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Alberts, G.J.N., Rol, M.A., Last, T. et al. Accelerating quantum computer
developments. EPJ Quantum Technol. 8, 18 (2021).
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Eb\ﬂjmb\b-_z:s *Noisy Intermediate-

Scale Quantum

PILIJUX L BIIWN—F> EFIE F7—4
8K > 3 7 DZREZNTIEE [Shor, 1994] PEA fe% [aapiit!
PIWAVAL gz (bet (FUll-CI) [Lanyon+, 200]  PEA eE g

27 0—)\—#&2Z& [Grover, 1996] AA /N =

HWRAZEY F5FE T, [Harrow+, 2009] PEA }eZ =
FEHIR L K-medians [Aimeur+, 2013] AA =R [aapiiil
WIFE  peEny o529 > (aimeurt, 2013) AA b/ ST

K-means [Lloyd+, 2013] (AA) = =

FERND AT [Loyd+, 2013] HHL 5% =

F DM [Kerenidis+, 2016] HHL+QW  $8% =
{510 NN [Narayanan+, 2000] AA [aagiic!
8 SVM [Anguita+, 2003] AA /N [aspiiil

SVM [Rebentrost+, 2013] HHL 8% =1

VT5E [Wiebe, 2014] AA /N [aafiis

[B1)F [Bisio+, 2010] - s
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L Ea1—3X : M. Cerezo et al., “Variational Quantum Algorithms”, arXiv:2012.0926 s
CRDS
©2021 CRDS | 8 :



1. EF7ITVUT—>3 > DORRHEE - HKiliDIRIR .
I NISQEFI>VE1—9—DFS5—FITVIEE
SFF - EFZHR HEFEE - RBE(L

BEEERENSEFHETER LN TUL BIFEESTE(IIEEF/CH. ERREUEE
(51) SREOYIETAL 73F - MRlERET. () EXIITHIOREEIE - ﬁﬁfﬁx
It « A F=ZDORAD>=aL—>3> PCA. S RXAFU>T. 9%, SVM

BAITEDI D5 AV OEMRDAESER ESS T (CHAZFTEASFHA
BFZSAREHRHEFETOWN

I e G. Carleo, M. Troyer, “Solving the quantum many-body problem with artificial neural networks”, Science 355, 602 (2017).

e M. Broughton et al., “TensorFlow Quantum: A Software Framework for Quantum Machine Learning”, arXiv:2003.02989.

ZR7INIVX L/ SFHEEFBORAE

e M. Cerezo et al., “Variational Quantum Algorithms”, arXiv:2012.09265.
e Y. Liu et. al. "A rigorous and robust quantum speed-up in supervised machine learning”, arXiv:2010.02174.
« H.-Y. Huang, et al. "Power of data in quantum machine learning”, Nature communications 12, 1-9 (2021).

« K. Osaki, K. Mitarai, K. Fujii, "Classically Optimized Variational Quantum Eigensolver for Topological Ordered Systems”, AQIS 2020.

©2021 CRDS | 9



1. EF7I VU —S3 > OMFERRFE - BiltDIRIR

) B2 RENISQEFHHFBE I IV A

INS A=A DZEFOIEZELH TIEHRE.REIL
FILTUX L 525 5—5 B N—EoT
EviR 7

ZHETFOR, BFH—FILEE 5348 e 2 B

2F7/(—tT kO 45 e 3 B

£ FGAN R e 3 B

SFEBEAILLTS> (QCBM) R e 4 iBirE

F—SHBHRNETEEEE (DDQCL) K eag 4 AA=b
Swv>

QAOA DSRAFI>T el 19 HBInE

EF4— hT>—4 (QAE) 4 e 3 B

‘F

CRDS
©2021CRDS | 10 pr—



1. EF7I VU —S3 > OMFERRFE - BiltDIRIR

) PDEQIFEFZILIUX A

BAN(C(IR/BRERETEL—XHFIEN{E>HHLTHES

Algorithm Equation | Boundary conditions Complexity
FDM/FEM/FVM general general poly((1/€)%)

E Adaptive FDM/FEM [”] general general poly((log(1/€))%)

% Spectral method [14, 27] general general poly((log(1/€))%)

O Sparse grid FDM/FEM [5, 17] general general poly((1/€)(log(1/€))%)

Sparse grid spectral method [25, 29] elliptic general poly(log(1/€)(log log(1/€))%)
FEM [21] Poisson homogeneous poly(d, 1/€)
FDM [0] Poisson homogeneous Dirichlet dpoly(logd,1/e)

= FDM [11] wave homogeneous d®/? poly(1/e)

g FVM [13] hyperbolic periodic d poly(1/e)

