METO/IU ONTUMIBALIIl TA EKCTPEMAJIbHI 3AJIAUI

KIBEPHETMKA
a KOMIT'IOTEPHI
TEXHONOTi

Cmeopenns anzopummis O p0O36 sI3Y8aHHS 3d-
dau KombOiHamopHoi onmumizayii 015 2i6puOHUX
K8AHMOBO-HANIBNPOGIOHUKOBUX — 0OUUCTIOBATb-
HUX KOMNJEKCi8 00380NA€ NPUCKOPUMU OMPU-
MAHHs pe3yibmamis ma ompumamu Oitbul moy-
Hi po3e’sasku. Posenanymo ynieepcanvhi i cneyi-
anbHi NiOX00U 00 0OUUCIeHb HA KBAHMOBUX KOM-
n’tomepax. Hasedeno npukiad pose’a3yeanHs
3a0ayi NOWYKY HAUOIMLWOI He3anedcHoi MHO-
JICUHU  HA  KeaHmoeux Komn 'tomepax IBM
i D-wave, sxi 0ocmynni uepe3 xmapHi cepsicu.

Knirouogi cnosa: xeanmosuii xomn 'omep, KoM-
OinamopHa onmumizayis, HAUOIbWA He3anedHC-
HA MHOMCUHA 2pag)y.
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Beryn. CydacHi KBaHTOBI KOMITIOTEpHM Ha JAEKiJIbKa
MOPSAKIB TPOIYKTHUBHIIIE BUKOHYIOTh HU3KY IIMPOKO BU-
KOPHCTOBYBaHUX AITOPUTMIB y MOPIBHIHHI 3 Cy4aCHUMHU
CJIEKTPOHHUMHU KOMIT IOTEpHUMH CHCTEMaMH, L0 1mo0y-
JIOBaHi Ha HaMiBIIPOBIAHUKOBHUX JIOTIYHUX BEHTHJISIX.

ToMy po3poOka anropuTMidHO-TIPOTPaMHOTO 3a0e3Ie-
YEHHS [ KBAHTOBMX KOMII'IOTEPIB — II€ aKTyaJlbHa Hay-
KOBa 1 MpUKJIagHa mpobiema. Ypsau po3BHHYTHUX KpaiH
Ta MIKHApOJHI Kopropailii iHBecTyloTh 3HauHi (hiHaHCOBi
pecypcH y CTBOpEHHsI KBaHTOBUX KOMI'IOTEPIB JJIsl IPHUC-
KOpeHHS OOYMCIIeHb MPHUKJIAAHMAX 337ad Ta aKTUBHO IX
BIPOBAKYIOTb.

Ha MoMeHT HammcaHHs CTATTi BXKE iCHYE psiji KBaHTO-
BUX KOMI'IOTepHUX npoTtotumnis. Y IBM e nexinbka KBaH-
TOBUX KOMITIOTEpIiB 3 1-15 kyOiTamu, sKi JOCTYIHI AJIs
MyOJIiYHOTO BUKOPHCTAaHHsS uepe3 XMapHi cepBicH, Ta
KBaHTOBHH KOMIT'toTep 3 mpubOau3Ho 50 kyOitamu asst
IUTATHOTO IOCTYITY.

VY Google € kBaHTOBHII IpoILecop, 10 MIiCTUTH 72 KYy-
0itu, Haspanuii "Bristlecone", Intel mae kBaHTOBHI
komm 'torep "Horse Ridge" 3 128 kybitamu. HoBi komna-
Hii D-Wave (2048 xy6iT) Ta Rigetti (19 xy0iT) HamawoTh
IJIATHAN TOCTYH 1 OOMEXEHUH y Yaci BUIBHUN JOCTYH JI0
KBaHTOBHX oOumnciieHb. KoMmnaniero Amazon Ha TUIaTHIN
OCHOBI HAJa€ThCS TUIATHUH JOCTYI JI0 KBaHTOBHX
koM’ toTepiB: D-Wave, Rigetti, lonQ Ha 0a3i xmapHuX
CEpBICIB.

BucokopiBHeBe KBaHTOBE IMpPOTpaMyBaHHS BCE IIE €
HOBHUM IPEIMETOM JOCIIKESHHS, TEOPish aJITOPUTMIB JJIst
SIKOTO 3HAXOJUTHCSA B CTadii PO3pOOKH, BIACYTHSI TaKOXK
Bepudikallis mporpaMHuX 0ibmioTek /it GaraThox 0azo-
BUX alropuTMiB. ToMy akTyaJlbHUM 3aBJaHHSM JUISl KBa-
HTOBOI KOMIT IOTEpHOT MaTEMaTHKH € pO3poOKa 3arajbHO1
TEPMIHOJIOTi], METOMIB 1 AITOPUTMIUYHUX IHCTPYMEHTIB
JUIL pi3HUX MOB TPOTpaMyBaHHS JOJATKiB Ta CHOCOOiB
3aCTOCYBaHHSI.

