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YHUBEPCAIbHbI KBAHTOBbI KOMIMBIOTEP

YHuBepcasrbHbI KBAHTOBbLIN KOMMLIOTED - YCTPOMCTBO, KOTOPOE MOXET BbINOMHATL JH00YI0
YHUTApPHYO onepauuto U, nepesBogsiuiee peructp Krobumoe* u3 OOHOro COCTOAHMA B
apyroe B rnnbbepToBOM NPOCTPaHCTBE

Ulp>= |p’>.
JTtobaga onepauma U MoXeT OblTb 9ddEKTUBHO CKOMMUIIMPOBaAHA U3 KOHEYHOro Habopa
aneMeHTapHbIX reuToB. [pumep yHuBepcanbHoro Habopa renTos:

{U}={X, Z,Y, H, CNOT, T}, rae T = diag (1,e'™/4).

KBaHTOBbLIN Napannennam - ocHoBHoe npenmyllectso KK Hag oBblvHbIMU LM pOBbLIMU

(peaucmp u3 N udearbHbIx Klobumoeg => 2N cocmosiHul, docmuxxumbix 3a N onepauyul)
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YHUBEPCAbHbIV KBAHTOBbIV KOMIMBLIKOTEP: AITTOPUTMBbI

Anroputwm LLopa (1994) RSA ?7?7?

dakTopunsosatb 6onbLioe Yncno N 3a nonimHomuansHoe Bpems ot log N

N 1 2N -1

uf|x>|y>=é—zuf|n>|y>: LS n)| £ ()

N n=0 2N n=0

y A T (X)=a*modN

Anroputm poBepa (1996)

O(N)
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YHUBEPCANbHbIV KBAHTOBbI KOMMBLIOTEP

Umo makoe rone3Hbil KeaHmMo8bIlU KOMMbomep:.

YHueepcanbHbIl: He o2paHuYyueaemcsi OOHUM K/1aCCOM
3adau.

ToYHBIU: 8epPOSIMHOCMb OWUBKU Ha 8bIX00e MOXXem
6bImb CKOIb y200HO Mariol.

Macwmabupyemsbiu:. mpebogaHusi K pecypcam He pacmym
3KCINOHEeHUUarbHO C yMeHbUWEHUEM ueresou
8epOosIMHOCMU OWUbKU.
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APXUTEKTYPA YHUBEPCAJIbHOIO KBAHTOBOIO KOMINBKOTEPA

KpynHomacwTtabHbii YKK
[AOJIKEH CBA3aTb BOEAMHO
MUIIMOHBbI  UAWN  Jaxe

MUAANAPAbI KIoOUTOB.
EctTb paBa noaxoaa K
CO34aHMI0 TaKoOro
YCTPOWCTBA.

MepBbli Nnoaxod, - ogHOpoAHaA
ApPXUTEKTYpa, rae  KaxkAabin
KybuUT HanpAMyto COeAMHEH CO
CBOMMMU coceaamu,
TEXHUYECKN  NPMUBJIEKATENEH,
HO OH NJ1I0XO MacliTabupyeTcs.

B 3aBucmmocTu ot nnatpopmbl,
MOXKET noTpeboBaTbCA
MHOeCTBO yNpaBAAoLWmMx
Na3epoB  WUAN  MUKPOBOJIH,
HanpaBAEHHbIX Ha oAHY
dunsmyeckyto  obnactb, wAn
oyeHb OonbLWIOM  KpMOCTaT,
BMeLLatloLWmnin Bce KIobuTbl.

Y IONG
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ANbTEPHATMBHbLIA NOAX0A, - MOAYNAPHaA
apXUTEKTypa , [Ae KBAHTOBbIN KOMMbIOTEP
dbopmumpyeTca M3 MHoXKecTBa HebonbLIMX
MOAYNEN, KaKAblh COCTOUT TONbKO W3
(oTHOCUTENDBHO) HebonbLIoro Yyucna
Kobur.

3TN moaynmn HeobxoanMmo cBA3aTb BMecCTe
C BbIMO/IHATb MEXMOAY/bHbIE  LLUAHO3bI
MeXAy  YOoaneHHbIMM  KiobuTamm ¢

MOMOLLLbIO (A) dunsnyeckoro
nepemelleHunn KlobuTtos mexay
moaynamu  (Shuttling  ana  MOHHbIX
nnatpopm), wmam (B) ¢ nomouibto
TenenopTtauum COCTOSIHUW Klobntos
KomnbloTepa.
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KBAHTOBbLIV KOMMBIOTEP: POCT BHUMAHUSA
K TTPUNTOXEHUAM (He Tonbko dpaktopusauuns):

» 3aKoHbI 8blyucrieHul pa3sHbie (VN)

« KeaHmoeass xumusi. umess e8ceeo 200
6e30WUb0oYHbIX uoearibHbIX Kybumos,
KeaHmo8bIl KOMIblomep Moxem paszzadame
buorioau4ecKyro ghukcauyuro asoma.

(B Hacmosiwee epems npouecc lebepa-bowa nonydyeHus
ammuaka rnompebnissem 2% mupoeo2o 20008020 3arnaca
3Hepauu.)

» 3ad0a4u onmumu3sayuu
» MawuHHoe oby4yeHue

» QUHAaHCHI

» besonacHocmb gpyHKUUOHUpPOoBaHUs ADC

* Quantum Zoo [math.nist.gov/quantum/zoo]:

pazHoobpasue an2opummos...)

FeMoco

MoFe protein

http://www.pnas.org/cgi/doi/10.1073/pnas.1619152114
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KBAHTOBbI KOMMBLIKOTEP: POCT BHUMAHNSA
K T'TPUNTOXEHWNAM (He Tonbko dpakTtopusaums):

- IBM_

Mercedes-Benz
JIMTUN-CEPHbIE EATAPEU

*Exact diagonalization (or FCI, full configuration
interaction) comprise around 22 electrons and 22
orbitals, the size of an active space in the pentacene
molecule — 9 days on supercomputer.

* Lithium hydride (LiH), hydrogen sulfide (H.S),

0 4+S; = ~S. O, ® =i
lithium hydrogen sulfide (LiSH), and the desired Lo+ Sg == g7 7 == LS
product, lithium sulfide (Li,S). iV LiH . HyS
* IBM Q Valencia — 5-21 qubits 8 '
U [—u®—| crs, -
- anode | electrolyte cathode Q
,oF@-_H 83 %
e o o l'l.le egs 4
G e e |
- x : '.1..,,«"«--——-- - LiSH Li,S

Kandala, et al. Nature 549, 242-246 (2017)

2
|||||||||||||||| ce (A)
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(Arxiv.org/pdf/2001.01120.pdf, 2021)
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Co30aHue KeaHmos8bIX KOMIMbMmMepos —

CIIOXKHasi, MHo2oacriekmHasi 3adaya:

«KeaHmoeas xpyrnkocmbs. KeaHmoeasi UHgbopmauus xpyrka rno ceoeu

rnpupooe. LlekozepeHyus, pacmywass c yeenu4yeHUeM 4ucra
neperymaHHbIX Klobumos.

* Hoeble Hay4yHble U mexHu4YecKkue 8bI1308bl. Du3uka u ¢bu3uku, Mnmoc
UHXXEeHepbl™ — 3aHUMarom Krirodesbie rnosuyuu e paspabomeke KK.

* KK - npuHyunuaneHO 8eposimHOCMHbIe ycmpoucmea.

MPQIT 27 maa 2024 r
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KPUTEPWUW O BUHYEHLIO (0115 paspabodukos).
MacLTabnpyemMocTb;

HadeXHas tHMuManmsaums;

3. BornbluMe BpemMeHa OeKOrepeHUmMn No CPaBHEHUIO C
BpeMeHeM cpabaTtbiBaHNS OTAENbHLIX FENTOB;
BO3MOXHOCTb MaHMNYNSLNN;

nepenada n c4MTbiBaHNE COCTOSIHUIN KyOUTOB.

N =

o B

YUmo xomernu bkl 3Hamb U3UKU 0m KeaHmMosou uHoycmpuu
¢°'°"~'
ﬂ % @p % OIMNPOCHUK CKOTTA ASPOHCOHA

1.CKorbKo ncnonbayetcsa Kiobutos?
2.C Kaknmn BpemMeHaMun KOrepeHTHOCTN?
3.C Kakom apxuTeKkTypon cBA3en?

