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2mnv Owoyeveid pou, yia ta aveédvtAnta
QmoOEUAT oy ¢ KAl UTTOLLOVITG.

2tnv KaAAiémn pov, yia to kdAAog kau
1 peyaAoouvn tn¢ kapdidg .
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Evyapiotieg

Me tnv mepdtwon g mapovcag epynciog, B nBeda vo guyoplotiow
Oeppa toug emiPAémovteg koONYNTEC TG SIMTAWHATIKAG €pyaciog K. XTOHOUAN
['ewpylo kot x. Bafouyutd Alovioio yia tnv epmiotocvvr) mou pou €8y, kabwg
Kol TNV eukaupioe Tou pou €dwoav va aoxoAnfw pe éva moAl evdiadépov Oepa.
KAgivovtag, vikwBw tnv avaykn va euxoplotiow omtd kapdidg TNV OIKOYEVELX OV,
yit TV opéptlotn vmoothpl&n Ko umopovi) toug ko' OAn tn Sidpkel Twv
oTOUSWV LOU.
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[TPOAOTI'OX

Y KOmOG TNG mMopovon G epyaciag eival 1 HEAETT) TwV apX®V TOU Si€mouv Tr Sopn
TV KPoVTIKWV TUAWDYV, KHB®OE Kot 1] Tapovsioon KAmolwv OepeAlwdmv evvolwy

Kal oplopwV mov B cupPdAouY otV KAAUTEPT KATAVOTOT) TNG AELTOUPYIOG TOUG.

YUYKEKPLIUEVH, OTO TPWTO KEPAANO EMIYEIPEITA X EICAYWYIKT] TOHPOUGINGT
¢ kPavtikng Bewpiag ko TG oUVOESTC TNG HE TOV KOOHO TwV KPovTIK®WV
vmoAoylotwv. E&nyouvtou AemTOpEpPWC OPIOUEVEG OTOIXELWOEL SOUEG TwV

KBavTikwV vmoAoylotwy, émtwg ta qubits kot 0 kKPavTIKOS KaTaKwpNTAG.

2to emopeva dVo keddAala yivetal pia oOVTopa avadopd oty TEXVoAoyia TWV
KBAVTIKWV UTTOAOYIOTWY, €KEl OTTOV TAPOUCIALETHUL IOTOPIKE 1) TTOPEIX TTPOG TOUG
KPoavtikolg uToAOYIoTEG, 1) Aettoupyiot TOug Kot oL teAevtaieg e€eAifelc doov
adopd TI§ gpeuvNTIKEG TpooTtdBele¢ vAomoinong toug. Emiong, meprypddovrou

ool ewdwe, faowkoi kPavtikoi aAyopiOpot.

Yto tétapto keddAxo mapovstdlovtol avoAuTIKA ot KBoavtikég miAeg. EEnyeitou
1 Aettovpyia toug, N epappoyn tng dpdong toug mavw ota qubits kaBWE kot T
amoteAéopata aUTwV TV Jdpdcewv. EmumAéov, yivetou emeénynon tng

QTEIKOVIONG TNG KAOe KPovTIKNG TUANG.

Yto méumto kebdAauo, YIVETU ElCAYWYH] OTX OAOKANPWHEVA KPavTikd
KUKAQHOT®, SOMUIKA OTOLYEI TwV Omoiwv ammoteAolv ol KPovtikéq mUAeg Tov
avadEpovial oTo TPONYOUHEVO KebAAalo, dAAX kot TG €via€ng owtwv o€

QTEIKOVIOT €VOG KPovTIKOU KUKAWHATOG.
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KEDPAAAIO 1

1. KBANTIKH OEQPIA
1.1 Elcaywyn oetnv xBovtikn Oewpic

H xBoavtikn Bewpia yevvnOnke amd tnv mapatnipnon OtL 1 cupmrepipopd tou
dwtog o oplopéva melpapata B pmopovoe va e€nynlei pévo edv BewpnOei
OTL To Ppw amoTeAeitan otd CWHATISIA TTOU UTTOPOUV Kl CUPTEPLPEPOVTAL GOV
kopoto. Ta ocwpotidioe oawtd ovopaotnkov dpwtovia. To 1900 o Max Planck
glonyoye TV 10 twv "kKBavtwv" Gwtodg e okomo va e&nynoel To dAopa TG
NAEKTPOUAYVNTIKIG AKTIVOBOAIG TTOU ekTépumel eva péAav owpe. 'Etot Aowdyv, o
Planck Bewpeiton o Bepediwtic g kPavtikng Bewping, SnA. g Bewpiog Tou
gnyel ™ ¢dvon ko TN oupmepihopd KUHATOG Kot VANG OTO OTOMIKO Kol
vroatopikd emimedo. O Planck eiye emdinéel va avakaAvel thv outia, mov 1
EKTIEUTOMEVT] XKTLVOPOAIX €VOG CWHATOG OAAALEL XPWHK ATTO TO KOKKIVO OTO
TOPTOKOAL Kol TeAlkd oto pmAe, koBwg auvéavetou 1 Bgppokpaocio Tov.
Alamtiotwoe 6t1, pévo €dv vmotelei Ot N evépyelx €vOG NAEKTPOUAYVITIKOU
KUpotog  eivon  axépato moAdamAdoo pag Pooikng moootntag  (kBdvro
gvepyelng), B pmopovoe va e€nynbel 1 oupmepipopd g axtivofoAing tou

HEAAVOC CWHATOG.

O Planck, Aowmodv, Bewpnoe mw¢ 1 ekmopmy kot 1 ommoppddnon NG
NAEKTPOHAYVNTIKIG OoKTIVOPBOAlnG yivetou pe Olokpitég Pooikég  HOVASES
EVEPYELNG. AUTH T TOOK 1) ASIXPETA TTAKETA EVEPYELAG, TX OVOpaoe "kPavta’'. H
evépyeln (E) kdBe xPdvrouv cuvdéetou pe tn ouxvoTnTa TOU KUHATOG, ME TNV
TOPOKATW ATAT) oX€OoT):

E="hf(Q),
émov A eivou 1 ota@epd tou Planck (A=6,626 x 10> ]-s)

H eoaywyn avtig g eéiowong, eénynoe to dpouvopevo tov PEANVOG CWHATOG

pe oxpifei. O  Planck Swamiotwoe oOtL o oplopéva Siaitepa emimeda
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Beppokpaciog (akpiPfr) moAdamAdota pog Baoikng eAdyiotng aiag), n evépyeix
amo éva dwodopilov cwpa Bo kataAdPel SiadopeTikég TEPLOYEG TOU PATHATOG
TV Ypwpatwv. Autéc ot vmoBéoelg tov Planck amotéAecov tn Bdon yix tnv

avamtuén ¢ kPavtikng Bewpiag.

H onpepivn popdn g kPavtiknig Bewpiog mponAbe amd tn cupfoAn moAiwv
EMIOTNHOVWYV, KUPIWG GTO TTPWTO GO TOU €IKOGTOV auwva. To 1923 1Ty 1) oeLpd
touv Louis de Broglie, xUpix ocuvelchopd tou omoiov HTav 1N apxrn TOU
KUHXTOOWHATISLKOU SUIGHOU TG UANG. ZUpdwva pe Ty apyr owth, KdBe VAIKO
owpotidlo givar towtdypova kot eva KUpa pe ouyvotnta f = E/A kou prkog
KUpotog A = i/p, 0mou E kou p 1 evépyela ka i oppr) Tou cwpatidiov avtioTorya.
Ot Schrodinger kot Heisenberg d&npiovpynoov éva yevikd poBnpatiko
doppaiiopd y v kPovtikn Bewpio mavw otov omoio otnpixOnkoy OAa T
EVTUTIWOLOKAK TTOOOTIKA amoteAéopatd tng: o Schrodinger tnv kupatopnyovikn

kot 0 Heisenberg tn pnyovikiy Mntpwv (Matrix Mechanics).

H xPovtikny Bewpia kotadepe vo e€nynoet moAA& douvopeva mouv  dev
propovoov va €€nynbouv pe thv kAaoikn ¢puoikr). Extdg amd tnv aktivofoiia
TOU péAavoG owpatog, eényndnke to dpwtonAektpikd douvopevo, 1 Sopn twv
ATOpwV TOU O8Nynoe otnVv €ENynon Twv YNHIKOV oVTIOpAoEwyY, 1 opxn
Agitovpyiog tov laser, 1 aywylHOTNTX TWV NHIYWYWV, T UTEPAYWYIHLOTNTA

KOl TTOAAQ GAACL.
1.2 Baowkég apyég tng xPBavrikig Oewpiog
Ot Baoikég apyeg movu Siemouv TNy kPavtikn Bewpia eivat téooepiq:

1. H xBavtikry kotdotoon evog kAeiotod kPavtikov ovotriparog (..
OTOLXEWSEG OWHATIO OMWG TO TAEKTPOVIO) Teptypddetal omd €va
dtdvuopa péoa oe Slvuopatikd xwpo H oto olvoro twv pryodikwv
aplBpwv C. Zto xwpo oawtd, mov ovopaletan ywpog Hilbert, opifetau to
£0WTEPIKO yvopevo petad Vo Siavuopdtwy |P), |x) wg ouvaptnon amd

to HxH - C: (x | W) =(x | L), 6mov To t SNAWVEL «gpUITINVO avEGTPODO».
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2. Ye kaBe puoiko peyefog avtioToLyel Kol VoG YPOUUIKOG HETHOXNUXTIOHOG
oto xwpo Hilbert, mov cupPoAiletou ouvBwg pe keboAaio ypappo Kot
«kamédo» (my. A). O ypappikdg Tedestig TOU aVTIGTOIKEl 08 PUOIKA
HeYEON Tpémel v eival eppTiovd¢ TeAeoTRC, dnAady va toyvel A'=A. O
AGYOG YU owtd €lvo OTL HOVO OL EPUITIOVOL TEAECTEG EXOUV TTPOYHATIKEG

(BLOTIHEG, KATL TOV €ivau arapaitnTn mpoimdfeon yio eva puoiko péyedocg.

3. To amotéAeopa piog povadikng petpnong evog ducikou peyeboug A oe
évat kKBavtikod ovotnuo mou Ppioketon oe pioe katdotoon |P) pmopei va
givott HOVo pia oo TIC (SIOTIHEG TOU AVTIOTO(OU YPOUUIKOU TeEAETTH A TOU
duowkov peyéBoug. Apgéowg petd tn pétpnon to KPavtikd cvoTnpo
KOTOPPEEL OF LN VEX KATAOTHOT) T) OTTOlx €ivatl TO avTioTOL O 181081IAVUoHX
oV YpappikoU tedeotry. ['a va Bpolipte Tig Slotipég kot T 1dtodioviopata
Tou A AUvoupe TNV e€icwon:

Al) = Alp),

61oU A oL 1810TIHES Kau |YP) TO avtioToyo 1310dIavuapa.

4. H mBovétnra va AndBei pia amd tig dotipég A; evdg tedeoty wg
QTOTEAECHA pioG pOVASIKNG HETPNONG TAVw o€ KPovTikd oUGTNHA oV
Bpioketou og pio yevikny koatdotoon [P) Sivetou ammd to TETPAYWVO TOU
HETPOL TNG TPOPOANG TG |YP) mavw oTto avtiotolyo 13odiavuopa |e;) Ttou
TeAEOTN):

P(4;) = [{e;[¥)|*
1.3 Ta Qubits

To Stakpitd otoiyeio TAnpodopiag oto Yndlakd CUGTHUATA TAPIETAVOVTAL ATTO
duoikeg mooodtnTeEG MOU ovopddovtal onpata. To onpoata og GAoug TOUG
oUyxpovoug Yndlakolg UTOAOYIOTEG £XOUV HOVO V0 SLoKPITES TIHEG KOt YL owTd
ta ovopdlouvpe Sdvadika. E€outiag tou vAkou ol umoAoylotég amelkovifouv Ta
mavta pe duadika Yndia, ta yvwotd bits. ‘Eva bit mAnpodopiag propei v mépet

povo SvVo tipég, «0» wkou «1». Xtoug kPoavtikolg umoAoyloteg, pHOVASX
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nAnpodopiag eivar to kPovtikd bit (quantum bit) 1 cAAwwg qubit. To qubit
givou éva kBovtikd cuotnua Vo kataotdoewv. Ot dUo BaoikeEg KATATTAGELS TOU

qubit cupBoAilovtou pe |0) xou |1).

Ta Slaviopata KatdoTaong Hropovv va avamapaotadolv og éva cuoTnpa dVo
a&ovwv (Zxnpa 1), 6moL 0 optlovTiog givan to |0) kou o kdBetog givou to |1). To
|0) avtimpoowmeveTal 08 UTO TO GUOTNHK ME YPAUU) TTOU €DATTETAU GTOV

opt{6vtio d&ova kat to |1) pe ypappr mov ebamnteton otov kaBeto aéova

2x.1 I'papixég aneixovioelg twv Slavuoudtwy katdotaong O Kot 1

YTtV KPAVTOUNXAVIKT) EVX CWUATIO pTopel v BplokeTon OmOUSTOTE, KO Kol
o€ MOAAA omnpeix oTO0 YWPo TowtoOXpova. Amd TN oty Opwg mou O
petprioovpe eva duokd péyeBog (SnAadn pioe  Sotiur evég  teAeotn))
evtromi{oupe To owWHATIO, emnped{oupe dNAAST) TNV KIVOT) TOU KAl 1| TEPAUTEPW
xpovikn e€€A€n apyilel amo tn oTiyun) g HéTpnong. Auto e€nyei kot To yeyovog
6Tt to qubit pmopei va givou ouyypdvwg 0 ko 1 og avtiBeon pe to kAxoko bit.

Yndpyovv apketd kPovtikd cuoTipata §U0 SIHKPITOV KATAOTACEWY TX OMOoio
pmopouv va xpnoipomomBolv wg qubits. ' mapddetypa 1) katdotaon Tov spin

evog owpatidiov pe spin Y2 pumopel va BewpnBel wg qubit, dmov n katdotoon
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spin +1/2 avtiotolyel otnv Pooikr kotdotaon [1) ko n kotdotaon spin -1/2

otnv Baoikn kataotoon |0) (Zxnuo 2):

[+1/2) = |1) keu |-1/2) — |0)

2x.2 Ta 8vo Sixpopetikd spin evog nAektpoviov.

2x.3 Avamapdaotaon evog qubit amd dvo Siakpitd evepyeiaxd emimedo Em xou En o€ éve dropo.

H SievBuvon mdAwong evog pwtoviov pmopel va avarapaotroet éva qubit, 6mov
n opdvtia mOAwoTn avtiotolyel otnv katdotoon |[0) ko 1 kabetn otnv

katdotaon |1). ‘Eva qubit pmopei vo avamapaoctafei ko amd SUo Siakpird
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evepyelokd emimedo, Em kou En, o€ éva drtopo, 6mwe daivetan kat 6to ZYNpHA 3.
H mapovciat €vdg nAektpoviouv pe evépyelx ion pe Em  avtiotoiyel otnv
katdotoon |1) kou 1 mapovcia €vog nAektpoviou pe evépyewx ion pe En

avtiotolyel otnv katdotoo |0).

