman’s observation, we
must reexamine the foundations of computational
complexity theory, and the complexity-theoretic form of the
Church-Turing thesis, and study the computational power of
computing devices based on quantum physics.



In this paper, we prove the existence of a universal quatum
Turing Machine whose simulation overhead is polynomially
bounded. In full generality, on any given input a quantum
TM produces a random sample from a probability
distribution. We say that quantum TM T’ simulates T with
accuracy c, if on every input z, T’ outputs a sample from a
distribution which is within total variation distance c of the
corresponding distribution for T. We prove that there is a
universal quantum TM, which takes as input the description
of a quantum TM T. time t, and input, z, and simulates T(x)
for time t with accuracy e. The slowdown is polynomial in t
and 1/e.

In this paper, we present, the first evidence that, quantum
TMs might, be more powerful than classical probabilistic TMs.
We prove that there is an oracle relative to which there is a
language that can be accepted in polynomial time by a
quantum TM but cannot be accepted in n®legn) time by a
bounded-error classical probabilistic TM. A more careful
construction exhibits an oracle relative to which quantum
polynomial time is not even contained in the class Arthur-
Merlin where the verifier has n°(eg n) time (see [BMW] for a
definition of this class).



BQP

Let BQP ( bounded-error quantum polynomial time)
be the class of languages that are accepted by a
polynomial time quantum TM with error probability at
most 1/3. It is not hard to show that, BQP € PSPAC'E.
Therefore, we cannot, hope to prove that BPP c BQP
without resolving the longstanding open question

BPP #? PSPACE. In fact, Valiant [Va92] recently
pointedout to us that, the above result can be
strengthened to say that BQP c #P.



Controlling Error

[0 In the early days of quantum computing (the '80s,
say), skeptics said quantum computation was ‘just’
another form of analog computation (a machine
manipulating real-valued quantities), and subject
to the same limitation: perturbative noise that
could erase information and throw off a
computation by successively accumulating errors.

[0 This criticism ignored or glossed over an important
insight (explained in Bernstein-Vazirani ‘93): unlike
other types of transformations used in classical
analog computers, quantum operations cannot
amplify error except by directly introducing more of
it!



[0 Bernstein and Vazirani observe that the total error
is (in an appropriate sense) at most the ‘sum’ of
the errors in all preparation and gate components.
Thus, if engineers can produce circuit elements
with error 1/t we expect to be able to faithfully
execute computations on quantum circuits with
size on the order of t.



Threshold Theorem

[1 This idea was improved upon substantially. In a
sequence of papers, work by Aharanov, Ben-Or,
Knill, Laflange, Zurek and others culminated in the
1996 'Threshold Theorem’, which showed how to
use ‘hierarchical coding’ ideas to build quantum
circuits for arbitrary BQP computations, which
would remain reliable even if each gate was
subjected to a sufficiently small (but constant) rate
of error. This result was analogous to (but more
complicated than) earlier work by Von Neumann on
fault-tolerant classical computation.



Quantum Complexity Theory

“"Quantum Complexity Theory”
Bernstein & Vazirani
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Abstract

In this paper we study quantum computation from a
complexity theoretic view point. Our first result is the
existence of an efficient universal quantum Turing
Machine in Deutsch’s model of a quantum Turing
Machine. This construction is substantially more
complicated than the corresponding construction for
classical Turing Machines - in fact even simple
primitives such as looping, branching and comp
osition are not straightforward in the context of
quantum Turing Machines. We establish how these
familiar primitives can be implemented and also intro
duce some new purely quantum mechanical
primitives such as changing the computational basis
and carrying out an arbitrary unitary transformation

of polynomially bounded dimension.



We also consider the precision to which the transition
amplitudes of a quantum Turing Machine need to be
specified. We prove that O(log T) bits of precision
suffce to support a T step computation. This justifes
the claim that that the quantum Turing Machine
model should be regarded as a discrete model of
computation and not an analog one.

We give the first formal evidence that quantum
Turing Machines violate the modern complexity
theoretic formulation of the Church-Turing thesis.

We show the existence of a problem relative to an
oracle, that can be solved in polynomial time on a
guantum Turing Machine, but requires super
polynomial time on a bounded error probabilistic

Turing Machine and thus not in the class BPP .




O The class BQP, of languages that are efficiently
decidable with small error probability on a quantum
Turing Machine, satisfies: BPP < BQP c P#P,



Definition of BQP

[0 Definition. BQP is the class of languages L
c {0, 1} for which there exists a uniform family of
polynomial-size quantum circuits {C, } over some
basis of universal gates and a polynomial g so that
for all n and inputs x € {0,1}"

B if x e Lthen C,(|x > |0 >®1(™) accepts with
probability > 2/3

B if x¢Lthen C,(|x > |0 >®1(™) accepts with
probability < 1/3

Since circuits have to pre-specify the input size, so
we need a circuit for each input size n. By uniform,
we mean that there is a classically ecient algorithm to
produce C, given n.