: ,,onf;;ﬁf I ERBE © 9’”’“?" g C g?ﬂf < 8 3.KakoBa TO4HOCTb (PUAENUTU) OOHO- U ABYXKIOBUTHBIX reMToB?
L Em O Ec oac"ﬁ‘-’f“‘ ¥ pinun 4.KakoBa rmybuHa cxembl?

' T T.}'J equunlabs Ouer § 5.B.Kakne pecypcbl Heobxoanmbl CTaHOAPTHBLIM KIaCCUYECKUM

* Qb S il QX st anropuTMam anst MogennpoBaHmns CUCTEMbI?

Wy Q=< e EHO .@ B0 80 @m 6. B yem 3akntovaeTca rmaBHbIN HEOOCTATOK NUCMOMb3yeMOU CUCTEMBI,
Mg G 7 Q0 MG B Wi g g B Kakne ee XapakTepUCTUKN Xy>Ke BCEro, 1 YTo npexae Bcero Hago
- o - Al “o% *“‘:‘?1 fon = B B2 YIYHLWNTL?
$EETR O™ mus o éw I:l;lzunm =y e y Y
e R e msps& 'm )ik 7.470 MeLwlaeT KOMNaHNMN UMETb MacLUTabnpyeMbi KBAHTOBbIN

KOMNbLIOTEP NPSAMO cendac?
MPQIT 27 man 2024 r 14
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Manufacturer

Atom
Computing

IBM

CAS

IBM

Xanadu

M Squared
Lasers

IBM

IBM

Name/codena
medesignation

N/A

IBM
Condorl16liél

Xiaohong(e4l

IBM Osprey!©ll7]

Architecture

Neutral atoms in
optical lattices

Superconducting

Superconducting

Superconducting

Borealisl2l

Maxwell

IBM Heron!1616]

Photonics (Continu

ous-variable)

Neutral atoms in
optical lattices

Superconducting

IBM Eagle

Superconducting

Layout

N/A

N/A

N/A

N/A

N/A

N/A

Fidelity (%)

N/A

N/A

N/A

N/A

99.5 (3-qubit
gate), 99.1 (4-
qubit gate)i31

N/A

N/A

Qubits
(physical)

118016171

11210831

504164

43301

216/621

200321

133

12718]

Release date

October 2023

December 2023

2024

November
2022

2022162

November

2022

December 2023

November
2021
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Quantum
volume

|

Manufacturer

Quantinuum

Quantinuum

Quantinuum

IBM

IBM

IBM

Alpine
Quantum
Technologies

Name/coden
amedesignat
ion

H1-1642

H204a

H1-2142

IBM Kolkata

IBM
Montreall8l

IBM
Mumbailtél

PINE
System[2l

Architecture

Trapped ion

Trapped ion

Trapped ion

Superconduct
ing

Superconduct
ing
Superconduct
ing

Trapped ion

Layout

15x15 (Circuit
Size)

Racetrack,
All-to-All

All-to-All20l

Falcon r4l20

Falcon r5.1120

Fidelity (%)

99.996 (1
qubit)
99.914 (2
qubit)

99.997 (1
qubit)
99.8 (2 qubit)
99.996 (1

qubit)
99.7 (2 qubit)

N/A

N/A

N/A

Qubits
(physical)

20

27

27

27

2481

Release date

2022

May 9, 2023

2022

June 7, 2021

Quantum

volume

1,048,576143

65,5361

15

4096441

128

12820

128020

1284
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https://en.wikipedia.org/wiki/Superconducting_quantum_computing
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Manufacturer

D-Wave

D-Wave

D-Wave

D-Wave

D-Wave

D-Wave

Name/Codename/
Designation

D-Wave One
(Rainier)

D-Wave Two

D-Wave 2X

D-Wave 2000Q

D-Wave Advantage

D-Wave Advantage
2[68][69](70][71]

Architecture

Superconducting

Superconducting

Superconducting

Superconducting

Superconducting

Superconductingle®
1691

Layout

C,=
Chimera(4,4,4)6l =
4x4K,,

Cg=
Chimera(8,8,4)6l =
8x8K, ,

Cp,=
Chimera(12,12,4)¢
6=12x12K,,

Ci=
Chimera(16,16,4)¢
6= 16x16K, ,

Pegasus P, 671

Zephyr Z,/[221721

Fidelity (%)

N/A

N/A

N/A

N/A

N/A

N/A
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Qubits

128

512

1152

2048

5760

7000-+681(691(701(71172

1

Release date

May 11, 2011

2013

2015

2017

2020

Late 2024 either
2025/68lisalizoll
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https://en.wikipedia.org/wiki/D-Wave_Systems
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https://en.wikipedia.org/wiki/List_of_quantum_processors#cite_note-chimera-66
https://en.wikipedia.org/wiki/Complete_bipartite_graph
https://en.wikipedia.org/wiki/D-Wave_Systems
https://en.wikipedia.org/wiki/List_of_quantum_processors#cite_note-chimera-66
https://en.wikipedia.org/wiki/D-Wave_Systems
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https://en.wikipedia.org/wiki/List_of_quantum_processors#cite_note-:6-68
https://en.wikipedia.org/wiki/List_of_quantum_processors#cite_note-:11-69
https://en.wikipedia.org/wiki/List_of_quantum_processors#cite_note-:13-71
https://en.wikipedia.org/wiki/List_of_quantum_processors#cite_note-:14-72
https://en.wikipedia.org/wiki/List_of_quantum_processors#cite_note-:6-68
https://en.wikipedia.org/wiki/List_of_quantum_processors#cite_note-:11-69
https://en.wikipedia.org/wiki/List_of_quantum_processors#cite_note-:12-70
https://en.wikipedia.org/wiki/List_of_quantum_processors#cite_note-:13-71
https://en.wikipedia.org/wiki/List_of_quantum_processors#cite_note-:14-72
https://en.wikipedia.org/wiki/List_of_quantum_processors#cite_note-:6-68
https://en.wikipedia.org/wiki/List_of_quantum_processors#cite_note-:11-69
https://en.wikipedia.org/wiki/List_of_quantum_processors#cite_note-:12-70
https://en.wikipedia.org/wiki/List_of_quantum_processors#cite_note-:13-71

OcHoBHag npobrema cosgaHua YKK:

owubKu ripu 8bINosIHEHUU 2eUmos

Npes -- knaccuyeckne Koabl, UCNpaBnsioLmMe onbku, B
0ObIYHbIX KOMMNbIOTEPAX.

YMHOe KogupoBaHue

A / =2t+1 — Kodosoe paccmosaHue

t — Konnuyecmeo ucnpasnaemobix 6um

—~,. A=A+e
YBennyeHmne pasmepa Koga —
e
A 6UTblI AaHHbIX +N36bITOYHbIE OUTDI
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KBaHTOBbIE KOAObI, UCMPaBNAOLWME OLLNOKM

OwubKku — nepesopom Krobuma (Z) & usmeHeHue ¢gassi (X)

KBaHTOBbIE KOAObI, ncnpasnawwme owmnbkn (kogsl Lopa, CSS (Kangepbank, LWop
n CtuH) kodwl, kogbl CTMHa, cTabunusaumoHHblE KOAbl, TOMOMOrnyeckne Koabl

(KutaeB), MNOBEPXHOCTHble  KOAbl, ...) —  JlOrKM4eckne  Kwobutbl —

HEKOHTPONMPYEMOE pacrnpocTpaHeHne ownbkn no Kwbutam Cxembl —

HeobXxoaMMOCTb BBeOEeHUd OOMNOSTHNTESbHbIX KIOONTOB (noTeps

MacLTabupyemocTn).

[[n,k,d]] — crabunuzaumnonHsiit kog KoHkaTeHauua ->
N—uncno pmnsmyeckmx KLLOMTOB Koaa [[9,1,3]] Kog LLopa

N-K=mM —u4ncno nsbbITouHbIX KIOBUTOB Koaa*

|1'5*">L7LE— S

R
SR e
|A) 7 ~NF= S = Decoder

Obuwan npoueaypa ncnpaBneHms ownbok
Ana ogHoro umnkna [[n; k; d=3]]— ctabununsaymoHHOro Koaa

MPQIT 27 maa 2024 r 18



[loBEpPXHOCTHbIE KOAbI

[padmyeckoe npencrasrneHue
dyHaameHTanbHoro o6roka NK

D,

Ao

Ax

-- KOHTponupyemoe - X

-- KOHTpoOAnpyemoe - Z

D- KtobuTbl AaHHbIX

A- BcnomoraTtenbHble KIobuTbl

OKBMBaANeHTHasa KBaHTOBAas! LIEnb

| D1)
| D2)

X

Z

10) 41 -

10) 42

MPQIT 27 maa 2024 r

Koa [[13, 1, 3]] - HaMMeHbLLINK NOBEPXHOCTHLIN KOfA,
CMOCOOHLIN ODHapYyXMBaTb U NCNPaBATL OLLUMOKM
3a OVH NPOrOH.
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HagexHoe BbliucneHne ¢ HeHageXXHbIMU rentTamm

PacnpocTtpaHeHune owmnbok npu ) A e ? (\
BbINMOMHEHUN NOMMYECKNX onepaLum 10y —D al000) + b|111) — 1 e \X
4 10) o .

