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STRATEGIC PROPOSAL
Quantum Computer Science for All -Towards novel quantum applications-

Executive Summary

The exponential performance improvement of modern computers approaches
technological and economic limits of the semiconductor microfabrication. We are no
longer able to enjoy the “free lunch” of performance improvement by the increase
in the number of transistors. Meanwhile, computational demands, such as big data
analytics, media processing, deep learning, combinatorial optimization, secure cloud
computing, are expected to increase, thus great social expectation is given to the
improvement of the capability of modern computer systems. It is urgent to continually
improve the performance without increasing the number of transistors by using a new
computing paradigm, novel programming models, new algorithms and software, non-
conventional architectures, devices and materials, and so on.

Reflecting such a research trend headed to the post-Moore’s-law era, “quantum
com-puter” is attracting academia and industry in recent years. If quantum
computer operates according to the theory, it is possible to perform essentially faster
computation than the modern computer (or so-called “classical” computer). However,
this quantum speedup has never been proven by experiment at the present time.
There 1s still a big gap between the situation of real machines and the number of
the qubit (quantum bit) and fidelity of the control gate required by typical quantum
algorithms, such as Shor’s factoring and Grover’s search algorithms.

In order to fill this gap, it is necessary to enhance the research and development of
quantum software and architecture and strengthen the whole quantum computing re-
search from quantum information theory to quantum hardwares. The research targets
are (1) development, implementation, and demonstration of quantum-classical hybrid
algorithms, (2) preparation of quantum software development environment including
lan-guage, compiler, debugger, and simulator, and (3) quantum computer architecture
design based on quantum error correction code.

In particular, for NISQ? computers, it is essential to explore and discover new algo-
rithms and killer applications as to what kind of problems can take benefit from
quantum computing. To that end, it is necessary to construct a software development
platform packaged with various tools and simulators that make the quantum
programs executable in a trial-and-error manner. It is also important to tackle
research topics that span hardware and software. More specifically, this includes the
quantum computer architec-tures that implement quantum error-correcting code, the
development of middleware and firmware to support the implementation of error
correction codes, electrical engineering on control electronics for precise control and
measurement of qubits.

The field of quantum information processing has been growing as a part of physics,
but the trend of worldwide R&D on the quantum computing is gradually shifting to

2 Noisy Intermediate-Scale Quantum
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the engineering challenge of “How to build quantum computers”. This may be fully
answered only by neither physics nor computer science.

From now on, “quantum computer science” will play an important role as a guiding
principle for building the quantum computer. The various players are needed in
each aspect of interdisciplinary integration and collaboration, the participation from
industry and developers community, and partnership with international collaborators.
Because it is difficult for any player to prepare the necessary technology and personnel
in full stack, it is key to exchanging everything necessary for the realization of the
quantum computer such as knowledge, technology, human resources, over barriers of
disciplines and affiliations.

Although the great economic and social impact of realization of the quantum
computer is expected, its R&D requires a long-term perspective and thus it is still too
uncertainty and risky for many private companies. Therefore, the investment on the
quantum com-puter from the market will be insufficient. Thus, the government should
take action on the promotion of inevitable multidisciplinary research on quantum
hardware and software, establish new R&D centers as a hub for the network, the
provision of a quantum software development environment, and fostering quantum
computing community and business ecosystem.

In addition to the promotion of R&D by “quantum-native” researchers and
engineers, it is necessary to provide education and training programs to people who
are not so familiar with quantum mechanics. The quantum computing community has
a responsibility to provide accurate and aggressive outreach and engagement to the
society. Supporting the quantum start-up companies to spin out is also important to
the formation of quantum computing ecosystem.

In the next 50 years, we will enter the era of “quantum ICT”, where we can freely
use and combine various quantum technologies such as quantum sensors, quantum
net-work, quantum clock, quantum cryptography, and quantum computers. In this
era, we should not only see the great advancement of quantum chemical calculation
and quantum machine learning as discussed in this proposal but also the creation of
new quantum ap-plications, services, and industries. At that time, scientific research
and discovery using quantum computers will not be science fiction anymore.

We should strongly accelerate and promote quantum computer science towards the
quantum ICT era beyond the NISQ era and advance a solid step to the realization of
the scalable fault-tolerant quantum computer.

CRDS-FY2018-SP-04 Center for Research and Development Strategy, Japan Science and Technology Agency
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IEZEH TIT N,

20 ot %, Bt~ E B ORI TG T A4 7 F U OREEE & Zh31 73
A7V == TROEERLE NS | 5§ BEHROBIZENEE MO, ZOME, BIEDOE
B T H W AIIZAL T STV D ER 2 72 RIE S A3 B 5 NRHAOTEREEAT I IR BRI e L
= 3K PE IR 40 ~ 50 IO E RFEE L 72 o 72,

