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Amnoraiiis

IIss pobora € cmpobGor0 OISy ICHYIOUMX MOB MPOTPAMYBAHHS JIJIsI
KBaHTOBUX OOYMCJIEHD, IX TEOPETUIHUX OCHOB Ta OCODJMBOCTEH. AK mpu-
KJIaJ1, PO3IJISIIIAE€ThCs TUCKpeTHe eperBopenHst Pyp’e, sike B IKOCTI Bripa-
BU IMILIEMEHTYETHCS Ha JIBOX MOBaX MPOrPAMYBAHHSI: MPAKTUIHIN, iMIe-
parusniit QCL Bix Bepuxapna Owmepall2] Ta reopernuniit dopmasnbiii,
dyHKIIOHAJBHIET MOBI TporpaMyBaHHS, JAMOIA-9UCAEHHI 3 JIHIKHUMEI
dyukuismu Bin Aujpe Ban Tonzepall6]. Sk BUCHOBOK MpONOHYEMO HApPHUC
cBoel MoBu PLQ 111 KBaHTOBUX OOYHUCIIEHD 3 3AJIEXKHUMU, 3aJIEKHUMU-
JIHIHHIMYA Ta KBAHTOBUMU THUIIAMU.
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1 The Felix Language

1.1 Jlimiitma anrebpa

Horamisg Hipaka 1e xkomMmaxkTHHi dopmastiaM JriHiitHoI anarebpu gxuit Oymemo
3aCTOCOBYBATH JIJI BU3HAYEHb KBAHTOBOI MEXAHIK

Taba. 1: Horamia ipaka

Horaniza  Busnagennsa

[1)) 3araJbHUIl KeT-BeKTOD, HAIPUKIAM (Co, .., Cr )L

(Y] JlyaJibHUM Gpa-BeKTOp, HaupukiIam (¢, ..., ¢)

|n) n-it 6asnc BekTop crangapraoro 6asucy N = (|0}, ..., |n))

|72) n-it Gasmc BekTOp ambrepHATHBHOrO Gazucy N = (|0), ..., |72))
(P|w) CKaJIApHUi 100y TOK

|2, 7) TeH30pHUil JOOYTOK GA3UCHUX BEKTODIB |i) Ta |j)

|¢) @ |1)  remzopumit 106YTOK

Definition 1. (Bexkropuwuii npocrip). Muoxuna V Ha3uBaerbcs BEKTOPHU
MITPOCTOPOM HAJI CKaJIApHUM TosieM F| Tosi i TimbKu To/1i, Koy BU3HAYMEH] Or1e-
pauii + : V x V — V (cyma BekrTopiB) Ta - : F' X V — V (106yToK ckasspa
Ta BeKTOpa) 3 HacTymHuMu BiactuBocTsaMu: 1) (V) +) yTBOPIOIOTH KOMYTATUBHY
rpyny; ii) AlY) = [¢)A; iii) A(plv)) = (Aw)[¥); iv) (A + p)|¥) = AlY) + ply); v)
A[Y) + |¢)) = AW) + Ag). Jani Gymemo po3risgaTi CKaJspHE HOJEe KOMILIE-
keuux yucen F = C.

Definition 2. (Ckanspunit 106yTok). @yukuis (-|-) : V x V — C nazuBaerbest
CKAJSIPHUM JOOYTKOM, Togi 1 Timbku Toi, komw: 1) (¥|(A@) + u|x)) = A{|p) +
w{|e); i) (Yle) = (pl)*; iii) 0 < (P|¢) € R. Cransapruii 106yTOK BU3HATAE
wopmy || [¢) [|= v/ {¢[¢) =[l ¢ |-

Definition 3. (Iloeumii BekTopHuii npocrip). Hexait V BekTopHuii nmpocrip 3
HOpMOIO || - || Ta |1, ) € V nocainosricTh BeKTOpIB. 1) |1)) € mocainosicTio Kormi
Trr. Ve > 03N > 0 : Vn,m > N, || [¢n) — |[¥n+1) ||< € ii) |¢) cxomuTbes TTT.
Ye > 03N > 0 : Yn > N, || |¢,) — |¥) ||< €. Ipoctip V noBrmii TTT. KOXHA
nocaigosHicTh Kol cxoaurned.