10) DD E1
§ 10) oD +1

Yctonyumseble K oinbkam rentol (TpaHcBepcasribHble renThl).
NogomHoXecTBa YyHMBepcanbHOro Habopa rentoB {U}
ABNSAOTCA TpaHCBepCcarbHbIMU,

P TpaHcBepcanbHaA CNOT-

KOHM, ﬂnmzol\

iuma | onepauyma Hag  ABymA
JNIOTUYECKUMU KlobuTamm B |
7-Mmun KIoOUTHOM Koge

S Brok \
nenew:o | CtuHa.
4 KoBuma
A

No-go Teopema (Eastin B, Knill E., 2009):
[MonHbIn YHUBepcanbHbIn Habop rentos {U} He aBNsiETCA TpaHcBepcabHbIM.
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KBaHTOBasdA noporoBasi Teopema
(Aharonov D, Ben-Or M.: Kumaes A.; E. Knill, R. Laflamme, and W. H. Zurek):

oL KBaHTOBbIN KOMMbLOTEP C KO3MMMPUUMEHTOM PU3NYECKMX OLIMDOK P HUMXKe

QBER = pin(p/ptn)”  onpenenerHoro nopora p,, MOXET, NPUMEHSIS CXEMbl KBAHTOBOW KOPPEKLINM OLIMGOK,

NnogaBUTb KOC—)CbeI/ILI,I/IeHT NOrn4yecknx ombok A0 CKOJlb YrogHO HU3KOIo YPOBHA.

Kitaev's surface code Dennis quant-ph/0110143 Fowler 0803.0272 TeKyLUIl/Ie OL'IeHKM yCTaHaBnVIBaI‘OT nopor Dlnﬂ rIOBePXHOCTHoro Kolula

nopsagka 1%, XOTs OLEHKM CUITbHO PasnnyaloTcs U UX TPYAHO BbIYUCTIUTD
N3-3a  OKCMNOHEHUMANbHOM CIIOKHOCTU  MOAenMpoBaHUs  BorbLUnX
KBAHTOBbLIX cucTeM. [lpn BepOATHOCTM AenonsapusaunoHHOM OLLUNDKK
0,1% noBepPXHOCTHbIN Kog noTpebyer npubnuantensHo 1000-10 000
domsnyecknx KOOUTOB Ha NOrMYecknn KyomuT AaHHbIX (~166 MuUnnnMoHoB

domsnyeckmx Krobutos ans gakropusaumm yumcna s 1000 ouT).

Bavrkanwee Heobxoaumo ENIAC,
Byaywee OTKa30yCTOMYUBOCTb U ANA KBaHTOBbIX | PaH3vcTopsl
Cenvac (MpeanonoXxkeHue) UcnpasneHue owmbok BbI4YMUC/IEHUN / \
——-— - : : : : : : : It
-1 -2 -3 -4 -5 -6 -7 -8 -9 10 -11  -12 -14 -15 -16 -28
BepoaTHOCTb oWwnbKM rermTa (logq)
N AN A
Y Y
KBaHTOBbIE KOMMNbIOTEPbI ANA CNeLUanbHbIX KBaHTOBbIE KOMMbIOTEPDLI LUMPOKOTO
NPUNOXKEHUIT U OrPAaHUYEHHOrO CNEeKTpa 3a4au npumeHeHus: obuieuenessole,

macwtabupyembie, TOUHbIE
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TOYHOCTDb

CpaBHEHME TOYHOCTU OANHOYHbIX KBAHTOBbIX onepau,m‘/’l
U TOHHOCTU MPU BbIBOAE AaHHbIX

100,00% /*\
99,00% —‘T.\ o N =41 KyOUTHbIN
98,00% ) _ \ / BEHTU/b

| A\ I~ \ /X -
97,00% == 2Ky6

/ Y/ sortne

95,00% / f v ~= BbIBOJ,
94,00% \\ / /\ / AaHHbIX
93,00% V \ /
92,00% \A 1
91,00%

(

96,00%

CBEpXNPOBOAHUKMU l MOHDI I;‘;";‘;’,’,‘;‘j
90,00%
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&;o{& @oﬁ R Q}‘\\ 5 0.\0 Q,Q"\ «6‘3 ; "90'\&6}'6 \\6@ 0\}0’\& V&Qz 0\50\ O\:\p’\‘v O\}o‘\& 0\}@\,
O o € 0(,}\*‘2’ R I RO C Kaxzoi onepaLmeil KonMYecTBo
5 . N
®o°°° o S 0\50 & 3;“ ‘_ﬁ‘;@ Rk 0@" @& Qg;& 8> 4@\‘2‘ z\& Q,g,& owmnboK yBenmumBaertcs,
(O N X :
& & @d" & & & & & & a HaEXHOCTb CHUXaETCs!
o%z Q ® C{\\Q’b Q\O Q\o(\
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OTKpbITbIE 0ONacTu nccrenoBaHum
YCTOMUYMBLIX K OLLMOKAM KBAHTOBbIX BbIYUCIIEHUN

1. MHOXeCTBO pa3fnnNYHbIX MPOTOKONOB UCMNpPABMEHNA OLMOOK, KaXAabln C pas3riMyHOMU
CKOpPOCTbLIO OLUMOOK, MOPOromM U TpedboBaHUAMMU K pecypcam.

2. Ona moboro koga CcywecTByeT MHOXECTBO pPasfinyHbIX CNocobOB OTKa30yCTOMYMBOIO
ncnpasfieHns olwmMboK (MeTogoB AN U3BNEYEHUS CUMHOPOMA OLLNOKN).

3. MHOXecTBO Pa3JyIN4HbIX cnocoboB OTKa3OyCTOI7I‘-II/IBOl71 pearin3aunnn KognpoBaHHbIX renToB.

4. NS YCTPOWCTB C OrpaHWYeHHbIMW pecypcamn noHaaobutcs Habop 3KCMEPUMEHTOB U
MPOTOKONbI XapakTepusauun, KoTopble BbIXOOAT 3a paMKU MPOBEPKU KOHLEMUUWU, HO Takke
[aloT 3HaHUSA 0 paboTe Gonee KpynHbIX NPOLECCOPOB.

Ons HebonblwKnx npunoxeHnnm Ha yctpomctBax NISQ peannsoBaHbl cnocobbl YMEHbLUEHUA
ckopoctn owmnbok (Hanpumep, Scaled Time Method Quant-ph/ 1803.03326) 6e3
MCNONb30BaHUA KOAOB WCNPABAAWMX OWUOKM. ITM  MeTodbl, OAHAKO OrpPaHMYEHbI
KOHKPETHbIMU HebOoNbWNMN NPUNOKEHUAMMN. WCKNOYEHUE HePU3MYECKUX COCTOAHUN U3
rmnbbepToBOro NPOCTPAHCTBA.

MPQIT 27 maa 2024 r
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Teopema 'oTTecmaHa-KHmnna
CpaBHEHME KIMaCCUYECKNX N KBAHTOBbIX BblYNCNEHUN

Knuodopaosckue rentol X,Z,Y,H,CNOT —> smynnpytorcs

Heknudpdopagosckuii rent T = He amynupyeTca

g KBaHTOBO- BOOXHOBJ/IEHHbIE
Q (v}
2 A Knaccuuecknu a/IrOPUTMbI
KOoMnbloTep
rozp! uenb <2 Heaenb
Heaenun — 'f.pf'.qu_e cRoe o . PeanbHOCTb AOCTUXKEHUA
Bpems KBaHTOBbIN ?
I NPAKTUYECKU 3HAUYMMOTO
: KOMMbIOTEP .
| KBAHTOBOIO YCKOpPEHUA
I KPUTHUYECKUIA
: pasmep
MWHYTbI I
>

Pa3smep 3agaumn (N)
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«KBaHTOBOE MPeBOCXOACTBO»

CKOJIbKO HAOO KKOBNTOB ANA BbINOINHEHWA 3A0AY, HEQOCTYTIHbIX OBbIYHBIM
KOMIbIOTEPAM?