H oapyxikn xoatdotoon evog qubit eivon mévta pic ommd T Vo Aoyikeg
KOTaoTdoelg. XpNolHomolovtag katdAAnieg Siudikaoisg (miAe¢ Hadamard),
Omw¢ B dovpe Ko THPOKATW, HTOPOUHE Vo HETAPOUHE OF €Vl YPOUIKO
ouvduaopd (umépBeon) twv Aoyikwv kotaotdoswv. Ot umepBéoelg autég
exdpalovral oav abpoiopoata tng popdng al0) + b|1), 6mov @, b eivou pryadikoli
aplBpoi mov ovamapliotovv mAdtn mloviTnTag TG ovtioTolxng AOYIKNG
katdotaong. H Umopén tetoiwv kataotdoswv eivon ommd TI¢ Paoikeg apyxeg g
kBavtiknc Bewpiog ko ovopdletou apyn tng vmépBeonq, ylor TNV AVATOpPAoTAOT)
TN omoiaG TO SLAVUCHA KATAoTAOT G artelkoviletou pe dievBuvon avapeso 6Toug

Svo d€oveg (Zxnuo 4).

2x. 4 To Siavvoua karaoraong tng vrépBeong |q)

Onwg avadépbnke oto tpito oxnpa MOV MapovsldoTnke, To qubit pmopei va

Bpebei oe omoladrimote vépBeom twv S0 PACIKWY KATATTATEWV:
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@) = |0) + b|1), (1)

6movu 1 TPofoAr} Tou SlaVUCHATOC TG KATdoTtoong tng vmepbeong otov d€ova
|0) €xet pnxog o kat otov &éova |1) €xet pnxog b. Otav yivel mapatiipnon yx va
Bpebel n T pog katdotaong mou Ppioketou og vepBeon dUo0 dAAwY PBaoikwv
KOATHOTACEWY, 0w eivae 1 |q), vmdpyel afefoudtnra ywx tqv T mov O
nmopatnpndei. ESw Ppioketou kot n peydAn Siudpopd avapeso 6Toug KAXGTIKOUG
Kol 6TOUG KPBavtikoug umoAoytotég. Evi otoug kAaeo1kolg UmoAoyIoTEG 1) TIUT
¢ Baoikng povadag tng mAnpodopiog mopatnpeitou pe akpifela, site 0 eite 1,
otoug KBavtikoug vmoAoyloteg 8e cupPaivel auto. ZTOUG TEAEUTHIOUG, AOYW TNG
urtépBeong, to ouotnpa-povada mAnpodopioag Bpioketal otic VO KATAOTACELS
|0) xou |1) Towtdypova kat 1 T mou B aviyveuBel eaptdrtal amd KAmOLES

mOavoTnTEG.

H mbavétnta to qubit va Bpioketon otnv koatdotoacn |0) eivaun |al? evd n
mbavétnta va Bpicketan oty katdotoon |1) eivou |b|?. H ouvoAikr Aoimdv
mlovétntae to olotnuo va Ppioketou eite otnv katdotoon |1) eite oty
kotdotaon |0) eivou 1. [ToapoAa awtd, n pétpnon yix tnv eVpeon TG TIUNG TNG
Kotdotaong eivor kataxotpodikn yoo tnv vmepOeon, yxti HeTA amd owTh) TO
ovoTnpa propel va Bpioketod povo oe pia oo tig dUo PAOIKEG KATAOTATEIG.

20pdwva pe To Tapamdvw Kot o€ ouvSuaopod pe v Bewpia mbavotntwy, adov
ot 8vo mbavotnTeg eivau |al? ko |b|? kou autd eivan T povaSikd atoteAéopaTa

mov pmopel va mpokUPouy, £éxovue tnv e€icwon: |al?+ |b]? = 1. (2)

2UVEMWG, TO SLAVUOHA KATAOTHONG KIVEITHL TTAVW OF €VaV KUKAO OKTIVOG PITKOUG
1, omov kaBe Sradopetikny Sievbuvon avtiotolyel oe Sladopetikeg mOovOTNTEG

Kol TAGTH TOovoTTWY.

[Tpokepevou va amoocadnvicovpe tnv €vvola twv qubits, eival xprjopo va
getdoovpe ta €i81 GUCIKWOV CUOTNHATWY TTOU Bt PITOPOVGHY VX ATOTEAOUV TO
KBovtiko vAlopikd. Zrov [Mivaka 1 mapovstalovtal KAToLo otd T o OTHAVTIKK
OUCTIHOTA TTOU €X0UV €EETAOTEL 0€ AUTO TO TMANIGLO. Y€ OAEC TIG TMEPUTTWOELS

EYOUpPE €va pepoVwUEVo KPovtikd ovotnpo pe S0 cadws Slokpiolpeg
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koatootdoelg. [Ipokelpevou va eival To oUGTNHA XPTCLHLOTIO) GO, KTTAUITOVE T
EMAEYHEVT IBLOTNTA VA €ival EUKOAX HETPTIOLUN, KAl Ol VO KATAGTACELS VAL Eival

opBoywvieg petaév toug, dnradn (0|1) = 0.

KBovtiko cvotnua duoikn) 1810t |0) 1)

Pwtovio [poppixn méAwon Oplovtia Katoaxopudn
DdwtévIo KukAwn moAwon Aplotepn Agd1&

[Tupnvag Xy [Mévw Kdtw

HAextpdvio X [Mévw Kdtw
AxotaBpikoé dropo Katdotoon Sigyepong  OegpeAicrdng Ateyeppévn

Emadr| Josephson HAextpikd doptio N {evyn Cooper N +1 Levyn Cooper
Ynepaywyipog Bpdyog Moyvntikn mon [Tavw Kdtw

[ivaxag 1: Mepikég puaikég mpaypoatwoels qubits

Amo ™ ouvBnkn kavovikomoinong ¢ EE.2, avtidauPavopaote 6tL pmopovpe va
VTP OTI|COVE TNV Katdotoon &vog pepovwpévou qubit pe tn popdm
Staviopatog mov ovopadetal didvuopa Bloch. To didvuopa Bloch Siaypdder pia
odbaipa povadiaiag aktivag mov ovopdletan opaipa Bloch (Zxipa 5). Ta onpeia
¢ odaipag Bloch opifovtou amd ti¢ moAkeég Toug ywvieg (6,¢), émou 0 kou ¢
etvo mparypoatikol oplBpol ko 0 < 6 < mkou 0 < ¢ < 2m. H ywvia 0 xoBopilet
TIG TIPECG TwV MAaTwV mlavotnroag kot Tig mbavotnteg epddviong tng kabe
Baowknc katdotaong. H ywvia ¢ ovopddetou ywvia dpaong. O Bopelog mdAog
(6=0) xou o vétiog moOAog (O=m) TG odaipag opilovtou £tol WoTE VA
avtitpoowmevouy TI§ kKobBapég kataotaoelg |1) kou |0), avtioctoa. ‘OAgg ot

AAAEG TIPEG TNG O avTioToLyoUV o€ Kataotdoelg uépBeong tov tumov tneg E&.a

H avtiotoiyion avdpeco 6TOUG OUVTEAEOTEG TAATOUG KO OTIC TIOAIKEG YWVIES
pmopel va yivel pntn av 0écoupe

a=sin(8/2)

b=e" cos(6/2)
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2x.5 H avarapdoraon qubits péow tng opaipag Bloch. Ot kataotdoeig twv qubits avtiotoyovv
o€ anuela tn¢ empaveiag tng opaipag: n kardoraon |0) Bpiokerar aro vitio mdAo, n kartdoraon

|1) oto Bdpeto méAo, kau ot kataordoelg vnépOeong ae 6Aa ta dAAa onueic.

M onpovtikn mopatrpnon adopd To YEYovoS OTL 08 pi HOVO peTpnon Oev
pmopei kdmolog va Eexwpioel dvo qubits ta omoia Stadépouv pdvo kotd T
ywvia daong. Avtd oupPaivel yri ot mbavotnteg guddviong piag Pooikig
KATAOTAONG KAl T TMAKTI] oUTWV, To omoio eival ta petprjoipo peyédn, dev
meplEyovv TN ywvia daong @. TNoapoda oavtd, 1n ywvie dpdong mailel moAw

onpavtikd poAo.

'Evag &AAog XproIpog TPOTOG YIot VO OV PACTICOUHE TNV KATAOTAOT) €VOG
HepoVwpEvou qubit mov Siémetou amd v Kupotoouvdptnon g EE.a eivau péow

gvOG SLtVOOPATOG OTNANG TG HOPDTIC TIVAKWY Kl €XOUE TNV ovTIoTOlYIoT):
00 <[]
v -]
a|0) + b|1) & | ]
Auvt] N ovamapdotoon pEow  SLAVUOHATWV  OTNANG oG  EMITPEMEL VX

aVaTOPLOTOUE TIC TPAEEIC TOU ekTeAOUVTHL ot qubits péow mVAKWY 2X2,

TPAYHLX TTOU QITAOTIOLEL TNV TUTTIKT) TTPXYHATEVOT).

['evika ta qubits eivou e€oupetikd svaioOnta. Tuyaie¢ aAAnAemidpaocelc pe to
mepfdArov  toug, vmoPabpilovv TG vumepBéoelg e&oupetikd  ypriyopo,

HETATPEMOVTAG TIG og Ttuyaia Siatetaypéva cuvndiopeva bits. To kPovtiko bit
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pumopel vo  daivetoaw Ot mepiExel dmelprn) moootnTa mAnpodoping, odov
meprypadetot pe 2 ovveyeic Babpovg eAguBepiag, dpwg owtr dev e€dyetat, adov
HE TuxOv pétpnon n vmepBeon katappeel kot outr 1 mAnpodopin yaverar. H
nAnpodopio autr) Sev umopei ko va avrrypadei (Bs@pnpa pn kAwvormoinong).
Auto dnAadn onpaivel Ot pio dyvwotn kPovtikn katdotoorn dev pmopel va
avtiypadel og pioe GAAN. Amoyopeletod 1) OVOITOPOywyr] HIOG KOTACTAONG
untépOeong. Tlapakdartw Oa €€nynbel oavtd to yeyovdg pe to douvopevo tg

SiepmAokri¢ (entanglement).
1.4 KBovtikdg xatoywpntig

2TO KAXOGIKO HOVTEAO OPYITEKTOVIKIG TWV HOVIEPVWY UTOAOYIOTWY, 1) OToIX
ovopdletot Von Neumman, ot katoywpnteg (registers) eivou Siatdéelg otig
omoie¢ ammofnkevovton pikpéG moodtnteG mAnpodopiag pe tn popdn bits.
Xpnotpomolovvtat Kupiwg otnv kevrpikny povada emeéepyaociog (CPU) xou
umtdpyouvv diddopol timol, my. Yoo omofnkevon evtoAwv 1) yi atofnkevon
dedopevwv. Bpiokovtou otnv kopudn tng lepapyiag Twv HVNH®Y, OVTOS Ol
ToyUtepa poomeAdoipteg pviung. Evag katoywpntiq amoteAeiton amd €va

oUvoAo bits ylx TnVv amoBnkevon pikpwv TUNpaTwyv TAnpodopiag.

[Tapopolx pe Tov kataywpntn tov Yndlakol VTOAOYLOTH, 0 KATAXWPNTAG VOGS
KBavTikoU vmoAoylotr) amoteAgital ammd €va cUoTnpa ToAAWv qubits, cuviiBwg
TomofeTnpéva o€ oelpd, HETPWVTAHGS oo de€ld TPOG T aploTepd, o€ avtibeon pe

ta bits tov kKAaooikoU katoywpnth (Zxnuo 6).
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bit0 | bit1 bit2 | bit3 bit n-1| bitn

ccccccccccccccccccccccc

(B)

Zynua 6: () Evag kBavtikGg karaywpntiig, Hetpivrag amd Seéid mpog ta apiotepd

(B) Evag kAaooikG¢ Kataywpntijg, HETPWOVTAS ot6 aploTepd mpog tor Seéid

Apy1Kd, TPEMEL VX OPLOTEL 1] EVVOLA TOU TAVUCTIKOU YLVOpEVoy. Oa oplobel yix
mivakeg pe pioe otiAn ko Vo ypoppés. To tavuotikd yvopevo dUo mvakwy,

HG otiAng kot 6Vo ypoppwy, A = Z- Ko B = [ccl]’ opiletou okoAoVOwC, wg:

a- c
c- son- ol -[3 ¢
b-d

Onwg dlakpivetal, TO ATOTEAEGHA TOU TAVUGTIKOU YIVOHEVOU TWV U0 TIVAKWY,

glvat €vag veog mivokog pe mAn0og ototyeiwv ico pe to dfpolopa Twv otoLyeiwv

TwV V0 TPOTYOUHEVWYV TIIVAKWV.

[Tpoywpwvtag otov k6Gpo Twv qubits, pe tn PorBela Tou TavUGTIKOU YIVOpEVOU
HITOPOUHE VX BPOUE TIC PAOIKEC KATAOTATELS €VOC KPAVTIKOU KATOXWPTTH TOU
amoteAeiton amd n qubits koBwg ko Toe MAGTN mOovOTNTHG TG KGO
katdotoong. Kotdmv e€etaleton n amAovotepn mepimtwon, oTnv omoio o
Kotoywpntig amoteAeitan ammd dUo qubits. Eotw autd eivou tae g kot g4, kaBéva

He To €€1¢ SLAVUOHA KATAOTHONG:
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142 = al0) + bl1) = [7] ke Igo) = cl0) +dI1) = ]

O katoywpntig twv dvo mapamdvew qubits meprypddeton amd TN oxéon, mou

ePLYyPAPEL TO SIAVUCHA KATAGTACTG TOU KOTOXWPTTNH:

*C
Greq) = 100 ® la0) =[7] @[] = |44
-d

S o Q Q

AvVaAUTIKOTEPX, EYOUHE:

|@reg) = 11) ® lqo) = (al0) + b|1)) @ (c|0) + d|1)) =
= (ac)-10)®[0)+ (ad) - [0)® |1) + (bc) - |1) ® [0) + (bd) - 1) ® |1) =
= (ac) - 100) + (ad) - |01) + (bc) - |10) + (bd) - |11)

YUUTEPACHATIKE, 0 KPAVTIKOC KATOYWwpNTHG Tou amoteAgitoan amtd dvo qubits
givat vt KBovtikd cUoTnpo TEGOEPWY PACIKWY KATAOTATEWY, Ol OTIOIEC Eiva 1
|00),n |101), n [10) kou 1 [11). KaBepud toug PpiokeTot wG TO TAVUGTIKO YIVOUEVO

TwVv Vo PBackwv kataotdoewv twv qubits. H avamapdotaor) toug o mivaka

eivat:
1
|00) = |0>®I0>=[(1)]®[(1)] - 8
10
0
|01) = |0)®I1>=[(1)]®[(1)]: (1)
10
0
110) = |1>®I0>=[(1)]®[$]: 2
10
0
111) = |1>®I1>=[(1)]®[2]: g
1.
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O1 téooepelg autég Paoikég kataotdoelg €xouv N kabepid Eexwplotd mALTY
mBavotntag, ta omoio eivow  pyodikoi  aplOpoi, cAA& kot EeExwPLOTEG

mlavotnTeg epdaviong.