Definition 4. (T'inbbepris upocrip). ITosuuii Bekropuuii upocrip H 3i cka-

JgpHuil 1o6yTKoM (-|-) Ta Bimmosigaowo HOpMOIO || ¥ ||= /(¢|1)) HasuBaerbCs
l'inpsbepToBuM.

11.0. Baxapuyk. Ksantosa Mexamnika. 2012



Definition 5. (Jliniituuii oneparop). Hexait V — BexropHwmii npocrip, a A —
dyukmiss AV — V. Toai A HasuBaeThCs JIHITHUM OIIEPATOPOM TTT.

A) + ple)) = AAlp) + nAle)

B C™ minifinuit onepaTop € MaTpHIEIO M X N 3 eIeMeHTaMu a; ; = (i|Alj), 1e
A =%, ;a; ;]1)(j|. 3a BusHatueHHaM miHiftHOCTI OmepaTOp A MOXKHO 3aIlHCATH
Jepe3 JiHiHYy cyMy BeKTOpiB 6azucy B:

A |n) = Zgagn|k), ne |k) € B.

Definition 6. (Tenzopuuii 106yToK risbbeprosux npocropis). Hexait Hy ta Ha
— T'inebeprosi npocropu 3 6azucamu By ta By. Tomi Ten3opHwmii 100y TOK

H = H, ® Hy = {Xjyep, 2|j) € Bacijli, j)|cij € C}.
Takoxk ['impbepTiB mpocTip 3 6azucom B = By X By Ta cKaasgpHUM J00yTKOM:
(i, 417", 3") = (ili") (§li") = 0ir 635", me li), |i') € Bu,15),15") € Bo.

Definition 7. (Tensopuunii 106y 1ok JinifiHux oneparopis). Hexait A Ta B siniii-
Hi orteparopu Ha ['ip6epTOBUX TpoTOCcTOpax H1 Ta Hy, Toai TeH30pHuUil 106y TOK

A® B = X;; Sy i, j) (i Ali") (5| Bl ) (&', 7|
JIiHITHWIT omlepaTop Ha Ha riabbeproBoMy mpoctropi H; ® Hs.

Definition 8. (Komyrarop Ta antukomyTarop). Hexait A ta B siniiini onepa-
ropu Ha rijgpbeproomy npocropi H. Oueparop [A, B] = AB — BA nasuBaeTbcst
koMmyTaTopoM, a A, B = AB + BA Ha3uBaeTbCss AaHTUKOMYTATOPOM.

1.2 IHTepmnperaliis KBaAaHTOBOI MeXaHIKM

B 3astexkHOCTI Bif TOrO SIK camMe MOJEIOIOTHCsI Ta KOHCTPYIOIOTHCS TijabbepTo-
Bl IIPOCTOpPM Ta TaMiIbTOHIAHW, BUHUKAIOTH PI3HI Teopil, Bij HEPATUBICTCHKOL
KBaHTOBOI €JIEKTPOJNHAMIKA JI0 KBAHTOBOI XPOHOINHAMIKU AKa BBOJUTH OHS-
TTHA KBapKiB Ta TJIIOOHIB.

