Massimo Morigi, Commento ed indicazioni di bibliografia internettiana di Massimo Morigi su Quantum
Supremacy Using a Programmable Superconducting Processor. Materiali di studio per il Repubblicanesimo
Geopolitico. Pagina 1 di 8. Revisionato e caricato su Internet Archive lunedì 7 ottobre 2019

COMMENTO ED INDICAZIONI DI BIBLIOGRAFIA INTERNETTIANA DI
MASSIMO MORIGI
SU
QUANTUM SUPREMACY USING A
PROGRAMMABLE SUPERCONDUCTING PROCESSOR. MATERIALI DI
STUDIO PER IL REPUBBLICANESIMO GEOPOLITICO

ORIGINAL URL del copiaincolla che segue il presente commento di
Massimo
Morigi
al
documento
copiaincollato:
http://www.spaceref.com/news/viewsr.html?pid=52862 .
Segue il commento di Massimo Morigi al caricamento di questo
documento su Internet Archive: «“Quantum Supremacy Using a
Programmable Superconducting Processor”: documento scaricato
anche
in
formato
PDF
da
https://drive.google.com/file/d/1tAvMmMu96MSH4FQzs2usWjSTRE
K_BmE8/view
(Wayback
Machine:
https://web.archive.org/web/20191006083130/https://drive.google.com/
file/d/1tAvMmMu96MSH4FQzs2usWjSTREK_BmE8/view:
ma
Wayback Machine dà “errore durante il caricamento di questa
pagina” e il successivo caricamento del PDF in questione su Internet
Archive risulta sempre per ragioni tecniche afferenti ad Internet
Archive impossibile e quindi il presente copiaincolla del documento
dall’ URL http://www.spaceref.com/news/viewsr.html?pid=52862 e
poi convertito in formato PDF e successivamente caricato in data
odierna 7 ottobre 2019 su Internet Archive è risultato indispensabile
per non perdere il documento e renderlo durevolmente disponibile per
scopi di studio alla più vasta comunità degli studiosi di storia e/o
filosofia che sempre più nel reperimento e per la citabilità delle fonti
devono ricorrere alla Information and Communications Technology
(ITC o acronimo in italiano TIC: tecnologie dell’informazione e della
comunicazione).
L’ URL del documento PDF risultato di impossibile caricamento su
Internet Archive era stato raggiunto tramite link all’URL
https://www.nextbigfuture.com/2019/09/here-is-the-quantum-
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supremacy-using-a-programmable-superconducting-processorpaper.html
–
Wayback
Machine:
https://web.archive.org/web/20191006082728/https://www.nextbigfutu
re.com/2019/09/here-is-the-quantum-supremacy-using-aprogrammable-superconducting-processor-paper.html). Altra fonte
del documento
“Quantum Supremacy Using a Programmable
Superconducting
Processor”:
https://usahitman.com/quantumsupremacy-googlepaper/
(Wayback
Machine:
https://web.archive.org/web/20191006082240/https://usahitman.com/q
uantum-supremacy-googlepaper/. Quest’ultima fonte, a differenza
della precedente, contiene nella sue pagine il testo del documento
originale, anche se non è provvisto di un link che rimanda al PDF
originale dell’ articolo “Quantum Supremacy Using a Programmable
Superconducting
Processor”,
come
accade
all’
URL

https://www.nextbigfuture.com/2019/09/here-is-the-quantumsupremacy-using-a-programmable-superconductingprocessor-paper.html#comments-anchor, e non rimanda
nemmeno ad un URL dal quale si può scaricare l’originale del testo
dello
stesso,
come
accade
in
https://drive.google.com/file/d/1tAvMmMu96MSH4FQzs2usWjSTRE
K_BmE8/view. Infine in questa rassegna di URL riguardante
l’articolo in questione (e secondo le informazioni ricavate – oltre che
dalle premesse apposte all’articolo in questione in tutti i documenti