Iivaxag 2: [TAdtn mBavotntag kot mbavoTnTeg euPAvions Twv SIPOPETIKWV PAoIKWY

KQTAOTATEWY €VO¢ KATAYWPNTH Twv 2 qubits.

'Etol, votepa amo pio pétpnon yio va Bpedel n KATAoTAHON TOU KATOYWPN TN, 1)
k& Pooikn) katdotoon €xet tn Sk TG mlavoTnTa grddviong kot 1) utépBeon
kataotpedetar. TéAog, Pdoel g Bewpiog mBavotitwy, TO AOpOICHA TWV
mOavoTATWY EUPAVIOTC TWV TEGOAPWYV HOVASIKWV KATAOTACEWY TTOU HTOpPEL va

epndovIoTOUY, IoOUTAL JLE 1:
la-c|> +|la-d|> +|b-c|> +|b-d|? =1

To Siavuopa xatdotaong tov kPavtikol kataywpnth Ppioketon o éva XWpo
Hilbert tecodpwv dixotdoeswv kot €xet pnko¢ 1. Puowkd dev pmopel vo
avamapootadel pe ) xprion g odaipoag Bloch aAda pe xovévav aAro tpdmo o

0ToI0¢ vV eivotl aVTIANTTOC Kl KATAVONTOS atd Tov avBpwivo eykedaAo.

Oocov adopd to Ocpa ovykpiong to Ogpa oUYKPLOTNG TNG XWPNTIKOTNTHG TOU
kPBoavtikol katoywpnth dvo qubits kot Tov kKAaookoU Katoywpnth Twv dvo bits,
MPEMEL VoL TovioTel 1 peydAn Sxdopd mou mopoucidlouv ot SUVHTOTNTX
amoBnkevong mAnpodopdv. Eved o xAacoikdg koataywpntng twv dvo bits
uropei v atoBnkevoet To oAU éva Suadikd aptBud (gite tov 00, 1j tov 01, 1} Tov
10, 1y tov 11), to péyloto mov 0 KPovTIKO¢ KaToywpnTig Hmopel va arrobnkevoel
glvou teooepelg Svadikoi aplBpoi tavtoypova, tov 00(]00)), tov 01(]01)), tov

10(]10)), tov 11(]11)). To bauvdpevo autd ovopdadeton KPovTikn TapoUAANAix
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Kot toTeAEL €var otd Tt OT|HAVTIKOTEPA GAUVOPEVA TWV KPOVTIKWV UTTOAOYIOTWV.

'Evag GAA0G¢ cUHBOAIOHOG TTOU XPT|OLUOTOLEITHL EUPUTATA EIVL T] AVTIKATAOTOOT)
NG KATAOTHONG TOU Katoywpnt amd dvadikny popdrn oe dekadikr), Kotd Ta
yvwotd tpdtuma. ¢ €k ToUToU, TPOKUTTEL 1] €€11¢ VaAOYIX YLt TNV TEPITTWOT)

TOU KaToywpntn twv dvo qubits:

[ivaxag 3: Avadoyio petaét tng Suadixij¢ kot Sekadikij¢ AmEKOVIOT§ TOU KATOYWPNTI] TWV 2

qubits.

To mAdrn mbavotnTag propei va ypadolv wg ¢;, 6mou j givar 1) dexadikr popdr)
TNG AVTIOTOL(NG KATAOTAONG. LUVENWG, 1| €€l0WaT TOU SIVUCHATOC KOTAGTACTG

TOU KBavTiKoU kataywpntr yivetou:

|Greg) = l91) ® lqo) = (al0) + b|1)) @ (c|0) + d|1))
= (ac) - |00) + (ad) - |01) + (bc) - [10) + (bd) - |11)
= (ac) - |0) + (ad) - |1) + (bc) - [2) + (ba) - |3)

= ¢o|0) + ¢1|1) + ¢,|2) + ¢5]3)
3

chi“)

i=0

ATo ta mapamavw Pmopouv va e€oxBoUv YEVIKA CUUTEPACHAT YL TIG IOLOTNTES
evog KPovtikoU katoywpnty n qubits. [lpwtiotwg, o xkPovtikdg autog
KAToywpnTng €xel 2™ Pacikéq KoTooTAoell Kol pmopel vo amofnkevoel 2™

aplOpoug Tautdypova. AKOPA YL TO SLAVUOHX KATAOTAONG, LOXVEL:
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2N—-1

Greg) = 1021 ® 145 ® 10, ® la1) ® lao) = ) <,

i=0

OTOU Ol PACIKEC KATHOTACEL] TOU KATAYWPNTH €ival ouvduaopol Twv Paoikwy
KATHOTAoEWV Twv qubits mou tov amroteAoly, i eivan evag dekadikog aplOpog
mou OnAwvel TN PaciKl KOTACTAON TOU KOTOXWPNTH OMW¢ TEPLYpAdnKe
TOPATAVW Ko C; €ivar To MA&TOG mBovotnTag yio tnv kéBe Paocikn katdotaon
Tou Katoywpnthy. To mapamdvew JSIEVUCHK KOTACTHONG TOU KATOXWPNTH
Bpioketou og ywpo Hilbert 2" dixotdoewv kou €xel prxog ico pe tn povada. I'a

T1¢ mBovdTnTEG EPDAVIONG TWV SLlOPWV PACIKWV KATAOTAGEWV IOYVEL:

2"—1

DIl = leol? +ler? + legl+ o e a2 = 1
=0

1.5 KBavtiki) Siepmrokn (entanglement)

KBovtikn StepmAoxr) (entanglement), ovopddetot to GouvOopeVo KAt TO 0Toi0 1)
Katdotoon dvo 1) meplocotepwy KPovtikwv bit dev pumopel va meprypadel cov
oUVOUXOpOG TwV KaTtaoTacewv tou kabe bit Eexywplotd. AlepmAokn pmopei va
dnpovpynBel amd diadpopoug kPavTIKoUG HETATYNHATIOHOUS TTOU SLEVEPYOUVTAL

O€ MEPLOCOTEPA TOV €VOG bit .

Ortav ta bit p kot q eivot cupTAgYpEVX 0 TPOGSIOPIOUOG TNG TIUNG TOU €VOG HOG
diver mAnpodopia yix tnv kataotacn touv dArov. ‘Otov dvo kPovtika bit dev
glvoll CUPTTAEYHEVA AéyovTau aveEdpTnTa. L€ QUTH TNV MEPIMTWOT 1] KATAOTOON)
eVOC KAToYWPNTH TOU Ta epLEyel pmopel v doBel oov moAAamAaoIdoovpe TOUG
avtiotolyoug ouvteAeotéc twv dvo qubit. Mabnpotika dnAadn, Aépe oti dvo
ovothpota Ppiokovral oe KPovtikn SlePTAOKT), OTOV 1 KATACTAOT] TOUG Jev
pmopel vo ypodel ooy TovuoTiko YIVOHEVO TwV PAOIKWY TOUG KATAOTATEWV.

Avti) 1 HoONHATIKT TTPOTAOT) AVUAVETO TTPOKATW LE EVI TTOPASELYLOL:
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Ag Bewpriooupe 0tL €xoupe dvo qubits, To |q.o) Kl TO |qeq), T OOl PpiokovTat

OTNV KATAOGTAOT) |q,) ToU Sivetal ato:

1
e} = 75 (100) +[11))

H |q,.) 8ev pmopei, 0mw¢ daivetan gvkoAa, va ypadel oav TovuoTikd YIVOUEVO
TWV KOTooTdoewv Ttwv OV0o qubits, omote T |q.0) KU |qeq1) Bpiokovron o€
kBavtikn SiepmAokr). Autd onpaivel TWG oV PETPTIOOUHE TNV KATAOTHOT) TOU
qubit |q,.1) TG xotdotaong |g.), B Bpovpe pe mBovdTnTA 0,5 OTL PplokeTo
otnv kataotaor |0) kau pe mBavotnta 0,5 4t1 Bpioketou otV Kotdotoon |1).
Av 1o PBpovpe otnv katdotoon |0), TOTE, v HETPI)COUHE TNV KATAOTHGT TOU
qubit |q.0), O Bpovpe aiyoupa dtL Bpioketal ko autod oty kataotaon |0).

Av 1o Bpouvpe otnVv katdotoon |1), TOTE, av PETPTICOVHE TNV KATAOTHGT TOU

qubit |q.o), O Bpoljie atyoupa OT1 Bpioketou kKat qutd otV Kotdotoon |1).

AnAadn, adol ta dvo qubits, PBpiokovrou oe SiepmAokr, 1n péTpnon TG
KATdotaong tou evog qubit kaBopiler tnv kotdotaon tou dAAov. Auth 1
QOAUTI] OUCYETION LOYVEL TAVTO OoVEEAPTNTA HE TOV TPOMO TOU YIVETAL T
petpnon (my. €&v ta qubits vAomoloUvrou péow ocvothipatog omv Y2, tote
aveéaptnta amd tov déova PETPNONG TOU oMV Y T Vo owpotidi B
naipvoupe mévta cvoyetiopeva amoteAéopata). H cuoyétion oyvel aveaptnta

KO OO TNV XWPLKT amdotoon Twv dvo qubits.
1.6 KBovtikég moAeg

Ot kAaoikol UTOAOYIOTEG omOTEAOUVTAL QIO aywyoUG Kol AOYIKEG TUAEC oL
omoie¢ ouykpotolv KukAwpoata. Ot aywyoli petadepouv tnv mAnpodopia pe ™
popdn tdong 1 pevpatog amd mUAN og TUAN. Ot Aoyikég mUAeg emeéepydovTou
KOl LETATPEMOUV TNV AN podopin ToU €pYeTal oTnV €i00d0 Toug cUHdPwVL e
Tov mivaka aAnBeiag toug. Ot Aoyikég MUAEG OTOUG KAXGIKOUG UTTOAOYLOTEG givat
DUCIKE OUCTIHOTA KOTOOKEUXOHEVH OTO TUPITIO KOl oroTeAovvtal oo

Tpaviotop.
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2toug KPovTIKoUG UTTOAOYIOTEG Ol KPAVTIKEG TUAEG OVTITPOCWTEVOUV SPACELS
mou aokouvtal oe qubits 11 og kPavrikoug koatoaywpnteg. Ot dpdoelg ota
KBaVTIK& CUGTHHATH AVTITPOSWTEVOVTAL ATTO TEAECTEG OL OTroioL tEpLypddovTal
amo mivakeg. Miat dAAN onpovtikn didopd givan 6ti nj mAnpodopia 8¢ Siépyetou
peoa amd tig kPovrikés muAeg. H mAnpodopia Ppioketon amobnkevpévn oe

qubits 1) g KPBavTIKOUC KATOXWPTTEG KO TUPAUEVEL EKEL.

Ytoug kPavtikolg umoAoyloteg to k&be qubit yapoaxtnpiletou amd vrepBheon tng
katdotoong [0) kot |1). H kPovtikn) moAn Ba eivou éva €idog kukAwparog, to
omoio mpaypoartomolel mpagelg oe qubits yix K&molo Xpovikod SIACTNH, VW OF
avtifeon pe TIC KAXOIKEG, e€ival mavra avtioTpenteg dpo Oo €xouv tov (d1o
aplOpd €100d8wv kot €€6dwv. Tapokdtw avadépoviar PHOVO OVOHKOTIKE Ol
Boowkég xkPavtikeg mlOAeg evw oTO emMOUEVO KeEPAAWO THPOUCIAETHL 1)

Agttovpyia TG KABe TUANG AVOAUTIKA.

KBavtikég moAeg

KBovtikn moAn adpavelog
KBovtikn moAn petarodmiong dpaong

«  KPBavtikr mvAn Hadamard

«  KBavtikn moAn eAeyxopevng &pvnong (CNOT)
KBavtikn moAn eAeyyxdpevng petatomiong dbaong
KBovtikny moAn SumAd eAeyxopevng apvnong (CCNOT)
KBovtikn moAn Fredkin
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KEDPAAAIO 2

2. KBANTIKOI YITOAOTIIXTEX

2.1 Elcaywyr) otoug kavtikolg vroAoylotég

H 8¢ yix T Snpiovpyio evdg vmoAoyiotr) mov B Pacileton 0TI apyéG TG
kBavropnyavikng datunwdnke otig opyeg tng dekaetiog touv ‘8o, dtav ol
¢dvowkoi Richard Feynman, David Deutsch kxou Paul Benioff Siamiotwoov 6t ot
KAQOIKO[ UTTOAOYIOTEC giyorv PaoikolG TEPLOPIGHOUE GTO XPOVO Kol OTI HVIUN
Yl TV ekmovnon Poaoikwv Aettovpylwv. Katavénoov 4Tl ) cuvexng ocuppikvwon
TWV OTolyElwV OV cuokevd{ovtal emavw ota tout mupltiov B éhBave oe €va
onpeio OmMoU To peEHOVwHEVH oTolyeio dev Ba NToy peyoAUtepa omtd pEPIKA
daropo. H ouveyng peiworn, pe AlBoypadikég texvikeg, twv Slaotdoewv Oa
HopoUoe va PTdoel OTIC SIOOTACES TWV OTOHWV KAl Ol UTOAOYLoTEG O
UTOPOUGHY VI KATHOKEVKGTOUV otO TO (510 TO ATOHO pE Topovoio KPavTikwv

KOVOVWV.

O Feynman nfrtav o mpwto¢ mou mpoomddnoe va dwaoel AVoT) 0TO TOPOTTavw
Oepa pe tnv mapaywyn €vog TPoTUTOU Tov €5€1VE WG €V KPavTIKO cUoTnHX
O pmopovoe va ypnotpomomnBel yioo vor kKavel umoAoylopoug. ZUpdwva e To
TPOTUTO TOV, €vaG PpucIkO¢ Oa HTOpOoUCE VX TTPOYHATOTIOL|OEL TTEIPAUOTO OTNV

KPavtikn Puoikn péoo amo evav KPovTikd umoAoyLoT.