(-_E} Adaptive FDM |[this paper] Poisson periodic, homogeneous d* poly(log d,log(1/¢€))
Spectral method [this paper] Poisson homogeneous Dirichlet d poly(log d, log(1/¢€))
Spectral method [this paper] elliptic inhomogeneous Dirichlet d* poly(log(1/¢))

A. M. Childs, J.-P. Liu, A. Ostrander, “High-precision quantum algorithms
for partial differential equations”, arXiv:2002.07868
© 2021 CRDS 11 i-':@
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M. Lubasch et al., "Variational quantum
algorithms for nonlinear problems", Phys.
Rev. A 101, 010301 (2020)
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(1) Born-Oppenhimerififil, 55 2 1k

Q) XvET (TJTILVZ=A>DI\ZIIL b7V > ZEFE Y FRICEHE)
(3) HFETE(C K D ¥IERIRRE = 21

SF1>E1—4
(FTQC) EFMBHEE )L TV X ATESBEE - BBENRD NLZERKDHD
(NISQ) VQET7ZILTU XA TEEREZ KD D
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— =&
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» | s
Jordan-Wigner

——%) tlf‘@ﬂr+mr)
__Oa-®:_ (67 -ie)

H{ = thqa aq + 3 Z Rpgr: a;a;

806

Q

https://qiskit.org/docum
entation/stable/0.24/tuto
rials/chemistry/01_electr
onic_structure.html

%@8
RO

CRDS
©2021crDS | 13 =



1. EF7I VU —S3 > OMFERRFE - BiltDIRIR

| EFLFHE : TYESICIXDBE

H,O [Qubits]
HEREZ#tEY ~ (# of functions)
STO-3G (7) 6-31G* (19) | Cc-pVTZ (58)
Jordan-Wigner
i 14 11
(direct) 38 6
mapping | Compact 10 29 47
Compact (siglet) 8 25 42
(a) (b) (c) (d) 1000
¢ 0001 o ceamoret S oot
- 4‘1’_ _Ti % 3400 { — direct . -~
+ ? % — meu:. QJI:T; [nlmlﬂ::] . - 5
f T T $ ] compact, co-p [examples) ; - 5
—4— = e e f o o
—“4— = A e o
—“4— = A - i
|00001111111111) ]00100111111111) [00100111111111) |00101011111111) i B = _ ) g
_ _ *s ':::. ‘e_;::'_':f_..lx
A. Aspuru-Guzik et al.,, "Simulated Quantum - @®e® sc *C o ’:—'
oooicros | 14 Computation of Molecular Energies", Science 309, o e i “;ﬂ:‘ R CRDS

5741, 1704 (2005).
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« G. Carleo, M. Troyer, “Solving the quantum many-body problem with artificial neural networks”, Science 355, 602
(2017)

« M. Broughton et al., “TensorFlow Quantum: A Software Framework for Quantum Machine Learning”,
arXiv:2003.02989.

« K. Osaki, K. Mitarai, K. Fujii, "Classically Optimized Variational Quantum Eigensolver for Topological Ordered
Systems”, AQIS 2020.

BLTEDHDIAT . MEOWVLEIF(E X E(CHFER

« Y. Liu et. al. "A rigorous and robust quantum speed-up in supervised machine learning”, arXiv:2010.02174.
e H.-Y. Huang, et al. "Power of data in quantum machine learning”, Nature communications 12, 1-9 (2021).
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Proposal (simulation)
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K. Mitarai et al., “Quantum Circuit Learning”, Phys. Rev. A 98,
032309 (2018)

Demonstration (experiment)
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Depth

V. Havlicek et al., "Supervised learning with quantum
enhanced feature spaces", Nature 567, 209-212 (2019).
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Restricted Boltzmann Machine as variational ansatz
— Variational ansatz

)= p@lo)

Hidden
hl h spins

Visible

interaction Magnetic fields

h
1D Transverse-field Ising 1D AF Heisenberg 2D AF Heisenberg
(80 spins) (80 spins) (10x10 spins)
10-3
10-2
105}
10—6 i 10—4 I ] ] I
1 ‘% 4 1 2 4 o 8 16 32
a: # of hidden neurons G. Carleo and M. Troyer, "Solving the Quantum Many-Body Problem with CrpDs

©2021 CRDS | 17 Artificial Neural Networks", Science 355, 602 (2017). 5 rJ
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Discrete time crystald>=a3L—>3>

a Random Bit-strings Rﬂndnrn¢ and h, {2“:'} c Disorder and Initial-State Averaged Autocorrelators
e e, —
a: 0 1 o —@—Erﬁm 0 - A0} - A(OF)
a; [l & (R — N E -7 0.5- = A (Uecio) = Ag (ecuo)
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-+ |nslance 4 0.5
1104 V0085 : -1.0
0 10 20 20 40 60 80 100