3arajbHa cxema onepauiii 1Jis1 KBAHTOBHUX 00YHC/IeHb

KpaHTOBa Cymnepriosuiiiss — ¢ OJHOYACHE ICHYBaHHS
CTaHIiB Ky0iTa, sIKi He MOKYTh OyTH pealli3oBaHi OJ{HOYA-
CHO 3 KJIJAaCMYHOI TOYKH 30py. BUKOHAHHS KBaHTOBUX 00-
YHUCJIEHb 0a3yeThCs Ha IOCIJIOBHOCTI 3 TPbOX MAaKpoO-
onepartiii (puc. 1) [1-3]:
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- CTBOPEHHSI KBaHTOBO1 CYEPIO3UIII;
- BUKOHaHHsI 00YHCIICHb Y CYIIepIO3HUIIil Ta IepEeTBOPEHb KyOiTiB;
- 3MEHILICHHS [IIyMY BUMIipIOBaHHS 1 3UNTYBaHHS JaHUX.

— CtBOpeHH
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PUC. 1. ITocninoBHICT onepariii 111 KBAaHTOBUX OOUYUCIICHb

YV BCiX KBaHTOBUX alNTOPUTMaX MPHUCYTHI HACTYITHI ETAIIH:

1) miaroToBKa Cyneprio3uIlii BXiqTHUX JaHUX IS O0UHCIeHHS (QYHKITIT;

2) 3acTocyBaHHS camoi GyHKIII (anroputMa abo KBAHTOBOTO OpaKyya);

3) mepeTBOpeHHsT OTPUMAHUX CTaHIB TAKUM YHHOM, 100 WMOBIPHICTH MOTPiOHOTO /ISl HAC Pe3yNbTa-
Ty Oyna Onm3pka a0 oguHWMI (KaixiOpyBaHHS oOJamHAHHS, 3MEHIIEHHS IIyMy i OaraTOKpaTHI 3aIyCKd
MIPOLIECy PO3B’A3yBaHHS 3a7adi).

Crig 3a3HauWTH, IO IS TOPIBHSHHS KBAaHTOBHX KOMI'FOTEPIB Pi3HOI CTPYKTYpH Ta (Di3HIHUMHU
MIPUHIIATIAMH POOOTH HeMae €AHOT MeTOauKU. KinbKicTh KyOiTiB MOXe 37aTHCS HAaWBaKIIMBIIIUM KPHUTE-
pi€eM, aje Ba)KIHMBOIO € TaKOX KUTBKICTh 3B’SI3KiB MK HUMH (pHUC. 2), OCKUTBKU KYOIiTH HE ITiIKII0YalOTh
710 CHUJIBHOI IIMHU Tepeavi JaHHX, K B eJIEeKTPOHHUX oOuuncioBainbHux MamuHax (EOM). OnHa 3 romo-
BHUX TPYAHOIIIB MPH MOOYJOBI KBAaHTOBUX KOMITIOTEPIB — I 30epekeHHs] KBAaHTOBUX CTaHIB SKOMOTa
JIOBILIE, 10 HAMYACTIIIE JOCATAETHCS HU3BKUMH TEMIIEpaTypaMH Ta KOHTPOJIOBAHHSM 4Yacy BHKOHAHHS
obuncnens. Haiimenme nopymieHHst ¢pi3MYHOTO CTaHy CHCTEMH MOXKE 3pYHHYBaTH KBaHTOBI CTaHH, 1 TOJI
KBaHTOBI O0YHCIEHHS MaTUMYTh IOMUJIKH, sIKi TOTPiOHO Oy1e BUTIPaBIISATH.

PUC. 2. CtpykTypu 3’eqHaHHS KyOiTiB A7 KBAaHTOBUX mporecopis ¢ipm Rigetti Ta D-wave

3B’3KM MK KyOiTaMH 3 TOUKU 30pY KOMIT IOTEPHOI MaTeMaTUK{ O3HA4Yal0Th MOXKIIHUBICTH Iepeaadi
JaHUX MK HUMH 200 3aCTOCYBaHHs /10 1X CTaHiB KBAHTOBMX BEHTHWJIIB JJIS1 BAKOHAHHS OIEpalliil.
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Po3p’s13yBaHHsA 32724 KOMOIHATOPHOI ONTHMI3alil 32 T0NMTOMOIroI0 KBAHTOBHX KOMII'I0TepiB

OO6csr o0uucaeHb, HEOOXIiMHUX It po3B’s3yBanHsS NP-ckimagaux 3amad omrumizamii [4-8, 11],
LIBUJKO 3pPOCTA€ 31 30UIBIIEHHSIM PO3MIpHOCTI 3axayi. Taki 3aga4yi HEMOXKIIMBO PO3B’SI3yBaTH METOAOM
mpsiMOTO  TIepebopy, HaBITh 3 HEOOMEXEHHMH OOYMCIIOBANBHUMHU pecypcamu. J[as po3B’s3yBaHHS
NP-ckiagHux 3amad ONTHMi3amii 3aCTOCOBYIOTHCS HAONIDKEHI aJTOPHTMH, 30KpeMa, METaeBPHCTHUKH
[12, 13]. BacTocyBaHHsI KBAHTOBHX OOYKCIIEHb O3BOJISIE MPUCKOPUTH pO3B’si3yBanHs NP-ckimannux 3amad
OIITUMi3alii Ta OTPUMATH PilIEHHS MiJBUILEHOT TOYHOCTI.