Teopis KBaHTOBUX OOYHCJIEHb — II€ 1€ OJHA Teopis MmoBepx abCTPaKTHO-
ro KBaHTOBOIO (popMasiaMy Ta € IHTepIpeTaliero KBaHToBOI MexaHiku. OmgHak
e He QisudHa TEopis B TOMY CEHCi, IO BOHA He OINCYE MPUPOIHiN IIporiec,
a € OJIIMKIO0I0 JI0 CXeMOTEXHIKM, 3 KBabiTaMH Ta KBAHTOBUMH BEHTUJIAMU, Oe3
BU3HAYEHHs K CaMe€ MOJIEJIIOEThCA KBAHTOBA CHCTEMa, BOHA Moxke OyTu abo
GdizuaHIM 06’€KTOM ab0 CUMYJIISITOPOM.

Touno Tak siK s amaparHoro 3abe3nedeHHs OyIYIOThCA MOBHU ITOPIPaMy-
BAHHsI Ta BUINI MOBH [POTPDAMyBaHHsSI, TaK CaMO JJjis KBaHTOBUX OOYNCJICHD,
KBaHTOBUX CTAHIB Ta KBAHTOBHX JIOTIYHHX €JIECMEHTIB (BEeHTHJIB), iCHYIOTH CBOI
MOBH IIPOTPaMyBaHHs. ¥ HACTYIIHIH CeKIil JaMO OIJIsi/ iCHYIOYMX MOB Ta ITi/IXO-
JiB 70 TX mMOOyI0BU, & TYT JaMO OCHOBHI NPWHITUIIA Ta KOMIIOHEHTH apXiTEKTH
KBAHTOBUX OOYMC/ICHDb, abU TOSCHUTU OCHOBHI MOBHI €JIEMEHTH, Ta 1X IEPETBO-
peHHS.



1.3 IlamM’aTh KBAHTOBOT'O KOMII'IOTEpA

Definition 9. (Ksaurosuit 6ir). Kpantosuit 6ir a60 KBabGiT BU3HAYAETHCS SIK
KBaHTOBA CHCTEMa, CTaH KOl MOXKe OyTH IOBHICTIO BUPAXKEHMI K CyIepIo-
sunig (simifina xkomOGiHallist) JIBOX OPTOHOPMOBAHUX BJIACHUX 0a30BHX CTAHIB
nosnadenux |0) Ta |1). BaranpHumit cran |¢)) KBabiTa TOAI BU3HAYAETHCA SIK
[Y) = a|0) + B|1),]|al? + |8|> = 1. 3nauenns kpabiTa omHUCYETHCs CIIOCTEpe-
kerusiM N = |1)(1]. (N) nae BiporimsicTs 3HajiTu cucremy B craHi |1), sKio
HaJ KBabiToMm Oy npoBeseni Bumipu. [Ipocrip craniB kBabita € riapbepTOoBUM
npocropom H = C2. Opronopmosama cuctema |0), |1) HasuBaeThes obumcTio-
BaJIbHUM 0a3UCOM.

Definition 10. (Cdepa Bioxa). Saranbauii ctan kBabita Moxke 6yTu BupazKe-
HUIT B MOJIAPHUX KOOpJuHATaX 0 Ta ¢:

) = cosg|0> + ei¢sing|1>.

OuHrYHuR BEKTOP CTaHy |1)) HA3UBAETHC BEKTOpOM Biloxa 7y, Ta Mae HacCTy-
IIHy BIACTUBICTL 7y = —T¢ > (P|§) = 0. Obepru maskoiao oceit X, Y ta Z

7= [0)

~z=1)
Puc. 1: Cdepa Buoxa sik npeicrasienns ksabira |1))

BeKTOpa Biioxa To/i BU3HAYAIOTHCS K OIEPATOPH:

[ —isin?
X(6) = 00529 1327;2} Y(0) = [cos

—8iny COS5 SN

—sind

e—i0/2 0
2 — .
COS% :| ,Z(Q) |: 0 ez@/2:|

N DO

Definition 11. (Ksanrosa cucrema).