20 HARRITIZERDOBFEE T L CRRATRE R EIIREB L, K0 FEELS &S T
EL~DY T MR E -T2, B FERS OB T, IRIFEN ORI S &
SRR - REFL, EBRRTT vEA LELGNLET X A HICHREZENRD, &0
) TBEXIVE] 2B LD FOEVIABRND DX E2ED Z L Lotz BlzIE, Yikliik
A RO E 2014 /NI T (BR) paifk Le T 7Y —aR ] 1%, 1RO S 1
LB _—ADHFN B TITERRARETH - T-. OO AN T DR & LTt
AREBRLTWD,

AL« R R FEBRCRIIBA E T I oo 5, KRERKRT Uy L EZFD
ToHe s, EMERE o v ¥ 2 — X — & ATz in silico Y FixEtTh D, TEDN— R =
7. V7 N2 T OBINBRERIZE o T, RAICAEILTER - BEEIRERREZMN D D
TN RGO TS, TOEREIZIE, V7 b7 =7 ORIz T, *kE D.E.Shaw
Research 73BH% 9% Anton > U — X (2009 ~). HAOHAF - K+ 5 NS S
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MD-GRAPE v U — X (1997 ~) #{ZUL® & L7z, /781715 (Molecular Dynamics:
MD) FEHAEORENKEV, BIED Anton2 RO, MD-GRAPE4 44
OB THRBMREEZ > TWVWD EZATHD,

in silico 73 aXat OB, (1) AFPIICEER X VX7 EO, HEIIZH X212
DI ENICIER 95 2 & CHREZ TR - Gt S8 IR0 L& DkEr. (2)
FNBREEDE X R ED%E % MD ¥ 2 L—3 g U CHILL, ERLEMOMLA
EE - BB A 52T in silico FCHENT AL, TH D,

BN BT~ T O+ EEATHERSFTHY, TOLFEHETLH L
IREETH D, L, WOoERETLZL T, KO HbAEY L OB BER 2 HHE
LTI Z L IFHERODH D58 T —~ Th D, 0 2 1E OB EICB T D AHER S F v —
DRENEF L SNHXTTF R —2tkb, YHEELE LIEXTT R (=FEFIThs s
YRY) DD EERMET AN THELU EICEESETh T ER gD oD
HHTD, BT LG LEREERT 57 F K20 Hbaw~ L BT 572D
in silico FiEZz 7 /WVIERT 5 | BARERS~ SR 2K L & BB MEH TV D, BCKD A T
77— bRROEIEE &> TWnD,

LHDEZAH NISQ &EFarBa—X—TH2D0FH A4 RXTIRETH 5 [36],
2017 4212 IBM OBFJEE 1%, BeH, 5172 & ORGP HHR 5 FI2OWT, KK 6 DD
BrEy MR LENISQ B Far v a—Z2— |2 kB EFHEOREMN 27 LT,
ZhiE, HETBeH, L W) VU TN F IRl LT TH 5, FlAITSILER
I LCTHA R [AZF ) (X BeH, @ 50 {50574 A X, 2017 412 in silico 197
Zu—FEH L E B S AIERER [BCL-2) X 2500 50551V A4 XA ThH D,

AREE & 72 D DI A X720 TR BIFE~OISIZIZAEEER EAER 2O O
B EERZ, 1 SUVBERES A DX A LAV THETIVNELH TS
END  FHEOBME S SCERBEIIMENICE E D, TOLED NISQEFI L Ea—F—
D~x— RT =7 MEREm B2 T < KRB MD 5HREZRER EEd 5 - &
FNAT Uy RTAITY XLOFAN, &3 Ea—X—DRIBE~DOEEOREX I &R
EDTHEERERNERDIEA D,

AEhE AV Ea—F—ROTIHOREH Y 7 b =T 3G+ 5E, Eig (1) (2)
DEERIZE B E S &L BN WKIBRABEDFEL, oW IBEfFOEMEREa B —F— &
O EFRBREEIC LD ET - HiNg T YU v Rin silico BIFEDONENEB T 5 H 0 &
M ns,

2.2.2 ¥WFE - RELOIE

M I PE G BB TA X7 OB EMRTHY, BEFar B a—2—Z
NG SIIERTH 5, BUED N THIEE T — L O EMTH 7275 Bl THE 5T OB 8 Hoff
ThHY., BHEpE, B, MEH AIEEZR EORIEEITE S I KT Rl NI, s,
R, = F— g SRR TN O PEZEREIC T, MR E O EEE I Th
%o ZDX D RINFHOFEEBERIISHERD, o, S%RAERBRENLIAEND LT
HINTNWDHED, EFarbta—¥—0FEMAE R a—F I AN DEMO TG T
XREETH D,

