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Three Ways to Build
a Quantum Computer

Computers that capitalize on the bizame laws of quantum mechanics
could theoretically perform calculations that are impossible for classical
computers. Yet the larger a quantum computer gets, the more difficult
it becomes to preserve its quantum properties (below), Scentists think
the solution is to bulld many small quantum computers and link them
together into a larger whole—a strateqy called modular quantum
computing, The boxes at the right show three potential modular setups
using three different types of quantum bits, or qubits.

Quantum Property 1: Superposition
| subat

tiches can exist in multiple state

Atomie lon Qubits

The simplest way 1o build a modular quantum computer is to use single atoms
as qubits. Each atom can represent the binary code values of 0 or 1 (or & super-
position of the two) via different electronic orbits (top). At the bottom is a
schematic of three modules—mini quantum compiters made of five atomic
ions each—connected in a way that preserves each module's quantum prop-
erties. Within each module, all five ions are entangled with one another.

The two end ions (in white) are special and can emit photons to communicate
with other modules.
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Superconducting Qubits

Another modular quantum-computing strategy uses “artificial atoms”
made of superconducting circuits as qubits. These qubis are electrical cir-
cuits that can take on a vale of O or 1 through the absence or presence of

& microwave photon or an oscillating electric current running through the
circuit, (When the qubit is in a state of superposition, the phaton may be
both “there" and “not there.") Within sach module, qubits can be entangled
directly with one another via trapped photons. These photons can also be
sent through cables w fink each module t the others.
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Solid-State Spin Qubiis

Acthird option & to make qubits out of defects in a solid-state material, such
a5 a diamond lattice of carbon atoms. If one of the carbon atoms in the latice is
replaced by a nitrogen atom and a nelght site s empty, the impur

s knowm a< a nitrogen-vacancy (NV) center, The NV center and the sur-
rounding carbon atom neighbors all become qubits, and their spin states
represent s and 1s. Each cluster of impurities in the diamond lattice is an
independent module, and modules can connect to other modules via entangled
optical photons.
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Natural Qubit : Atom(Ion) & Photon
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} AUH| E(Qubit = “Quantum Bit”)

Qubit : A guantum system with two states

1> superposition entanglement

O~0
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DiVincenzo Criteria (2001)

1) A scalable physical system with well characterized gubits.
2) The ability to initialize the state of the qubits.
3) A coherence times much longer than the gate operation time.

4) A “universal” set of guantum gates

5) A qubit-specific measurement capability




Devoret, Schoelkopf, Science 2013

Fault-tolerant quantum computation

‘ Algorithms on multiple logical qubits

[ Operations on single logical qubits

[ Logical memeory with longer lifetime than physical qubits

Complexity

l QND measurements for error correction and confrol

[ Algorithms on multiple physical qubits

[ Operations on single physical qubits

Time

Fig. 1. Sevenstages in the development of quantum information processing. Each advancement requires
mastery of the preceding stages, but each also represents a continuing task that must be perfected in
parallel with the others. Supercanducting qubits are the only solid-state implementation at the third
stage, and they now aim at reaching the fourth stage (green arrow). In the domain of atomic physics and
quantum optics, the third stage had been previously attained by trapped ions and by Rydberg atoms. No
implementation has yet reached the fourth stage, where a logical qubit can be stored, via error correction,

for a time substantially longer than the decoherence time of its physical qubit components.
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Superconducting
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Quantum Cloud Candidates
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“ £, 20" ANNIVERSARY of

‘8~ SUPERCONDUCTING QUBITS (5Q20th) :

PROGRESS and FUTURE DIRECTIONS
;,,: May 13-15, 2019, Tsukuba, Japan

https://www.cems.riken.jp/sq20th/
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Coherent control of
macroscopic quantum states
in a single-Cooper-pair box

Y. Nakamura®, Yu. A. Pashkint &J. S. Tsai*

* NEC Fundamental Research Laborateries, Tiukuba, Iharaki 305-8051, Japan
1 CREST, Japan Science and Technology Corporation (JST), Kawagndhi,
Saitarma 332-0012, Japarn

rcbe)
=

pulse gate |
%] ZX 1999, NEC

20199, Google, IBM

11




| ! | ! | L I ;