Definition 12. (Eoutonis cucremn). Temmnopasbaa €BOJIONIS CTaAHY CHCTEMU
omncyeTbes piBagausaM [Iproainrepa:

0
ihS 1) = HIp).

e h = 1.05457 - 10743 excrepumMenTanbHa KoHCTaHTa Ilianka, a H — dikco-
BaHUI CAMOCHIPS2KEHH OmepaTop Ha TiIb0EepTOBOMY IPOCTOPi, 3HaHM K [a-
MUIBTOHIAH KBAHTOBOI cucreMu. B KBaHTOBII (Di3UIll HOPMYIOTH BigHOCHO /i TOZI



DIBHSIHHS MOXKHa 3amucanu y Gessumipsiit dopwmi i|t)) = H|y). Taminberonian
H mnosuicTiIO Bu3Ha4yae KBaHTOBY cucremy. pyruii cmoci6 Bu3Ha4eHH:, depe3
yHitapuuit oneparop U = e~ . TemmopabHa eBoOIOINis 3aMKHEHOT KBAHTOBOT
cucremu 3i crpany |¢) Ta 4acy ¢; B craH [¢) Ta wacy to moxe OyTu onmcaxa
yuitapaum oneparopoMm U = U (tg — t1), Takum, mo [¢") = Ulyp).

Definition 13. (Buwmipiosanus). IIpoekTuBie BUMIDIOBAHHS BU3HAYAETHCS AK
CaMOCITpsTZKeHmiT oriepaTop M sKuii HAa3MBAETHCS CIIOCTEPEIKEHHSIM 31 CIIEK TPAJTb-
oo kommosuiiieio M = ¥, mP,,, ne P,, TpoeKIlist Ha BJIACHUI IPOCTIp BJIACHO-
ro 3uadeHus m. Biacui 3Havenns m oneparopa M BiAnoBiaioThes yciM MOXKIIT-
BUM pe3yJibTaTaM BUMIpIOBaHHs. BumipioBanus [¢)) 1acTh pe3ysbrar m 3 Bipo-
riguicrio p(m) = (Y|P, |¢), TakuM 4uHOM Yepe3 CKOPOYEHHs [t)) OTPUMAEMO
HOBHil cTan cucremn ) = —A—P,,|¢). [na crany KBabita, caMOCIPAZKEHMit

v/ p(m)

oneparop N 3HaHMIT K CTAHIAPTHE BUMipPIOBaHHS.

N = (8 ?) — 0. |0)(0] +1-[1)(1].

Bisnb saransro st npoctopy crany H = C™ craHjiapTHe BUMIDIOBAHHS BHU3HA-
qaerbest gk N = X;i]0) (4.

Definition 14. (Busaxkene cepenne). Buaxene cepejne (M) ycix MOXKINBAX
pe3yabTaTiB BUMIpIOBaHHS M Ha3WBETHCS OUIKYBAHUM 3HAUEHHSIM Ta BU3HATAE-
ThCS SIK

1.4 OmnepaTopu 00YMCIIIOBAJIBHOIO S/Ipa

Definition 15. (Oueparopu ITayii). Oueparopu Iaysi nos’a3ani 3 noBiabHEM
obepTom BekTOpa Bioxa dopmystoro:

igr 6 0
Ri(0) = e 20™(@y:2) — 00551 - ising(ngCX +n,Y +n.7)

0 1 0 —1 0 —i
R A A
Haitrpocrimmuit Bumamok yHITApHOTO TEPETBOPEHHSI 1€ OIepaTop sKWii i€

Ha OJUHUYHUI KBabiT. 3arajbHa opMa 2-BUMIPHOI KOMILJIEKCHOI YHITApHOI Ma-
tpuri U € SU(2) mae Burs;:

ne X,Y,Z — oneparopu:

X =

U = ¢iv es(ma Pleoss  —er(atPginf
ez(@=Fcost e2(@+P ginf
Hexait U € SU(2) mae 6a3ucui BeKTOpH |u) Ta |v) Ta BiIacHI 3HAUEHHS U Ta
v. Toxi U moxkHa BUpa3uTu:
U = ulu)(u| + vlv){v] = €' R (0),

ne § — aszoBa pi3HUIS MK u Ta v — IOB’sI3aHA AK U = €.