scaricabili dagli URL qui esposti, anche da numerose altre pagine
presenti nel Web riguardanti questo articolo – rimosso dal sito Web
della NASA dove originariamente avrebbe trovato ospitalità, e le
ragioni di questa rimozione, atteso che sia mai avvenuta, non sono ben
chiare o, meglio, non vengono chiarite in nessuno dei documenti da noi
esaminati),
riflettiamo
un
attimo
di
nuovo
sull’URL
http://www.spaceref.com/news/viewsr.html?pid=52862, che contiene
anch’esso il testo dell’articolo ma che ha la bizzarra caratteristica che
se si tenta di congelarne l’URL tramite Wayback Machine la
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“macchina” non congela l’URL stesso uscendosene con la bizzarra
giustificazione “This URL has been excluded from the Wayback
Machine” . Ad ogni modo, nonostante tutte le difficoltà più o meno
tecniche che abbiamo fin qui segnalate e proprio perché, come diceva
quel tal sant’uomo, “a pensar male si fa peccato ma spesso ci si
azzecca”, noi abbiamo, come si vede qui ad inizio documento ed in
calce, copiaincollato l’URL e il testo relativo, e così anche rimediando
all’impossibilità di caricare su Internet Archive l’originale documento,
scaricato
da
https://drive.google.com/file/d/1tAvMmMu96MSH4FQzs2usWjSTRE
K_BmE8/view , abbiamo quindi creato il presente documento PDF,
ora anch’esso presente su Internet Archive in questa inedita versione
e caricato su questa piattaforma di preservazione digitale per scopi
scientifici nell’ambito degli studi sul modello dell’azione dialetticaespressiva-strategica-conflittuale del Repubblicanesimo Geopolitico e,
in particolare, della scrittura di un piccolo saggio da pubblicarsi anche
sul blog di geopolitica “ L’Italia e il mondo” sul “Colpo di extrastato
IV”, elaborato che sarà basato sullo sviluppo di tematiche
fantascientifiche asimoviane, sul concetto di Walter Benjamin di
‘fantasmagoria’ e sul concetto marxiano espresso nel Capitale di
‘feticismo della merce’ (strettamente collegato alla fantasmagoria
benjaminiana) per un’analisi del fenomeno della piattaforma di voto
elettronico Rousseau del partito italiano dei Cinque Stelle, fenomeno
indice del degrado della costituzione materiale nata in Italia dopo il
secondo conflitto mondiale e quindi manifestazione di una sorta di
colpo di stato che, per le forme non violente e non antigiuridiche ma
totalmente rivoluzionarie dal punto di vista politico-culturale può
essere definito ‘colpo di extrastato’ – e sui ‘colpi di extrastato I, II e III
vedi sempre il blog “L’Italia e il Mondo”. (Per completezza
bibliografica: la prima segnalazione sui grandi mezzi di informazione
di questo nuovo modello effettivamente e concretamente utilizzabile di
computer quantistico – o quantico che dir si voglia – approntato da
Google, dalle capacità veramente numinose: sembra che in pochi
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secondi riesca a svolgere calcoli che il più potente degli attuali
computer “classici” ci metterebbe diecimila anni a compiere, a noi
risulta essere stata fatta dal “The Sunday Times” del 4 ottobre 2019,
anche
consultabile
sul
Web
all’URL
https://www.thetimes.co.uk/article/quantum-computers-will-changeall-our-lives-b2wmqf6p9
,
Wayback
Machine:
https://web.archive.org/web/20191006110737/https://www.thetimes.co.
uk/article/quantum-computers-will-change-all-our-lives-b2wmqf6p9, e
per
consultare
altre
nostre
vecchie
considerazioni
del
Repubblicanesimo Geopolitico in merito al computer quantistico, cfr.