CydacHi KBaHTOB1 KOMII FOT€pH, MPU3HAUYEH] TSI KOMEPIIHHOTO BUKOPUCTAHHS, MalOTh BiJ COTHI JI0
JEKINBKOX TUCSY KYOIT, siKi 00’ €HaHI Y TPYIH, 10 HATIUYIOTh JECSITKH KyOIT Ta MaroTb 0OMEXEHY Killb-
KIiCTh 3B’SI3KIB K MK OKPEMHMH KyOiTamu, TakK i MiX iX TpyIlamu, 10 YTBOPIOIOTh KBAHTOBUHN MIPOIECOD.
OCKiNbKH MOBHICTIO PO3B’SI3yBaTH 33adyi KOMOIHATOPHOI omTUMi3alii BENIMKOI po3MIpHOCTI Ha KBaHTO-
BHX KOMIT IOTEpaxX Ha CHOTOHINIHIA AEHh HEMOXIIMBO, BUKOPHUCTOBYIOTH 3MimiaHi obuncienHsa. Tooto
MiATOTOBKY JaHWX, KePYBaHHS YEprolo 3ajay Ta BUBEACHHS pe3yNbTaTiB BUKOHYIOTH kiacuuHi EOM, a
po3B’s3yBaHHS NP-CKITafHUX 33a1a4 BUKOHYIOTh KBAaHTOBI KOMII FOTEPH.

Jlo moOynoBu aJrOpUTMIB PO3B’SI3yBaHHS 3a/Jad KOMOIHATOPHOI ONTHMi3allii Ha KBAaHTOBUX KOM-
M’ 0Tepax 3acTOCOBYIOThCS JBa mmiaxoau [1-3]:

- YHiBEepCalbHI KBAaHTOBI OOYHCICHHS, TOOTO MOOYyqOBa MOCITIOBHOCTEH apU(PMETHKO-JIOTTUHUX
oreparliii st KyOiTiB KBaHTOBOTO KOMII FOTEPa;

- BUKOpUCTaHHs (DI3MYHMX KBAHTOBHUX TPOIIECiB, OpPIEHTOBAHMX HAa JOCSTHEHHS HHU3BKO-
SHEPreTUYHOT0 CTaHy ISl MONIyKY MiHIMyMY, HaIlpUKIIa, KBAHTOBUH BifIIal.

Ha cboroaHimHii IeHs MepIIni MiIxXiJ BUKOPUCTOBYEThCS B OCHOBHOMY JIJIS MiJITOTOBKU JaHUX II€-
e 3aCTOCYBaHHSM alTOPUTMIB, SIKi MOOYIOBaHI HAa APYroMy MiAXO/li B CHIy MaJIOTO 00CSTY OIepaTHB-
HOI maM’sITi CydyacHMX KBaHTOBHX KOMIT OTepiB. HaBegemo mpukiaz yHiBepcalbHHX KBaHTOBHUX 00YHC-
JICHb — CXeMy BHKOHAHHS oreparlii ckiaaganHs a8ox KyOit al i bl mis kBanToBoro komm’totepa [9] (puc.
3

i Tabm. 1). 3 mBOTO Kpar CXeMHU MO3HAYEHO YOTHPH KyOIiTH Ta 1Ba OITH B SIKi 3aMCYETHCS PE3yIbTaT
o0uncieHb. TOOTO BUKOHYETHCS CKIIAJaHHS JBIMKOBHX ducen 1o+1, = 10,. |O> Ta |1> Ha puc. 3 o3Haye-

HO KBAHTOBI cTaHM Ky0iTiB (Opaket HoTamis [1, 2]).

attol oy —[X—1 :

1001 foy K :

a2[0] |0) L+ + :

b2(0] [0) : |
c2

PUC. 3. KBaHTOBa cXeMa U1 BUKOHAHHS CKJIaJaHHs ABOX KyOIT 3 IEpEHOCOM O3PSIy
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TABJIWLIA 1. Onuc no3Ha4YeHHs eeMEHTIB Ha KBAHTOBIH 00YHCIIIOBaHil cxeMi puc. 3

Hazsa Enxement Ormuc

Bentuns Toffoli, mae nBa xybitn "kepyBaHHA" Ta OomHY "'TiNB",
Toffoli ‘@—0—% 3aCTOCOBYETHCS IO IIiJIi JIUIIIE TOJI, KOJH O0MIBa €IEMEHTH Kepy-
BaHHS NIepe0yBaloTh y CTaHi |l>

Hie Ha mapy Ky0OiTiB, IpUYOMY OAWH BUCTYNA€ SK "KepyBaHHA",
a apyruit sk "uine". BenTnns Bukonye onepaito "He" nag xy0i-
TaMH, KOJIM KOHTPOJIb 3HAXOAUTHCS B CTaHi |1>

CNOT

pauli X x [loBeprae cmin KybiTa y mpoTHJIC:KHOMY HanpsmMKy. Hampukman,
auft JUIs1 3MiHHM 3Ha4eHHS KyOiTa 3 |1> Ha |0> a00 HaBMaKu
Meas- Z : : . .
Bumiproe 3naueHHs Ky0iTa Ta 3anucye Horo y 0it
urement

3a gonomororo kBaHTOBUX BeHTWIiB Pauli X 3amucyroTscs 3HaUeHHS KyOiTiB |1> i CTBOPIOETHCS CY-

MEPIO3ulliss 0a30BUX CTaHIB, MOTIM BUKOHYIOTHCS OINeparllii g07aBaHHs KyOITiB 3a JOIMOMOI'OI0 BEHTHIIIB
CNOT i Toffoli, orpumanuii pe3ynbTaT BAMIPIOETHCS 1 3aIIHCY€ETHCS Y KIIACHYHI OITH.