Definition 16. (Oueparop Ajnamapa).

w50

Definition 17. (®azoswuit ta /8 oneparopn).

10 10
S‘{o i}’R?’_{O e”/‘l}

Definition 18. (Konrpossosanuii ertuis). Hexait U yHiTapauii q-kBabiTHMi
BEHTUJIb, KOHTPOJIboBaHui U-BEHUU/Ib 3 N-KOHTPOJIBHUMHE OiTaMU TOJI BU3HAYA-
€ThCS TK

1

0
0
0
U

o
o
OoO~NO O

B IIpocTopi cragis BE™,

Definition 19. (Konrposnsosauuit HE BeHTHIIB).

CNot : |z,y) = |z ®y,y)

CNot = C[X] = [é )0(} =

SO O
o o = O
_— o o o
o= OO

Definition 20. (BenTmib nepectaHoBKn).
Swap : |z, y) = |y, z)
Definition 21. (KonrponsoBauuit $ha3oBmii BeHTHIIb).
CPhase : |z,y) — i"Y|x,y)
Definition 22. (Benrmis Todou).

CCNot : |x,y,z) — i"|x,y)



1.5 Orusgan icHylo4Ynx MOB

3 orisiiy Ha HOBU3HY IIpEIMETy PO3pO0JIEHO He Tak Oararo MOB, yCi 10 € MOXKHA
posainiTu Ha iMueparushi (IO JIyXy CBO€I iMmiemMaHTallil) Ta (QyHKIIOHAIbHI
(abo mobynosani Ha 6a3i HeBHOro Buiy JiaMOIa duciaenHs). Mu HaBexeMo npu-
KJIQJW TIporpaM i 000X MiMXOMiB. ¥ SKOCTI IMOPiBHAJBHOI XapaKTePUCTUKHU
Bi3bMEMO AJITOPUTM JUCKPETHOrO reperBopentst Oyp’e.

: oz
- ftal{ .
. H

Puc. 2: I'padiune nmpegcTaBieHns KBAHTOBOI CXeMHU BEHTUJIB JIUCKPETHOTO TIe-
perBopennst Pyp’e st 4-KBabITHOTO pericTpy



1.5.1 ImMmepaTuBHIi MOBU IpOorpamMmyBaHHSA

Cranom Ha 2018 pik HaHOIALII PO3PODOJIEHOI0 MOBOIO, SIKA KOMITLIIOETHCS I
Linux ta Mac ¢ QLC Bix Bepuxapma Omepa El o QLC moxna BingzHauTn Ha-
crynni moBu: 1) Q-gol Bix I'pera Beiikepa (1996) EI; 2) qGCL iz ITaoso 3ysiani
(2000)[14]; 3) Quantum C Language Bix Credana Biaxa (2002); 4) QPAlg Big
Mapi Jlonip Ta @imina ZKoppasga (2004)[11], currakcuc ta cemaHTHKA IH€l
cucremu GOa3yerhbes Ha umcyenHi mporeciB Misimepa CCS Ta dopmalibhiilt MOBI
LOTOS; 5) CQP (Communication Quantum Processes) Bin Caiimona Test ta Pa-
Jokaronasa Harapamxana (2004)[8]; 6) Q (DSL mosa gyia C++) Big Berremi,
Kasapko ta Cepadini[?]. 7) LanQ six 'nneka Manapika[13].