anche Massimo Morigi, Teoria della distruzione del Valore. Teoria
Fondativa
del
Repubblicanesimo
Geopolitico
e
per
il
Superamento/conservazione
del
Marxismo
agli
URL
https://archive.org/details/TeoriaDellaDistruzioneDelValore_792
e
https://ia800306.us.archive.org/24/items/TeoriaDellaDistruzioneDelVa
lore_792/TeoriaDellaDistruzioneDelValore.pdf,
con
ulteriore
congelamento
tramite
Wayback
Machine:
https://web.archive.org/web/20190619160659/https://ia800306.us.archi
ve.org/24/items/TeoriaDellaDistruzioneDelValore_792/TeoriaDellaDis
truzioneDelValore.pdf.) Segue alla pagina successiva il caricamento
del testo del documento di cui all’ORIGINAL
URL
http://www.spaceref.com/news/viewsr.html?pid=52862 già indicato ad
inizio del documento. Massimo Morigi, Ravenna – 7 ottobre 2019»
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Quantum Supremacy Using a Programmable Superconducting Processor
September 21, 2019
Eleanor G. Rieffel
NASA Ames Research Center
Moffett Field, California

Quantum supremacy using a programmable superconducting processor Google AI Quantum and collaboratorsy The tantalizing promise of quantum computers is that certain computational tasks
might be executed exponentially faster on a quantum processor than on a classical processor. A fundamental challenge is to build a high-delity processor capable of running quantum algorithms in
an exponentially large computational space.
Here, we report using a processor with programmable superconducting qubits to create quantum states on 53 qubits, occupying a state space 253 ˘1016. Measurements from repeated experiments
sample the corresponding probability distribution, which we verify using classical simulations. While our processor takes about 200 seconds to sample one instance of the quantum circuit 1 million
times, a state-of-the-art supercomputer would require approximately 10,000 years to perform the equivalent task.
This dramatic speedup relative to all known classical algorithms provides an experimental realization of quantum supremacy on a com- putational task and heralds the advent of a much-anticipated
computing paradigm. In the early 1980s, Richard Feynman proposed that a quantum computer would be an e ective tool to solve problems in physics and chemistry, as it is exponentially costly to
simulate large quantum systems with classical computers [1]. Realizing Feynman’s vision poses signi – 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].
In reaching this milestone, we show that quantum speedup is achievable in a real-world system and is not precluded by any hidden physical laws. Quantum supremacy also heralds the era of Noisy
Intermediate- Scale Quantum (NISQ) technologies. The benchmark task we demonstrate has an immediate application in generating certi able random numbers[9]; other initial uses for this new
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computational capability may include optimization optimization [10{12], machine learning[13{ 15], materials science and chemistry [16{18]. However, realizing the full promise of quantum computing
(e.g. Shor’s algorithm for factoring) still requires technical leaps to engineer fault-tolerant logical qubits[19{23].
To achieve quantum supremacy, we made a number of technical advances which also pave the way towards er- ror correction. We developed fast, high- delity 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 delities to accurately predict the performance of the whole system, further showing that quantum information behaves as expected when scaling to large systems. A
COMPUTATIONAL TASK TO DEMONSTRATE QUANTUM SUPREMACY To demonstrate quantum supremacy, we compare our quantum processor against state-of-the-art classical com- puters in
the task of sampling the output of a pseudo- random quantum circuit[24{26].
Random circuits are a suitable choice for benchmarking since they do not pos- sess structure and therefore allow for limited guarantees 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.