Po3p’si3yBaHHA 3a1a4i PO HAHOLIBITY He3aJIesKHY MHOKUHY

ITocmanoeka 3adaui. 3agano npoctuii HeopientoBanuii rpap G(V,E), ne V — MHOXXHHA BEpLIUH,
E - mHoxuHa peGep, N — kimbkicTh BepmmH, M — Kimbkicts pebdep, V ={1,2,..,n}, E ={(u;,vy),
(Up,V5)eeey (U, Vi )} Ui,V €V i =1,...,m. Koxwuili BepummHi | MOCTaBIEHO y BiANOBIAHICTb 3MiHHY

X;, sika Moxe mpuiimMari 3HadeHHs 0 abo 1: X=(X,..,X,), X €{0,5}. 3amano Ttakox @¢yHKIi0O

n
f(x)= Z X; 1 oOMesKeHHs Ha 3HaueHHs BeKTopa X =(Xq,...,X;) ! (i, ) € E= ¥ +X; <1. Taxum unnom,
i1
3ajaua Mpo HalOUIbIY He3aJIeKHY MHOKUHY (POPMYIIOETHCS TaK:
3HAUTH

n
max f (x) =" %
=
3a 0OMeXeHb
(i,j)Eszi +Xj <1
X €{0,1},i=1...,n.

Anzopumm noeHozo nepebdopy. lnes anroputMy:
- mepeOpaty BCi MOKJIMBI 3HAYEHHS BEeKTOpa X ;

- BIIKHHYTH Ti 3HAYE€HHS X, SKi HE 33JJ0BOJILHIIOTh OOMEKEHHSIM;
- 7S BCiX X, o 3anummiucs, oouucnutu f (X) ;

- BUOpatu BeKTOp X, JJis sikoro 3HaueHHs f(X) makcumanbHe.

Ilepebupanns cix modxcausux sHavenv éekmopa X. Tak sk 3MiHHI X; nmpuitmaroTh 3Ha4eHHs 0 abo 1,
TO BEKTOP X MOXKHA PO3MJISLIATH SK IiJie HEeBiI €MHE YHMCJIO B JBIMKOBIM cucTemi yucieHHs. Halimerie

take yucso 0, ToOoto xouu Bei X =0, HaibinblIe KOPiBHIOE 2" -1, To6TO KOIHM BCi X; =1. Jlnsa nepe-
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OupaHHS BCIX JBIHKOBUX YHCENT BHKOHYETHCS OKpeMa IMPOLEAypa, AKa 33 33aJaHUM YHUCJIOM OOYUCIIOE
yucio Ha 1 Oiblie 3a 3aJaHe.
HaBenemo npukiaau gofaBaHHS B CTOBMYMK OJMHUIN B JBIMKOBi#M cuctemi umcneHHs: 0 + 1 = 1,
5+1=6,39+1=40.
000000 000101 100111

1 1 1
000001 000110 101000

3aKOHOMIPHICTh TYT Taka: Tpeba pyXaTHCh CIpaBa HAJIBO MO PO3psIax YKCia, OAMHUII 3aMiHIOBATH
Ha HyJi, eI HyJIb 3aMIHUTH Ha OJWHUITIO 1 3yTIMHUTHUCH.
3ayeascenns. T1opsAnOK 3MIHHUX Y BEeKTOPi X =(Xy,...,X,) HNPOTHJICKHUI MOPSAKY PO3PSAIB y ABiii-

KOBOMY YHCHI X = Xp...X] .
Ilpuxnao pose’saskie 3adaui. BepiHA MaKCHMMaabHOI HE3aJIe)KHOI MHOXXHMHHU IO3HAYCHI TEMHUM
KobopoM (puc. 4).
n=3m=2 n=4m=3

® © @
® ® ®

PUC. 4. TIpuxnaan po3B’s3Ky 3a/1a4i NOUTYKY MaKCUMAaJIbHOT HE3aJIeKHOT MHOKHUHH

LIst 3amava, sk i OUTBIIICT iHIIMX y KOMOiHaTOpHIM ontumizarii — NP-ckianna [4-8]. ¥V Takux Bu-
naj-Kax mpoOJieMy ONTHUMI3alii MBHUIKO CTAIOTh HEBHUPIITYBAHUMH METOIAMH MPSMOTO TIepedopy, HaBiTh
13 BEJTMKMMH OOYMCITIOBAILHUME pecypcamu. Po3B’s3yBaHHS IIbOTO KJIacy 3aJad 3 BEJIMKUM MacmraboM
MIPH 3pOCTaHHI MPOJAYKTUBHOCTI KOMIT IOTEPIB Y BiMOBIAHOCTI A0 3aKOHOMipHOCTI Mypa moTpedyBaTume
JEKITBKOX CTOMITh. ToMy o mpoOieM 0OYMCITIOBAIFHO CKIIQIHUX 337ad ONTUMIi3allii 3a3BHUYall 3aCTOCO-
BYIOTh €BPUCTHYHI MIXOAH Ta eMITIPUIHI METOJIUKH. PO3poOKa eBpUCTHYHHX aNTOPUTMIB MOXKe 3a0paTh
OaraTo vacy, o0 OTpUMAaTH 33J{0BLIBbHI BiJIOBIi/lI, KPIM TOTO BOHU HE TAPAHTYIOTh OTPUMAaHHS ONTHMAa-
JILHOTO PIIICHHS.