AL a—H—DREELE. T OPHITORREIZ. BVICER LA D R L L CRR

CRDS-FY2018-SP-04 EMFRAREARZEAIREMEE MEFERB L 22—

SOt AT N I



24

¥eg 7 0R—YI
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THELNDRTV, T Ea—F—DOHREIORERESRT L - T, RS HTCE
SR T 72 £ OREEH - AN e FEEZ KB 7 — 2 ICHEHTE L L9 Ik oTe, £
72, 1950 FFfRICIE, RN—tE T hr U NIRBEND LI BRAT=2—F LRy NU—T D
BAELRBENEL, ANV~ o RFy T 74—V Ry NU—T 72 EICRE LT,
Flo. N 7uanF—=a Nl FEETORBEYYE (T4 —T7T7—=7) HEA
i, BERAT =%ty ha GPU ICL > CTHEELETHZ L THEY (ZED) =2—7F
NF oy NT—7 5845 2 LINAlRE L Ip o 1o, iR 7 & T A ORBIR A Bnl A
BENS R ST Z & BRI, BIEDO N THIEEY — AR MhE -T2,

2017 FBUEDOREMEE OTHHAIL 14 B R E W) L U RH D | 2022 4F121% 88
B RATHCETHEMT 5 L PHlSN TS, TTHREORER I TRIRECH 528, D
< &1 2030 FIZIFZOREOHHBHELRH L L LT, TOEHIZEFLTWLTHA H /)
HIFELONISQ E 2 Ea— X =N 5% RBETHLUER I Ea—F—0bi =T 28X
L, TN THEMIZIT 5 E RLVOTiE#gE L 5,

B o —F I LAMEHIER T E ~DOT 7o —F THfF STV A DL, il
a2 — X —TIEERHT 2 2 ERHEE Y — U DR TR TH D, ELITETR
X A2 U AT A TIIRRINTAER TE RV AR — U R IS AR TE 5 EWif S
TRy, —HOEMFE 2 A7 Cliftkarva—4F—LbEFaryBa—¥—0DIl%)
DMEIL TV D AREENR B 5,

DX e BT EA~ORICEY BT a3 B a—F = ham - RRF7RA X
7 NEFELNE I DL, DR ET - HFIT ALY XAORRICKE o T D,
BTHBTEIL, 2E LTEEka s va—4 — ETHEITINAIEMEE Y 7 =T
DOD—H %k, Brasa—F—ETToOVT7A—F iR 7 L3 A LE LTEEL,
FEDHBEIZBW T B o —4 —TIITT 2 LV b MEFHRAT » THIN NS K
te (ETIENHD) ZENWIFFSNTND, ZOEMEMEIL, BFEMRERIC X 25 EE
Diimh, AROY A XOREEHIROVEREDORED T S A 22X > TEITTHHEDE
B ORI OMNCERETIHERND D, £, H7 L2 ) X AT GERMERED R
NEZWZHLONTILT LEMONTELT, BREATEO XS % (Filpy) 713y X
LRI THY , 70T XLOmEtkEs LT, BRFETH LN TN D fi~_ 2
KTV IYZAEDHEEETHD, EWVWIHITETLNEZR, O, BIEREINT
WD ETRERTEE T LT ALY b EEAR T LT Y XARFE I D TR IS E
TER, FERE, BETHE AT LAEMINDG T T Y AL, ZRETOHBARA T
N Y X NERBEEENC BRI AENT- BTV AL ThHo20, IEINThHrHE
BT, LEHEe iR T7T LT Y X ARHE XN,

T —MEETF I Ea—% E BT EEZITO BT T T XA O REIN
TW5b, RFEFNT, SEMEICKHET 5 & 7R — b7 ¥ —< 3 (Quantum support
vector machine), U v PVAlF &R D EUR O FIEOEFIRTH D E TV v VEIG
(Quantum Ridge regression) . #ffi7e LFE P L TALVY v~y b mfay
Yo — X — FCEET 5 EAHEESE (Quantum deep learning) 72 EAEE I TV D,
INODOFEOHDMITE JISEROKFT THY, HHOXZX -7 LY XALY HEE
EORTENTWLETELEIMTLLEZA VLD L H D [37],

B RICH TR SN TWDOIX, Hill - B A7 Yy K7 v Y XA EFETIT
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Wa, frlla s o —F—LtE&farta—F—%MFEbEI, HTLOWEATOT L
Y ALThHD, AIfiChNZEY , B LFEHETIZVQE 73 Y XL LIS F
ENRRENTH D [36], BB TE CHERINLTWA R - &7 /7Yy KT T
UXLDOOEDIZ, BT EET /L2 Y X2 (Quantum approximate optimization
algorithm (QAOA)) N F 55 [88], Z 7 /NI X AT EEEELIEE RS T
N3 Y XATH DM, Rigetti Computing DAFEE HIZL AT ES A R L—v a3 T, (#
AiZp L) B8 2 2 7 A TE 52 8D, HHEED T,

BARMICIZ, 7— 2 OFBEICIS U CEADITEZT 52 & T, HE ConEiiE
Z (HAfHE) MAXCUT & & W o A G b RE{bEO —f e LTERLL, £
DA LB Z QAOA % FIT79 5 Z & TR LW 9) FILTIZ72 > T\, Rigetti
Computing OWFFETIX, 19 EFE Y FOE I Ea—¥— FETQAOA % HEERIZHELT
THTEVARN—VarEfTolz, BTRIROBHSE~OBEHE VI FH LW x L
R LIZEWRTZO QAOA LW ) 73 Y X AFXERICET 208, TOFHEENN
BT TY R AEBZ D EBERICIEA STV Db Tide < BRI sr
LTCWAENH D RIITEENMLETH 5,