f0000101, 1011100, …g. Due to quantum interference, the probability distribution of the bitstrings resembles a speckled intensity pattern produced by light interference in laser scatter, such that
some bitstrings are much more likely to occur than oth- ers. Classically computing this probability distribution becomes exponentially more di cult as the number of qubits (width) and number of gate
cycles (depth) grows. We verify that the quantum processor is working prop- erly using a method called cross-entropy benchmarking (XEB) [24, 26], which compares how often each bitstring is
observed experimentally with its corresponding ideal probability computed via simulation on a classical com- puter. For a given circuit, we collect the measured bit- strings fx igand compute the linear
XEB delity [24{ 26, 29], which is the mean of the simulated probabilities of the bitstrings we measured: F XEB = 2 nhP(x i)i i 1 (1) where nis the number of qubits, P(x i) is the probability of bitstring x i
computed for the ideal quantum circuit, and the average is over the observed bitstrings. Intu- itively, F XEB is correlated with how often we sample high probability bitstrings. When there are no errors
in the quantum circuit, sampling the probability distribution will produce F XEB = 1. On the other hand, sampling from the uniform distribution will give hP(x i)i i = 1=2n and produce F XEB = 0. Values
of F XEB between 0 and 2 Qubit Adjustable coupler a b 10 millimeters FIG. 1. The Sycamore processor. a, Layout of processor showing a rectangular array of 54 qubits (gray), each con- nected to
its four nearest neighbors with couplers (blue). In- operable qubit is outlined. b, Optical image of the Sycamore chip. 1 correspond to the probability that no error has oc- curred while running the
circuit.
The probabilities P(x i) must be obtained from classically simulating the quan- tum circuit, and thus computing F XEB is intractable in the regime of quantum supremacy. However, with certain circuit
simpli cations, we can obtain quantitative delity estimates of a fully operating processor running wide and deep quantum circuits. Our goal is to achieve a high enough F XEB for a circuit with su cient
width and depth such that the classical computing cost is prohibitively large. This is a di cult task because our logic gates are imperfect and the quan- tum states we intend to create are sensitive to
errors. A single bit or phase ip over the course of the algorithm will completely shu e the speckle pattern and result in close to 0 delity [24, 29].
Therefore, in order to claim quantum supremacy we need a quantum processor that executes the program with su ciently low error rates. BUILDING AND CHARACTERIZING A HIGH-FIDELITY
PROCESSOR We designed a quantum processor named \Sycamore” which consists of a two-dimensional array of 54 trans- mon qubits, where each qubit is tunably coupled to four nearestneighbors, in a rectangular lattice. The connec- tivity was chosen to be forward compatible with error- correction using the surface code [20].
A key systems- engineering advance of this device is achieving high- delity single- and two-qubit operations, not just in iso- lation but also while performing a realistic computation with simultaneous
gate operations on many qubits. We discuss the highlights below; extended details can be found in the supplementary information. In a superconducting circuit, conduction electrons con- dense into
a macroscopic quantum state, such that cur- rents and voltages behave quantum mechanically [2, 30]. Our processor uses transmon qubits [6], which can be thought of as nonlinear superconducting
resonators at 5 to 7 GHz.
The qubit is encoded as the two lowest quan- tum eigenstates of the resonant circuit. Each transmon has two controls: a microwave drive to excite the qubit, and a magnetic ux control to tune the
frequency. Each qubit is connected to a linear resonator used to read out the qubit state [5]. As shown in Fig. 1, each qubit is also connected to its neighboring qubits using a new ad- justable coupler
[31, 32]. Our coupler design allows us to quickly tune the qubit-qubit coupling from completely o to 40 MHz. Since one qubit did not function properly the device uses 53 qubits and 86 couplers. The
processor is fabricated using aluminum for metal- ization and Josephson junctions, and indium for bump- bonds between two silicon wafers. The chip is wire- bonded to a superconducting circuit
board and cooled to below 20 mK in a dilution refrigerator to reduce am- bient thermal energy to well below the qubit energy. The processor is connected through lters and attenu- ators to roomtemperature 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 ampli ers 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- cessor. We execute
single-qubit gates by driving 25 ns mi- crowave pulses resonant with the qubit frequency while the qubit-qubit coupling is turned o .