MoXHO cMoOenupoBaTb KBaHTOBLIM KOMMbOTEP Ha 0OblMHOM. KonmyecTtBo mMogennpyembix KoOUTOB
OrpaHMYeHbl MaMATbl0 KOMMbOTEPA, a He €ero BbluUCNUTENbHas MOLWHOCTb. Cambii  GONbLLION
cynepkomnbloTep cerogHst UMeet ~ 10 MNetabanTt namsaTn, YTO NO3BONSET UMUTUPOBATL ~ 48 KIoOUT.

JTioGon KBaHTOBLIN KOMMNbIOTEP C 6onee YyeMm npumMmepHo 50 KIHOOUT HEBO3MOXHO CMOAENMpoBaTh
Ha OObIYHOM KOMMblOTEpeE.

OTU KoOUTbI He 00si3aTenbHO AOMKHblI ObITb KOppekTupyembiMu. MoXHO
ncnosnb3oBatb oU3nMYECKne KOUTbI, KOTOpble OOCTATOMHO XOPOLWWM AS1S BbIMNONHEHUS
TbICAY oOrnepauuni paHblle, YemM BO3HMKAET owwunbka. OgHako Takad MalmMHa He
MacwTabunpyetrcst 1 MOXET BbIMOMHATL TONIbKO KOPOTKUE ariropuTtMbl. TeM He MeHee,
TakoW KBAHTOBbINM KOMIMbIOTEP HEMNb3s CMOAENMPOBaTb Ha OOLIYHOM, MO3TOMY OH MOXET
nokasaTb KBAHTOBOE MPEBOCXOACTBO M MOXET OKasaTbCA MOSie3HbIM AN HEKOTOPbIX
NPUSTOXEHUN.
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KeaHToBbLIN OOBbEM , YMCNO 3PP EKTUBHO NCMOSb3YEMbLIX KYyOUTOB ?

[Mpotokon KBaHTOBOro OG6bema onpenensier camyo O0MbLIY0 KBagpaTHYH KBAHTOBYHO Lenb - Takyl, B
KOTOPOW LUMpUHA N rMyObnHa paBHbl — N KOTOpasi MOXET ObITb 3anyuweHa Ha JaHHOM KBaHTOBOM YCTPOMUCTBE.
Onpenensder Kak BENMUKO NPOCTPAHCTBO COCTOSIHUKW, AOCTYnNHoe aaHHomy KK.

o . . . o ; mybuHa paHHOM uenu paBHa 7. Peaucmp 3

UJVIpVIHa KBAHTOBOMU LlenNu (CerUIt width ) o) =109 {2 umeem 5 z2elimos, Ho 2-U (ynpasnsembit-U) He
. =10y 77 Moxem 6bimb 8bIMONHEH A0 mex op, rnoka He
KOSIMYECTBO UCMOMb3yeMbIX KIOOUTOB i) =10) ] 6yOym GamOnHeNbI U KOHMPONUPYENE/E - UA 1

o : : g2} = 0) 1] u?, 4mo dobaensem 2 waaa.

I'ny6MHa KBaHTOBOU Uenu (CerUlt depth) KoHmponupyembiti T Moxem 6bimb 8bIMOMHEH

30)

- MaKCMaribHoO€e 4YUCIio OﬂepaLlMVI )
51

IBM Quantum

= 6 KIoOUTOB

Montreal, 27 Qubits, QV64, Falcon r4

KBaHTOBbLIN O0beM= 26 =64

1. MHorokpartHo
KIOOUTHYIO CXeMY ryOUHbI Ba, C NPOBEPKOWN
TecTa — Hanbonee BEpPOATHbIE CTPOKN BO3HUKAIOT
C BEpPOATHOCTbD > 2/3 U C [O0OBEepUTENbHLIM
nHTepBarnom bonee 97,725%.

00HospemeHHO ¢ H. CnedosamernbHo, anybuHa
uenu pasHa 7. S 2elim obo3Havyaem Z1/2

NMpotokon HaxoxaeHuna KO
3anyckaere CriydamHyro 2x-

2. [loBTOp C Tpema Kiobutammn Ha TpeTben rmyounHe,
YeTbIpbMA KyOUTamMn Ha derBepton rmybuHe, wW.Ta
00 HEBLIMOMHEHNS TECTa.
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KBa HTO B bl ﬁ 06-be M Ho6asneHo ky6uros: O

CHuxeHue ypoBHs ownb6ok: 10x
YeenuueHue KBaHTOBOro o6nema: 24x

KeaHTOBbIN O6bEeM — 06BbeM Ky6a, NponopLMOHasIbHbIN
BO3MOXHbIM NOSI€3HbIM KBAHTOBbBIM BbIYNCNEHUSAM

CHuXeHua konuyectsa
owmnbOK NO3BOIUT CO3AaTbh
6onee MOLHbIYM KBAHTOBbIN

25 KOMMblOTEP
10, 000 -
40,000 e
-41.» .
KeaHTOBbIN 06BbEM e : S <SS°
NoO YPOBHK OWIMB0K - 55
(ocb y) n ynucny L ’ A~ o
Ky6uTOB & o & N 3
(ocb x) 2l
<SS P ‘ - ~S> . YBenuuenue uncna ky6utos
> ; B “ :  He NPUBOAMUT K YNyULEHUIO
6’6 '
o,,_‘&; e —~ = S KBAHTOBOrO KOMMblOTEPA
~ S NPU BbICOKOM YPOBHE OLLMNBOK
e,

Hdo6asneHo kyéurtos: 100
CHUXEeHMe YPOBHS ownéok: 0
YBenuueHue KBaHToBOro o6nema: 0
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Development Roadmap

Enterprise
Clients

Model
developers

Algorithm
developers

Kernel
developers

Quantum
systems

IBM Cloud

<

2021

IBM Quantum

Use case exploration

Froblem mapping
Skills building

Circuils

Falcon
2% qubits

Circuits

Qiskit application mot

Natural Sciences:

Optimization

Hummingbird
65 gubits

lules

Finance

Machine | earning

Qiskil
Runtime

Eagle
127 qubits

Programs

Dynamic
circuits

Osprey
A33 qubits

Skills building

Quantum model services

Nalural Scie
Optimization
Prebuilt quantum

runtimes

Circuil libraries

Condor
1121 qubits

Models

Finance

Machine | earning

Beyond
1K - 1M1 qubits

Prebuilt guantum +
HPC runtimes

Advanced conlrol systems




Peanusauyuum kiodbutoB: nnardopmbl KK

NOHbI

Aria An #AQ 23,
23 gubit quantum computer

171y +
100um
v ~ang | A~y .
T I e e e 2 oneywen
5, — E—— QUANTINUUM
h | h

Quantinuum System Model

=y H1, Powered by Honeywell,
v ShN| 20 qubit quantum computer,
" 11 171y p+
T I e | i -
il i il “wiring problem” -> 2D,3D Trapped ions exhibiting QV several orders of

magnitude higher superconducting systems
arXiv:2403.00756v1 [quant-ph] 1 Mar 2024
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Peanusauuu ktodbutoB: nnatdopmbl KK

dOTOHbI ListouxaH (LE)
100 qubit a non-universal

quantum computer

2020 — boson sampling (BbluncneHue
nepmMaHeHTa maTpuubl)
3a 200 cekyHq

Cynepkomnbtotep -- 1,5 munnuapga
ner
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FUSION BASED QUANTUM COMPUTATION ARCHITECTURE

®OTOHbI

Resource State Generator

Universal quantum computer

1

oM

RSG f—ow

K
RSG A= e
s )

- —
_— —
- e am
— —

X

k4

Computation
output

PsiQuantum

arxiv.org/pdf/2101.09310.pdf
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Peanusauumn krobutoB: nnatdopmbl KK

127-KyOUTOBbIN KBAHTOBbIN

npoueccop Eagle (2021)
433-KybMTOBbIN KBAHTOBbIN
npoueccop Ospray
(10.11.2022)
1121-KyOUTOBbIN KBAHTOBbIMN

npoueccop Condor

CBEPXINPOBOOALWNE
KYBUTbI

e

KoHTakT [xo3edcoHa

3

|

il

— — o (12.2023)
S E, : !