223 BE - 7OV IFI—2BEANDERDR

MOMMERFa L Ea—F—0RBICL-oThHEbENDETREND o L b K&
It BB A X7 MiX, SHA RFEME 572 EORE 5 AT AO8ID B2 ONETH 5,
Nature 5520179 A 4 HZIX& Y 7 by =7 ZREL, £26 17T L1, BT
TNTY XLAORER IR TV AT LA~DOEEBEZ R LTz, a7 o7 /3 X AR
W5 i U gy 5 (772 L+ RidR) OREEELZ Enbnd, ZOXHIT,
BEFEMND I T IE, EITIER TH 5,

K26 EFAVE1—E—DBBICIDESOREHOEIL

SOt AT N I

HBEIES e RiRozkeH KRR FEFRESMH
AES-128 HBERES 128 64 (/'A—/—)
AES-256 HBEREES 256 128 (/'m—/3—)
Salsa20 HBRES 256 128 (/'m—/3—)
GMAC Aytv—YREa—-F 128 128 (&7 L)
Poly1305 Ayt—VREa—F 128 128 (&7 L)
SHA-256 Ny a2 BBE 256 128 (/'m—/—)
SHA3-256 APZEN: E 256 128 (/'m—/3—)
RSA-3072 St 128 gt (>3 7)
RSA-3072 B4 128 fgsz (a2 7)
DH-3072 FRRTHR 128 f@sz (> a7)
DSA-3072 EL 128 sz (> a7)
256-bit ECDH FERIHR 128 R (2 7)
256-bit ECDSA  E% 128 gt (>3 7)
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FIRFIZ, [AESIE, B ETE Y hO=T7—%2 10" (1 KH0 1), o, WHETE Y
FOTZT—%10° 12z 5 LT 5L, FRVETIEIC, 1005 107 HOE By MAME L
LCEY, LEREOERDO XS BRBENRFREL 7251215 30 ~ 50 b & PRI D, it
J7C, KEREAERANAFFEAT NIST 1%, 53 AT AOBITIZ 10 N1 OIE(ETH 5 =
Ll TNAITYXLARETE Y NOBRIEO AR L H 5729, 2016 42 Az, &7
U a— XL KD EHRRE RN AR L oo TH R EMERIETE S R &1
B OEWELRHEZ3E LT\ 5 [39], =T —MHE 3 B a—F —2 L > TRES
fENE AL SN THEEMEE MR TE DT B LRI 2 R R OB L BIR ST
Do
RIS RO EHEAIT, LMK S 2T A28 L TV A RAEEIC S B2 KT
TLEZOLND, EEE. By baAf Tl SHA256 23y =B LTEbhTlY,
T —MEEFI U Ea— 2L @RI~ =T T52 LbAREE D ERLN
%, Credit Suisse /% 2018 4£ 1 A 11 HIZ [Blockchain 2.0) W9 LAR— M Z3ITL [ &
FRHEHEAIEEE LRI EEMEL 0D L, EEARIZS IR0, BEED
B, FlziE, 2026 £ TIZ 1/7 O, 2031 £ TIZ 50 % TABRER S0 S h
HESWANLTHEN WD, L, bL, £9Ro7eb, TUXNVELIHEDLNLEEGFD
AR S IXETEFTAIY ALIZATTLEY, 7yl Fo—rE20E L THER
MR LR B A Ea—F =D 5ol ~0OEIL, 7uy s Fo—rEFDHD0
X TRENWZ & 2L W15 [40],

SEBERS

R FiE

RIABE T — & BEAR

SRR

BFRTL2o—

TR Y FTIEER

YE - BFIRH
AEYRDEALF IV R

K26 2EFa>E1—2—0ORIFHA /NI b

77y Ihx—IER/INST F IR
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2.3 FEEEMT LORR

BAfa Va—F—RNRIETREHEIT EDA 37 Mid, K 2.6 1R X9 ICkE% 724y
S, BEfara—F—|ZXbEEFHAEIL. AL TFICRE R E
HZ2 955, NTJeGR, “REM, e Eek iR & oL 08 Ok~ ik Cli &
FALFHFIIALNCEETH Y NISQ BEF a2 Va— X —DOiERA MG TE 5, F7-.
B UNTERA T A EatG b L KB o8 173t R Tk, # P LbEFar
Va— 4 —OEEMHITRAENR, L, ZOBATH-TH, BEF - Hg 7
Uy R7ATY ZAARFEZEL T, o FEN PR ORI NER, &A1 AL
TORTHFERY (Fio) HEFERASLL AL H D,