The pulses are shaped to minimize transitions to higher transmon states[35]. Gate performance varies strongly with fre- quency due to two-level-system (TLS) defects[36, 37], stray microwave
modes, coupling to control lines and the readout resonator, residual stray coupling between qubits, ux noise, and pulse distortions. We therefore 3 Pauli and measurement errors CDF am, E ted
histogr Integra e 1 e 2 e 2c e r a b Average error Single-qubit (e 1 ) Two-qubit (e 2 ) Two-qubit, cycle (e 2c ) Readout (e r ) Isolated 0.15% 0.36% 0.65% 3.1% Simultaneous 0.16% 0.62% 0.93%
3.8% Simultaneous Pauli error e 1 , e 2 10 -2 10 -3 Isolated FIG. 2. System-wide Pauli and measurement errors. a, Integrated histogram (empirical cumulative distribution func- tion, ECDF) of Pauli
errors (black, green, blue) and readout errors (orange), measured on qubits in isolation (dotted lines) and when operating all qubits simultaneously (solid). The median of each distribution occurs at
0.50 on the vertical axis. Average (mean) values are shown below. b, Heatmap showing single- and two-qubit Pauli errors e 1 (crosses) and e 2 (bars) positioned in the layout of the processor.
Values shown for all qubits operating simultaneously. optimize the single-qubit operation frequencies to miti- gate these error mechanisms. We benchmark single-qubit gate performance by using the
XEB protocol described above, reduced to the single- qubit level (n= 1), to measure the probability of an error occurring during a single-qubit gate. On each qubit, we apply a variable number mof
randomly selected gates and measure F XEB averaged over many sequences; as m increases, errors accumulate and average F XEB decays.
We model this decay by [1 e 1=(1 1=D2)]m where e 1 is the Pauli error probability. The state (Hilbert) space di- mension term, D= 2n = 2, corrects for the depolarizing model where states with errors
partially overlap with the ideal state. This procedure is similar to the more typical technique of randomized benchmarking [21, 38, 39], but supports non-Cli ord gatesets [40] and can separate out
decoherence error from coherent control error. We then repeat the experiment with all qubits executing single- qubit gates simultaneously (Fig.2), which shows only a small increase in the error
probabilities, demonstrating that our device has low microwave crosstalk. We perform two-qubit iSWAP-like entangling gates by bringing neighboring qubits on resonance and turning on a 20 MHz
coupling for 12 ns, which allows the qubits to swap excitations. During this time, the qubits also ex- perience a controlled-phase (CZ) interaction, which orig- inates from the higher levels of the
transmon. The two- qubit gate frequency trajectories of each pair of qubits are optimized to mitigate the same error mechanisms consid- ered in optimizing single-qubit operation frequencies. To
characterize and benchmark the two-qubit gates, we run two-qubit circuits with mcycles, where each cy- cle contains a randomly chosen single-qubit gate on each of the two qubits followed by a xed
two-qubit gate. We learn the parameters of the two-qubit unitary (e.g. the amount of iSWAP and CZ interaction) by using F XEB as a cost function. After this optimization, we extract the per-cycle
error e 2c from the decay of F XEB with m, and isolate the two-qubit error e 2 by subtracting the two single-qubit errors e 1. We nd an average e 2 of 0:36%.
Additionally, we repeat the same procedure while simul- taneously running two-qubit circuits for the entire array. After updating the unitary parameters to account for ef- fects such as dispersive shifts
and crosstalk, we nd an average e 2 of 0.62%. For the full experiment, we generate quantum circuits using the two-qubit unitaries measured for each pair dur- ing simultaneous operation, rather than
a standard gate for all pairs. The typical two-qubit gate is a full iSWAP with 1=6 of a full CZ. In principle, our architecture could generate unitaries with arbitrary iSWAP and CZ inter- actions, but
reliably generating a target unitary remains an active area of research. Finally, we benchmark qubit readout using standard dispersive measurement [41]. Measurement errors aver- aged over the 0
and 1 states are shown in Fig 2a.
We have also measured the error when operating all qubits simul- taneously, by randomly preparing each qubit in the 0 or 1 state and then measuring all qubits for the probability of the correct result.