KBanToBmii Bimnan — 1ie 0OYHCITIOBAILHUN METOJl, po3pobneHuii st po3B’s3yBanHs NP-ckmagamx
3agay KoMOiHaTtopHOi onTtuMmizanii. CyyacHi KBaHTOBI BiJajroBadi PO3B’SI3yIOTh 3a1adi KBagpaTHYHOI
HeoOMeskeHo1 OiHapHOT onTuMmisarii (quadratic unconstrained binary optimization — QUBO), takox BiJo-
Mi fIK criiHOBa MoJienb [3iHra. OCKUIBKHM 3a7a4a MOIIYKYy He3aJIeKHOI MHOKHMHHU — L€ 3a7a4a 3 0OMeKeH-
HSIMH, TO BUKOHYETBCSI 3BE/ICHHS 3a/1a4i JI0 3arajbHOi ()OPMU BUAY:

min (uiﬂboea gbyHKuiﬂ) +y [06Mez)fceHH;z] .

3HaYeHHS Y BHUKOHYETHCS HAJIAIITYBAHHAM napaMeTpiB KBAaHTOBUX OOYHCITFOBAYiB Ta HepeBipH€TLCH

3a JIOITOMOTOI0 TIOBTOPIOBAHHS 00UNCIICHb.

{06 cdopmyoBaT 3a1ady Ui KBaHTOBOro oOuMciIioBaya, Tpeba moOyayBaTH LiNbOBY (YHKIIIO,
sgKa € BimoOpaskeHHAM (i3WYHOTO CTaHy CHUCTeMH SIK (YHKUil OiHApHUX 3MIHHMX, IO MPEICTABISIOTH
KyOiTu. Y KBaHTOBMX OOYMCIIIOBayax By3iu rpady BimoOpaxkaroTh KyOiTamu, a pedpa — 3’ € JHaHHAMH MiXK
KyOiTamu. J[nst OLTBIIOCTI BUITAKIB YUM HUKYHUN €HEPTeTUYHHA CTaH KBAaHTOBOI CHCTEMH, IIO BioOpa-
ae iTboBY (QPYHKIIII0, TUM PO3B’SA30K 3a/1a4i OJMKY€E IO ONTUMAIbHOTO.
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PosrnsiHemMo po3B’si3yBaHHS 3a/adi Ipo HAKOLIBITY He3aJe:KHY MHOKMHY Ha YHIBepcalbHOMY KBaH-
ToBOMYy KoMI'toTepi ¢ipmu IBM [9] Ta cmemianizoBaHOMY KBaHTOBOMY OOYHCIIOBAILHOMY HPUCTPOT
¢bipmu D-wave [10] mist po3B’si3yBaHHs 3a1a4 MiHiMi3alii METOIOM KBaHTOBOTO Biamany. BupoOHukamu
KBaHTOBUX KOMII'IOTEPIiB PO3pOOJIEHO MporpaMHi 06i0mioTekw i MOBM mporpamyBaHHs Python, ski
JI03BOJISIIOTH OTPUMATH PO3B’SI30K 3ajiadi MOITYKY HaiOiNbIIOl He3anexHoi MHOXKUHK i rpady. o6
OTpUMaTH PO3B’S30K 3ajadui Tpeba momaTu omuc rpada Ha BXiJ NporpaMd Ta OOpaTH KBaHTOBHIA
KOMIT FOTEp 3 JIOCTYITHHMX OHJIAH Ta BCTAHOBUTH MapaMeTpy 00YKCIICHb, HANPUKIIA, KIJTbKICTh 3aIyCKiB
3anmavi. Pe3ynabTatv eKCIepUMEHTIB moAaHi y Tabn. 2. Y maHiii TaOJvIli HaBEJCHI 3HAYCHHS I[IJIOBOT
(yHKIII1, BapiaHTH PO3B’SA3KY 3a/1a4i — HE3aJICKHI By3JIM Ta 3HAUCHHS CHEPTii CUCTEMHU JUIS BiJIIIOBIIHUX
BapiaHTiB.