O 2 —H —FREROHE R EADA R P B EHTE R, RA R A—T ML
TOFEMMERE 2k F+ A2 FBRE LT, BFavta— 4 —%27 7851 —F—
WD Z &7 D BLEMICEDN S, £/, Himl L Th, Brartta—4— (=&
FFa—Y o Twvr) LWHIRERDTF 2—) T~ LITR AR EHE#E EToT v
Y XLOMEIE, 40 GF#) 7TV XLOREICE > THEREEbNWS, Bh-
BTN ITY XRLOFRERIL, 70 ZZNNEBIRFRTON— R =27 CHEITTE D RIALN
72 b, RGO E RCENT S, FHlla B —F —THhENIZTIab—
ary TERVWE ALY 2 — 2 — DRI FEWIT, HEEMEE R IS D 2 A E (28
FREEL 720 EBRSE U DN TND Z &) EESCBERLTEY , & HlBOFEFELFH FHEL
RS E S CTHRRBR LD,

BaAEa— X —ORBIMHFEORICHIEN Y 2 /RE5, 77 v 7 R— L OFHRN
7 R A oEERER EOEmOWNW D02 NISQ & F 2 Ea—4%— L TET
V3al—varb LTHEETDHIEITAERLEA I, ACUROEAFTIT A &TD
F AR ETHEEEIC, HInTAROES VI al—YvarrdBEfFarta—2—RN 79 &
N2 DIEA D, MBEFEADOFBDOA X7 NI, BfarEa—X—&2fET 52 LT
372K, BFara—%—TCHET 50 ROERTH 5,
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RN G RARSERE

3.1 MR EMARFERE

BROBEFa vy Ea—F—BEORE2MES - FEETF2ETRRZEEBY (1)
NISQ & a2 Ea—F—DX% 7 =77V r—a AP, (2) A7r—J 7)1V
%3V51*5*@u#%ﬂﬂiﬁ% (3) ZBEHEF & U CHZEHI O 720 A D3R 2 -

2 =T o DINEEEL “CE%Z)

NISQ BEfarba—2—1Cm 77U r—a CORRICE, B il L aY X
LOKE N RN A AR TH D, 3.2 TRHEAEMHHGEIN TV I ELFEFA L ET
AR BT 2B R &, ICAMND RAENISQ ¥ 7 —T 7V r—va v DREY
BIERD, BURO/N— R =TIk 5 BERGEOBEILD HDRRE I N, ~— K
v =7 LIEALRIC GRELLULT) BT N T Y R AVT Y X AR EED, £
IS U T2 NISQ a2 B a—X—D7 =X 7 7 F v 2ikit325 [ FAA V&
M7 —%727F v OFxFH 14 bEHEEZDND,

BRx g - T LT Y XAORITHRRIZIE, TAITV X7 vl I hE L TESX
L, Y7 MU =TIHMENLTCTHTEODY 7 by = TRBRENLETH D, 3.3 Tk
Xolz, 24T, FAT TV, TR EOFFY —)L, I7~®%5;?7A4
AD/HEHENE I alb—arTirEREYIal—4¥— BTl II 0 EREGE
MEFEC DSLY) kI a s Ba— 4 —REOE 1 LERFY—F v M E L TEXRME
FAREHE NS BMETH D, £, &Yy MNIOHERRRERSCE 7T /3 2T & OMEREAN
TR LN b T 5 (FIEERT D) ~— RU = TR EFEOMTE. £ DOl
GELVTOYIalb—Ta s - Rk, ERE WG, B - Sy o — - JEa
BRI 7 & d BRI A & OB E 2 L2 DN — R =T Y7 "= THBELEETH D,

T MR Ea—2—OFREBUTMT T2, A7 —IVT v T D= DR IRRE
FBHOBERIVETH S, 22T, 34 IZFTFTDHEIE, T—FT 7 F X IZHESNTE
Fara—X—DOMEREEHED TP ZERHETH D, TOMRBIL, BEFEVETE
ﬁ%%wﬂﬁﬁbkﬂéﬂfkéoA~F¢:7£‘f HENTH LWE TRV ETIER &
OB, MR YU HVETEVETIET 0/ T AOREICKLEL D a3, T (&1
A DO « U Y —AHEE - BREEY —/L. 7 — MIGIROBHRN) <o, HIERSF % fitr
L CREV FTIEDHIE 23K/~ A A—T » O ILT — X AU FERER M5 2 JLFL 9
HEH O =y N, Sy NT =X T 7 F ¥ E2ED LT HN, BRI T —x
T T OFATERR L BN RD D,

28/ - BFNATVy RN XLDREFE - KK - Eil

3.2.1 EFLEEE

B CHEH SN BEFa L Ya—T 4 /7 U r—ya 0o 1o, i
Ba— X —CHRETHIFEHT BT NIFNV AT LADSLENDY I ab— g
Th b, MEREEHCAIZEZ: & CHEICRYy T o & T RI1L, BEEOE TN —a U FHAE

! Domain-specific language (K2 A U[HB S5E)
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ML > THENIEEZRIELL 5O EFLZRRTH D,

BRI B T 278D AR DO L HDid, WE OB M E 2T 5y 2 b—
T A H=HTRAZHE IR L THD, ZROEFE2ET0LY 2 L—T 4 =K
AIRENT, BB RIS Z R TEE, BTIRE, oG, LRRUSEE.
YR EARE LS T2 2 ENATREL 72 0 | MBRRGHOAIKICTE N DM AN b
Do