We nd that simultaneous readout incurs only a modest increase in per-qubit measurement errors. Having found the error rates of the individual gates and readout, we can model the delity of a
quantum circuit as the product of the probabilities of error-free opera- 4 single-qubit gate: 25 ns qubit XY control two-qubit gate: 12 ns qubit 1 Z control qubit 2 Z control coupler cycle: 1 2 3 4 5 6 m
time column row 7 8 A BC D A B D C a b FIG. 3. Control operations for the quantum supremacy circuits. a, Example quantum circuit instance used in our experiment. Every cycle includes a layer
each of single- and two-qubit gates. The single-qubit gates are chosen randomly from f p X; p Y; p Wg. The sequence of two-qubit gates are chosen according to a tiling pattern, coupling each qubit
sequentially to its four nearest-neighbor qubits.
The couplers are divided into four subsets (ABCD), each of which is executed simultaneously across the entire array corresponding to shaded colors. Here we show an intractable sequence (repeat
ABCDCDAB); we also use di erent coupler subsets along with a simpli able sequence (repeat EFGHEFGH, not shown) that can be simulated on a classical computer. b, Waveform of control signals
for single- and two-qubit gates. tion of all gates and measurements. Our largest random quantum circuits have 53 qubits, 1113 single-qubit gates, 430 two-qubit gates, and a measurement on each
qubit, for which we predict a total delity of 0:2%.
This delity should be resolvable with a few million measurements, since the uncertainty on F XEB is 1= p N s, where N s is the number of samples. Our model assumes that entangling larger and
larger systems does not introduce additional error sources beyond the errors we measure at the single- and two-qubit level | in the next section we will see how well this hypothesis holds. FIDELITY
ESTIMATION IN THE SUPREMACY REGIME The gate sequence for our pseudo-random quantum circuit generation is shown in Fig.3. One cycle of the algorithm consists of applying single-qubit
gates chosen randomly from f p X; p Y; p Wgon all qubits, followed by two-qubit gates on pairs of qubits. The sequences of gates which form the \supremacy circuits” are designed to minimize the
circuit depth required to create a highly entangled state, which ensures computational complexity and classical hardness. While we cannot compute F XEB in the supremacy regime, we can estimate
it using three variations to re- duce the complexity of the circuits.
In \patch circuits”, we remove a slice of two-qubit gates (a small fraction of the total number of two-qubit gates), splitting the cir- cuit into two spatially isolated, non-interacting patches of qubits. We
then compute the total delity as the product of the patch delities, each of which can be easily calcu- lated. In \elided circuits”, we remove only a fraction of the initial two-qubit gates along the slice,
allowing for entanglement between patches, which more closely mim- ics the full experiment while still maintaining simulation feasibility. Finally, we can also run full \veri cation cir- cuits” with the
same gate counts as our supremacy cir- cuits, but with a di erent pattern for the sequence of two- qubit gates which is much easier to simulate classically [29]. Comparison between these variations
allows track- ing of the system delity as we approach the supremacy regime. We rst check that the patch and elided versions of the veri cation circuits produce the same delity as the full veri cation
circuits up to 53 qubits, as shown in Fig.4a. For each data point, we typically collect N s = 5 106 total samples over ten circuit instances, where instances di er only in the choices of single-qubit gates
in each cycle.
We also show predicted F XEB values computed by multiplying the no-error probabilities of single- and two-qubit gates and measurement [29]. Patch, elided, and predicted delities all show good
agreement with the delities of the corresponding full circuits, despite the vast di erences in computational complexity and en- tanglement. This gives us con dence that elided circuits can be used to
accurately estimate the delity of more complex circuits. We proceed now to benchmark our most computa- tionally di cult circuits. In Fig.4b, we show the mea- sured F XEB for 53-qubit patch and
elided versions of the full supremacy circuits with increasing depth.