= | e

n? l " ‘ * ‘ ApxuTekTypa
_$ (N |T \TI 111 l e _e s _o heavy-hex lattice

_’HHH

h—

=" Microsoft

G e Azure Quantum
0ogle Get to know the world's first full-stack,
open cloud quantum computing ecosystem

Q

rlgetti
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Peanusaunn KobnTtoB

NV LLEHTPbI B AIIMASE

@ QUANTUM BRILLIANCE

A\

)}fz\ DIATOPE

A/ =

Magnetic field

/ ~. p-wave control

E QUANTUM DIAMOND TECH
Diamond

Dipolar coupling between ,“ NVISION
NV electron spins QO /
chip

NG P PL €6  ELEMENT sIX
Optical initialisation /‘m b
/-/VVI”V/>/ //

and readout

¢ £ o E
C.,u .. K -2
& "V.;“' NV centre and
g ¥ ¢ | Clusterof C Wrachtrup, Kilin, Nizovtsey, 01 .
®oc impurities . . 0
= — WKN paper: 13C nuclear spins, Q memory & Q reristers o
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BpemeHHoOM macwuTtab nporpecca ?

Bav>kawee Heob6xoavumo ENIAC,
Byayuwee OTKAa30yCcCTOMHUMBOCTb U AONA KBAHTOBbIX TPSHIRCEO R
Cenvac (MpeanonoxxkeHue) UcnpasneHuve owumbok BblYMUC/IEHUNA \
—+— | : : : : : : : . } R
-1 -2 -3 -4 -5 -6 -7 -8 -9 -10 -11 -12 -14 -15 -16 -28
o (log1o)
BepoATHOCTb OWMBKM renta  \_ i R R
SN B0

KBaHTOBbIE KOMNBLIOTEPDbI LLULUPOKOro
npumeHeHuna: obuweuenessble,
macwtTabupyemsbie, TOUHbIE

KBaHTOBbIE KOMNbIOTEPDbI A1 CNeuMasibHbIX
NPUAOXKEHUI U OrpaHNYEeHHOro cneKkKTpa sagad

1171 CI)VI3MLIECI~(MI7I KIobuT B. Eastin Tutorial (http://www.gecl4.ethz.ch/abstracts.html)

(“Condor” 2023 r.)

~1 nornyeckni Kobut
NOBEPXHOCTHOIO KoAa C
KoppeKumen ownbok

KBaHTOBaa xmmus ~ 150-200 KoppeKTUpyembIx
(noeanbHbIX) KIOOUT

PaspgeneHune cekpetoB [onroxkusyuime Kobuthbl

MPQIT 27 man 2024 r 4


http://www.qecl4.ethz.ch/abstracts.html)

3apaum ana NISQ

KBaHTOBbIE ONTUMU3ATOPSI

KBaHTOBbIN OTXXUT

YcTonumBble K MOMeXaM KBaHTOBbIE CXEMbI
KBaHTOBOE rrnybokoe obyyeHune

KBaHTOBasg wmHBEpCUSa maTpull

KBaHTOBblE pekoMeHaaTeNbHbIE CUCTEMbI *

KBaHTOBOE nonyonpenesieHHoe
nporpaMmmMmnpoBaHmne

KBaHTOBOE MogenuposaHue (LndpoBoe 1
aHarnoroBoe)

KBaHTOBbIE UrPHLI

Noisy Intermediate-Scale Quantum technology

* imeem m KNMEHTOB N N NPOAYKTOB,

P-m x n matpuua npegnoyteHun (Pai = 1, ecnu nokynaTtento
HpPaBUTCA NPOAYKT i U Pai = 0, echn He HpaBuTCcA). Ha npakTuke
m =~ 108 nonb3oBatenem u n = 10° npoaykToB, HO paHr k
Mmatpuubl P Hesenuk, k = 100 (pe3ynbraT OrpaHUYEHHOrO
KONIMYEeCTBa TUMOB KJAMEHTOB) C/IeA0BaTe/IbHO, KaK TONbKO Mbl
y3HaeM HeKoTopble npeanoyYTeHMA HOBOIMO K/MEHTa, Mbl
CMOXemM TOYHO MNOpPeKoOMeHAO0BaTb Apyrve ToBapbl, KOTOpble
NOHPAaBATCA NOKynaTenio.

Llenb -- peKomeHAOBaTb MOKynaTento MNPOAYKT, KOTOPbIA BEpPOATHO,
bynetr emy HpPaBUTCA, OCHOBbLIBAsACb HA OrPaHUYEHHOM 3HaHUMU
NpeAnoYTEHNIM 3TOTO KMEHTa U APYrUX KAUEHTOB.

O(poly(k)polylog(mn)) -— poly(mn)
KBAHTOBbIMN K/laCcCU4ecKumn

J. Preskill, Quantum computing in the NISQ era
and beyond, arXiv:1801.00862v3
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AONABATUHECKWE KBAHTOBbIE BbIYNCITEHUA

1.B oTnnunme OoT KBAHTOBOIO KOMMbKOTEPA HA OCHOBE
uenen (LKK), agnabatnyeckme KBaHTOBblE KOMMbLHOTEPHI
(AKK) BbIMOMHAET  OYeHb  chneunduyecknn  BULg,
BbIYUCIEHUN, HO Yypes3Bbl4anHO NONME3HbIN:
onTUMMN3aLMUIo.

2.AKK uncnonbayetrca ana noucka Habopa nepeMeHHbIX,
KOTOPbIN ~ MUHUMU3UPYET  HEKOTopble  OYHKUMKM  C
HECKONbKMMN NEPEMEHHbLIMWU, U CHATAETCS, YTO OH MOXET
genatb 310 6bICTpee, 4YeM OObLIYHBIM KOMMbLIOTEP, XOTS
MaTeMaTuMKa, Jnexawas B OCHOBe 23TOro, Ha
OAaHHbIA MOMEHT He COBCeM SICHA.

3. Jlboe cTaHOapTHOE KBAHTOBOE BbIYUCINEHNE B
APUHUMUNE MOXET ObIiTb BbINOMHEHO C nomouwbio AKK, u
HaobopoT, HO LAoOKa3aTeNnbCTBO He MNoKa3biBaeT
NMPOCTOro NyTu nepexoaga oT O4HOW CUCTEMbI K APYrou.

MPQIT 27 maa 2024 r

KBaHTOBbIN OTXKUT (T\n720)

§ z 7z § z
HIsing — ljUj O']' _ h,'O'l.

i<j i

H(t)=—A(t)) 0] +B(t)Hyug

A(t) 1 B(t) T

NP O(exp(cN?))

Q Annealing: c. a 1
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AOVNABATUYHECKHWE KBAHTOBBIE BBIYNCITEHUNA: OTKPbITbIE BOTMNPOCHI

a) Ucnpaenenuve owmnbok - B otnnume ot LKK, HemsBecTHO, Kak BbINONHATbL MCNpaBneHne

owmnook B AKK.

6) lNpobGnema 3Hepretnyeckon wenu. OCHOBHaA KoHUeNUMA U3NKK
agnabatnyecknx KBaHTOBbLIX BbIYUCITIEHUN 3aKJTHOYAETCA B TOM, YTO Koraa
napamMeTpbl CUCTEMbl MEOSIEHHO MEHSAKTCA, CUCTEMA OCTaeTcs B
OCHOBHOM COCTOSIHUM HOBOW cuctembl. KornmnyecTtBeHHasi OLEHKa
«HACKOMNbKO MeaneHHo» obpaTHO nponopunoHanbHa «3HEPreTnyeckomn
Lenn MeXay OCHOBHbIM U MNepBbiM  BO3OYXOEHHLIM  COCTOSIHUEM).
BennunHa aHepretMyeckom Lienm He COBCEM [MOHATHA TeOPEeTUYECKU U
3aBUCUT OT KOHKPETHOW NpoObrembl.

LUlenb ymeHblLuaerca C yBennyeHnem pasmepa CUCTEMbl — BpPeEMS
BblYUCIIEHU yBenunuuBaetcs. Takum obpasom, AKK orpaHuyeH pasmepom
3afay, KOTopble OH MOXET peLUnTb.

NpeanbHbin AKK pgormkeH pabotate nNpu 4Ype3BblManHO  HU3KOW
Temneparype, 4TtobObl TennoBble QyKTyauum He MO  NepeKkpbITh
oHepreTnyeckyto wenb. AKK, pabotalownn npu KOHEYHOM Temrnepartype,
KoMMep4yeckn poctyneH cerogHa. OH npegocTtaBnser nnargopmy ans
NOHUMaHNS 3TUX OFPAHUYEHNN N HAYYHbIX OOCTUXKEHUN.