TABJINLIA 2. Pesynbrati po3B’si3yBaHHs 3a/a4i PO HAWOIBINY HEe3aJe)KHY MHOYKHHY Ha KBAHTOBUX KOMIT IOTepax

IBM D-wave

energy: —1.5 Set0 Set1l Energy Cut Size
max-cut objective: — 4.0 [3, 4] [1,2] -3.0 4
solution: [0. 1. 0. 1.] [1, 2] [3,4] -3.0

solution objective: 4.0 [1, 3] [2,4] -1.0

[1,4] [23 -10
[2,3] [L4 -1.0

W wwh

PesyabTaT. Y po0OOTi 3alponOHOBAHO NMPUHUMIM Kiacu(ikaiii alropuTMiB po3B's3aHHS 3agad 3
TOYKH 30py KBaHTOBOI KOMI'TOTepHOI MaTeMaTHKH. [lokazaHo, 0 KUTBKICTB 1 CHIIa 3B'SI3KIB MiX KyOiTaMu
BIUIMBA€ HA PO3MIPHICTH 3a/1a4, PO3B'I3yBaHHX AITOPUTMAMH KBAaHTOBOI KOMI'FOTEPHOI MaTEeMaTHKH.
3anpornoHOBaHO PO3TISAATH JIBa MIAXOAN 0 OOYMCICHHS 3a7ad KOMOIHATOpHOI ONTHMIi3allii Ha KBaHTO-
BHX KOMITIOTEpaxX: YHIBEpCalbHUH, 32 JOMOMOTOI0 KBAHTOBMUX BEHTHIIB, 1 crieliaiizoBaHWid, Ha 0a3i
napamerpu3alii (izuuHux nporeciB. HaBeneHo mpukian moOymaoBH HamiBCyMaropa Ui TBOX KyOiTiB
KBaHTOBOTO Tporecopa ¢ipmu IBM i npukian BUpIimIeHHS 3a7adi MOIIYKY MaKCHMAaJIbHOI He3alekHOI
MHOHHH JIJIs1 KBAHTOBHX KoMI'toTepis ¢pipm IBM i D-wave.

BucHoBku. Huni € 0OMexeHn# y yaci oHIaiH-IOCTYH 10 KBAHTOBUX KOMII t0TepiB 3 15 — 2048 xy0i-
TaMmH, po3po0IieHO BidyalbHi iHTepdelcH BUKOHAaHHS 1 porpamHi 0i0NiOTEKH, IO CYTTEBO CIPOIIYIOThH
JOCHIDKeHHST po3pobnennx noxatkiB. Lllopiuyamii BuXil HOBHX 3pa3KiB KBaHTOBHX MPOILECOPIB 3 TO-
JIBOEHOIO KIJTBKICTIO KyOiTiB Ta 0araTOKpaTHUM 301JbIIEHHSIM KUIBKOCTI 3B’S3KIB MK HAMH ITOPiBHSHO
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3 MOMEpeIHIMH 3pa3KaMH Ja€ MiJCTaBH MPUITYCKATH, IO JUIsi KBAHTOBUX OOYMCIIIOBAYiB MOXE iCHYBaTH
aHAJIOT 3aKOHOMIpPHOCTI Mypa &S eNeKTpOHHHX (HAIiBIIPOBITHUKOBUX) OOUYMCIIOBAIIEHUX MAIINH.
[IporpamyBaHHSI KBaHTOBHUX KOMII IOTEpPiB BUKOHYEThCS MepeBakHO Ha MoBi Python 3 6i0mioTekamu Bix
pi3HHX BUpOOHHUKIB, pimme Ha AcemOnepi IBM, Google C++, JavaScript, Q# Microsoft Ta y BizyansHOMY
CepeoBUILI 30MpaHHsI KBAHTOBUX OOYHMCIFOBAHMX CXEM JUIsi BAKOHAHHS MPOCTHX orepaiii (puc. 2).

Ha cporognimHiii /eHp HEMae AOMIHYIOYOI KBAaHTOBOI KOMII IOTEPHOI apXiTeKTypH, KpiM TOTO,
KBaHTOBI KOMIT' IOTepH OyIYIOTh Ha Pi3HUX (PI3UUHUX MPUHIMIAX, IO BIUIMBAE HA e()EKTUBHICTH BUCOKO-
PiBHEBUX alTrOpuTMiB. MiXK KITACHYHOIO JBIKOBOIO OYJIEBOIO JIOTIKOIO Ta KBAHTOBOIO JIOTIKOIO € CYTTEBI
BiIIMIHHOCTI, TOMY METOAM PO3POOKH MpOrpaMHUX 0i0IIOTEK, 0 BUKOPUCTOBYIOTHCSI CHOTOIHI, MOXKYTb
OyTH 3aCTOCOBaHI JIMIIIE YaCTKOBO /IO KBAHTOBUX KOMITTOTEPIB.

[TopiBHSIHHS Pi3HUX KBaHTOBUX KOMIT'IOTEPIB € HETPUBIaNBbHOIO 3a1aueio. KiabKicTh KyOiTiB € Haii-
BKJIMBIIIUM KpPUTEPI€M, alle KUTbKICTh 3B’SI3KiB MK KyOiTaMH TaKOX CYTTEBO BIUIMBA€ HA MPOAYKTHB-
HiCTh 00uncieHb. OHIEI0 3 TOMOBHUX TPYJHOIIIB TPU MOOYJ0BI KBAHTOBHX KOMI'IOTEPIB € 30€perKEeHHS
KBAaHTOBHX CTaHiB SKOMOTa AoBIle. HaiiMeHIe mopyrieHHs MOXe 3pyHHYBAaTH KBaHTOBI CTaHH, i TOMY
KBaHTOBI O0YHCIIEHHS MOKYTh MaTH IIOMHJIKH, SIK1 TOTPiIOHO BUTIPABIIATH.