For the largest circuit with 53 qubits and 20 cycles, we collected N s = 30 106 samples over 10 circuit instances, obtaining F XEB = (2:24 0:21) 10 3 for the elided circuits. With 5˙con dence, we
assert that the average delity of run- ning these circuits on the quantum processor is greater than at least 0.1%. The full data for Fig.4b should have similar delities, but are only archived since the
simula- tion times (red numbers) take too long. It is thus in the quantum supremacy regime. 5 number of qubits, n number of cycles, m n = 53 qubits a Classically veriable b Supremacy regime idelity,
XEB F
XEB m = 14 cycles Prediction from gate and measurement errors Full circuit Elided circuit Patch circuit Prediction Patch E F G H A B C D C D A B Elided (±5 error bars) 10 millennia 100 years 600
years 4 years 4 years 2 weeks 1 week 2 hour sC la ic mp ng @ Sycamore 5 hours Classical verication Sycamore sampling (N s = 1M): 200 seconds 10 15 20 25 30 35 40 45 50 55 12 14 16 18 20
10 -3 10 -2 10 -1 10 0 FIG. 4. Demonstrating quantum supremacy. a, Veri cation of benchmarking methods. F XEB values for patch, elided, and full veri cation circuits are calculated from measured
bitstrings and the corresponding probabilities predicted by classical simulation. Here, the two-qubit gates are applied in a simpli able tiling and sequence such that the full circuits can be simulated out
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to n= 53;m= 14 in a reasonable amount of time. Each data point is an average over 10 distinct quantum circuit instances that di er in their single-qubit gates (for n= 39;42;43 only 2 instances were
simulated). For each n, each instance is sampled with N s between 0:5M and 2:5M.
The black line shows predicted F XEB based on single- and two-qubit gate and measurement errors. The close correspondence between all four curves, despite their vast di erences in complexity,
justi es the use of elided circuits to estimate delity in the supremacy regime. b, Estimating F XEB in the quantum supremacy regime. Here, the two-qubit gates are applied in a non-simpli able tiling
and sequence for which it is much harder to simulate. For the largest elided data (n= 53, m= 20, total N s = 30M), we nd an average F XEB >0.1% with 5˙con dence, where ˙includes both systematic
and statistical uncertainties.
The corresponding full circuit data, not simulated but archived, is expected to show similarly signi cant delity. For m= 20, obtaining 1M samples on the quantum processor takes 200 seconds, while
an equal delity classical sampling would take 10,000 years on 1M cores, and verifying the delity would take millions of years. DETERMINING THE CLASSICAL COMPUTATIONAL COST We
simulate the quantum circuits used in the exper- iment on classical computers for two purposes: verify- ing our quantum processor and benchmarking methods by computing F XEB where possible
using simpli able circuits (Fig.4a), and estimating F XEB as well as the classical cost of sampling our hardest circuits (Fig.4b).
Up to 43 qubits, we use a Schr odinger algorithm (SA) which simulates the evolution of the full quantum state; the Ju lich supercomputer(100k cores, 250TB) runs the largest cases. Above this size,
there is not enough RAM to store the quantum state [42]. For larger qubit num- bers, we use a hybrid Schr odinger-Feynman algorithm (SFA)[43] running on Google data centers to compute the
amplitudes of individual bitstrings. This algorithm breaks the circuit up into two patches of qubits and e - ciently simulates each patch using a Schr odinger method, before connecting them using an
approach reminiscent of the Feynman path-integral.
While it is more memory- e cient, SFA becomes exponentially more computation- ally expensive with increasing circuit depth due to the exponential growth of paths with the number of gates
connecting the patches. To estimate the classical computational cost of the supremacy circuits (gray numbers, Fig.4b), we ran por- tions of the quantum circuit simulation on both the Sum- mit
supercomputer as well as on Google clusters and ex- trapolated to the full cost. In this extrapolation, we account for the computational cost scaling with F XEB, e.g. the 0.1% delity decreases the
cost by 1000[43, 44]. On the Summit supercomputer, which is currently the most powerful in the world, we used a method inspired by Feynman path-integrals that is most e cient at low depth[44{47].