Coherence Time (us)

“Moore's Law” for

qubit coherence times (T,)
(includes refocusing)

1000
3D transmon
100 3 ;
E »
+
‘e
flux oA
e
104 ' =
-
w ' materials
b e ¥ >
quantronium pasr advances
14 \_A . 7
3 =
L ] ,
!‘ \
. transmon,
(AR fluxonium
3 +
‘
% flux
’
s
001 =
e 2D qubits
, A 3D qubits
;¢ % charge qubit
0001 =g
T e e
2000 2005 2010 2015

T
Schoelkopf Plot “IET Denites—p |
sIX=N 3 o e |
EHEFHIE ARSAIZE o=
ERY =7} L REEEEERE R e e e 10,000 5
3 'j 01 10 H 1 o 7 g CQED  Fluxonium . o
P y’ Improved 44000 &
E 10% — Quantronum L ~ 3D transmon =3
3 ay =
2 —{100 S
= 102 3D transmon E
3 Transmon @
(e} -t 10 2
10° O
: —t1
L4 10 Charge echo
Neven's Law
AL L— 0 | L | I | 1
ﬁ'Hl EO T 10 2000 2004 2008 2012
s A = Year
O|=sK|+=Ho= 7t
- LA o -
— Moore's Law -
i ouantamusazli

COMPUTIN

A New “Law™ Suggests Quantum
Supremacy Could Happen This
Year

Quantum compulers are improving at a doubly exponential rate
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} What you need to know for superconducting qubit
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Josephson Junction

Are macroscopic degrees of freedom governed by quantum mechanics?

80 Supplement of the Progress of Theoretical Physics, No. 69, 1980

Macroscopic Quantum Systems and the Quantum
Theory of Measurement

A. J. LEGGETT

School of Mathematical and Physical Sciences
University of Sussex, Brighton BN1 9QH

Quantum Mechanics of a Macroscopic Variable:
The Phase Difference of a Josephson Junction

JoHN CrLARKE, ANDREW N. CLELAND, MICHEL H. DEVORET, DANIEL ESTEVE,
JoHN M. MARTINIS

i ts to i i the tum behavior of a
Emmmmcdcpuof melyﬂxphaxdiﬂh-
emeacmssa] junction, are described.
The experi ts of the escape rate

of the junction from its zero state. Low tempera-
ture measurements of the escape rate for junctions that
mdﬂternearlyundmpedorr:rodeﬂmlydampedagru
loscly with predicti .
mﬁng, with no adjustable parameters. Microwave
reveals quantized levels in the poten
ualwdl:?ﬂn;unm;n:ﬁytwtmth
quantum-mechanical calculations. Thcsystemmnbem
garded as a “macroscopic nucleus with wires.”

d, one must distinguish carefully berween macroscopic
quantum originating in the superposition of a large
number of microscopic variables and those displayed by a mngie
macroscopic degree of freedom. It is the latter that we discuss in this
article,

Our usual observations on a billiard ball or Brownian particle
reveal classical behavior because Planck’s constant # is so tiny.
However, at least in principle there is nothing ro prevent us from
designing an experiment in which these objects are quantum
mechanical. To do so we have to sarisfy two criteria: (i) the thermal
energy must be small compared with the scparation of the quantized
energy levels, and (ii) the macroscopic degree of freedom must be
sufficiently decoupled from all other degrees of freedom if the
lifetime of the quantum states is to be longer than the characteristic
time scale of the system (I). To illustrate the application of these

Nobel Prlze 2003

Science 1988




Josephson Junction
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Josephson Junction
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‘ Development of superconductlng
quantum computing system

} SC Qubit = “Electronic Circuit”

You design your Circuit = You design your Atom
= You design your Hamiltonian
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quantum computing system
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Josephson Junction

velopment of superconductlng
uantum computing system

Josephson Qublt
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Development of superconducting
quantum computing system
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Development of superconductlng
quantum computing system
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Circuit QED