LinL. v ab—7 4 U —RR% B ik < OICHBERRGHRRFFIT, FHETX&E
FEUTR U CTHREBIEICHIINT 2, 2D, ZEFROY 2 b—TF 4 =R %E
JRICIR S 2 S RIZITRARETH V. LN HE S FIEBRZHBAFE ST D,

Bfarbta—2—2 VR AHEEFREZTIBROFIRZLLTO@EY Th 5,

(1) fRX7-WETRDNIL =T % Born-Oppenhimer ¥, 2 9%,

(2) H_ETALSEITV, 0 & 1 DEOAR TR TE S X HICT 5,

(3) Bravyi-Kitaev i ¢ #17, &1/ — FCHRETE L LoIC~vy B 7T 5,
4) NrFAHEE 7 L2 U X2 (Phase Estimation Algorithm : PEA) & L < 340 &

[& A fE /L3 — (Variational Quantum Eigensolver : VQE) # HWT& 1=
Ba— X —THE,

Wiia VB o — & — 2K DR LT h D R EMM AVERE (Full Configuration
Interaction Method : FCI %) (X8 T2t % LatH R R AR EIZHE T 5 DTt
L. PEA #& a3 Ea— ¥ —TCHEITLELGAIZIEZR U A XOME% 2 RN T
ITADZENRENTND, LrL, BEDORWPEA OFETIE, 2HOEFE Y %
BoOBF7— MUME ROEFRER) AU ETHY EANICE T R B a—
X —TCOFITERETHLEND D,

— T, VQE 7 v =Y XLE, OB SR T LT Y X LI R 72 T
F— NEENS b ETHENEOIAE N, & - AT Uy K7 Y XA [41]
Thb, TDOIH, TT—NELGFENVEFHAICAME 2 NISQ &2 Ea—H¥—T
LHOFEEEROLDHAENARETH D, NELRDIETE Yy Mk, RITHBBE L £
TOMERIZTOBEF AL CHUEKZ T TH Y. BeH, 7o L D/hS oy Thiid, %
JEOREEDO =X NV X —2H AT L7 DICEETREBEIHEOEIT NN 6HER2D D
T, 6@ EY hONISQ &1 2> Ea—&—|ZRENHT NS [36],

VQE 73 Y XATIE, B30 A—F O ORITIEBIBI AV, BEFiET 71—
FAL S T=RINAF—FHE L, TOMEPNESLKBRDEITNNTA—ZETHLERZNS
MR LEREZITI, AA 2 NI, BATIREBIS & OB L 2 EIZ EEITV 50
THO ., BELLL TOIUTDE O K L CTHENK T T 25, 3UTEHEIREK ORI NA
L TOIUE, RERBENGOND E TOFEOB IR LI E 2D, £, 2K
TED/NT A —H OYMUE S MEOPORMEZ 24 L, WlEE CH 2 L ViEERE (72

PR HOERENETORRLY bEPICREVWI EZFMLT, W EETOBE 2oL, KT ZEEEShTHE b0 L Bt
&,

BOBFEAE®RL, WIEAFEEF CEEMIT-V 2 b—T ¢ =GR (B—o&1b) LREOFRAICHW T, KEiEEs
PO 7 LR 5 Z & o8 L & RS,

CRETEIR BT o — 2RO B I D IR Tk
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bbBEz & LSBT BIEEIRIE) 122> T D LK) ICHNCHEZ L TBWT, £2n
5VQE 73 XATERBELTDEWVWILIRT /= 7 b LEE R D,

NISQ &2 Ea—F#—TCOEHMLFIHRE THWAEERMOEy he LT, FOX
I O E AW TEATIREIBISR 2 1ED & By, BREH 5 5RO X B e i Se B R i
T b, BERE SN T DRI R EIINE KL T Gold standard & &4 5 R 1THEH)
Bz ara—2—HIZT LY LTHEALTWD2, 20X ) 2 T E B
SEIERMEWOHBETEHENNE > MNTbr B0,

FHTEL2E&FEY MEABROLNTWDRNTIE, ¥Iab—rarLlitnWnfIilaE
NAHETOEFPEZFREICRVATDLOIXFE AR L 725, 207D, EOEFHIEN
SR ROEEICEEL RIET AR LIEH L TR, RITiEREHcsh=
FICH D AN T SIERN AR EZ0 D, SEIE ey (FIFEREHD) O=xL
F—HREOTOOREEEHEOE Y N EMLBEL R ALV -BUEKOBZFK 3.1 ICE DT,
VQE 7 /v 3V AATIFEAE Y - i ER LT OEFE Yy BT 2LEND D03,
IHHDEIZNISQ &EFar Ba—F—L L THENREICEE > TV 5, RITHE
BoETRETORILE (BETEy ML ETRE) L8O E/EOHED L —
N7 ORI 725G 70 £ FATIREI B O EHES OMBEIT NISQ & 2 v B a— 4 —
TOERLFHREOBEZELRWIHBE Y —7 > b TH 5 [42],