CydacHi pUCTpoOi, IO anapaTHO-MIPOrPaMHO BHKOHYIOTh KBAaHTOBHHU BiJIas, po3poOieHi I BUpi-
IICHHS CKJIAJHUX MPOOJIeM ONTUMi3allii, BTIM BOHM MalOTh anapaTHi OOMEKEHHS Ha KiIbKICTh KyOiTiB
Ta CKJIAAHICTb iX 3'€AHAHHS.

OO0umcIIoOBAILHO CKJIaIHI 33a4i KOMOIHATOPHOI ONTUMI3allii € HEpO3B'I3HUMH HABITh JJIsI MOTY>KHUX
Cy4aCHHX OOYHMCITIOBAIBHHAX CHUCTEM 1, IMOBIPHO, 3aJIMIIAThCA TAKWMH, HABITh BPaxOBYIOYH 3POCTaHHS
00YHCITIOBATILHOL TOTYKHOCTI Y BIJIIIOBITHOCTI 110 3aKOHOMIpHOCTI Mypa. Kpim Toro ciia qomaTtu, mo po-
3MIpHICTh Cy4acHHX MPOOIEM 3pOCTae eKCIIOHEHIAFHO, 8 TEXHOJIOTii BUPOOHHUIITBA HAITiBIPOBITHUKO-
BHUX KOMIT IOTEPIB BXXE HAOIU3UIUCH 10 (DI3UYHUX MEK.

KBaHTOBI KOMIT'TOTEpH, 30KpeMa KBAHTOBI BiJIANIOBadi, MPOIOHYIOTH HOBY MapajnurMy, SfKa IOIO-
MOXke mojmoyiaTd 1i mpobiemu. OJHAK CydyacHE NOKOJIHHS OOJNagHaHHA JUIs 3a0€3MCYCHHS SKOCTI
PO3B’S3KiB IIIe Mae OaraTo 0OMeKeHb, 1, OTXKE, HAMOLIBIII IEPCIIEKTHBHI Pe3yIbTaTH BUXOATH i3 HEOTHO-
PIIHOTO KBAaHTOBO-KJIACHYHOT'O MiAX0Ay. Y poOOTI MOJIaHO Pe3yJIbTaTH 3a IUMH HalpsSMKaMH, 3 UII0CTpa-
Ii€I0 BUPIMIEHHS peanbHoi 3anadi. Lle mociimkeHHs € MIHHUM He TUTBKY U YTOYHEHHS PO3B’S3KiB i€l
KOHKPETHOI 33/1a4i, ajie i sSIK iHCTPYMEHT JIJIsl BUPIIIEHHsI iHIIMX TPYAOMICTKHX 3a/1a4 onTuMi3alii y Oara-
THOX PI3HUX KOHTEKCTAX.

OTpumatu niepeBary Bijl 3aCTOCYBaHHSI KBAHTOBUX OOYHCIICHB JIJIsl BUPIIICHHS TIPUKIIATHAX TIPOOIIEM
HEMOJKJIMBO Ha 0a3i moaanpiroi po3poOKH KBAHTOBOI KOMIT FOTEPHOI MaTeMaTHKH Ta PO3POOKH BiIOBII-
HOTO aJITOPUTMIYHO-TIPOTPAMHOTO 3a0€3ICUCHHS.
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Beenenne. KBaHTOBbIE KOMIBIOTEPH! IMO3BOJIAIOT MOJIYYUTh B HECKOJIBKO pa3 ObICTpee pelieHHue psjaa
NP-croXHBIX 3a71a4 KOMOMHATOPHOM ONTHMH3AIMI B CPAaBHEHNH C BBIYHCIUTENBHBIMH KIacTepamu. TeHmeH-
1S YABOEHMS KOJIMYECTBA KyOMTOB KBAHTOBBIX KOMIIBIOTEPOB KaX[bIi IOJl JaeT OCHOBAHHUS IpPEAINONaraTh
CYIIIECTBOBaHHUE aHAJOTa 3aKOHOMEPHOCTH Mypa IJIs KBaHTOBBIX KOMIBIOTEPOB, a 3TO O3HAYaeT, 4To B Onu-
KalmeMm OymymieM Ha HUX TaloKe MOXHO OyAeT MOJIyYUTh CYIIECTBEHHOE YCKOPEHHE PELIEHHS MHOTHX
TPHUKIIAIHBIX 33/1a9 OOJNBIIOHN Pa3MEPHOCTH.

Hean padorsr. O030p cnoco0OB MOCTPOSHUST AITOPUTMOB KBAaHTOBOM KOMITBIOTEPHOW MAaTEMAaTHKH JUIs
3a/1ad KOMOWHATOPHOH ONTHMH3ALNK U aHAIN3 BIUAHNSA 0COOCHHOCTEH CBs3eil MeX Ty KyOHTaMH Ha BBITIOIHE-
HHE KBAaHTOBOH 00pabOTKU NaHHBIX.