At m= 20 the tensors do not reasonably t in node memory, so we can only measure runtimes up to m= 14, for which we estimate that sampling 3M bitstrings with 1% delity would require 1 year. 6 On
Google Cloud servers, we estimate that perform- ing the same task for m= 20 with 0:1% delity using the SFA algorithm would cost 50 trillion core-hours and consume 1 petawatt hour of energy. To
put this in per- spective, it took 600 seconds to sample the circuit on the quantum processor 3 million times, where sampling time is limited by control hardware communications; in fact, the net
quantum processor time is only about 30 seconds. The bitstring samples from this largest circuit are archived online. One may wonder to what extent algorithmic innova- tion can enhance classical
simulations. Our assumption, based on insights from complexity theory, is that the cost of this algorithmic task is exponential in nas well as m. Indeed, simulation methods have improved steadily
over the past few years[42{50].
We expect that lower simula- tion costs than reported here will eventually be achieved, but we also expect they will be consistently outpaced by hardware improvements on larger quantum
processors. VERIFYING THE DIGITAL ERROR MODEL A key assumption underlying the theory of quantum error correction is that quantum state errors may be con- sidered digitized and localized
[38, 51]. Under such a dig- ital model, all errors in the evolving quantum state may be characterized by a set of localized Pauli errors (bit- and/or phase- ips) interspersed into the circuit. Since
continuous amplitudes are fundamental to quantum me- chanics, it needs to be tested whether errors in a quantum system could be treated as discrete and probabilistic. In- deed, our experimental
observations support the validity of this model for our processor. Our system delity is well predicted by a simple model in which the individ- ually characterized delities of each gate are multiplied
together (Fig
4). To be successfully described by a digitized error model, a system should be low in correlated errors. We achieve this in our experiment by choosing circuits that ran- domize and decorrelate
errors, by optimizing control to minimize systematic errors and leakage, and by design- ing gates that operate much faster than correlated noise sources, such as 1=f ux noise [37]. Demonstrating a
pre- dictive uncorrelated error model up to a Hilbert space of size 253 shows that we can build a system where quantum resources, such as entanglement, are not prohibitively fragile. WHAT DOES
THE FUTURE HOLD?
Quantum processors based on superconducting qubits can now perform computations in a Hilbert space of di- mension 253 ˇ9 1015, beyond the reach of the fastest classical supercomputers
available today. To our knowl- edge, this experiment marks the rst computation that can only be performed on a quantum processor. Quan- tum processors have thus reached the regime of quantum
supremacy. We expect their computational power will continue to grow at a double exponential rate: the clas- sical cost of simulating a quantum circuit increases expo- nentially with computational
volume, and hardware im- provements will likely follow a quantum-processor equiv- alent of Moore’s law [52, 53], doubling this computational volume every few years. To sustain the double exponential growth rate and to eventually o er the computational volume needed to run well-known quantum algorithms, such as the Shor or Grover algorithms [19, 54], the engi- neering of quantum error
correction will have to become a focus of attention. The \Extended Church-Turing Thesis” formulated by Bernstein and Vazirani [55] asserts that any \reasonable” model of computation can be e
ciently simulated by a Turing machine. Our experiment suggests that a model of computation may now be available that violates this assertion.
We have performed random quantum circuit sampling in polynomial time with a physically realized quantum processor (with su ciently low error rates), yet no e cient method is known to exist for
classical comput- ing machinery. As a result of these developments, quan- tum computing is transitioning from a research topic to a technology that unlocks new computational capabilities. We are
only one creative algorithm away from valuable near-term applications. Acknowledgments We are grateful to Eric Schmidt, Sergey Brin, Je Dean, and Jay Yagnik for their executive sponsorship of
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