Definition 23. (Ilepecranoska).

cond qufunct Swap(qureg a,qureg b) {
int i; if #al!=#b { exit "arguments must equal"; }
for i=0 to #a—1 {
CNot(b[i],ali]);
CNot(ali],b[i]);
)

CNot(b[i],a[l] o}

Definition 24. (3mina nopsiiky kBabiris).

cond qufunct flip (qureg q) {
int i; for i=0 to #q/2—1 { Swap(q[i],q[#a—i—1]); } }

Definition 25. (Iuckperne nepersopenns Pyp’e, Konepewmir).

operator dft(qureg q) {
const n=#q; int i; int j;
for i=1 to n {
for j=1 to i—1 { V(pi/27(i—j),q[n—i] & q[n—j]); }
H(q[n—i]); }
flip (q); }

2Bernhard Omer. Structured Quantum Programming. PhD. TU Vienna. 2003. http://
tph.tuwien.ac.at/"oemer/doc/structquprog.pdf

3Gregory David Baker. Qgol. A system for simulating quantum computations: Theory,
Implementation and Insights. 1996. PhD. Macquarie University.
http://www.ifost.org.au/ gregb/q-gol/QgolThesis.pdf


http://tph.tuwien.ac.at/~oemer/doc/structquprog.pdf
http://tph.tuwien.ac.at/~oemer/doc/structquprog.pdf
http://www.ifost.org.au/~gregb/q-gol/QgolThesis.pdf

1.5.2 ®yHKIiOHAJbHI MOBU MPOrpamMmyBaHHA

JIsMOia IHC/IeHHS JIEYKUTh B OCHOBI CyYacHHUX aJyireOpaiiHUX CHCTEM Ta OCHOB
MareMaTuku[6], BOHO MOxKe 6yTU PO3IJISIHYTE He JIUIIE sIK MOBA IPOrPAMYBAHHS
3araJIbHOrO BUKOPUCTAHHS, ajie i GPeiMBOPK [JIsA CYI2KEHHS PO 00YNCIIOBAIIb-
Hi BJIACTUBOCTI TIpOTpaM.

TakconoMmito JsIMOIa IUCTIEHD, sIKY BUKOHAB XeHK BapeHjpert Ta mojas y
BurIIsii JistMG1a KyOy [7], MoXKHA POSIIUPUTH KBAHTOBIMA MOBHUMHY IIPUMIiTHBA-
MU, BBOJIUTH B BUIIIl JIsIMO/1a 9MCJIEHHSI 3 TOMOTOIIIYHUMH TUTIAME, a00 B CHCTEMU
JIOBEJIEHHSI TEOPEM 3 €KCTPAKTOM a0o0 Jiuiie BepudikaIiiero.

3 orisiy Ha TPUPOJIY KBAHTOBUX OOYMCJEHH HEOOXiIHUM KOMIIOHEHTOM
KBaHTOBOI'O JIAMO/Ia YMCJIEHHS € CUCTeMa JIHIHUX THIB, Je 3a Jac iCHyBaHHS
3MIHHOI B 00J1aCTi BUJIMMOCTI ITiJ 9YaC BHKOHAHHSI JIO3BOJISETHCS 3BEPTAHHSI JI0
Hel TimpKM ofuH pa3. Taka cucTeMa THIB y»Ke BUKOPHCTOBYETHCS HE TiTBKH B
eCIIEPUMEHTAIPHUX BepUdIKATOpaX aje i B CyJaCHUX CHCTEMHUX MOBAaX IIPOrpDa-
myBanng (Rust), ne 3aBasku Bepudikaropy JiHIHUX TUIIB BraeTbes obifiTucs
6e3 aJrOpUTMiB aBTOMATUYIHOIO BUBIJIbHEHHS MMAMTI ITiJl YaC BUKOHAHHS IIPO-
rpamu (cxema IaMsTi MOBHICTIO MOJIEJIOETHCS ITiJ] 9ac KOMILJISIIT IIporpamn).