[Tw¢ vAomoleitou €vag kPavTikdg UTOAOYIOTG; XTOUG KAXGIKOUG UTTOAOYIOTEG 1)
nmAnpodopia kwdikomoleitou o€ pia oelpd oo bits Ta omoia pécw TwWV Aoykwv
TUAWV HETAOXNHATI(OVTOL YIX VO TTopdyouv €va TeAkd ammotéAsopa. Opoiwg,
évog kPavtikdg vmooyiotig xelpiletan ta qubits péow TwV KPAVTIKWV TUAWY
OV UAOTIOLOUV LETAOYNHATIOHOUG o€ €va 1) o€ {euydpt qubits. TomoBetwvtoag TIg
KBovtikég MUAeQ oe pio CUYKEKPIUEVT) OELPA €vag KPavTIKOG UTOAOYIOTHG Hmopel
VO UAOTIOIO€L TTEPITAOKOUG HETATYNHATIOHOVUG O€ Hia oelpd od qubits o pia
apxIkn kotaotaon otnyv teAikn. Emeita ta qubits pmopouv va petpnbouv otnv

TEAIKI] TOUG KATAOTHON Kol ommd TIC UETPNOELG owTeg v e€oyOel évar TeAKO
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UTTOAOYLOTIKO AITOTEAETAL.

TeAdlkd 1 OMHOOTNTX OTOV UMOAOYIOHO HETAEl KANGIKOU Kot KPavTikov
umoAoylotr] BewpnTikd pmopel Vo Hag OONYyNOEL OTO CUUTEPAOHA OTL €VOG
KAooIkOG vumoAoyloti)¢ pmopel vo mpocopolwaoel oakplpws €vav  kPovtikod
umoAoytotr). Opwg 1 mpooopoiwon €vdg kPavtikol UTOAOYLOTH amd €vav
KAXOIKO €ival éva umoAoytotikd Suokodo mpofAnpa (SnAadn éva mpoBAnua
moAvrtAokotntag NP) emeid) ot ovoyetiopol petadl twv KPOVTIKOV KOUHATIOV
glvot ToloTikd SladopeTikoi amd TOUG GUOYETIOHOUG HETOEY TWV KAACIKWV

KOUHOTLWV.
2.2 [TAgovektipota kot epoppOYEG TWV KPAVTIKWY UTOAOYLOTWV

To TAEOVEKTAHATA TWV KPAVTIKWV UTTOAOYIOTWYV OE GYECT L€ TOUG

KAQo1KOUG givat To €€RG:

1. MeyoAvtepn toyutnTa
2. Tepaotio pvipun
3. AuvvatotnTa €TiAVoNG OPLOHEVWY «UTOAOYIOTIKE SUOKOAWY» KAXCIKWV

poBAnpdrwyv (tpofArpata NP) og moAvwvupikd xpovo.

2.3 [IpoBAfpara oTnv vAomoinon kKBovTikwv VUToAOYIGTWV

O mpwtog mov emvonoe €voy KPovTikd UTOAOYIOTIKO aAydplBpo ntav o Peter
Shor, mouv pmoOpece exkpetaAdevdpevog TNV kPavtiky  Svvapn  va
TOPAYOVTOTIOLOEL TOAU pHeYGAoUG oplOpolc oe kKAdopota deutepoAémtou. Av
Kol €xel onpewdel onpavtikn mpoodog omd TN oUAANYTN TG WB€ag Tou
KBavTikoU vmoAoyloTr) péYPL OTILEPX, WOTOGO UMEPYOUV TOAAX EUTOSIX OTNV
vlomoinon} tou. To «xupdtepo mPOPANUa otn  dnpuovpyic  kPovtikwv
umoAoyloTwV eival 1 Umapén ohoAPATWY Kol 1) QVTIHETWMION Toug. To
mpOPANHa mou mpokumrtel otn S6pbwon odpdApatog eivor mowx  AdOn
xpedlovran S16pBwon (otnv emopevn mapdypado meprypddovtal KOSIKES

S10pbwong opoApdtwv). H amdvinon eivou mpwtiota exeivae toe AdBn movu
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TPOKUMTOUV ¢ AUECO amoTéAecpa artoovoyetiopov (decoherence) 1) amtd tnv
Taon evog kPovtikol umoAoylotr) v amtoouvtedei amd pioe dedopevn kPovtikn
KATAOTHOT O Miot aouvaptntn kKatdotoon Koubwg oAAnAemdpd pe To
nepldArov. Autég ot ocAAnAemiSpdoelg petadl tou mEPIPAAAOVTOC KXl TWV
qubits givau ovotdPeUKTEG Kol TPOKXAOUV TN SLOKOTI TwV TANPOPOopLOV OV

amoBnkevovtal otov KBavtikd UTOAOYLOTH, Kot €T0L TX AdON GTOV UTTOAOYIGO.
2.4 KBovtikn 316p0won cbaipdrwyv

H 316pbwon odoApdtwyv eivar omapaitntn otnv vAomoinon twv kKPovTikwy
UTTOAOYIOTWV YIOTi Tt KPAvTIKE cuoTHHOTH dAANAETIdpoUV e To TepIBAAAOV.
Avuti) n cAAnAemidpaor), Omw emwOnke, pmopei va 08Ny oeL 0€ KATAPPEVGTT) TOU
ovoTpatog kot 1 Vmapén pnyovicpwv yiee tn S16pbwon twv Aabwv eivot

amopodtnTn.

Ymrapyouv dVo €idn AaBwv mov pmopel v elodyel To mePIPAAAOV GTO GUGTIHC.

Avta sivod:

*  Avadikn avtiotpodn

*  AmoouoYETIONOG
2.4.1 Avadixn) avrictpodn (Bit flip)

Apyika vmoBétoupe 6tL To cUOTNUA pog amtoteAeiton oo éva qubit. ‘Eva
obdApa mou pmopel va TpokUel givau GHOLO HE QUTO OF €vav KAXOIKO
umoAoylotr), eivatl to odpdApa TG Suadikng avtiotpodng. Autd to Adbog

HETATPETEL TNV ApXIKT| Katdotaon .. arno a|0) + B|1) oe «|1) + 5|0).

Mmopei va 310p0wBel autd To AdB0C ¥PNOLHOTOIWVTAG KAAGIKOUG KWOLKES
S10pOwong. Mmopovpe va  ebappocovpe  €vay  KAXOIKO  KWIIKA
emovaAnPng kot v to arodpuyoupe. Eivan onpavtikd va tovicoupe Ot )
Suvadikn avtiotpodn) eivat pio avtiotpenti) mpdén mavw ota qubits kot yio

oUTO TO AGYO pmopel eUkoAo vo SlopOwBei.

Apx€g KBavTIKWV LAWYV YeAida - 29 -



2.4.2 ATOOUGYETIONOG

'Eva dAdo odpdApa mov evdeyopévwg va mpokuel oe €vav KPovTiko
umoAoylotr]  €ivau  Adyw TOU  PAUVOHEVOU TOU  QUTOCUGYKETICHOU
(decoherence) twv KPAVIIK®OV KATAOTAOEWV. L€ QUTH TNV TEPITTWON
avem@uunteg 600 kol TUXoieg oAANAemidpacelc Twv  KPavTikwv
KAToywpntwv pe to meplpdArov odnyolv otV KATAPPEUCT] TNG
KATAOTHONG TOU OUCTHHXTOC. AUTO 1000UVOpEl HE «HETpron» TOU
KOTO(wpNTH 1 omoix eivat pia pn ovriotpentn diepyooio. Av To ocUoTNH
Bpioketou oe puoe apyikn katdotoon kot éva devtepo qubit petpnOei, 1
KOTAOTAOT] TOU GUCTIHOTOGC KOATHPPEEL KOl KOTK CUVETTELN XOVETKL E N
avaotpéPipo tpodmo 1 amobnkepévn mAnpodopic. H emidvon autov tou
nmpoPAnpatog eivan e§aupetikd SUOKOAN Kot 1) eTOVAPOPE TOU GUOTHHATOC

META oo TeToLX AdON givan oxedov advvarn.

2.4.3 AlopOwon choApdrwyv

YTOUG KAAOIKOUG UTOAOYIOTEC YIX TOV TEPLOPIOHO TWV OOOAUATWY,
Kwdwkomoteito k&Be bit w¢ pia tpmAéta amd opoia bits. Av kdmolog
B0pufog avtiotpePel €va bit, to odpdApa pmopei v amokatactodel
emSlopBwvovtag to pepovwpevo bit g TputAétag, dmwg mopovasidleTol

OTO XTI 7.

2x.7 H 816pbwaon orouvg kAaoikovs umoAoytotég
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Oocov adopd toug kPavtikolg UTOAOYIOTEG, apylkd davnke OTL eivau
advvatov v avamtuéoupe kwdikeg yix v ddpOBwon  kPavtikwv
oboApdTwy, S10TL N KPavropnyavikny pHog amoyopeVel va paBoupe e

BefoudTnTo TNV AYVWOTH KATAGTHOT €VOG KPOVTIKOU VTIKELUEVOU.

O kWdKaG TG AMANG KAXCIKNG TPITAETOG CUVENTWG OTOTUYXAVEL SLOTL eV
pumopoupe vo  e€etacovpe kdBe avtiypado evdg qubit ywpic va
kataotpePoupe OAa ta avtiypada katd v Sdikacio owtr). AkOun
XEPOTEPQ, TO Vo PTidéoupe avtiypada otnv apyikn Kotdotoon dev eivol
amA6. H kfovtopnyovikn HoG amayopevel vo TAPOUE eva dyvwaoto qubit
kot v pticéovpe pe adlomiotia éva avtiypado tov. To ammotéAgopo outd

eivotl Yvwotd wg Bewpnpa tng aduvapiog KAwvomoinong.

Opwg ot apyxeg 1990 epevvntég tng IBM vmootrpiéav 6t 1 kPovtikn
S10pBwon oboApdtwy Ba Toy ovorykoio yio Toug KBovtikoUg UToAOYIoTEG,
0AA& ol kAaoikol kwdikeg dev pmopovoov va yprnotpomnonfolvv otov
kPavtikd kdéopo. Amedelav MwWG HMOPOUHE VX KAVOUHE KPavTikh
S10pbwon oboApdtwy, Ywpi¢ vo paboupe TOTE TI KATHOTAOEIS TWV

qubits.

Onwg kot pe ToV KWSIKA TNG TPUTAETAS, KAOE TIHU) TOPIOTAVETHL HE EVaL
obvolo amtd qubits. Ta qubits autd mepvave peéco oo éva KUKAwpa (to
KBovTikd oovdAoyo twv AoyIK®V TUAWV) To omoio Ppiokel pe emtuyio éva
obdApa ot qubits ywpic va "Swxfdaoel” mpaypatikd moleg eivar ot
Eexwploteq kataotdoelq (oxynuatikd dpaiveton n kPfavrikn S1opbwon oto

ZxMpo 8).
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2x.8 KPavrixij §16pbwan opaApdrwy

H mpootaocia twv kBavtikwv kataotdoewv amd tov 80pufo emitevyOnke
LE TN XP1)OT €VOC GUVSUAGHOU I3EWV otd TNV €MOTHN TNG TAnpodopioag
Ko amo tn Poaoikn kPavropnyovikr. H kPovtikn d16pOwon oboApdtwv
éxel  Snuovpynoel emiong mOAAEG evliadepovoeg véeg 18¢eq. TN
TOPASELYHAX HEPIKA DUCIKA CUCSTIHHATH UTOPEL VAL €X0UV €V TUTTO GUGIKIG
avoxng oto Bopufo. Autd ta cuvothipota Ba xpnotpomolovy KPAvVTIK
S10pBwaon aboApatwy, xwpic tnv avBpwmiv emépPfoon kot B propoviv va
emdeiéouv e€oupetikn) avtiotaon otnv kataotpodr tng vmepbeong twv

KOTXOTACEWV.
2.5 TeyvoAoyieq KATAoKEVN ¢ KPAVTIK@OV UTOAOYIGTWOV

2tnv mpoondfeld Toug Vot v THOOUV TOV TPOTO KATAOKEVUNG EVOG UTTOAOYLOTT)
OV Ot EKPETHAAEVOTOY TIG XPYEG TNG KPovTopnyaviknig TOAAOL epguUVNTEQ
akoAovBovv diadopeg eTepOKANTEG TEXVOAOYIES, oupTEPLAQBAVOPEVWVY
TWV KBavTIK®V UTOAOYIOTWV OTEPERS KATAOTHONG, OmMwS dnAadn kot ot
KAxoKoi, Twv Tayidwv 1vtwyv (ion-traps), VTOAOYIOTWY KOOTNTAG KPAVTIKG
nAektpoduvapikng (cavity QED) kabBw¢ ko TOU TUPNVIKOU HOXYVNTIKOU
ouvvtoviopov (NMR).
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2.5.1 Moplokoi umoAoyioteg

TeAevtaia €xel avamtuyBel eva veo €idog¢ vmoAoylotikng Slodikaoiog, n
omola otnpifetot otnv kivinon twv popiwv. Epsuvnteég otnv IBM €yxouv
Katapepel vo emdellouv Aoyikeg TUAEG YXPNOIHOTOLWVTOS Hict oTolBdda
popiwv povoéeidiov tou avBpoaka yio v petodépel dedopéva. Ot cuokevég
oV yivovtal Kot ouTd TOV TPOTO €X0UV JINOTACEIS OTNV KAIHOKA TwV
vavopétpwy (107%), pey£boug apketéq Tdéelc pikpoTEPEG amd TNV

TEXVOAOYIX TUPITIOV TWV CTUEPIVWOV CUHPATIKWY UTTOAOYIOTWV.

H mukvotnta twv ouotatik®wv ota pikpotoim mupitiov €xel ovéndel
ekfetikd ta teAevtaia capavta xpovia. Ot epguvntég tneg IBM €youv
UTTEPVIKTOEL AUTO TO TTPOPANUA, OE YEVIKEG YPOUUEG, LLE TT) XPTOLHOTTOMmOoN
evog  (evyoug, YopunAng Oeppokpaciog, NAEKTPOVIKWY HIKPOOKOTIWV
odpwong, yx va SievBetrioouv (elyn popiwv povoéeidiov tov avBpaka ot
Ho emipavelo Tov YaAkov. Metokivijoav éva amAd poplo povoéeidiov tou
dvBpoko THPEAANA e éva otd outd ta {eUyn, €ToL woTe To Tpiot pdpla
oxnNUatioav €va oynfpo oav TNV keboAn evog BéAoug. Evrovtolg, o
OXNUOTIONOC ouTOC Moy aotadng emeldny avénoe Tnv evépyelx TOU

OUCTILATOCG.