Nature 2004  Strong coupling of a single photon
to a superconducting qubit using
circuit quantum electrodynamics

A. Wallraff', D. I. Schuster', A. Blais', L. Frunzio', R.- S. Huang'”,
J. Majer', S. Kumar', S. M. Girvin' &R. J. Schoelkopf'

i< ' Departments of Applied Physics and Physics, Yale University, New Haven,
Connecticut 06520, USA

Jaynes-Cummings Hamiltonian

1 hw
H=hw,|aTa+ > + Taaz + hg(a*a" + a0'+) + H, + H,

22




} Dispersive limit Jaynes-Cummings Hamiltonian

If qubit and cavity are well off resonance
2
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Cavity Spectroscopy

Cavity Transmission
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Coherent rotation of qubit states is controlled by microwave pulses
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Universal Quantum Gate Set

0)

1)

Figure 1.3. Bloch sphere representation of a qubit.
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A Quantum
Computer's
power depends
on more than just
adding qubits

on the accuracy
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5% E: Quantum Volume (IBM)

A Quantum
Computer's
power depends
on more than just
adding qubits

If wa want 10 use quantum
computers to solve real
problems, they will need to
explore a large space of
quantum states, The number
of qubits is impaortant, but so
is the error rate. In practical
devices, the effective error
rate depends on the accuracy
of each operation, but aiso

on how many operations it
takes to solve a particular
problem as well as how the
processor performs these
operations, Here we Introduce
a quantity called Quantum
Volume which accounts for all
of these things. Think of it

as a representation of the
problem space these
machines can explore

Quantum Volume

cube proportional
aful quantum computing
that can be done

10,000

40,000

Source:
IBM Research

Improving the error rate Qubns Added: 0
will result in @ more powerful Error Rate Decrease: 10x
Quantum Computer Quantum Volume Increass: 24x

Qutats Added: 100
Enor Rate Decrease: 0
Quantum Volume increase: 0

CHE SSXlEE AS

0l) Algorithmic Qubit (lonQ)

We are in the early stages, and expect
significant progress over the coming years

Ralogh *["Pary
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Quantumsupremacy usinga programmable
superconducting processor
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Quantum Advantage from Hefei

Strong quantum computational advantage using a superconducting quantum processor

Yulin Wu,"%? Wan-Su Bao,* Sirui Cao,"** Fusheng Chen,"%?* Ming-Cheng Chen,"%? Xiawei Chen,” Tung-Hsun
Chung." >3 Hui Deng.">? Yajie Du,> Daojin Fan,'->3 Ming Gong,"%? Cheng Guo,"?? Chu Guo,">* Shaojun
Guo,"->? Lianchen Han,">? Linyin Hong,” He-Liang Huang,"*** Yong-Heng Huo,">? Liping Li,> Na Li,">?

Shaowei Li,*** Yuan Li.">? Futian Liang,"">? Chun Lin.° Jin Lin,"->? Haoran Qian,">? Dan Qiao,” Hao
Rong,"%? Hong Su,"~*? Lihua Sun,"%? Liangyuan Wang.” Shiyu Wang," %3 Dachao Wu.">* Yu Xu,"%? Kai Yan,
Weifeng Yang,” Yang Yang,” Yangsen Ye,'?? Jianghan Yin,” Chong Ying." 27 Jiale Yu,">? Chen Zha,!-*3
Cha Zhang," > Haibin Zhang,” Kaili Zhang,">3 Yiming Zhang,!>* Han Zhao,”> Youwei Zhao,">? Liang
Zhou.” Qingling Zhu,">3 Chao-Yang Lu,">* Cheng-Zhi Peng." % Xiaobo Zhu.">? and Jian-Wei Pan'-23