PesyabTaThl. B paGoTe mpennoskeHs! MPUHIAIEI KITACCH(PUKAIIMN aNTOPHTMOB PEIICHNS 3a4ad C TOYKH
3pEHUs] KBAaHTOBOH KOMIBIOTEPHOM MaTeMaTuky. [Ioka3aHo, 4TO KOJIMUECTBO U CHJIA CBS3EH MexIy KyOutamu
BJIMSIET HAa Pa3MEPHOCTD 3371ad, PEIIacMbIX alrOPUTMaMU KBaHTOBOM KOMIIbIOTEpHON MaTeMaTuku. IIpennoxe-
HO paccMaTpHBaTh [Ba NMOAXO0JA K BEYMCICHUIO 33/1a4 KOMOMHATOPHONH ONTHMH3AIMN Ha KBAHTOBBIX KOMIIBIO-
Tepax: YHUBEPCAIbHbII, C IOMOLIbIO KBAHTOBBIX BEHTUIIEH, U ClIEHUaNN3UpOBaHHBIN, Ha 6a3e mapaMeTpu3aluu
¢msnyeckux mponeccoB. [IpuBeneH mpuMep MOCTPOCHUS MOITyCyMMAaTopa Uil JIBYX KyOHUTOB KBaHTOBOTO
npoueccopa GpupmMel IBM 1 npumMep pemenus 3a1aud NOMCKAa MaKCUMAaJIbHOIO HE3aBUCHMOI'O MHOXKECTBA IS
KBAaHTOBBIX KoMIIbtoTepoB ¢pupm IBM u D-wave.
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BoiBoabl. Cero/iHs KBaHTOBBIC KOMITBIOTEPBI TOCTYITHBI OHJIAIH Yepe3 00JadHbIe CEPBHUCHI I HAYYHBIX
HCCIICOBAHUI M KOMMEPYECKOrO HCIIOJb30BaHMs. Ha MOMEHT HammcaHWs CTaThH KBAHTOBBIC MPOLIECCOPBI
00JIaIaf0T HETOCTATOYHBIM KOJIMYECTBOM KyOHUTOB JIJIsl 3aMEHBI MOTYPOBOTHUKOBBIX KOMITBIOTEPOB B YHUBED-
CaJIbHBIX BeIYUCICHUAX. [IOKMCK pelueHust 3a1a4i KOMOHHATOPHOM ONTHMHU3ALUH BBIMOIHIETCS C IIOMOLIBIO [0~
CTIKCHHUST MHHUMYMa SHEPTUH CHUCTEMBI CBA3aHHBIX KyOHTOB, Ha KOTOPYIO OTOOpaXkaeTcs 3ajaya, a JTaHHBIS
SIBIIFOTCSI HAYAIbHBIMH YCIOBHSAMU. PacCMOTPEHBI OIXOIBI K PEIICHHIO 33484 KOMOMHATOPHON ONTHMH3ALAH
Ha KBaHTOBBIX KOMIIBIOTEpAX M MPHUBEICHBI PE3YJIBTATHI PEIICHUS 337a4d MOMCKA MaKCHMAILHOTO HE3aBUCH-
MOTO MHO’KECTBA Ha KBAHTOBBIX KOMITbIOTepax ¢pupm IBM u D-wave.

KiioueBble c10Ba: KBaHTOBBIH KOMIIBIOTEP, KBAHTOBAs KOMIIbIOTEPHAS MAaTEMATHKa, KyOUT, MAaKCUMaJb-
HOE HE3aBHCHMOE MHOXKECTBO UL rpada.
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Introduction. Quantum computers provide several times faster solutions to several NP-hard combinatori-
al optimization problems in comparison with computing clusters. The trend of doubling the number of qubits
of quantum computers every year suggests the existence of an analog of Moore's law for quantum computers,
which means that soon they will also be able to get a significant acceleration of solving many applied large-
scale problems.

The purpose of the article is to review methods for creating algorithms of quantum computer mathemat-
ics for combinatorial optimization problems and to analyze the influence of the qubit-to-qubit coupling and
connections strength on the performance of quantum data processing.

Results. The article offers approaches to the classification of algorithms for solving these problems from
the perspective of quantum computer mathematics. It is shown that the number and strength of connections be-
tween qubits affect the dimensionality of problems solved by algorithms of quantum computer mathematics. It
is proposed to consider two approaches to calculating combinatorial optimization problems on quantum com-
puters: universal, using quantum gates, and specialized, based on a parameterization of physical processes.
Examples of constructing a half-adder for two qubits of an IBM quantum processor and an example of solving
the problem of finding the maximum independent set for the IBM and D-wave quantum computers are given.

Conclusions. Today, quantum computers are available online through cloud services for research and
commercial use. At present, quantum processors do not have enough qubits to replace semiconductor comput-
ers in universal computing. The search for a solution to a combinatorial optimization problem is performed by
achieving the minimum energy of the system of coupled qubits, on which the task is mapped, and the data are
the initial conditions. Approaches to solving combinatorial optimization problems on quantum computers are
considered and the results of solving the problem of finding the maximum independent set on the IBM and D-
wave quantum computers are given.

Keywords: quantum computer, quantum computer mathematics, qubit, maximal independent set for
a graph.
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