3.2.2 EFHEWMEY - ELIRE(L

BFarEa— I XM E I, BEEEEICE IR E DO — Rk TR LM<
Z LN T& D Harrow, Hassidim, Lloyd (2 K2 & 703 XL E2F e L,
TR RERZ X R TH D 37, ZOT VTV XNIESE, T4 T 407,
SVM (Support Vector Machine) . 73872 & DR FE X A7 OO OFH LWEF T /0=
UAX LGP SN,

BT, =Y Ra—F =77V r—vary, Br703) XAOBXTIRRINT
BO, FlZIE TEFHEES AT L) EFEENS 7 L3 Y X AE, Netflix X° Amazon @ X
VIRV AT AOZ—WIZ, ZNETHLN TN d T LT Y XA XY bR &

xR 3.1 EFEFHEICHERAE VEHLEHROF

9F RAEY - HEH HE
NH; 16 stobg
H,S 22 stobg
H,O 14 stobg
H,O 38 dzvp
H,0 50 p6311ss
FeMoco 16 tzvp
FeMoco 24 tzvp
FeMoco 108 tzvp
FeMoco 114 tzvp
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< ELTEMINTWDEN, BIED L ZABRTHMRFEE T LI XLOFITIINE LD
F— b EORELVIIHE VLN TRV [37], A AR+ kEDBEIZ OV T
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Technology| '\ e EREERREETT\ [T
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FEN
Personal Attractive Experience Futuristic Experience Hyper Experience
Benefit IV AR TV RIEA
Emotional Value

K31 22 E1—&2—DIE21DHE
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RIEN BV,

N0 I o B A SNl = 5 4 7 ISCA2018 (International Symposium on Computer
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3.3 EFV7 b1 7HRRRRDE

3.3.1 EFVI7 M7 7HESTY M (SDK)

Bfarba—%—0FERIZET, ~N— FU=TIZB) AR OMER & FEkIC, FHE
HmXo7 v s 707y 7 Ny T OREBLRE RV, BT HHT LT Y XA
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VAN, BFa L Pa—T 4 Z1ItB0TiE. BF A — R 27 OERENELL ., £°5
777 MEELROWERRRINTH D DT, BHEICTDORELZT D,

AL LTabHVEL I RDIE, BIE NI VAT VEFEY PRI T v T4 F
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CRDS-FY2018-SP-04 EMFRAREARZEAIREEE MEFERB L 22—



¥eg 7 0R—YI
HABDEFAVE1—42— ~BR - B8 - EFIZERHFLOWEF7ZT) ~

wEF Ny b, MHARF, 6, AV Kifs, ~3 7 F 72 IF0E ZRETLEIX
IR0 BT STl FEOHEZ b OB T REHAWA Z LIZRY, a7 T
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fETH 5, IBM @ QISKit (21, m—H/LdD PC ETEWET S I 2 L—&—8 2 fiHH
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EFETIIERREEEZOND, T2, Valb—valrTr8FarBa—4—0DRE5
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¥, FPGA THRIT L7295 2T, EAN—Kv =27 777 L —X—TiHETH, L9
KO L ARETH A D, BNV I 2 L—F—F, ERANRETY 7 by =T
RIFIZRSS, Hl 7 e ZHERCmoBEERT A A (BfkvrY—, BE1EE
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3.3.3 EFBHREBEDNDES AT LK

NISQ &7 2> Ea—4 —HKTIEhd, BTt —E TPk SOt R
IZhbd, BETERESRE NISQ B2 Ea— ¥ —%MAGbEEET AT AL A
REL7es, BETEREFETEROETIUHET IO, FEMICEIa B a—2—DH
Z7RWHEITH Y, NISQ &2 Ea—F—0O7 FulWaiEhLizx7—771 7r—
va USROS ATEEMEIT R,
BEHEROAMNZR S ZENTENER, HIZE, ErErP—00b0EFEREE T
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3.4 EFRVUITERSICEDSEFIAVE1—4—T—FFIFv;

