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Fig. 1. Eight different layouts of the CNOT gate in the random circuit, where all of qubits are performed H gate in the 0-th layer,

and cycle once every 8 layers in the circuit (repeat 1-8 layers of this graph), the blank vertices are laid out I, T, X 1/2 y1/2 ran-

domly, and the two-qubit gates are all CZ gates!.
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Fig. 2. Random circuit architecture for Sycamore processor, where all of qubits are performed H gates in the 0-th layer, the layer of

the circuit iterates and repeats the pattern ABCDCDBA, a layer of random single-qubit gates are performed between two modes,
which constructed by X /2 y1/2 Wl/2 | the two-qubit gate is the multiplication of the partial-iSWAP gate and control-phase
gate (constructed by partial-iSWAP gate followed by a control-phase gate)!”.
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Fig. 3. Device of boson samplingl®®. The input are n
photons, and one can detect photons on the m output

modes through a linear optical network.
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Fig. 4. Brief introduction of SBS devicel®. In this model,
the input are 2m single-mode compressed states, and the
two-mode compressed states are generated after entering
the beam splitter and the phase-shifting sub-device. An addi-
tional measuring device is used to fix the number of input

photons for the linear optical device U, of SBS.
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Fig. 5. Brief introduction to GBS devicel®®. The input ter-
minal is a K single-mode compressed state injected into the
linear optical network, and the photon number is detected
in M modes at the output terminal.
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Fig. 6. Experimental results of the proof of quantum advantagel™: (a) In the classical verifiable region, the fidelity of simple full
quantum circuit accords well with that of simple truncated quantum circuit, simple split quantum circuit and simple product model.
Each data point is the average of multiple random quantum circuit samples. (b) In the quantum advantage region, the fidelity of
complex full quantum circuits is estimated by using simpler circuits and simple product models. The red time label represents the
time required for the verification task of the classical simulation complex full quantum circuit, and the grey time label represents

the time required for the corresponding sampling task of the classical simulation.
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Abstract

Exploiting the coherence and entanglement of quantum many-qubit states, quantum computing can
significantly surpass classical algorithms, making it possible to factor large numbers, solve linear equations,
simulate many-body quantum systems, etc., in a reasonable time. With the rapid development of quantum
computing hardware, many attention has been drawn to explore how quantum computers could go beyond the
limit of classical computation. Owing to the need of a universal fault-tolerant quantum computer for many
existing quantum algorithms, such as Shor’s factoring algorithm, and considering the limit of near-term
quantum devices with small qubit numbers and short coherence times, many recent works focused on the
exploration of demonstrating quantum advantages using noisy intermediate-scaled quantum devices and shallow
circuits, and hence some sampling problems have been proposed as the candidates for quantum advantage
demonstration. This review summarizes quantum advantage problems that are realizable on current quantum
hardware. We focus on two notable problems—random circuit simulation and boson sampling—and consider
recent theoretical and experimental progresses. After the respective demonstrations of these two types of
quantum advantages on superconducting and optical quantum platforms, we expect current and near-term

quantum devices could be employed for demonstrating quantum advantages in general problems.

Keywords: quantum advantages, random circuit sampling, Boson sampling, classical simulation
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