Ot epevvnreg tng IBM xpnopomoinoov tnv opyr] ouTr] Lot Vot KEVOUV Ty
muAn AND. TomoB¢tnoav tpeig oelpég {euywv popiwv o pua popdn Y, pe
€Vt amAG POPLO OTO KEVIPIKO OTEI0, OOV oUVOVTWVTAL Ol OelpéG. Avo
oelpEg eveépynoav wg eicodol kot 1 tpitn evepyel wg €§odog. Edv vmapyel
EVOG KATAPPAKTNG Ko oTIG dU0 oelpég, dnAadt) edv umapyeL v 1" Ko
oti§ 0V0o €10000vUG, poOpla Ba TETOYTOUV KOTE HIKOG TWV CELPWV YL VA
Sopopdwoouvv TV kePaAr] Tou BEAOUGC e TO aTAd HOpLO, TTOU eival 1o
0TO onpeio 6OV cuVaVTWVTL Ol TPELS oelpeC. Auth 1) kedaAn émerta Oa
amoouvtelei, Tapdyovrag évav katappaktn (SnA. éva onjpa) otnv £€€odo.
Ot gpevvnteg xpnotpomoinoav pa mapdpolo pUOKLOT TOU KAVEL TNV TUAN
OR.

AvoTuxwG Ol HOPLOKEG CUOKEVEG KATOPPOKTWV TOU EYLVOV OO TOUG
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gpevvnteég ¢ IBM nftav moAV opyég ko Oa pmopovcov pévo va
xpnowomomBoliv yix va ekteAéoouv pi ommAn] Asttovpyio. T va
ETTOVOPT|OLUOTIO)OOVV  TI§ OUCKEUEG OUTEG OL EPEUVITEC ETPEME VA
tomofetrioovv T HOpLlA ToW OTNV opyLKT) B€omn TOUG XPNOLHOTOIWVTAG
évot otd T NAEKTPOVIKA PIKPOoKOTIX odpwonG. [ va elvan yprioipol, ot
Hoplakol UTOAOYIOTEG Kotappaktwv Oa ypelidlovrav €vav auTOHATO
pnxoviopo mov Ba emovappuBpLle pepikd oo T poploe ko Bor dbnve too

utd Aol ABIKTA YLt VX EVEPYTIOOUV WG KATOYWPNTEG OESOUEVWV.
2.5.2 [Toyideg 1Ovrwv

Mio véa texvikn yia th Snpovpyiat KPovTIKwY UTOAOYIOTWV EiVaL QUTI) e
T1g oryideg 16vtwy. Evag kBavtikdg umoAoyiotiig, Omwe €xoupe avadepel,
Agrtovpyei pe kBavtikd bit (qubits), avti twv ouvnBlopévwy bit. ‘Eva qubit
popei va eivor Oyt dvo o 1) 1 aAAd Kou i utépBeon twv dU0 TIHWY, oTNnV

omoic ot V0 TPOTYOUEVEC TIHES GUVSUALOVTU GE LK EVIUN KATAOTOOT).

Mwx  onpavtiky katnyopio  uvmepBécewv mOAAwvV qubit eivan ot
SlomAey€VEG KATAOTACELG. € UTO TIG SIHOPDWOELS, T) KATAOTOOT) TOU
kdBe qubit Siouvdéetan pe évov Aemtd TPOMO pHE TNV KATAOTHOT TOU
yettovikoU tov. [Melpdpata pe Tor AatopKd 1OVTa TEPIAXUPAVOUV TEPAOTIES
NAEKTPOHOYVNTIKEG TTayideg Yot va ouykpatnBoUv T LOVTA OTT) GELP HECK
oe Kevl. Av kal eivol KaAO ylot TA TTEPAPATA VX YivOvTol Pe €voy pHIKpO
aplOpog 1WOvtwy, eival evteEAwS odUVHTOV Yl TK HEYOANG KAIpokog
ovoThpota Omwg €vag KPovtikdg umoAoylotng, ov OéAoupe vo €xel

OT|LOLVTLKT] XPTiON)-

TeAevtaia Opwg epeuvnreg €xouv deifel pia ovtikn mayida peyéBoug 100
HIKpWV HECA OF €VAl TOUT NHIXYWwYWV. XPNOLHOTOINoaV TO TOLT YIX VX
moyl3€Pouv evat HOvo 1OV KaSioU Kal TO HeTaKiviioav Tpog SladopeTIKES
O¢oelc otnv mayido epoppdlovtag NAeKTpIKd ofjpata ota NAekTpodia. H
mayido pridytnke pe N Ponbeir g xoBiepwpevng peBodou g
ABoypadiog. Mix nAektpopayvntikn mayido eivor ot mOU KpATA T

LOVTA OE GELPA ETA OE KEVO, eV A€1ep XELpilovTal TIC KATAOTATELS TOUG.
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Y€ YEVIKEG YPAHUESG OL TEXVIKEG HTTOPOUV VI EVOWHATWOOUV PHEYXAUTEPOUG
aplBpoug vtwy. Eva epmddio Opws Ty 0Tl N TOLOTNTA TG TEMAEYHEVNG
Katdotoong pewdnke kaBwg avéavotav o aplBpoc twv wvtwv. TN va
Hewoovv oautd to AdBog, ol epguvnteg B pmopovoav va puBpicouv TIg
AETTOUEPELEG TWV TOHAPWV TOU A€Llep, XPTNOLHLOTOIWVTHS SLXPOPETIKES
KOTXOTAOELS OVIWV YO TNV OVAITKPACTHOT] TOU O KXl TOU 1, 1 VX

dovAgdouv pe éva StadopeTiko €i80¢ IOVTWV GUVOAIKA.

['oe vae givon xproipog évag kPavtikdg vmoAoylotng mpemel oyt povo va
HTopoUpe v SnploupyoUpe €81KeEG Kataotdoel§ qubit ocAAd kau va TIg
XELPLIOPOOTE [E TPOTIO TOU VA SLATNPOUVTAL TA KPAVTIKE XOPOKTIPLOTIKA
ToUG. AnAadn) kdmolog v pmopel va ekteAéoel KPavtikoug adyopifpoug
otov vumoAoylotr. 'Evag yvwotdg aAydplBpog eivar o  kPavtikdg
aAYOp1Bpog tou Grover o€ €va gUGTNHAX SU0 TaYISEVHEVWY IOVTWY Kadpiov.
O oAyopiBpog kavel ovadntnon peoo oe pioe Baon dedopévwy, dmou ol
KOTO(WPNOEL €yvay PE €vav Tuyxaio tpomo. H €peguva €vog tuyoiov
otolyeiov amoutel ouvnBwg tnv e€étaon kdBe KaToYWPNONG Kol dpa O
avtiotolyog aAyoplOpog sivou téd€ewg n, émov n to peyebog tng Alotag
katoywproewv. O kBavtikdg adydpiBpog avalrjtnong katadépvel to 810

14 I 4 14 1/
og aplOpo Pnudtwy mov givou té€ewg n /2.
2.5.3 Cavity QED

Mio tpitn epevvnrikny katevBuvon yw tnv vAomoinon kPavtikwv
UTTOAOYIOTWV  €ival  oUTR) HE TN XPNon KolAdtntog  KPovtikng

nAektpoduvapikrg (cavity QED).

[Tio ovuykekpeve, 1 kPavtiky nAsktpoduvopkny (QED) sivon  pua
KBovtikn  Bewpiat TOU TNAEKTPOHOyVNTIOHOU TOU  TEPLypadel  TIg
aAANAemidpdoeig tng aktivoPforiag pe tnv doptiopévn VAN. H QED eivou
fx oxetikilotikn Oewpia amd T €€lowoelg TG omoiaG MPOKUMTOUV Ol
eflowoelg ™¢ eldikng Oewpioag ¢ oyxetikénrag. H  xPovrikny

nAektpoduvapikn (mou eivon PBaoikdg kKoppdg twv KPavtikwv Bewplov
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nediov), Bewpel O6TL N avdmtuén TWV NAEKTPORXYVNTIKWV SUVEHE®WV
amodideTal TNV EKTMOUTT KXl TNV atoppodnon GwToviwv wg cwHaTiSiwy
QVTOAAOYG, T  Omoit  aVTIMPOOWTEVOUV  SlATAPoXéG  TwV
nAektpopoyvntikwv mediwv. Koatd tpdmo avdroyo kal ta nAeKTpOVIX

propouv v BewpnBouiv wg dtatapayeg avtiotorywv KPovTiopevwy mediwv.

Autd Spwg ta pwtdvia givar gikovikd (virtual) dnAadny Sev pmopolv va
bovepwBolv 1] vor aviyveuBouv pe kavéva tpomo emedn 1 Umopény Toug
mopoPialel tnv Siatrpnon tng evépyelog kot tng oppng. H avrtaAioyn
owpotdinwv eivor opotx pe tn "Svopun” g aAAnAemidpaong, emeldn Ta
CAANAeTISpWVTAG oWHATISI cAAG{ouV TNV T UTNTH Ko TV KatevBuvon
¢ kivong toug kabwg autd eAeuBepwvouy 1) atoppodoUV TNV EVEPYEIX

€VOG PpwTtoviov.

Ta dwtoOVIa pmopolv emiong va ekmepdBoUv o€ pio eAeVBep KaTtdoToo,
omdte UOVO GO QUTN TNV TepImTwon Hmopouv va mapatnpndovv. H
aAANAemidpoon twv dUo GopTIoHEVWY CwHATISIWV cupPaivel og pio oelpd
Sodikaotwv oEoVOUEVIIC TOAUTAOKOTNTOG. XTOV oTAOUCTEPO TPATO,
HOVo éva elkovikO dwtovio pmopei va mepiAndOel. Xe pia Sradikacio

devtepng Taéng, vmdpyxouv dUo bwtdvia ko ovtw ko' e€ng.

Ot ddikaoieg avtiotoyolv ce OAoug toug mBavoug TPAOTOUG GTOUG
OTOIOUG HITOPOUV VX XAANAETIS PACOUV TA CWHATIOIN KAVOVTAG OVTHAANYT
elovikwv pwtoviwv. H kataokeur twv kKBovTik®V UTOAOYIOTWV HE QUTH
™ péBodo, ouvictatoau otnv mayideuon oudéTepwv ATOHWV Ko OTNV
moAwon  dwroviwy, Omwg meplypadnke mopamavw. H o kPovtikn
mAnpodopict amodnkKeveTal 08 ECWTEPIKES KATAOTACEIS TWV KTOHWY KOl

eivau evkoAo va dnpovpynBolv aAinAemidpdoelg e ta qubits.
2.5.4 Texyvoroyic NMR

O TMupnvikdg Mayvntikog Zuvvroviopog (NMR) eivou éva pouvopevo mou
éxel yxpnowpomomBel yiwx t Snpovpyic kPavtikwv vmoAoyotwv. H

teyvoAroyio NMR éxel xpnoipomomBel maAidtepa o€ 1XTpikég epapoyES
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Kol it véa TPOoOTTIKN €ival Kot 1 Xprion g otoug KPavtikolg

UTTOAOYIOTEG.

H teyvoloyia owtr] éxel To mAgoveKTNa OTL pmopel va ypnotpomolndei o
Oeppokpocioc dwpatiov kot €xer oamodeyBel OtL givow gUkoAo  va
KATAOKEVAOTEL pe oTr] €vag KPoavtikdg vmoAoylotic twv 2 1 3 qubits. H
Boaoikn 8¢a eivan 0Tl évag KPavTIKOC KAToYwpNTiG €ival Vot HOPLO TTOU
amoteAeitoa amd deka aropa. Kabe qubit avamopiotaton pe tov
TPOCAVATOAIOHO TOU OTIV TOU KAOE KTOHIKOU TUPHVA OTA KTOHK TOU
popiov. O aplBudg twv atépwv evog NMR xBovtikol vmodoylot eivou

(060G e Tov aplOpd Twv atdpwv o€ kdOe poplo.

ExpetoaAdevopevol Ti¢ 816tnTeg Tou POUVOUEVOU €PEVVITEG KATADEPAV
peow NMR mepoapdrwv vo avantuéouvv OepeAndn epyodeio mov pmopouvv
voe  xpnotigomomBolv o€ TOAAOUG HEAAOVTIKOUG TUTOUG KPOVTIKWV
umoAoylotwv. Auti 1 texvoloyia €xel amoderyBei ot evkoAa pmopel va
oxeddoet 2 11 3 qubits NMR xBoavtikd cvotipoara. Opwg teAevtaia
mpooopowdnke €vag vmoAoylotrg Twv 7-qubit pe tn yprion €vog veou
Hopiov IOV oToTEAEITAU AUTO 7 TTUPTVIKK OTTLY, OTTOU TO KAOe €va pmopel va
CAANAETIOp& e TO GAAAO, €VW Ol OAANAEMIOPAOEL] QUTEG UTOPOUV v

aviyveutouv pe opyorvee NMR.

BéBoua To dawvopevo €xel kdmoleg SuokoAieq OTwG TO YEYOVOG OTL givat
dvokoAo va doywplotolv T qubits og €vat HOPLO otd TIC XNUIKES TOUG
B10tNTEG OTNV TepImTwon pHeydAwv popiwv. Emiong eivou dUokoAo va
amocadnviotel pe axkpifelo  apyikn katdotaon. Eivau Aowutdv duokoAo
¢wg adUvato 1 TEYVoAoyix ot va ypnotpomoindei oe uTOAOYIOTEG e

meplocotepa ortd 12 qubits.
2.6 H mpoomtikn Kot To HEALOV TWV KPAVTIK@OV UTOAOYIGTWV

Ot kPavtikol vmoAoyilotég dev eiva KOATAAANAOL Yt OAEG TIG UTOAOYIOTIKEG
diepyaoieg. [apadeiyporog xaptv dev pmopolv va emitoyUvouy Tnyv eneepyosio

KEPHEVOUL 1 tnv mAonynon oto Jdwdiktvo. To mbavotepo eivou  va
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xpnotpomotnBouv uBpidia KAXCIKWV Kot KBAVTIK®WY UTOAOYIOTWV 6To péAAov. H
Booikn) peAdovtikny toug ebappoyn Oa eivat n xprjon TOUG ylot TNV TPooTacia
ATOPPNTWV Kol TTPOCWTIK®WV dedopévwy yioti Ba eivar adivato vo pmopolv va
gloepyovral o€ e-mails kou TporteikoUg AOYUPIXGHOUG XPTOTWV TOU SIadIKTUOU,
Adyw ¢ aohdrelag mov B mapéyouv. Emiong, n avalrtnon mAnpodopiag oto
dwdiktvo Ba Sie€dyetou moOAV w0 ypryopw, epocov umdpxel KPovtikdg
aAyopOpog avalntnong dedopevwv oe AloTa 0 omoiog givat pkpoTePNG TEEeWS
amo tov avtiotolyo kKAaowkd. TéAdog, piat dAAN edbappoyn mou €xel xprion Kot
otnv kaBnuepwviy {wn, eivon 1 BeAtiwon otn xprion GPS dnAadny cvotnudtwy
OV XPTOLLOTOLOUVTAL OFf OQUTOKIVITA Yl vo aviyvevetal pioe 0€on mpog
avalnitnon. Avtd ta ocvotpata Pocilovton oe poAdylx TOU A€lToupyoUv HE
Baon tig apyég TS kPovropnyovikig. Ot kPavtikoi vmoAoylotég Ba pmopovv va
BeAtiwoouv auteg TIg pubpioelg ko n avad)TNoN HE TO HYOVIHOTo Vo Sivel

KOAAUTEPX KL TTIO €YKUPA ATTOTEAECHATAL.