'Hefei National Laboratory for Physical Sciences at the Microscale and Department of Modern Physics,
University of Science and Technology of China, Hefei 230026, China
JShanghai Branch, CAS Center for Excellence in Quantum Information and Quantum Physics,
University of Science and Technology of China, Shanghai 201315, China
*Shanghai Research Center for Quantum Sciences, Shanghai 201315, China
*Henan Key Laboratory of Quantum Information and C ryptography, Zhengzhou 450000, China
Y QuantumCTek Co., Lid., Hefei 230026, China
SShanghai Institute of Technical Physics, Chinese Academy of Sciences, Shanghai 200083, China
(Dated: June 29, 2021)
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QEC on Sycamore

Article

Exponential suppression ofbit or phase
errors with cyclic error correction

https://doi.org/101038/s41586-021-03588-y
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Realizing the potential of quantum computing requires sufficiently low logical error
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rates'. Many applications call forerror rates as lowas 107" (refs. ™), but state-of-the-art

Open access

quantum platforms typically have physical error rates near 107 (refs.'> ). Quantum
errorcorrection™ " promises to bridge this divide by distributing quantum logical
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Error Mitigation
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Error mitigation extends the computational reach of
a noisy quantum processor

Abhinav Kandala'#*, Kristan Temme', Antonio D. Cércoles', Antonio Mezzacapo', Jerry M. Chow' & Jay M. Gambetta'

Q2 Wp--—--—--------—- &---

Fig. 1 | Device and experimental protocol. a, False-coloured optical
micrograph (top) of the superconducting quantum processor and
schematic (bottom) of the qubits (Q0, Q1, Q2, Q3) and gates (CR;.,, CR .5,
CRj.») used in the experiment. The device is composed of five transmon
qubits, with the coupling provided by two superconducting co-planar
waveguide resonators, in blue. b, A measurement of the expectation value

Q3 W¥----------m -

I ¥

Expectation value of interest

A - - |~

B tE:

Noise amplification/stretch factor

after rescaled state preparation is equivalent to a measurement under an
amplified noise strength, if the noise is time invariant. ¢, An illustration
of the error mitigation method, shown here for a first-order Richardson
extrapolation to the zero-noise limit, highlights that the variance of

the mitigated estimate E* is crucially dependent on the variance of the
unmitigated measurements and the stretch factors c;.




This is a comprehensive catalog of quantum algorithms. If you notice any errors or omissions, please
email me at stephen.jordan@nist.gov. Your help is appreciated and will be acknowledged.

Algebraic and Number Theoretic Algorithms

Algorithm: Factoring
Speedup: Superpolynomial
Description: Given an n-bit integer, find the prime factorization. The quantum algorithm of Peter Shor
solves this in O(n3} time [82,125]. The fastest known classical algorithm for integer factorization is

N J
the general number field sieve, which is believed to run in time 20("1'}’. The best rigorously proven
upper bound on the classical complexity of factoring is 0[2""'3*"(1)) [252]. Shor's factoring algorithm
breaks RSA public-key encryption and the closely related quantum algorithms for discrete logarithms
break the DSA and ECDSA digital signature schemes and the Diffie-Hellman key-exchange protocol.
A quantum algorithm even faster than Shor's for the special case of factoring “semiprimes” which are

Oracular Algorithms

Algorithm: Searching

Speedup: Polynomial

Description: We are given an oracle with N allowed inputs. For one input w ("the winner") the
corresponding output is 1, and for all other inputs the corresponding output is 0. The task is to find w
On a classical computer this requires Q(N) queries. The quantum algorithm of Lov Grover achieves

this using O(m) queries [48], which is optimal [216]. This has algorithm has subsequently been
generalized to search in the presence of multiple "winners" [15], evaluate the sum of an arbitrary
function [15,16 73], find the global minimum of an arbitrary function [35,75, 255], take advantage of
alternative initial states [100] or nonuniform probabilistic priors [123], work with cracles whose runtime
varies between inputs [138], approximate definite integrals [77], and converge tc a fixed-point [208,
209]. The generalization of Grover's algorithm known as amplitude estimaticn [17] is now an important
primitive in quantum algorithms. Amplitude estimation forms the core of most known gquantum
algorithms related to collision finding and graph properties. One of the natural applications for Grover
search is speeding up the sclution to NP-complete problems such as 3-SAT. Doing so is nontrivial,
because the best classical algorithm for 3-SAT is not quite a brute force search. Nevertheless,
amplitude amplification enables a quadratic quantum speedup over the best classical 3-SAT
algorithm, as shown in [133]. Quadratic speedups for other constraint satisfaction problems are
obtained in [134]. For further examples of application of Grover search and amplitude amplification
see [261, 262]. A problem closely related to, but harder than, Grover search, is spatial search, in

