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filestone

R.P. Feynman,

Simulating physics with computers,

Int. J. Theor. Phys. 21 (1982) 467

“If we suppose that we know all the physical laws
perfectly, of course we don’t have to pay any attention
to computers”

“... classical physics is local, causal, and reversible,
and therefore apparently quite adaptive to computer
simulation.”

“... every new idea, it takes a generation or two until
it becomes obvious that there’s no real problem.”
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ilestone

R.P. Feynman,

Simulating physics with computers,

Int. J. Theor. Phys. 21 (1982) 467

“... | know that quantum mechanics seem to involve
probability --- and | therefore want to talk about
simulation probability.”

“... one way that we could have a computer that
simulates a probabilistic theory, something that has a
probability in it, would be to calculate the probability
and then interpret this number to represent nature.”
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Milestene

R.P. Feynman, Simulating physics with computers, Int. J. Theor. Phys. 21 (1982) 467

what it’s doing in all other regions. For example, suppose there are variables
in the system that describe the whole world ( x ,, x z)—the variables x ,
you're interested in, they're “around here”; xz are the whole result of the
world. If you want to know the probability that something around here is
happening, you would have to get that by integrating the total probability of
all kinds of possibilities over xg. If we had computed this probability, we
would still have to do the integration

P(x,) =fP{Id5IB]dIE

which is a hard job! But if we have imitated the probability, it’s very simple
to do it: you don’t have to do anything to do the integration, you simply
disregard what the values of xj are, you just look at the region x,. And
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4 = —4 -

R.P. Feynman, Slmulatlng physics with computers, Int. J. Theor. Phys. 21 (1982) 467

therefore, the problem is, how can we simulate the quantum mechan ics?
There are two ways that we can go about it. We can give up on our rule
about what the computer was, we can say: Let the computer itself be built of
quantum mechanical elements which obey quantum mechanical laws. Or we

4. QUANTUM COMPUTERS—UNIVERSAL QUANTUM

SIMULATORS
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Author contributions The Google Al Quantum team
conceived of the experiment. The applications and algorithms
team provided the theoretical foundation and the specifics of
the algorithm. The hardware team carried out the experiment
and collected the data. The data analysis was done jointly
with outside collaborators. All authors wrote and revised the
manuscript and supplement.
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computers |1|. Realizing Feynman’s vision poses signifi-
cant experimental and theoretical challenges. First, can a
quantum system be engineered to perform a computa-tion
in a large enough computational (Hilbert) space and with
low enough errors to provide a quantum speedup?Second,
can we formulate a problem that is hard for a classical
computer but easy for a quantum computer? By
computing a novel benchmark task on our superconduct-
ing qubit processor [2-7], we tackle both questions. Our
experiment marks a milestone towards full scale quantum
computing: quantum supremacy [8].

8] Preskill, J. Quantum computing and the entanglement
frontier. Rapporteur talk at the 25th Solvay Conference”

-
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supremacy also heralds the era of Noisy Intermediate-
Scale Quantum (NISQ) technologies. The benchmark
task we demonstrate has an immediate application in
generating certifiable random numbers |9]; other initial
uses for this new computational capability may include
optimization optimization [10-12], machine learning [13-
15], materials science and chemistry [16-18]. However,
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To achieve quantum supremacy, we made a number of
technical advances which also pave the way towards er-
ror correction. We developed fast, high-fidelity gates that
can be executed simultaneously across a two-dimensional
qubit array. We calibrated and benchmarked the pro-
cessor at both the component and system level using a
powerful new tool: cross-entropy benchmarking (XEB).
Finally, we used component-level fidelities to accurately
predict the performance of the whole system, further
showing that quantum information behaves as expected

when scaling to large systems.
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24| Boixo, S. et al. Characterizing quantum supremacy in
near-term devices. Nat. Phys. 14, 595 (2018).

25| Aaronson, S. & Chen, L. Complexity-theoretic founda-
tions of quantum supremacy experiments. In 52nd Com-
putational Complexity Conference (CCC 2017) (2017).
126] Neill, C. et al. A blueprint for demonstrating quantum
supremacy with superconducting qubits. Science 360,
195-199 (2018).

27] Bremner, M. J., Montanaro, A. & Shepherd, D. .J.
Average-case complexity versus approximate simulation
of commuting quantum computations. Phys. Rev. Lett.
117, 080501 (2016).