Onwg avadepOnke, vmapyouv OSiddopeg TEYVOAOYiE( Yyl TNV vAomoinon
KBavTiKV vmoAoylotwv. Méxpt otiyprig o mpwtog KPavtikdg UTOAOYIoTHG 2
qubits mapovoidotnke to 1998 amd tnv IBM, n omoia to 1999 mapouvcioce
kBavtikd vmoAoyiot] tpwwv qubits pe Suvardtnra kPavriknig SopBwong
oOOANATWY €V amo TNV Bl €ToUpEit TO 2000 MAPOUCIACTNKE KPOVTIKOC
umoAoylotn)g twv mévte qubits. O teAesutaio¢ vuUmoOAoyloTNG TOU  €xeEl
Kataokevaotel eivo 7 qubits a6 toug Vandersypen, Steffen, Breyta, Yannoni,

Sherwood, xou Chuang to 2001.
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KEPAAAIO 3

3. KBANTIKOI YIIOAOTITEMOI KAI KBANTIKOI AATOPI®OMOI

3.1 To KUKAWHATIKO HOVTEAO TWV KPOVTIKWV UTOAOYLIGTWV

Ot KAoIKOl UTOAOYIOTEG ATOTEAOUVTOL OO OYwYOUG Kol AOYIKEG TUAEG, OL
OTIO(E¢ OUYKPOTOUV KUKAWHaTo kot emegepynotes. Ot aywyol petadepouvv tnv
nmAnpodopio armd mAN oe TOAN Omov yivetat 1) emeepyaoia TnG. Ot MUAEG TWV
KAQOIKWV UTTOAOYIOTWV €ivon PpUCIKA ouoTipata Kot 1 mAnpodopic Sigpyetal
HEoQ QO oTES. XTOUG KPavTikoUg umoAoyioteg 1 mAnpodopio Ppioketon
amoBnkevpévn oe qubits 1§ oe kPovtikoUg KatoywpnTeg ko mapapevel ekel. Ot
kPavtikég miAeg Oev elval PUOIKA OUCTHHATE, OCAAL QVTITPOCWTEVOUV
HETXOYNUATIOHOUG  (EPapHOyr] YPOUUIKGOV TEAEOTWV) TOU OOKOUVTAL OF

nepovwpéva qubits 1) og kPavtikoug katoywpnteg (opddeg amd qubits).

Ot kBavtikoi vmoAoylopol gival SpACELS TEAESTWY TOU €XOUV OOV XTTOTEAECHO
mv meplotpodny Siovuopdtwv oto ywpo Hilbert. To Swaviopota ovta
TOPLOTAVOUV TIC KPAVTIKEG KATAOTACEL TwV KPAVIIKWV KoToywpntwy. 'Exouv
Yivel apketeg mpoomabeieg yio va avartopootafouv ot kBavtikol utoAoylopoi pe
Kamolo povtéAo. To mo emtuynpUévo HOVTEAO, TOU OTLEPA XPTOLHOTOLEITHL
oxeddV QMOKAEIOTIKA, €lvoal TO KUKAWHATIKO HOVIEAO TWV KPovTIKWV

UTTOAOYLOHWV.

YOpdwva pe owtd, kdbe kKPovTIKOG UTOAOYIOHOG, KTAGG 1) TOAUTTAOKOG, UTOpEl
voo avarapootofel pe €va kUkAwpa. Toa KUKAWPATH TOU  avamoplotovv
KBavTIKOU¢ UTOAOYIGHOUG OVOpA{OVTaL KPOVTIKA KUKAWHATH KOl otoTeAovvTal
amd qubits, kPovtikolq koatoaywpntés kot KPovtikeg mTUAEG. Xt KPovtika
KUKAWpoTo dev umtdpyeL por) mAnpodopiag amd miAn oe mOAN, aAA& SlodoyIKES
dpaoelg kPovtikv TUAWV o€ KPavTikoUg KATOXWwPNTEG OTOUG OmMOoioug
Bpioketou omoBnkevpévn 1N mAnpodopi. To  kPavtikd  KUKAOHOTX
QVOUTOPLOTOUV T} XPOVIKI] GELPE KL TOV TPOTO |LE TOV 0T0i0 SpouV ot KPoVTIKES

TUAEG GTOUG KPOVTIKOUG KATOXWPTTEC.
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3.2 KBavtikoi vroAoyiopoi

‘OXot ot xPovtikoi vmoAoylopoi mov Poacilovtal 6TO KUKAWHXTIKO HOVTEAO

EKTEAOUVTOU [LE TNV THPOKATW Slodikacio OTTw¢ mopovstaleTal Ko 6To LUK 9:

1. Aivetau n apyixf katdotoon twv qubits mou amoteAovv tov kKPoavTikd
Katoxwpntr. YmoAoyiletal To TovuoTIKO YIVOHEVO TwWV TIVAKWY TWV
KATooTdoewv Twv qubits. O mivakag mOU TPOKUTTEL €ival 1) XPYIKT

KOTAOTHOT TOU KBavTikoU katoywpnth.

2. YmoAoyi{etal TO TOVUOTIKO YIVOLEVO TWV TIVAKWYV TOU TEPLYPAbOouV TIg
kPavtikég miAe¢ mou OSpouv oto emdpevo Pripo tou kPovtikol

UTTOAOYLOHOV.

3. O mivoxkag mov TPOKUTTEL OO TO TAVUOTIKO YIVOLEVO TWV TILVOKWYV TWV
KBaVTIKOV TUAWV  ToAomAdCIdleTol e TOV Tivaka TNG VEag

KATAOTHONG TOU KBAVTIKOU KOXTO(WwpnTh.

4. Ta 2 xau 3 emovodopPdvovton tOoeg Ppopeg doa Ko T PriHATH TOU

KBavTikoU vmoAoyilopov.

5. H teAwkn xataotaon tov kKPavtikol KoToywpnth eival To GmoTéAEoHA

ToU KPavTikov utoAoyIGHOV.
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2x.9 Ataypapua ektédeong twv kPavrikwv vrodoyiouwv. Me i oupPoliletar o aptBudg tov
PBripoctog ko pe n o ouvoAikog aptBudg Pnudrtwy tov kPovrikol umoAoyiouoU.

3.3 O xBavtikog eme&epyaotnq

Meypt onpepa Sev umdpyel €vag TPOYPAPHATI(OHEVOG KPovTikOG eme€epynotr|q
OV va pmopel va ekteAel umoAoylotikd kobnkovra. To kdBe kPavriko
umoAoylopo6 ouvtiBetou kot évag kPavtikdg emegepyaotr)g, 0 Omoio¢ amoTeAgiTou
amd €vav 1) TEPLOCOTEPOUC KPAVTIKOUG KOTOWPNTEG KOl QMO €va GUVOAO
KBavTIKOV TUAWV. Xtoug KPavTikoUg utoAoyloTég 8ev umdpyel oadng didkpion
OVALECA OTO UAIKO KOl TO AOYIOHIKO OMWG OTOUG KAXGIKOUG UTOAOYLOTEG.
Yfuepa yivetou épeuva yia va Bpeleil mpoypapHaTi{OHEVT) APYITEKTOVIKT YIOL TOUG

KBovtikoUg UTOAOYIOTEG XWPIG EVOAPPUVTIKA KTOTEAETHATA.
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3.4 O xPavtikdg adyoptBpog tov Deutsch

O mpwtog KPavTIKOg aAyopLOpog, dnAadn evag aAyoplBpog mov va pmopei

vo Tpeel oe évay kPBavtikd vmoAoylotr), avartuyOnke amd tov Deutsch. Xtov
aAy6pOpo autd ypnotpomoleitan 1 kKPavtiky mapaAAnie, dnAadn n vmepOeon
TwV PBacikwv Katootdoewv twv qubits kot yioo mpwtn popd €vag KPovtikog
UTTOAOYIOTHG pmopel va ekTteAéoel UMOAOYIOHOUC mOU eival adivato va

EKTEAECTOUV QO €VOLY KAAGIKO UTTOAOYLOTH).

To npoPAnpa mov €0ece o Deutsch eivou to €€1\¢:
o Aivetou pio ouvaptnon f(x) tetowa wote: f(x): {0,1}—>{o,1}

AnAadn n petafAnt x kau n ouvdaptnon f(x) propovv va mépouv pdvo tig
TIHEG O 1) 1.

[l kaBe TéTola ouvapTnoT VTTAPYOUV U0 TEPUTTWOELG:

o) f(0)=f(1), ondte n ouvdptnon ovopdletou otabdepn)

B) f(0)=#f(1), omoTe N GUVEPTNON OVOp&LETAUL LGOPPOTTIHEV.
Av yx apddetypa do0si pioe ouvéptnon f(x) kou BéAovpe va Sovpe av

etvou ota@epr) 1) LOOPPOTNUEVT], KAVOUPE T €ENG:

Av xpnolpomolmooupe €vay  KAXOIKO umoAoylotny O mpemel  va
vmoAoyicoupe tnv T f(o), otn ouvéyela va vtodoyicoupe tnv tiun f(1)
KOl VO OUYKPIVOUpE Ta amoteAéopata. Av elval (81, TOTE 1] oCUVEPTNON
eival 1ooppomnpévn. Aev eivau Suvatd va amodoaoiotei TL givor N
OUVAPTNOT HE €vav HOVO UTOAOYIopO. AUTO OpwG eival Suvatdv ov
XPNOLHOTO)ooVE  €vav  KPavtikd vumoAoylotr], oUpdwva HE TOV

aAyopiOpo touv Deutsch.

2x. 10 KBavtixo kukAwpa mov vrodoyilet to abpotopa pe fdon to 2
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To kBovtikd owtd kikAwpa vtoAoyilel To dBpolopa pe Pdon TO 2 TOU TPWTOU

qubit pe th ovvdptnon f(x), 6mov x to Sevtepo qubit .

To Eynpa 10 amoteAeiton amd évoy kPBavtikd Katoywpntn twv dvo qubits dmov
TO TTPWTO eivau TO |a) kou To Sevtepo TO |X), Kot ourtd €va GUVOVAGHS KPavTIKWV
MUAWV mou maplotavetar amd to opboywvio Ug T kdBe Siadopetikn
ouvvdaptnon f(x) ypetdletan évag StadopeTikdg cuVSUAGHOG KPavTikKwV TLAwY. O
ouvduoopdg twv kPovtikwv muAwv Up Spa ot dvo qubits ko adrjvel to
devtepo aUeTAPANTO, eV DEPVEL TO TPWTO OTNV KATACTACT) TTOU OVTIOTOLYEL e
t0 dBpolopa pe Bdon to 2 tou mpwrou qubit |a) pe T cuvdptnon f(x), émou x

etvau to devtepo qubit.

O aAyopiBpog tou Deutsch eivou kot outog €vag kKPavTikO¢ UTOAOYIGHOC Kol
mePLYyPAPETHL oTd TO MHPAKATW KUKAwHX oto Xxnpa 1. H apyikn katdotaon
Touv mpwtou qubit eivou |1) ko tou Jdevtepov |0) . Xto mpwTo Prjpa TOU
aAyopiBpouv tou Deutsch, n katdotaon tov kPavtikov kotoywpntny eivor 01).
Yto Jdevtepo Pripa Spouv Vo kPovtikéc muAe¢ H. Xto tpito Prjpa dpo o
ouvduaopdg kBavtikwv muAwv Us ko oto tétapto dpa 1 kPavtikiy miAn H oto
devtepo qubit. Xto t€AO¢ TOU TETOPTOU PrIHOTOC HETPATAL 1) KATAOTHOT TOU
devtepou qubit. Av to qubit awto Bpebei otnv katdotaon |0), ToTe ) cUVApPTHON

f(x) eivou otaBepr) ko av Bpebei oty katdotaon |1), Tdte eivau tIcoppomnuevn.

2x.11 O adydpiBuog tov Deutsch eivau kfBavikdg umoAoyiopog kot meptypaperat amd to KUKAwA
3.5 O aAyop1Opog tov Grover

O aAyopiBpog tov Grover gpeuvd pioe Sopnpevn Paon dedopevwy mou mepiéyet N
otoiyeio. KaBe otoryeio tng Paong €xet apOunbei amd o €¢wg N-1. To cvotnpa
mou OlaBETOVE UTOPEl VO aVXyvwpioeL oV KATOL0 oTolyeio eivo owtd mov

avadntape 1 Oyl Xe €voy KAXOIKO UTOAOYIOTH] TO oUOTNHo owtd eivo €vag
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KOTOXWPNTHAG OTou €xoupe amofnkevoel Tov aplBpd mouv Pdyvoupe v Bpoupe
Kol €vat KUKAwpo Aoyikwv TuAwv. To kikAwpa cuykpivel kdBe oplOpo otnv

£l00006 Tou pe Tov amoBnkevpevo aptBuo. To cvotnpua owtd ovopddletou oracle.