[0 We define the class EQP, exact or error free
gquantum polynomial time, as the set of languages
which are exactly accepted by some polynomial
time QTM. More generally we define the class
EQTime (T(n)) as the set of languages which are
exactly accepted by some QTM whose running time
on any input of length n is bounded by T(n).

[0 More generally, we defune the class BQTime
(T(n)) as the set of languages which are accepted
with probability 2/3 by some QTM whose running
time on any input of length n is bounded by T(n).



Upper and lower bounds
on the power of QTMs

0 Theorem1l P < EQP

[0 Theorem 2 BPP < BQP

0 Theorem 3 BQP < PSPACE
[0 Theorem 5 BQP c P#P

[0 Fourier Sampling and the power of QTMs

In this section we give evidence that QTMs are
more powerful than bounded error probabilistic TMs.
We define the recursive Fourier sampling problem

which on input the program for a boolean function
takes on value 0 or 1. We show that the recursive
Fourier sampling problem is in BQP.



Basic properties of BQP

EXP

PP
PSPACE
P# P B QP
BPP



Shor

“Polynomial-Time Algorithms for Prime
Factorization and Discrete Logarithms on a
Quantum Computer”
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Abstract

A digital computer is generally believed to be an
efficient universal computing device; that is, it is
believed able to simulate any physical computing
device with an increase in computation time of at
most a polynomial factor. This may not be true when
qguantum mechanics is taken into consideration. This
paper considers factoring integers and finding
discrete logarithms, two problems which are generally
thought to be hard on a classical computer and have
been used as the basis of several proposed
cryptosystems. Efficient randomized algorithms are
given for these two problems on a hypothetical
quantum computer. These algorithms take a number
of steps polynomial in the input size, e.g., the
number of digits of the integer to be factored.
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If computers that you build are quantum,

Then spies everywhere will all want ‘em.

Our codes will all fail,

And they’ll read our email,

Till we get crypto that’s guantum, and daunt ‘em.



O

BQP (Bounded-Error Quantum Polynomial-Time): The class
of problems solvable efficiently
defined by Bernstein and Vazirant

Shor 1994: Factoring integers is in BQP

NP

Factoring




Extended
Church-Turing Thesis

“P ?= NP”

Scott Aaronson
20114
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Extended Church-Turing Thesis

The time it takes to compute something on any

one machine is polynomial in the time it takes on
any other machine

Even before quantum computing, there were
indications that the Extended Church-Turing Thesis
might be on shakier ground than the original Church-
Turing Thesis. For example, randomized algorithms
are sometimes faster than deterministic algorithms,
leading to a class called BPP(Bounded-Error
Probabilistic Polynomial-Time). ObviouslyP  BPP.
(Today we believe that BPP =P,but we can’t prove

It.
) https://goo.gl/b2Z1M9



More precisely, the Church-Turing Thesis holds that
virtually any model of computation one can define will
be equivalent to Turing machines, in the sense that
Turing machines can simulate that model and vice
versa. A modern refinement, the Extended Church-
Turing Thesis, says that moreover, these simulations
will incur at most a polynomial overhead in time and
memory. Nowadays, most computer scientists and
physicists conjecture that quantum computation
provides a counterexample to the Extended Church-
Turing Thesis—possibly the only counterexample that
can be physically realized.



It's also conceivable that access to a true random-
number generator would let us violate the Extended
Church-Turing Thesis, although most computer
scientists conjecture that it doesn't, for reasons that
I'll explain in Section 5.4.1. On the other hand, as
long as we're talking only about classical, digital,
deterministic computation, the Extended Church-
Turing Thesis remains on extremely solid ground.



Conjecture P = BPP

Of course, if P = BPP, then the question of whether
randomized algorithms can efficiently solve NP-
complete problems is just the original P 7= NP
question in a different guise. Ironically, however, the
“obvious” approach to proving P = BPP is to prove a
strong circuit lower bound—and if we knew how to do
that, perhaps we could prove P/= NP as well!



Conjecture NP ¢ BQP

Naturally, there’s little hope of proving Conjecture 34
at present, since any proof would imply P/= NP! We
don’t even know today how to prove conditional
statements (analogous to what we have for BPP and
P/poly): for example, that if NP € BQP then PH

collapses.

On the other hand, it is known that, if a fast quantum
algorithm for NP-complete problems exists, then in
some sense it will have to be extremely different from
Shor’s or any other known quantum algorithm.



Example Problems

n x n chess
nxnGo

Box packing
Map coloring
Traveling salesman
n x n Sudoku

Graph isomorphism
Factoring
Discrete logarithm
Graph connectivity
Testing if a number
IS a prime
Matchmaking
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