28] Bouland, A., Fefferman, B., Nirkhe, C. & Vazi-
rani, U. Quantum supremacy and the com-

plexity of random circuit sampling. Preprint at
https://arziv.org/abs/1803.04402 (2018).
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of computational hardness [24, 25, 27, 28]|. We design the
circuits to entangle a set of quantum bits (qubits) by re-
peated application of single-qubit and two-qubit logical
operations. Sampling the quantum circuit’s output pro-
duces a set of bitstrings, e.g. {0000101, 1011100, ... }.
Due to quantum interference, the probability distribution
of the bitstrings resembles a speckled intensity pattern
produced by light interference 1n laser scatter, such that
some bitstrings are much more likely to occur than oth-
ers. Classically computing this probability distribution
becomes exponentially more difficult as the number of
qubits (width) and number of gate cycles (depth) grows.
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We designed a quantum processor named “Sycamore”
which consists of a two-dimensional array of 54 trans-mon

qubits, where each qubit 1s tunably coupled to four
nearest-neighbors, in a rectangular lattice. The connec-
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Our processor uses transmon qubits [6], which can be
thought of as nonlinear superconducting resonators at 5 to
7 GHz. The qubit 1s encoded as the two lowest quan-tum
elgenstates of the resonant circuit. Each transmon has two
controls: a microwave drive to excite the qubit, and a
magnetic flux control to tune the frequency. Each qubit 1s
connected to a linear resonator used to read out the qubit
state [5]. As shown in Fig. 1, each qubit is also connected
to 1ts neighboring qubits using a new ad-justable coupler
131, 32]. Our coupler design allows us to quickly tune the
qubit-qubit coupling from completely off to 40 MHz.

odINnce one {_|_H': 1t did not function PI I_‘:_H'_|'_|_‘k the device

uses 53 qubits and 86 couplers.
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The processor 1s connected through filters and attenu-
ators to room-temperature electronics, which synthesize
the control signals. The state of all qubits can be read
simultaneously by using a frequency-multiplexing tech-
nique (33, 34|. We use two stages of cryogenic amplifiers
to boost the signal, which is digitized (8 bits at 1 GS/s)
and demultiplexed digitally at room temperature. In to-
tal, we orchestrate 277 digital-to-analog converters (14
bits at 1 GS/s) for complete control of the quantum pro-
CEesSor.
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Processor

The interaction Hamiltonian of a system of on-
resonance transmons with adjustable coupling (truncated
to the qubit levels) has the following approximate form,

2
o 9:5(t)
Hin(t) = Y gij(t) (0 05 + 0, o)) 4 T’*"?\ i

o5, (1)
where g;; 18 the nearest neighbor coupling, 7 1s the non-
linearity of the qubits (roughly constant), : and j index
nearest-neighbor qubit pairs, and ¢ + 0~ = o%. We
pulse the coupling in time to create coupling gates.
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C. Neill, P. Roushan, K. Kechedzhl, S. Boixo, S. V.
Isakov, V. Smelyanskiy, A. Megrant, B. Chiaro,
A. Dunsworth, K. Arva, et al, A blueprint for

demonstrating quantum supremacy with superconduct-
ing aubits. Science 360. 195 (2018).

Random Quantum States
Foundations of Physics, Vol 20, Ne. 11, 1990

William K. Wootters'

Classical simulations:
« Shroedinger-Feynman simulator
 Feynman simulator
« Juelich simulators

Classical computers
« Summit (IBM AC922 with 2414592 cores — 148.6 Tflops) at Oak Ridge

 JUWELS (Platinum 8168 with 114480 cores — 6.2 Tflops) at Juelich FZJ
« Google data centers
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b Supremacy regime

0000
0000
14X

E F GHE F GH % A B CDCDAGB

Sycamore sampling (N; = 1M): 200 seconds

[ 2 hours  Classical sampling @ Fsycamore

2 weeks

Classical verification 1 week
4 years
l 4 years

600 years

5 hours

l

100 years

10 millennia

n = 53 qubits

)
¥
: — Prediction
: z Elided (50 error bars)
’ +
’ == Patch
J/Zm""“a" 40 45 50 55 12 14 16 18 20
ayk !

number of cycles, m



» ¥
v &
oy 5
PN . W V
} / 4
\ 73
2 i/

Pe3lome

1. HoBasa 3pa -
NISQ ("noisy intermediate-scale quantum applications”

by John Preskill, Feinman Professor@Caltech — 02.10.2019)
2. CocyuwectBoBaHue u B3anmo-gononHaemoctb HPC u NISQ
3. Mounck knaccnyeckoro anropuTMa, KOTopbii NOBTOPUT
pesynbkTaT AnAa 53-x Ky-omtos?
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