Approximation and Simulation Algorithms

Algorithm: Quantum Simulation

Speedup: Superpolynomial

Description: It is believed that for any physically realistic Hamiltonian H on n degrees of freedom, the
corresponding time evolution operator e "Ht canbe implemented using poly(n,{) gates. Unless
BPP=BQP, this problem is not sclvable in general on a classical computer in polynemial time. Many
technigues for quantum simulation have been developed for general classes of Hamiltonians
[25,95,92,5,12,170,205,211,244 245 278 293 294 208], chemical dynamics [63,68.227 310],
condensed matter physics [1,99, 145], and quantum field theory [107, 166 228 229 230]. The

exponential complexity of classically simulating quantum systems led Feynman to first propose that

»Realm of Quantum Advantage

@d EXHIBIT & | Workhorse Algorithms Will Dominate During the NISQ Era

WORKHORSES

Heuristic algorithms for robust, s
few-qubit applic :

ROBUSTNESS
to noise and errors)

Grover

Mo speed-up Pelynomial

SPEED-UP POTENTIAL

(versus best ¢l

Sources: BCG analysis; expert interviews.
Warational quantum eigensolver.
*Quantum approximate optimization algorithm.

cal algorithm)

PUREBREDS
Qubit-heavy algorithms w
theoretically proven s

HHL? SE®

Trotter-types Shor/HSG»

3Data-dnven quantum circuit learning for generative modeling in machine learming tasks.

IQuantum auto encoder, a compression algorithm for quantum data.

SPopulation transfer between computational states with similar eneargies for search and reverse annealing optimization.
"Optimization by quantum annealing as an alternative to circutt-based algonthms.

Linear-system-solving algorithm devised by Harrow, Hassidim, and Lloyd.
“Sermdefimite programming.

TTrotter-basad algorithms for molecular simulation and adiabatic state preparation.
Alzorithms exploiting hidden-subgroup symmetries such as Shor’s algorithm.
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Pressrelease
Government backs UK’s first quantum
computer

The UK's first quantum computer to be commercially
available to businesses will be located in Abingdon in
Dxfordshire

From: c, Energy

i, and A
Bublishad:

The UK's first commercially available guantum computerto be
hasted in Abingdon, backed by £10 million governmant and
industry investment

= guantum computers could help solvs issues including accelerating
new drug treatments and improving traffic flow in cities and towns

Science Minjster sefzs out bold new vislon for the UK to becomathe
world®s first quantum-ready economy and launches tha new
Mational Guantum Computer Centre in Oxfordshire
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QC40: Physics of Computation
Conference
A0th Anniversary

QC40 is a one-day virtual event that will celebrate the 40th annmiversary of the Physics of Computation

Conference which was jointly organized by MIT and IBM, and held at the MIT Endicott House in 1981.

The conference was a defining moment in the history of guantum computation. At QC40, we will take a
close look at the changes in guantum computing over the past 40 years, with a panel discussion and

keynote addresses by attendees from the original conference and pioneers in the field of quantum

computing,

cent work in quantum information science (more

The day will also feature academic talks highlighting
at is QC407"). The top outstanding talk submissions will be recognized with up to

details under

$5,000 grants

s a way to contribute to future research.

e gl

s

Celebrate 40 years of
quantum

Keynotes, contributed talks, and more
bridging the 1981 Physics of
Computation conference with current
research.

| Physics of Computation Conference EndicottHouse MIT May 6-8, 1981
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