MPQIT 27 maa 2024 r

dlog(B(t)) N 1

dt AE,
1
AE,>> kT
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AOVNABATUNHECKNE KBAHTOBbIE BBIYNCITEHUA: PEATIM3ALNA

CBEPXINPOBOOALWNE KYBUTHI

o
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Figure 1: Comparison of Pegasus and Zephyr connection topologies. (a) A Pegasus Py graph contains
264 qubits. (b) A Zephyr Z, contains 32 qubits and four unit cells that share several couplers. (¢) A
Zephyr Z4 graph contains 576 qubits.

MPQIT 27 maa 2024 r

D:\Waul2

2000Q,
D-Wave Advantage
2000 or 5000 qubit

a non-universal quantum
Computer

38



CBOOHAA OUAT'PAMMA OCHOBHbIX PASPABO THMNKOB

N NPOVN3BOAUTENEW KBAHTOBbIX BbIYNCITUTESIbHLIX CUCTEM

om

Electron

... QIoNG | -

35 / PASQAL
= Honeywell
@ A
N ©AQT ATO/VL
(») OXFORD r mm
¢ IONICs ©
] =
(3
eleQtron
v 0 msr:wvé
s i HARVARD
§ I III \“(IT l UNIVERSITY
JULlCH
g I@II universitat J """""""""""
o Sida ™ Innsbruck
© mm . ~% PennState
m Ornamp L'vll'(‘w‘ﬁ”(-’.‘
5N EPFL

vvvvvvvvvv

3NEKTPOHbI C8epPXNpPO8OOHUKOBbIE KOHMYPbLI U YrpassafaemMsble CriuHbl

Microwaves

Capacitors

D:\Waue ) S TURING - B Microsoft
QILMANIRO (ned (7) @ v NOKIA

NEC

MAN V! O :”:’ '®m
All_l\Cf\l;Z\‘go'E?B Nerd equc“.labs

[EeroQ '%M Ot {4 autecn
<o bleximo FU]|'|'SU p Wi

ce @O BO EO B
o — BRI, P
I|Ii|- ﬂ(lt |||" %LCSB BRISTOL I|||| @
i ()Xl ORI) "vqwﬁb " 2 iy
T, i, et e B ; _ Yal & fupeit
MCOST | Grasamiers MEOST Harvarp TUDelt
ETHzirich ~ ETHzirich = ETH.iirich a B i s
| Universitiit Stutigarnt -
(*) non exhaustive B%rl(elely Y%lg QWXS{-QW\ EPFL THE UNIVERSITY OF B o usversiry o
mvelr;tbosrya,:::;gtﬁ:ese ﬁi ;,(QA "? ad 1"‘_ "‘”’“ o CHICAGO l‘ SYDNEY

XANADU

Y PsiQuantum

TUNDRA

o | A
(_JLightOn 1

Ql ANDELA

@X Badeean 4

S¥ UNIVERSITY OF

- OXFORD 7

\
° SAPIENZA 7l 9

s#s niversitat
Y wien

Elie University of
Q@& BRISTOL

(; , THE UNivRsITY OF TokYO



OLIEHKA MUPOBOIO PbIHKA KBAHTOBbLIX TEXHONOIMW (2022 — 2027)

Netherlands Denmark Sweden Finland Germany Austria Russia
765m € = 5904m DKK230 = 534m SEK1.4b = $160m 24m € =$27m 2.6b€ =5%3.1b |] 107m €= 5127m PS0b =3$663m™

United Kingdom China
£lb = $1.3b $15b
C g ' South Korea
anada ‘ W44 5b = $40m
CAS$1.37b = $1.1b i
France ’(j__l Japan
Globol \ 1.8b € =52.2b 3 ¥80b = $700m
e z
Taiwan

effort 2022 s | Spain

: - | NT$8b = $282m
40m € = $67m , _ :
$30b : {5 = : : \ Thailand
(estimate) > . | _ _ 2200m = $6m
' ' | -y Singapore

S$150m = $109m

Hungary
HUF3.5b = $11m

US National Quantum
Initiative $1.2b

Australia
AUS130m = $98.5m

Israel
™ 1.2b = $380m

European
Quantum Flagship India g;\swéeolond
- . o € = $11b 373b =51b || 3367 Sh il
©2022 QURECA Ltd - Confidential and Propnetary
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The quantum technology ecosystem in

Summary of Quantum Technology Monitor f ndings

()

Quantum communications

estimated market size by 2040

Quantum computing $ 1 O ( B $1.0B 72
invested start-ups
as of Dec 2022 as of Dec 2022

potential quantum technology market
estimated market size by 2040 size by 2040

$5 4B 223 3 5 0 ¥ h"
L s Quantum sensing

start-ups in the ecosystem?

estimated market size by 2040

investment announced vestod tarbups
as of Dec 2022 as of Dec 2022

@ $34B total government $0.4B 23

Potential economic value from ‘ Quantum-capable talent Scientii ¢ progress

quantum computing ~ <>

<// =0 X~

50 180 1,589 44 155
across four industries by 2035: chemicals, QT master's degree universities with QT-related patents QT-related
life sciences, f nance, and automotive® programs QT research groups granted in 2022 publications in 2022

The potential 2040 market size is a sum of the upper ranges across quantum computing, quantum communications, and quantum sensing.

2 Total includes 32 companies that do two or more quantum technologies simultaneously.

3 Economic value is def ned as the additional revenue and saved costs that the application of quantum computing can unlock. These four industries are the most likely to realize this value earlier
than other industries; therefore, they are examined in more depth




Executive summary

Investment and ecosystem Research and technology progress Potential economic value

— Total annual QT start-up investment hit a new high — The 2022 Nobel Prize in Physics was awarded to — Owur updated analysis for 2023 shows that the

($2.35 billion), though growth was only 196 YoY

— About two-thirds, or 68 percent, of all QT start-
up investments since 2001 occurred in 2021 and
2022

— With 350 start-ups in the QT ecosystem, the rate
of start-up creation slowed and has not kept pace
with investments, indicating that investments are
going into established start-ups rather than
toward new ideas; information that Series A
and B start-ups have attracted particular
attention in 2022 supports that statement

— 2022 was a year of big deals: four of the ten
biggest QT investment deals since 2001 were
closed in 2022: SandboxAQ ($500 millicn),

Rigetti ($345 million in a SPAC deal), D-Wave
($300 miillion in a SPAC deal), and Origin Quarntum
($149 million)

— Publicinvestments continue: the United States,
the European Union, and Canada committed an
additional $1.8 billion, $1.2 billion, and $01 billion,
respectively

guantum-entanglement pioneers Alain Aspect,
John Clauser, and Anton Zeilinger

IBEM unveiled the Osprey (433 qubits) and updated
its road map to develop a 4,000+ qubit processor
in 2025

Xanadu demonstrated quantum advantage for
GBS' using its photonic quantum computer

Patent issuance and publishing dropped in 2022,
potentially indicating that the easiest challenges
have already been addressed; 1,580 QT-related
patents were granted in 2022, 61 percent less
than in 2024, and 44,155 (T-related papers were
published in 2022, 5 percent less than 2021

four industries likely to see the earliest economic
impact from quantum computing—automotive,
chemicals, financial services, and life sciences—
stand to potentially gain up to $1.3 trillion invalue
by 2035.

The update of the value potential comes from a
reassessment of the potential economic value of
QC use cases in the financial services industry,
which has grown to between $394 billion and
$700 billion. Corporate banking, risk, and
cybersecurity offer the most valuable use cases.

Quantum talent

— Thetalent gap for QT jobs narrowed, yet remains

wide; approximately one in two jobs remained
vacant in 2022, compared to one in three in 2021

— The number of universities offering official

master's degrees in QT nearly doubled in 2022,
from 28 to b0

! Gaussian boson sampling a probability-distribution-sampling problem; quantum advantage has previously been demonstrated for this problem by Google and researchers from the Chinese Academy of Sciences.




Despite record investment, the rate of QT start-up creation
slowed in 2022.

Cumulative number of QT start-upsfounded Number of QT start-ups founded per year Potential hypotheses on the
causes of the slowdown:
350 /

250 /
200 /
150 /
100 /

/

— Lack of talent: Most experienced
specialists (generally academics with
research focus in QT) already work ina
start-up

— Few working use cases: Application
start-up creationis limited because
working use cases are very limited or
not sufficiently developed for
commercial implementation (eg, in QS)

— Investor trends: Investors prefer
toinvest in scale-ups and later-

o0 stage start-ups, limiting capital for a
company that is just starting
0 [T 1T T 17 T T T T 7 T T T T T T T
2001 2006 2011 2016 2022 2001 2006 2011 2016 2022

80%

of start-upsfoundedin past 3 yearsare in QC space

Source: Crunchbase; PitchBook

9 Quantum Technology Monitor 2023 MPQIT 27 maa 2024 r Quantum technology investment landscape



Total annual QT start-up investment hit the highest level of
all-time, though it grew only 1 percent year over year.