Google Quantum Al and collaborators, "Observation of Time-Crystalline Eigenstate Order on a Quantum Processor", arXiv:2107.13571
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Enabling Practical-scale Quantum Computation (EPiQC)
NSFEETFdDP] (U. Chicago (%), MIT, Princeton, Duke, UCSB)

(2018~2023%. 57$10M)

. BRIV AEEFAOEI—Fa 207 —FF '
OF v DREICHBIF v TZED. EFI>E1—5 FrLe%agfih
ZIMEDEDICT B ENT—HY K~ UChicaco)
. SERT100-10002FE v hFEICEDEIZT7IL
JUXA VIRV, 22T RBEETS.
o« 11%MDPI, BE74&. RARDI3E., KERE3I6ZR
ENFRE (202145F11H168AN) 2

1) https://www.epiqc.cs.uchicago.edu/
2) https://www.epiqgc.cs.uchicago.edu/people
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Software-Tailored Architecture for Quantum co-design
NSFZETF@DP] ({XZ : Duke U.) (2018~2023%. $15M)

UTFD3DZFFEL. HFYOERNLGEF I E1—FZERTDITOZT T N,

©2021 CRDS |

« EHETEDIRT—FIIV\=FRDT7

Hardware Lead:
(U. Maryland, UC Berkeley, Duke U.) Chris Monroe (UMD)

o N\IANRZFREICTDIVINIT T ATV

(U. Chicago)
Software Stack Lead:

Fred Chong (U. Chicago)

e AE-ILF)\ AR TCEFEBMAEZNRIT D 7T —23>
(Tufts U., MIT, U. New Mexico)

Applications Lead: gy
Peter J. Love (Tufts U) [~

https://www.nsf.gov/news/news_summ.jsp?cntn_id=296227
http://staqg.pratt.duke.edu/
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QuTech

« )LD RIRKR. TNO. EFEFR/— b F—(CLK>TEHIL

« 299 HENFE (20208£12H) .

e [ERODETEEFI>Ea1—F7a0>7 (FTQC) |
Ei—F«>7] ROZHILEFIEDI—-FTa>2T] ODE3IFT— 70

i QuTech

-------

https://qutech.nl/

= e 25 = SVA NI SVN N Bty i

o« FTQCOFT—ICEANB100IL—TDS55B40)L—TH, ZILTUX L, P—FFTF v,
P N g 2= (2015$b\b10$r'aﬂ)
« Intel. Microsoft& H[EIMHZTZ kb, TU Delft in-kind 29 ME
TU Delft in-cash 20 M€
TNO in cash* 50.75 M€
NWO/ENW* 36.18 M€
o NWO/TTW in cash 9.6 M€
- Total 145.53 M€
QuSoft (uSoft

SFYV T ND T PRFMERE U CEN R BRI, 77
IDRATIVEILAKE., PLARTIVSI LABBRXKETRYZ (20154%F)

o SITUHRERE21%. RABRD10%&. KERAE1781E5E (2021
F1181R7E)

« ADDMFERFT—NIF [EFSZal—S3>EPEFEY KT
Uo—>3>] [EFERRNZE] [EFEs] [EF7)L0U
ALEHEHMME] .

©2021CRDS | 22

https: //www qusoft.org/




2. EfRS - REIOEF 7T VT —> 3 D ZIBBR

) ERNEYS [BFY I NI FPHFE

c =EFsTE )V —F7T0F v

s = F JOUS=>/JEEE
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e = F VLU

s DETFETE

« EFRY ND—TJDYV I D)
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e =FUFa2UUFT~+

SIG-QS [E&FYV T hIT VLS —

https://siggs.ipsj.or.jp/ CRDS
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Qiskit (by IBM) O O
Cirg+TFQ (by Google) O
VIkox7
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DL
qiskit IBM 88831
pyquil Rigetti 33010
cirg Google 25220
dwave-system D-Wave 10519
amazon-braket-sdk Amazon 6279
pennylane Xanadu 5372
pytket CQC 4306
projectq ETH Zurich 1372

Source: Pypistat.org (HAfE 2021.5.18~6.18)

https://quantumcomputingreport.com/relative-popularity-of-different-quantum-programming-platforms/
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T. Lubinski, et al., "Application-Oriented Performance

S. Ebadi et. al., "Quantum phases of matter on a 256-
Benchmarks for Quantum Computing", arXiv:2110.03137 atom programmable quantum simulator”, Nature
(2021). volume 595, pages227-232 (2021)
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