O Grover emvonoe évav kBavtikd aAydpiBpo o omoio¢ pmopel vo Pagel pia
ata&vountn Pdon dedopévwv Kal v TNV Ta€ VO oEL TTOAV YpnyopdTepa otd OTL
O €xave €vag kKAaoikog vmooylotig. Kavovikd pio féon dedopévwv pe n
ototyelo Oa émoupve N/2 apBpd avalntrioswv yio va Ppedel to otoiyeio mou

avaldnteiton, cAAd o évav kPavtikd vrmoAoytotr) o aplOpdg avalntioswyv eivol

NG Té€ewg Nz,

Mio aAAN ebappoyn Tou aAyopiBpov eival otov Topén TwV Kpuntoypabnpévwy
otolyeiwv. YroBétoupe OtL €xoupe pio eikovikn Paon dedopévwy mou givat Tooo
HeyaAn mou dev B taiplode OTIC PVIHEG TWV KAXCIK®WY UTOAOYIOTWV. AUTO
EMITPEMEL OTOUG KPOVTIKOUG UTOAOYIOTEG VA XPTOLLOTOI|OOUV £Va EUPEWS
YVWoTd cUoTNHA Y TNV TpooTasio Twv dedopévwy. Auto eivau to ovotnua DES
(Data Encryption Standard). To cvotnua autd otnpileton og évav oaplOpo 56
bits. Mia e€ovtAntikiy avalftnon pe T cupParticd péox B ommoutoloe 2°°
avalntioeig mpwv Ppebei to cwotd kAeldi. O aAydpiBuog tou Grover O

Hopovoe va Bpet to kAW povo petd oo 185 ovalnTioel.
3.6 O aAyop1Opog tou Shor

To 1994 o Peter Shor amédei€e ott pe N Xprjon KPAVTIKWV UTOAOYIOTWY, UTOPEL
gUKOAX Kau ypryopa va avaAvBolv oe yivopevo dvo mpwtwv apldpwy, peyciol
axépailot optBpoi. Me évov KPovtikd UMOAOYLIOTH] QaUTEITO TOAUWVURIKT)
avénomn Tou xpOvou UTOAOYIGHOU YLt YPop KT avénom tou peyefoug n, dnAodn)
Tou mANBoug twv Yndiwv tou aplBpov mou €xel SVo mpwtoug mapdayovres. Ot
ypnyopotepol kAaowkoi oAyopilBpot yix to 8o mPOPANpo  eivon  umep-
TOAVWVUHIKOL o€ ouvdptnon pe Tov aptBpd Ynodiwv n. H pebodog mov mpodteive

o Shor eivau yvwoti wg «kBavtikog adyoptBpog tov Shor».
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KED®AAAIO 4

4. KBANTIKEX AOTIKEX ITYAEX

4.1 IIpoxaTopKTIKEG EVVOLEG

'Evag KAoG1KOG UTTOAOYIOTIG QUTOTEAEITAL QIO PVIJUN KO QIO €vary emeéepyaaThy.
O emneepynotr)q ekteAel mMvw ot bits mAnpodopiag mov eivou amodnkevpeva
otn pviun mpdéelc oUpdwva pe KAmolo TPOypappa, ko Sivel w¢ £6od0 T
amoteAéopata pe Tt popdry €vog ouvoAou bits. Ou mpdéeig emesepynoiog
EKTEAOUVTOUL OTTO EKATOUHUPLA LEHOVWHEVES SUADIKEG AOYIKEG TTUAEG, OTIWG gival
ot muAeg¢ NOT (OXI) 1 NAND (OXI-KAI), ot omoigg ekteAovv mtpdéeiq oe éva 1)
dvo bit k&Be dpopd. TMapadetypoarog xaprv, n moAn NOT Spa oe eva bit ke
dopa, evw 1 moAn NAND Spa oe dvo bits. Ot mivakeg aAnBeiag yio autég TIg
KAaooikeg pdelg mapovoidlovratl otoug [Mivakeg 4 kau 5. o va ekteAéoel To
TPOYPUHN TNV oIToUTOUNEVT epyooia, koBopilel e molov TpOmo cuvdeovtol

HeTal Toug ot Suadikég TUAEG o€ VX AoYIKO KUKAWLL.

Bit eilc6dov  Bit €£680u

o 1
1 o

Iivakag 4: [ivakag aAnBeiog yia tv kAaooikn povodvgpia moAn NOT

Bits ei06d0v  Bit €£680u

o O 1

1 O 1
o 1 1
1 1 0o

Iivaxag 5: [ivakag aAnBeiag yio v kAaooiki) Sidvpia muAn NAND

H Poowkn 18éo evdg xPavtikoy vmoAoywotny eivar ev moAroic S, Ot

mAnpodopieg amobnkevovtou oe €vav kataywpnty qubits kol oL gpyocieg
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enelepyaoiog ektedovvron ommd kPavtikég Aoyikeg mUAeg. Ot KPovTIKEG QUTEG
MUAEG ouvdéovtal peTadl TOug o€ eva KPovTikd KUKAWHX TTPOKEIHEVOU Vi
ekTeAeoTOUV KaBoplopéveg epyocieq emesepynoiog. Xto ZynHa 12 amtelkovidetou
£Vt oYMUOTIKO Sopikd Sidypoppo kfovtikol vmoAoyioth. To mTpwto TURApK TOU
umoAoylotr €ivou €vag katoywpntg N qubits {ql, q2, q3, - ‘qN}, T OOl €XOUV
puOULOTEL TTPOTYOUHEVWG OTIC OTOUTOUHEVEG OPYIKEG KATAOTAOEL. AUTK T
qubits €10680v elodyovton 6To KPavTiKG A0YIKO KUKAWW TO OTOI0 GTI) GUVEXEIX
ekTeAEl TIC epynoieg emegepynoiog ocUpdpwva e To TPdYypappHX Tov KPovTikol
vroAoylotr]. H €¢£080¢ touv kPavtikov Aoyikol KUKAWHATOG eivat €va véo oUvVoAo
qubits {q1 q5 g5 ... qn}. Ta Tedikd amotedéopara TG VTOAOYIOTIKAG epyasiag
Aopdvovton e HETPHOEI] TAvw o€ autd ta qubits €€6dov, amd TG omoieg

mpokuntel eva oUVoAo N kAaooikwy bit.

Zxnua 12: Zynuatiko Sopko Siypapud Twv Unxaviouwy evog kPavtikov vroloytotr). Ta qubits
{44, 42, g3, - ,qn} a6 TOV KaTAYWPNTI] E10680V PUBUI{OVTAL OTIC CWOTES APXIKES KATAOTAOELS Kl
glodyovrat oto KPavtiké Aoyiké kUkAwpa, to omolo ektelel Tig epyaocieg emeéepyaaiog ko Sivel
oav €€odo éva véo olvolo qubits {qi q5 g5 ... qn}. Ztov kataywpntij €édSov extelovvra

UETPTIOELS, Kot KaTOmty e€dyovral Toe amoTeAéopara.
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4.2 KBavtixég xou Aoyikég miudeg

Y& mponyoUpevo kepdAaio €yve amAn) ovapopd oTIC KPovTIKEG Ko OTIC AOYIKES
mUAeG. Xp1deL eMIOTIHOVOTIC OTL €V OAEG oL KPOVTIKEG TTUAEG eivat avTIoTPEPILEG,
dev 1oyVel To (S0 Yy TIg Aoyikég. Ot kPoavtikég TUAEG gival TEAEGTEG TOU YWPOU
Hilbert mov dpouv oe qubits kau og kPovtikoUg katoywpnTée dAAGlovTag TtV
KATdotoor toug. AnAadh ot kPavtikéq muAeq meplotpedouv Tor SlavUCHOTH
KATAOTAOTG TWV qubits kKo TwV KPovTIK®WV KATOYwPNTWwV Xwpic va atAA&louv To
MIKOG TOUG , TO omoio givou mavta (o pe tn povéda. Ot dpaoelg awtég adopouv
TeAeoTéG-Ttivakeg oL omoiol edpappdlovtat mévw ot SIVUCHATO KOTAOTAOTG
Kol Tpoypotomolovv mpagelg, emi mopadeiypatt petoafdArovv Ta mAdTN
mlavotntag twv Packwv kataotdoswv. Edoppolovron mpdéel mivw ota
qubits kot owTEG eivat TAVTH AVTIOTPENTEG. Autd onuaivel dtL €(ouv Tov (d1o
aplBpd €1068wv kot €€08wv. Ot kPovtikég miAeg €xouv Vo S1OTNTEG: VL Un
HETBAAAOUV TO PNKOG SLVUOHATOC KATAOTAONG KXL VO TNPOUV TN XPOVIKN

OUMMETPIN TWV KPOVTIKWY GUSTNHETWYV.

KdBe kBavtikn muAn mov 8pa og n qubits meprypadetou amod évav opBopovadiaio
mivoka U dixotdoswyv 2™ * 2™, To amotédeopa tng dpdong poag muAng og qubit
UTOAOYI{eTAU [LE TOV TTOAAATAAGIAOUO TOU TIVOKK TNG TUANG HE TOV TiVOKA TOU
Stovioparog katdotoong. 'Eva dAAo Paocikd yapaktnploTikd twv kPovTikwy
TUAWV €lval TO Yeyovog OTL 11 mAnpodopia, ta qubits ev mpokelpévw, Oev
mepvolV péoa amd TNV MUAN OMWG OTOUC KAAGOIKOUG UTOAOYIOTEG, OAAL

edpappolovral mavw ota qubits 1} OTOUG KATOYWPTTEC.

4.3 KBavrikég modeg mov §pouv o€ €va qubit (povokBavroSveiakéc)

Ot mbAeg mov §pouvv ot €va qubit meploTpedouv 10 SLAVUOHX KATAOTAONG EVOG
qubit. Autd emtuyydveton pe tn HeTafoAn] Twv ywviwv ¢ kot 0 péow TwV
MPA&eEwV OV €KTEAOUV Ol TTUAEC mavw ota qubits. evikdtepa, ol meploTpodég
mou eivau Suvatdv va cupPoulv gival ATEPEG Ko Y TO AOYO oUTO UTTAPYOUV
amelpeg kPovtikeg muAeg mou Spouv oe €va qubit. Emopévwg, emedn n ke

tétolx kPovtikn mOAN meprypddeton amd evav opBopovadiaio mivoke, kabe
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Tétolog mivakag pmopei va givan pio kBavtikn moAn. TMopdia avtd, vmdpyet puo
YEVIKT] Ttepintwon mivako-teAeoti mou Spa o€ €va qubit. Autog eival o mivokog

U, o omoiog eivau €vag mivakag 2x2 kal givot o €€NG:

_B Y _einT 28
U giae 5 o |[cost sinZ][ -5 _
BllsinY cost ;0
elf 0 iz

0 > > .

cosyeC3) sy )

N OoTov €
Sin%'ei(@m) cosg'ei(@“") ’ Py

H Asrouvpyia puog povoxfovtodudilokiig mANG oamekovifetal SlorypopllaTikd

OTO ZYTHa 13.
Qubit aigodov Movo- Qubit sfodou
KPovto- .
9 | Sudroxn 9
AN

Zxnipa 13: Zynportiko dicypappe piag povokfavrodveiakijc moAng. H moAn petaoynuoacifer éva

qubit eio6dov q ot éva qubit €&6Sov q'.

H moAn d¢xetou wg eicodo éva pepovwpévo qubit g ko amodidel wg €€odo eva
dAAo qubit q'. Edv ouvpfoAiicoupe TI¢ Kupatoouvaptioels twv q kot q' pe |YP)

Kot [P), avtioToya, Omov

[Y) = o]0} + ¢1]1),
Ko
[Y') = ¢10) + c1]1),

BAémoupe OTL TO aToTéAeopa TNG TUANG givat OTL HETHPAAAEL TOUG CUVTEAEDTES
mAatoug tou qubit pe kaBoplopévo tpomo. XpNOIHOTOIWVTHS TO CUHPOAIOHO
TOU SLtVUOHATOG OTIANG, LITOPOUHE VA TEPLYPAYOUE TNV TUAN HECW HIOG 2X2

uTpas M wg edng:
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[C(’)] _ [Mll M12] [CO]
c1l My My| LG l”
OOV

!
Co=M;1¢o + My,

!
€y = Myico + Mypycy

Onwg mpokvmrtel, 1 pévn amaitnon yio tn pritpa mAng M eivar 6Tt B mpemet va
gtvou povodioio:

MMt =1,
6mov MT eivou n epputiovr) culuyng pitpa T M, kau I eivan 1) Towtotiky priTpo.

H ouvOnkn autr) pmopel va ypadei avadutikd wg €€1G:

My, M12] lMﬁ M§1]=[1 0]
M21 M22 Mikz M;Z 0 1

And Vv amaitnon tng povadiokdtntog émetal 0Tt OAeg ot KPovtikég muAeg O

TIPETIEL VXL ELVAUL XVTIOTPEMTES.
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)¢ TPWTN TAPATHPNOT OTOV TUPATTAVW TIVaK, oL TPELG TUAeG X, Y kou Z kot ot
avtiotol eq UTpeg, dev eivau mapd oL yvwotég pijrpeg tov Pauli oy, 0, kot 0, mov
glvott TowTdypova EPUITIOVEG Kot povadiaieg Adyw TN¢ YVWOTHG TOUG 81OTNTOG
va givat 0y = 0y =07 = 1. Epputiov) kau povediaia eivar emiong ko i moAn
Hadamard, adov oxter wou yU' owtiv 6t H2= 1. Metadd dAwv owtd
ouvvenmdayetal OtTL 1 SUTAR dpdon auTwv Twv TUAWV emovadépel To qubit oty

OLPXLKT] TOU KATACTOOT).
4.3.1 KBoavriki) moAn adpdverag

H kBovtikn moAn adpdveiag cupPoiiletou pe I kou odprjvel opetaBAnTn tnv
Katdotoon tou qubit oto omoio edoappdletar, OMWG AMOKAAUTTEL

AAAWGCTE KO TO OVOWL TNG.
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O oupBoAlopog TG TUANG adpavelag eivou:
1 0
Nay=[, 7]l =1a)

Me tn BonBeix mivoka yia TNV avamapaotacT) Twv ISI0THTWY TG TUANG,

EXOUE:

4.3.2 KBavrikr) moAn Pauli-X (rvAn NOT)

H xBavuxn moAn Pauli-X eivou n avtiotoyn g moAng NOT twv
KAXOOIKWV UTOAOYIOTWV Kol avamapiotatal pe TO oUPPoA0  «X».
EvoAAdooel peta€l Toug TOUG OUVTEAESTEG TAKTOUG, TTOU ONpaivel OTL N
TUAN UTH oVTIoTPEPEL TNV Katdotoon tou qubit petatpemovrag to 0 og 1
kat to 1 o 0. Ovolaotikd, mpdkelto Yo pia TepLoTpodr} Tov SIVUCHATOC

KATAOTAOTG YUPW QIO TOV A&OVa X KATA 180 HOIPEG, 1) T AKTIVIAL.