Volume of raised investment in the indicated year,'$ billion

— Annual raised start-up investment

25

[ 75%

10
of investment goes toward quantum
computing players
0 S
[ T w I | L { w w w w { w w w w { \
2001 2006 2011 2016 2022

'Based on publicinvestment data recorded in PitchBook; actual investment is likely higher.

Source: PitchBook

8  Quantum Technology Monitor 2023 MPQIT 27 maa 2024 r Quantum technology investment landscape
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[MPOIMHO3NPYEMbBIE CPOKI CO3OAHUA KBAHTOBbIX
KOMMbKOTEPOB OT NNAMPYHOLLNX KOMMAHUN

A11 Ny 4

HE

CerogHsa: 127 Kyburtos +

IBM CBEpPXNpPOBOAHUKU

Hauano 2022: 433 Ky6utos “Osprey”; <+
KoHeu, 2023 - 1121 kyburtos “Condor”

’ Google CBEPXNPOBOAHMKM KBaHTOBbIN KOMNbIOTEP C KOAAMU KOPpPEKLUM OKMOOK, cnOoCOBHbIA BbINONHATDL
nonesHble BbluUcieHus, byaeTt noctpoeH K 2029r.

IONQ MporHo3npyembi KBAHTOBbIW 06bem - 4 MAH.
MOHbI 2023 rop, — [eMOHCTpaLUA NOIHOMACLITAabHOro KBAHTOBOrO NPEBOCXOACTBA.
2028 rop, — 1024 anroputmmn4ecKknx Kybura
- ’ +

u Honeywell VYT 2021r. -KBaHTOBbIN 06bem 1024

u PsiQuantum $OTOHbI 2025r. - 1 mnH. Kybutos, 1000 normyeckux Kyburos

u Xanadu $OTOHBI 1 maH. KybuToB ¢ ucnpasneHnem owMOOK (CPOK He YKa3aH)

Pascal HeiitpanbHbie atombi (Rb) 1000 ¢pusmnyecknx Kyburos (6e3 cpoKos)

QuERA HeiiTpanbHble aToMbl 2021 r.- 256-512 pu3nueckmx Kyburos +

2022 r. - nonHoctbio nporpammupyembii KeK c 64 Kybutamum ( +cumynmop)
2024 - nonHocTblo nporpammupyembin KK ¢ 1024 kybutamu.

' D-Wave Mb6puaHaa nnatpopma: KBAHTOBbIN | PZ({)HZ%}ZN%%ELMOO Kybutos "

OTXKUT U CBEPXNPOBOAHUKOBbIE KYOUTDI



ArXiv:[quant-ph] - Konn4yecTtBo OOCTYMNHbLIX KyOUTOB

4

2017 2018 2019 2020 2021 2022 2023 2024

ookl
Ichikawa T. [1 ap.]. A comprehensive survey on quantum computer usage:
How many qubits are employed for what purposes? — 2023. — arXiv:
2307.16130 [quant-ph].
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QUANTUM VOLUME VS TIME FOR QUANTINUUM

1,048,576 -

Quantum volume

16 1

COMMERCIAL SYSTEMS

65,536 1

4,096 1

256 1

o
o

H®

H1-1

H1-2

H2-1

-=== QV x 10 yearly

<0OpPb O

0

2020

2021

2022

2023 2024

- 20

Quantinuum’s new world record quantum volume of 1,048,576 maintains our self-imposed goal of a 10-
fold increase each year. In fact, in 2023 we achieved an overall increase in quantum volume of >100x.
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HAYKA, MPOIMPECC M PEKINAMA: MEHBLLE XAUMA* |

Tonbko cenyac wcnonb3oBaHve KK HayuHaer 3TN HOBblEe U HEOObIYHblE TEXHONOMMU HEe OCTaBAT
BXoAUTb B Hawl mup. OBLLIECTBO 3anHTEPECOBAHO B CTOPOHE NHBECTOPOB n CMeKynAHTOB.
B HOBbIX SIPKUX BO3MOXXHOCTSIX. Ho upesamepHasi nonynapHOCTb MOXET CbIrpaTb 3Myt0

LWYTKY Kak acpchekT norkomoB 90 x rogax B CLUA.

iIMea wnpgeto HeBeposATHOro nporpecca ¢ nomowbio KK

B OusHece, ¢ nerkon” CcCNeKynaTUBHOW nonynsapu3auuen «KBaHTOBOE NpeBoCxoacTBON !
KK(Ha MHOrmx camtax n BbICTYMSIEHUAX ONUCLIBAKOT TEXHOOMNIO

KK Kak OOCTMXXMMYIO M NPOPLIBHYIO Ansi BCceX cdep), Mbl MOXET

nonyy4nTb 3dpPeKkT JOTKOMOB.

*Xaup (oT aHm. hype — «uwymuxa») — arpeccuBHas u  Kak cnoBo blockchain B HazBaHuM KomMnaHuu

HaBA34YMNBaA PeKnama, LENbO KOTOPOU ABIAETCA d)OpMI/IpOBaHI/Ie B 2016'18 rogax I'IpOBOLl,VIpOBaJ'IO NaHNYeCcKu
npegnovYTeHnn I'IOTpe6VITeJ'IFI. HassaHune nponcxoamt OT CJ0OBa,

03HAYAIoLLEro HaayBaTenscTBo, oBMaH Unn Tpiok ans npuenedenms  CKYMKM, Tak M crnosa quantum Oyner 3actaBnsitb
BHUMaHMS. TpengepoB nokynatb akumn. B pesynsrate -
Xaiin WCnonb3yeTcs B KOHTEKCTE MCTepMn, Koma NPOUCXOMUT  ouepeHONA My3blpb.

CUMbHBIA  BCMNECK MHTEpeca K paHee HenpuMedaTensHOMY OBGbeKTY

nnu cobbiTnio. Xann co3gaéeTcs ueneHanpaerneHHo, Gasmpysacb Ha
HacCTOSALWMX WHTEepecax ayauTopuu, Ha KOTOPYK OH paccyuTaH.
CoumanbHbIMXU  NOCNEACTBUMSIMM  HOBOMO noaxoda K  pekname
CTaHOBATCA CMeELUeHne WHTepecoB obwectBa K MNacCUBHOMY
noTpebrneHnto, NC4E3HOBEHNE €CTECTBEHHO COPMUPOBAHHbIX

MaCCOBbIX npeanodTeHnn, YyrHETEHNE cnocobHoCcTH K
CaMOCTOATENbHOMY aHarnuay Tpara OeHer Ha ToBapbl U YCIyrn, He
apnsalwmecs HeobxogMmbiIMWM, B TOM 4ucne MpeBbllaloWwme
doMHaHCOBbIE BO3MOXHOCTHU JoOen

MPQIT 27 maa 2024 r
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CospgaHue yHuBepcanbHoro KK — cnuwikom cnoxHas 3agada, 4tobbl YBUAETb
nnaH ee peanuaaumn ¢ TOYHbIMK AaTtaMn B HACTOsILLiEE BPEMS.

Ha nepsbin nnaH Bbixogdat 3agadun cosgaHma KK Hebornblinx macwtabos (NISQ) —
yCcKopuTenemn BblYMUCIEeHNI, paboTaloLLnMX COBMECTHO C CYyNepKoMMboTEpaMN.

[Tonyyaemble rnpu aTOM pesynsraTbl Creayer aHann3nposaThb U
paccMmaTtpuBaTb B KOHTEKCTE NX BaXXHOCTU Ans peanusauun YKK.

CtounmocTtb coBpemeHHoro KK 3anpegernbHO Benuka gaxe Ansg O4eHb KPYMHbIX
komnaHun. EcTtectBeHHOM ©OusHec-mopenbtd  umcnonb3oBaHua KK aBnsertcsa
obrnavyHaa moaens.

3agada cosgaHna YKK -- ucknoumTenbHO HayKoeMKasa U peLlaeTca rno 3akoHam
HayKn. PbIHOYHBIMU NHCTPYMEHTaMN YCKOPUTL peLleHne HEBO3MOXKHO.