Cepe/, pobiT IpUCBsIeHUX MOBaM Ha 6a3i JisaMO/a IHC/IeHb MOYKHA, Bi/[3HAYN-
tu vacrynni: 1) Haiiblibmn kiacuyne HerunmuzoBade JssMOa ducjeHns AHiape
Ban Tonnepa|l6]. Tyr nomaerncst moBenenus izomopdizmy mamwuni Tropinra,
[IOBHOTA Ta 3BY4YaHHS CUCTEMH, IO € (POPMAJIBHOIO IIEPEBATOI0 IIepe]l imMiepa-
tuBHUME MoBamu, Takumu sk QCL; 2) Quipper Bix I'pina, Jlromczeitna, Pocca,
Ceuninzkepa ta Banipona [I0][9]. Ie cnpoba 86ymysaT DSL mist kBanTOBUX 06-
qnciienb B MoBy Haskell, cumystsitop MoBu mo0ymoBaHuit Ha reHepaTopax rpynu
Kuniddopua, ksanrosux oneparopax X,Y,Z,H,S. 3) Pobora no nsmbua auciien-
mo Bix Appiri Ta Josexald]. 4) QML mus Haskell sig Topcrena Anbrenkipxa
ta Txxonarana parraxal[l][2][3].



Definition 26. (Cunrakcuune nepeso Op ). Cunrakcudsre gepeso Oy BU3HATAE
JIMOIa YUCJICHHS 3 JIHIAHIMY 3MIHHUMY IIO€HAHE 3 KJIACUYHUM HETHIIN30Ba-
HUM JaMO1a gncaenasaM. TooTro Oy € HaAmpoCTIimmM orneparifHuM KBaHTOBIM
JIAMO T8, TUCTCHHSIM JIJIS CEPEIOBUII BUKOHAHHSI.
0|1 |H|S| R |CNot |X|Y]| Z|
b'e Ax .0t let x =t in t | t ¢

(t,t) | el vt Al x Lt
TyT naTbesa NPUMITUBH JIHIRHUX TUIIB, A€ JOCTYII 10 3MIHHOI MOXKJ/INBUN JIAIIIE

b

pa3 B obcaacTi BusHadeHHs 3MiHHOI. 1t HemiHiifHux abo 3BHYAHUX JIIMOIa
dyHKIIT gaThea TpuMiTHBY Ho3HadeH] |. B nepesiky KBaHTOBUX IPUMITHBIB €
JaloThes: 1) opronopmosanmit 6asuc |0) Ta |1); ii) H — omepartop Amamapa, iii)
S — dasoswnit BeHTHIB; iv) R3 — 7/8 BEHTWIB; V) KOHTPOJLOBAHNUI HE BEHTUJIb
CNot; vi) Benruii [Tayni X, Y Ta Z.

(¢}
t \
t]

Definition 27. (ITapa Aitamraiina-ITononscekoro-Posena).
EPR = CNot ((H 0),0) (1)

Definition 28. (Ksanrosa Tesenoprariis).

teleport x = let (e;,e2) = EPR in
let (2',y’) = alice (x,e1) in bob (2,1, e2)

alice (z,e1) = let (¢/,y') =
CNot (z,e1) in (H 2'),y")
bob (2,3, e2) = let (v, e5) = cX (v, e2) in
let (z",¢e)) =cZ (2',¢}) in (2", 4", €e}) (3)
Definition 29. (Iuckperne nepersopenns Pyp’e).

fourier list = reverse fourier’ list (4)

0—=0
fourier’ list = caselistof{ h:t —let b/ : t' = phases (H h) t 12 (5)

in i’ : fourier’ t’

phases target controls In =

() — target
control : t — let (control’,target’) =

case control of ¢ (cR n) (control,target) in (6)
let target” : t' = phases target’ t !(succ n) in

target” : control’ : t'

10



1.6 BucHoBku

dAx BumHO 18 peasizalfil CeMAaHTUKHA MOBH IMPOTPAMYBaHHS JJIsi KBAHTOBUX
KOMIT'IOTEPIB JIOCTATHHO TOETHAATH TEH30pHE THUCIEHHS Pa30M 3 7T-UUCJICHHSIM
nporiecis, abo Jinitaumu tunamu. Ha cooropmimmiit menn (2018) cepe imie-
PATHUBHUX MOB IIPOTPaMyBaHHS HAMOLIBIN 3aBepIleHa, MOBHA Ta MPAKTUIHA HA
nyMky aBropa € QLC Bix Beprxapma Omepa, cepes MOB st JisMOIa YUCTIEHD
HeMag YKOJTHOI JIOCTAaTHBO 3Pijol IMILIEeMEeHTAITil.