A=l L DETLURAZ =D - JIE) 21TV, HBEICE > TUIXZ O RS & 71
WMOFEHNHLTCETE Y —ICT7 A= NN I THEIRTATALA[BBE R D,
BEDONISQ B2 Va—¥—0FHREET VX, &1 VYV AKX &2 HHfliE L CE#
MPERF B~ > Th D QRAM E7 /L (Quantum random access machine) TH V. iy
BT DO AN T EH M Ea— X —%2 N L TERFLIVAXIZEZTZEND [44
45], Do, BTV —DPOLOBETIEREZOEERTLVIVAZ—ICANLEDY
BFasCa—Z—ICLDUBFEREEIFEHRE LTHA LD ITEE S TVRNY,
LD, FHEETADLNVING, BT - HlNA 7Y v REHE#ES 2T L ORRGE -
BRAEVR— b TDL5R Y7 02T « 7T N 74— 20NN ETHD, H# - &1
A7V RVATATESONESIEH LA SHICEZ S L5 iIcT 512, Y7 b
DT L LTEDLIZIMY I 3B CTEHEETH L, BT — %E%ﬁh%“
EDBEFEHRLELE D 2 — /L & OO BAEH R S MBI D, DT OB
Y7 b7, BEHILEL 2D ) Y —AHEE - BGkY —/v, & -IERGIESEE (&
FVHDL), #4722 L~V TOYIalb—F—HL KRR THDH, £/, ThbHbE X2 D%
FHESHE R D LI VAT AR V=T VT B RICT v 7L — R A8 G T
{%e RAAVARY T 4 w77 —%T 7 F v (WEREFIHE - BT KHT 25 HEME T —F
T I F ¥ OEl) OBEZFLROAN, YT hU =T =Ry =T OaFTVA T
FRTZN,
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M, FNENOERE EDO L)L THGALT 50, FEELE EO L H ITHAEEH SE 20,
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FOMERER EAERY WX, =T —iMEE I Ea—F —ICRF AT — T
7 HANR R E P DR T E D L DI o TE T,
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K32 EFRVUFSTERSOREEE LEME
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(%@ (E5%5) BRYSETIE SINIREEE

Steaneff= ~0.01%
2D REMS 2.9% 0.6-1% ENGIEEE Clifford
2D AFYIFILAT—F5 2.8% 0.3% ATRE Transversal Clifford
ADT—=ChT7-F5 0.31% - AIHE Transversal Clifford
3D H 7= - - AIHE Transversal T, S, CNOT
4D EEHS 1.59% - Ak

n—FD2fENH L, WET T —FlE, I T F T A IF R EOTZ=F L LR
NAHMERL 1% T JHEETICAER LT VA T 4 v 7 EMREN D Rk e iEE2 35 2 L TET
FHREZIT O HIEER, =4 OBRENEIETE TWRWIRILTH D, —HDIHFRT
Tu—FiL, PR HINLNEFBRYETEFFICL > TR o E vy F EO FRe Y
NGB IGHEE Y FOEREEOIAL, ZO L TETHEZITI HIETHD, 72< &
ADEFE Y NPRENZRD NI T Ay MIHDH OO, Z OB 72 BT Z
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2 RTRERS
ALEHSINTNWD PR Y HNVEFRVFTERSO—21E, 2RGRAFF T LIRS
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NT o T T HHE~NDINELHFELNDITTTHD, 2L, TOdiciE, (Dt
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BOREE, BMKIRY AT ABEOT V=T Vv 7 EON— Ry =7 O E A fiER LT
P T EDBRDBILD,
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RE[FFEZIICOE L AR I E RV T EF S TIEVH Lzl r+vy M B
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IBM 4 qubit OoT 0T 0T 0T0 T‘ IBM 16 qubit
(2015)

R e
(2016) ﬁ+‘+'+‘+ Rigetti 8 qubit
IBM 7 qubit F +.+_T_+-T_++-I (2017)

TU Delft 5 qubit F + + + + ?2((:)?78) aubtt
e e

UCSB 5 qubit —I;‘+ + + + «~—— Google/UCSB 6 qubit
(2014) (2017)

Google/UCSB + +Q+C +

9 qubit (2015) I.‘+ =0 == 0= 0= coogie/ucss 22 quit

()
.L.L.L'L.L' (2017)

[ BEEMERTE Y
4+ suF memBFEY L

3.2: 2 RiREMSEROBLEEFIVE1—4—MKRIIN—T

TlE, FTFEETEWmES — MR EOEENIEFICIEONTLE S, =T —MERET=
VB a— A —RNEOX ) BETHAEVTEEORBETITO ZENTE D TL o110 bITiX
TH—hEMEEND Y — FBNMBEER, "RV EFEBYITESES ECT A — %
HEFEITTHZ EIIARAEEIZ/ > TN D,

Z OO D—> L LT BEHIRRE & M3 D ik 7e B IR BE & — BRI HE (R L .
FNEWHELTCT 77— NERZFITT D HER D D, BIERELREV =T —2EFAT
WHTeD, %< OREEREBEE-> T [ZK¥E) LFENDFIRIC L > TER L A H#E L T,
FHREICEAT 2 ONERRNW O OBEEIREL RO 5 2 ENNEICR D, FEEILZZO
illlﬁifﬂé—ﬁ>ﬁ< T T —DRVWVOIEDOBEIEIREEZSD 2D T, & farta—F—
DY Y —=ADRNZBELT L LD, ZOAMIL, VY —ZAD9I0% LLEIZH LkSEWN
IHEED H D [49],

DX, TH— MDD BEIREDARA Y — N, =7 —iftEfFa B a—

—2ROMREDORYEZIOTLED EEZONTWDS, REFFIFHRMLED EZHN—FR
U 7 FEIERB OB A DI I 7RRR 0 FTIER 2R, S — NREO A — N —
Ny RED ML —=RET72EBEBEOLETT —%7 7 F ¥ iXFHI IO ANDR&ETHDH, £7-.
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