[Tporpecc TexHonorun Ha nytM cosgaHna YKK — MOXeT camMbll BaXKHbIN pesynerar,
nosfiyd4eHHbIn 3a nocrnegHune 20 NeT NCTOPUM OCBOEHMSA KBAHTOBOIO MUpa.

MPQIT 27 maa 2024 r




Quantum Memories
Quantum Repeaters
Quantum Chips

Quantum Materials

Quantum Networks

Quantum Sensors
Particle Generators
Atomic Clocks

Quantum Key
Distribution

Quantum Computing
Quantum Annealers

Quantum Simulators

CMAC/BO 3A BHUMAHUE!

Post-Quantum

Cryptography

Quantum Software

Quantum Cloud
Computing
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CSISIS

NHcTUTYFa U3 K Vings ]
HAH benapycn nposogunT ncc efnogaHuA

B 06/1aCTVi KBAHTOBOW ‘DI'ITI/IKI/I,

KBaHTOBOW KOMMYHUKqUIN W

N KBAHTOBOW CEHCOPUKWA,

[leTeKTOpbI OANHOY-
HbIX GOTOHOB PUpPMbI
idQuantique

BbicokockopocT-
HasA Bpems pas-
pelaiowjasn ma-
Tpuua SuperEllen
13 32x32=1024 na-

OANHOYHDbIX ¢OTO-

HOB € COBCTBEHHO
oumndpoBKom Bpeme-

HW oTCcyeTa

BUHHDIX AeTEKTOPOB

BbicTpopeicTayto-
wmii ynudposon oc-
uyunnorpa¢ Tektronix
MSDO64-BW4 c no-
nocoit 4 My n vacto-
ToW Bbi6OpoOK o 25
My

AHanusaTop onTu-
YecKoro crekTpa
771A-NIR-APC

CkaHunpyiowunin
6nuxHenone-
BOW ONTUYECKNI
MUKpOCKON

MPQIT 27 man

0024 r

Cxema KBaHTOBOIO
npoueccopa Ha
ocHoBe NV uentpos
B anmase 1 AAepHbIX
cnuHos usotona 13C,
2001 r. (coBmecTHO
C yH/BEpCUTETOM
WryTrapra)

MNMepsasn B CHI onTo-
BOJIOKOHHaA NNHUA
KBaHTOBOTIO pac-
npegeneHna Knova
Ha OCHOBe Koau-
poBaHus GOTOHOB
BO BpeMeHHble OKHa
(time-bin coding)

50 km, 2007 1.

KsaHnToBO-ONTMK-
YecKune reHepaTopbi
cny4alHbiX

4Mcen Ha OAVHOYHbIX
doToHax, ucnonbsy-
embie B KpynTorpa-
duruecknx cucremax
Ans obecneyeHms
MHbOpMaLMOHHON
6e3onacHocTn

np. HesaBucumocty, 68-2, K. 1, KOMH. 486,
220072, MuHck, Benapycb

Ten. +375 17 2708613,

+375 17 2708442,

dakc +375 17 2708879 (c nomeTtkon «ans LIKOKW»)
E-mail: kilin at dragon.bas-net.by

OnNTOo3NeKTPOHHDIN
NCKYCCTBEHHDIN
HellpoH, Ha OCHOBe
OMNTO3NEeKTPOHHOMN
rapbl «BepTUKanbHO-
n3nyyaiowuii nasep —
OAHOPOTOHHDIN
NaBUHHBINA PpoToan-
of» — BOCMPOU3BO-
AuT cBoWicTBa 61ono-
rMYecKnxX HelipoHOB

KBaHTOoBbBIE
ceHcopbl

Ha OCHOBe npumec-
HbIX LIeHTPOB

B anmase, roa??
(coBmecTHO ¢ MIY)

KBaHTOBBbIV ceHcop Bbl-
COKOYYBCTBUTENBHOWM
BEKTOPHOW rpagneH-
TOMETPUM MarHUTHOrO
nona Ha ocHoee NV ueH-
Tpos B anmase (A).

KeaHTOBBbIV OMTO3M1€K-
TPOHHbIN CEHCOP Temrne-
paTypbl MO3ra Ha OCHOBe
MUWKPOKpUCTanna anma-
3a C LeHTpamu oKpacku
repMaHuit-BakaHcua
(GeV (B).




'S KBaHTOBas Kpuntorpadpus Ha OANHOUYHbIX GOTOHAX
\@’ LleHTp KBAHTOBOW ONTUKM N KBAHTOBOW MHPOPMATUKK,

NHCTUTYT dn3nkm nmenn b.M.CtenaHosa HAH Benapycu

FIRST QKD SYSTEM IN BELARUS - 2007

1- M3BM «Anuca»;
2—reHepaTop TTL-mmnynbCoB.; MACLTABUPOBAHWUE | | | S
3 —n/n nasep (VCSEL);

4,5, 6 — atteHoaTopsbi 20, 30 dB;
7,8 — onNTM4YecKkoe BONOKHO;

Yucno orcueros

9 — genutenb Ny4ka;
10 — nnTeppepomeTp;
11,12 — peTeKkTopbl OANHOUYHbIX GOTOHOB;
13 - AU,
14 — N3BM «Bbo6»;
15 - KnaccuMyecKkui KaHan cBA3w.

Time-bin coding
MPQIT 27 maa 2024 r
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:ﬁt QAUNTUM TRUE RANDOM NUMBER GENERATOR

&/

SINGLE PHOTON RNG

\
\Z
o

WNcTouHuk anTponun

@ VCSEL nazep
850Hm

Monsipuzaunorxa
nneuka 850 Hm

@ [erekrop 10 Hc,
2.75x2.75 mm?

Thermoelectric cooling VCSEL holder

Bartapen Tecrtos
@ ENT-tests (http://www.fourmilab.ch/random)
@ NIST (NIST Special publication 800-22 Revision 1, 2008)
@ DieHard (http://www.csis.hku.hk/“diehard /)

DETECTION TIME RANDOMNESS

K —— )

Cneyundukayms

@ BuiBog paHHbIX:
Ethernet 1Gbit

@ Ckopocts: go 600M6uT
@ [lutanue: ~220B

@ [abapurs:
20 cm x 25 cm x 5 cm

@ [JINC Altera Cyclone IV

BcTpoernHoe ncnonxHenue

PesynbTaT

Bce TtecTbl ycnewHo npoiaeHsbl

MPQIT 27 maa 2024 r




NV CENTERS IN DIAMOND AS SENSORS &

DM » Obj \

N L F oD X | :
0 | 4 E 4 N 5

i ’ M Section - A .
[B=2=_.. :SectionAi Skull |

The sensitivity of magnetic field measurements

n =300 nT - Hz V2 — 10 pT - Hz™V2
ALL-OPTICAL BRAIN THERMOMETRY IN
FIBER-OPTIC MAGNETIC-FIELD IMAGING FREELY MOVING ANIMALS
Vol. 41, No. 9 / May 1 2016 / Optics Letters ACS Photonics 2020,7, 12,3353- 3360
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SKCNEPUMEHTAJIbHbIE
JNABOPATOPHDIE PABOTDbI

B pamkax paHHoi cepum pabot CTyaeHTbl
ysatcs paborark € AeTeKTopaMu OAUHOYHbIX
(OTOHOB,  UUGPOBLIMM  aTTeHIOATOpamu,
NasepHbIMU UCTOYHMKaMKM, W YNPasnaTbh UMK
ncnonb3ysa naket MATLAB.

1. OCHOBbI KBAHTOBbIX U3MEPEeHUN

Onpepenexue napameTpoB AeTeKTOpa OAUHOYHBLIX
HOTOHOB: 4aCTOTbI TEMHOBbLIX OTCHETOB U
NoCNeuMnynbLCOB, MEPTBOrO BPEMEHM.

FeHepauusa cnyyaiHbiX 6UT Ha OCHOBE KBaAHTOBbIX
WU3MepeHUiA.

P~ K (US8)

4 MNitanme

Komnnekrauus 14 nabopaTopHou paboThl

OKCnepuMeHTanbHbIA CTeHA:
INazepHbiit mogyns - [IM

[etekTop 0AMHOYHLIX (OTOHOB - [1
USB-ocuunnokon u reHeparop - Ocy+leH
Lincpposoit ynpaenseMblit aTTeHioaTop -
MA+BMNA

BonokHo B keBnapoBoi obonouke

HabGop aTTeHtoatopos M

Komnetorep - MK ——s

Al Ladas
Tem

MPQIT 27 maa 2024 r
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