1.7 Mosa PLQ

Binkpure nutanag B Teopil TUIIB, IMIJIEMEHTAITiS Ta IU3affH MOBU 3 JIHINHIMUI
Ta 3aJIEKHAMI TUIAMU Ta KBAHTOBUMY IPUMITHBaMu. TOMYy MU IIPOIOHYEMO SIK
BUCHOBOK IIiCJIS OIVISIJLy MOB Ta 1X CHHTAKCHUCIB CBili CHHTAKCHC TAaKOl MOBHU, Ta
ITOKa3yEMO 3 AKWX IHI'Di/Ii€HTIB 11 MOXKHA OOYIyBaTH.

Mogy kBanTOBUX 06uncaenb Oy MOKHO PO3KJIACTH 10 KoMOiHamil (mpsamol

CyMH) TPbOX CHUHTAKCHYHUX Jepes: i) gmepesa O, — 6a30BOro 4uCTOro JisiM-
6712 JHCIIeHHS 3 3aJIeKHUME TunaMu (pure, iMmieMeHToBany asropoM[IH]); ii)
nepesa O, — 4YuC/IeHHs 3 JIHIHHUMH THIaMHU, abo MPOCTO iHIMUN BUJ, CTPi-

a0k (linear); iil) omeparopuuii 6a3uc kBanToBOro “nciaeHHs Og 3 KOHCTPYKTO-
pamu X,Y,Z,S;HR3 Ta KOHCTpYKTOpOM BHU3HadeHHsi kBabita (quantum). To-
i dhopMabHUN CHHTAKCHC MOBH JIJIsi KBAHTOBUX KOMII FOTEPIB, 3allUCAHUN HA
cubicaltt[4] y Buruisaai i yKTHBHOrO TUIly CHHTAKCUYHOI'O JiepeBa, Oy/Ie BUTJIs-
IAaTH TaK:

data pure (lang: U)

= star (n: nat) | var (l: nat) | pi (l: nat) (f: lang)
| lambda (x: nat) (f: lang) | app (f a: lang)

data linear (lang: U)
= star (n: nat) | var (l: nat) | pi (1: nat) (f: lang)
| lambda (x: nat) (f: lang) | app (f a: lang)

data quantum (lang: U)

= register (n:nat) | i (n:nat) | O | 1 | H (l:lang) | S (:lang)

| X (f:lang) | Y (f:lang) | Z (f:lang) | CNot (f a: lang)
Pesynbryioua aBropchka moBa (Hassemo 11 PLQ) Bupakaerbcs sk B3agMope-
KyPCUBHA CyMa €JIMEHTAPHUX MOBHUX CUHTAKCHUCIB.
data PLQ =Pure (_: pure PLQ)

| Linear (_: linear PLQ)
| Quantum (_ : quantum PLQ)

3 orsmy Ha po3MmiB pedepary, CEMAHTHKY Ii€l MOBH HABOJIUTH HE OyIeMo,
OJIHAK, OYeBUIHO, 1110 MOBY AHjipe Ban ToHaepa MoxHa npomoBxkum 10 PTS 3
JIHITHAMEI TUIIAMH B KATEropisiX 3 ciMeiictaBaMu 31 3HAYEHHAMI B CUMETPUIHUX
MOHOIZIAJIbHUX KaTeropisx, sik Oysio nmokazano Mareiicom Bakapom|?].
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