0 17[%0 €1
Xlq)= 11 0 -C1] - [Co]

1 0111 1]
X100 =1y 1llol=lo/=1D

1 01[0] [O
XID=1o 1Jll=11/=19
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Yo popdn mivoka ot 1816t TEC eiva:

4.3.3 KBavtiki) moAn Pauli-Y

H xBovtikiy moAn Pauli-Y avtictoiyei oe mepiotpodr) tou Siavicpatog
Katdotoong tou qubit yupw amod tov aéova y katd 180 poipeg, 1) T axTivia.
ZupPoAiletoun pe «Y» kot petoatpémnel to Siavuopa |0) oe i|1) kou tnv |1) oe

—i]0). O mivakag eivat:

0 —i

Yz[i 0

Ot emdpdoelg TG MUANG pe podnpotikd cupfoiiopd sivad:

O S [ B BRI

rn=[0 51[9)=[5]-10+orm =i

Ot 1810TNTEG TG THPATTEV®W TUANG, UTTO pHopdt) TTivok, eivou:
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4.3-4 KBovrukr) moAn Pauli-Z

H xPBovtikn moAn Pauli-Z ouvpPoAileton pe «Z» ko ovtiotolyel oe
mepLoTpodn}] TOU SLVUICHATOG KATAGTAONG TOU qubit yUpw otd tov aéova
z xotd 180 poipeg, 1 m oxtivia. Ouolaotikd, adnivel apetdBAntn tnv
kotaotaon |0) ko petatrpemel tnv kardotoon |1) kat v —|1). O mivokag

TTOU QVTITTPOCWTEVEL QUTIV TNV TTUAN €ivou:
1 0
z=lp 4l
Ot emdpdoelg TG MUANG eivat:

zi=[; 2 ][5)=1[g] = 110+ 011y = 10)

2=y 2 1[1=[°] =010+ DIn=-111)

O mivokoG HETATPOTIWY TNG CUYKEKPIUEVNG TTUANG givat 0 €€1G:

4.3.5 KBavtwkr moAn Hadamard

H moAn Hadamard edpoappoleton mavw oe éva qubit ko amotedel Paoikd
Kal Kpiowo epyodeio ye tn oyxediocon kPovtik®wv KUKAwWpATwV. Autd
odeidetat oto Yeyovag OTL 1] MUAN €xel WG €003 ¢ €va qubit mov de
Bpioketau o€ Katdotaon UmEPOECNC KAl TO HETATPEMEL €TOL WOTE VU
Bpioketou oe pioe tétoln kortaotaorn. KabBwg ot xPovtikol vmoAoylotég
Baciovrau otnv utépBeon twv qubits yia tig TeplocdTEPEG TPdelg mou O
EKTEAEGOUV, UTTOPEL KAVEIC VO KATAAAPEL TN HEYAAN ONHACIN TTOU KTOKTA.

YupPoAiletou pe «H». O mivakag tTng mUAnG eivat:
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1 [1 1 ]
V21 -1
H emidpaon tn¢ mviAng Hadamard oe qubits mov Bpiokovtou otig Paoikeg

KOTAOTAOELG €fva:

_ip ogmot
HIO)—\/E_1 1 0_—\/7(I0>+I1>)
1l o1qpop_ 1 B
H|1)—ﬁ_1 =y _1_—\/7(I0> 11))

Yuvenwg, N mhovdTnTa va AGPeL KATTOL0G, KATOTIV [LXG HETPNONG, HIo KTTd
TI¢ dV0 PUOIKEG KATAUOTAOELG, €ivot (Sloe ko €xel Tiun on pe |\/%| = 0,5.
Emiong, pe edbappoyn tng muAng Hadamard oe qubits mov Bpiockovrau og
umtépBeon, dnAadn ta % |0) + % |1) xou % |0) - % |1), owtd emaveépyovrou

otn Paoikr) apyikn Katdotoon wg €&ng:

1 1 1 V2
170+ m) =5 lelﬂ[auowomlw

2

1

<? lO)_T |1>)— B _1] = [1] = 010) + 111) = 1)
\/i

Yuvortikd, ot 8pdoelg g muAng Hadamard kot otig dvo mepimtwoelg

daivovTal 6TOV TAPAKATW TTEVOKAL:
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4.3.6 KBavtiki) mOAn peratdmiong dpdong

H xBavtikn moAn petatomiong ¢pdong ouvpPoiifeton pe Ry ko amoteAel
L OLKOYEVELX TTUAWV Ol 0Ttoieg TepLoTPEDOUV TO SLEVUoHA KOTd O poipeg
og €vav vonto opt{dvtio kUkAo. O Tivakag TOU AVIITPOSWTEVEL TNV TTUAT

petotomiong paong eivat:

E¢etalovtag to amotéAeopa TG Spaong TG mapamavw TUANG oe qubits

mou Bpiokovtau o€ piot amod TI§ PACIKES KATAOTACELS, TPOKUTTOUV T £E1\G:

wio-[5 S0-[- o

win=[3 S [0-[%]-em

Onwg daivetou amod Tig mopormdvw e§lowaelg, | TUAN peTaTomiong Gdong
dev oAAdlel v koatdotaorn evog qubit mou Ppioketoan ot Pooikn

katdotoon [0), cAdd aAAdler éva qubit mou Ppioketou otn Paocikn
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katdotaon |1) o e¥|1). H mBavétnta va petpndsi 1 kardotoon |1)
TOPAUEVEL AUETEBANTN Kot TO pdvo ToU aAA&LeL eivau 1) Ywvia pdong tou
Sviopatog.  Xtn  yevikdtepn mepimtworn €vog  qubit  pe  mAdTh

mBoavotnTog o xou b, éyoupe:

Rola)=Ro(alo) + b1 =[5 ][] =[5 Lie] = loy + b-e?1)

Onwg kot otnv mepintwon tov qubit pe xatdotaon |1), €TotL ko o€ owTn
0AAGlel povo N ywvi ddong tou Siavicpoatog tou qubit, ywpi¢ va

ennpealovto Ta TAdTn mlavotntog Tov qubit.

O dpdoeig TG MUANG cwtr¢ ouvoPilovTol GTOV TAUPUKATW TTIVOKL:

4.4 KBavtikn moAn evaiioyng qubit

H xBavtikiy moAn evoddayn¢ qubit sivon pia kBavtikn) moAn mov ebappdletal
kat dpa og dvo qubits. Metd tnv edappoyn g muANG owtng, T dUo qubits mov
gxouv Oex0Oel tn Spaomn tng, €xouv evaAddéel TIC Kataotdoelg mou Ppiokovtov

mpwv. XupPoAifetou pe SWAP xou o mivakog tng eivou:

SWAP =

S O O
o = O O
S O = O
- o O O

Avtifeta pe tig muAeg mou dpouv oe €va qubit, o mivokag g TUANG Tov Spa o€
dvo qubits eivou évag mivaxkoag 4x4, 816t 0 dtavuopatikdg mivakag dvo qubits

amoteAeitoa amd pioe otnAn teoodpwv otoieiwv. ‘Etol, 1 edoappoyn g
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OUYKEKPLIHEVTC TUANG o€ dUo qubits q; kot g, eivau:

q1 = al0) + b|1)
qo = c|0) +d|1)

QL O Qo

..
7100) = lan) ® lao) =[] ®[3] = |
b .

SWAP(|q,190)) =

oORr oo
—_o oo
QA QA
Il
S Q S Q
Q. Q. 0 0

|- el e

S O O
O O = O
ST Q Q

H dpdon g kPovtikng moAng evaddayng qubit epdoviletou mapakdtw:

4.5 KBavrikég mideg mov dpovuv o€ Vo qubits (SikBavroSupiakéc)
4.5.1 EAeyyopeveg xBavtikég miAeg

O 0Opog «eAeyyOueveg kPovtikég mUAec» avadépeton o KPavtikeg mUAeG ol
omoieg Spouv oe dvo (AN eAeyxopevou ‘OXI) 1) kou meplocotepa qubits (mvAeg
Toffoli kou Fredkin). Zto €va qubit Oa epappootei TOaVHG 0 peETATKNHATIONAG
ov opilel | TOAN, evid To GAAO (1) GAAX) kaBopilouv av B ebappooTei TEAKA
OUTOG O HETAOYNHATIOHOG oTNnV Katdotaon tou qubit. Ouowxotikd, ta qubits
gAéyxou (control qubits) opilouv ov tO0 qubit-otdyo¢ Oa vmootei

HETAOYNUXTIONO 1] 0XL, KaBw¢ owtd Oa Tepdael amd TtV TUAT.

Ao N Bewpia MVAKWY TNG YPAUUIKNAG AAYEPPAG, XPNOLOTOIOUHE €vav TTLO

guxpNoto cUUPOAIGHO Yo TV eptypadny Tng mUANG U, n omoia mAgov ypdadetal
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wg €&Ng:

U = [x11 x12]

X21 X22

Auto Tto kavoupe emiong, emeldn Oa peAetnBolv edeyxopeveg KPovtikeg TMUAEG
mou 8pouv o€ dVo kot Tpioe qubits kau TPEmeL Vot TPOGdLOPLOTOUV HABNPATIKA, O€

Hopd1) MvAKwV, TA SLVUCHATA KATAGTAOT)C TOUG.

Apyixd peletdron n mepintwon evog kotoywpntn pe dvo qubits. Eotw autd

givou ta |qq) = al0) + b|1) xou |qo) = ¢|0) + d|1). Onwg €xouvpe 101 avadepel, o

:

'Etol, ot mBavdotnteg epddavionc twv tecodpwy mbovwv kataotdoewv 00, 01, 10,

TOPATTAVW KPaVTIKOG KaToywpnTig eivot o €€N¢:

|qreg 2) - |CI1) ® |q0> I

@@QQ
SD..n Q..ﬁ

11 eivoua-c, a-d, b-cxoub -d avtictoa. AKOUR, €0TW Qg = A - C, Ay =
a-d, a;0= b-cxara;; = b-c, 6mov o deiktng deiyvel TNV KATAOTAOT OTNV
omoia Ppioketar o katoywpntng. To qubit |g;) Bewpeiton To qubit eAgyyou evw
T0 |qo) tOo qubit-otdyog. Otav to |gy) Ppioketoan otnv katdotoon |0), o
HETAOYNUATIONOG TNG TUANG 8¢ B edbappootel oto |qq). AvtiBeta, o6ty TO
|q1) Bploxetou otnv kotdotaon |1), tote T0 |q)) Ot UTTOOTEL TO PETACYNUATIONO
mov meptypddel n kPavtikny mOAN. Amd owtd mpokUTTEL OTL O TIVOKOG HLXG
omoladnmote kPavtikig moAng U Oa mpémel va adrvel avemnpéootn tnv
KOTAOTAGOT) TOU KATOYWPTTH 6TV auTOC eivar oTig kKataotaoels |00) ko |01) ko
VO AAAGLEL TNV KHTACTOGT) TOU HOVO OTAV GUVOVTWVTHL Ol KAtaoTtdoelg |10) ko
111).

TeAlkwg, 0 TivoKaS oG oTolad1ToTe eAgYXOHEVNG KPavTikig TUANG eivou:

1 0 O 0
0O 0 O 0
CU = 0 1 x4 Xy
0 0 xy1 Xy
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Mia, okOpa T CUPTTOYTIG VAT PO TAOT) TTOU Hitopel va xprjotpomnotn el yioe tov
TOPOUTTAVW TVOKK GAAK KOl YO TTVOKEG OXAAR KO YLt TIVOKEG EAEYXOUEVWV
KBavtikwv muAwv mou emidpouv ot tpiat qubits, 6w awtol B mapovsicTOUY
TOHPOKATW, eivod N €&NG:

I, 0,

CU= loz Ul

omou pe I, ocupPoiiletan o povodiaioc mivakag 2x2 ko pe 03 o undevikog
mivokog peyefoug 2x2.

Apxeta koA pmopel va armodetyBei 6t o mapamdvw mivakag emaAnOevel tnv
amaitnon oG €AgyXOpevnC KPovTikng mUANG vo adrjvel avemnpeéxotn Ttnv

KATAoTooT Tou KBavtikou kataywpntr Vo qubits, av to qubit eAg¢yyov sivou 0:

0

0 O a01
CU |qreg.2) = 1 x4 x12 X11@10 T X12011
0 Xo1 Xoo X21Qq0 + X22011

[Mapopol pmopei vor yivel avdAvon yix TNV avomopaoTact] OToLKGST)ToTE

O O O

gAeyxopevne KPavtikiig mUANG mov ebapUOleETAl O KATOYWPNTH TWV TPLWV
qubits, €k Twv omoiwv Ta dU0 XPNCIHOTOLOVVTL YIX €A€YXO. XPTOLHOTOLOVHE TX
dvo mponyovpeva qubits mou opiotnkov, dnAadny ta |gy) =al|0) + b|1) ko
lgo) = c|0) + d|1), xaBwg xou €va tpito qubit |g,) =e|0) + f|1). Onwg ko

TPONYOUHEVWG, O KATOYXWPNTHG TWV TPLwV autwv qubits eivot o €€ng:

700007
Aoo1
Qo10
Ao11
A100
a101
A110

[ Aq11]

[dreq.s) = 192) ® 1a1) @ lao) =[] ® ;] @[] =

> > Q8 o8 o9 9
Lo a0 aan
|

N D ® ® ®
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O ovpPoiiopog mou xpnotgomoleiton kot €8w eival (5lo¢ pHE oUTOV TOU
xpnotpomondnke mopomavw. Kabe otoryeio a touv StoviopaTog, avtimpoowreel

Vv mbovétnTa epdaviong TG KATAOTAONG Tov meplypddeton oto SeikTn KaTd

T SIEPKEIN PG HETPTIOTG.

Me tnVv 81 drAocodia, KATAANYOUHE OTO CUUTEPACHA OTL O TIVOKAG HIXG
YeVIkNG KPBovtikng mUANg mou emnpeadel tpioe qubits kou ypnoipomolei ta dvo

Ao OUTA YL €AEYYO, elva:

1 0 0 0 0 0 0 O0f
010000 0 0
001000 0 0
000100 0 0 I, 0,
CCU=0 000 1 0 o 0:[04 cU
000001 0 0
0000 0 0 x9 X
0 0 0 0 0 0 xp Xyl

O 8eltepog mivokoG ATOTEAEL I XTAOUGTEUMEVT] VXTTAPAGTAGT] TOU XPYIKOU
8x8 mivako. Omou 1,4 givou o povadiaiog mivokog peyéfouvg 4x4 kou CU o mivokog
NG YeVIKNG eAeyxdpevng mUANG twv 2 qubits pe €va qubit eAéyyou.
Edopuolovtag tnv moAn CCU oe évav katoywpnt twv Tpuwv qubits,
amOJEIKVUETAL OTL Y1 VX €DUPHOCTEL O HETACYNUATIOHOC TNG MUANG oto qubit-

otdyo, Ba pemel kou Tt dvo qubits eAéyyov va eivou oty Katdotoon |1):

1 00 00 0 0 017400
010000 0 0]|la
001000 0 0]|lamw
000100 0 0]|la
CCUlareg:) =0 0 0 0 1 0 0 0 |law|™
000001 0 0]|lano
0 0 0 0 0 0 x11 x2]l%10
0 0 0 0 0 0 x5 xy1Laq14
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Aooo
Aoo1
Ao10
Ao11
A100

A101
X11Q110 T X12Q411

[X10110 T X220111-

Opoiwg, ovveyiovrtag pe tnv Sl Aoyikr), Umopel Vo TPOKUYPEL €AEyXOHEVN
kBavtikn AN N omoia Spa o €va qubit ko va eAgyyetou otd dAAx Tpio. Auth)
umopei va epappootei o kataywpnth teEcodpwv qubits ko meprypddeton omrd

Tov €€N¢ mivorkos:

1 0 0 000 0OOOUOO OGO OU OO0 0 0
01000O0O0O0UO0O0OOGO0OO0GO0O 0 O
001000O0O0UO0O0OOGO0OO0O0O 0 O
0001000O0UO0O0O0OGO0OO0O0O 0 O
000O0T100UO0UO0O0OGO0OO0O0O 0 O
000O0O0OT1O0UO0TO0OOGOGO OO 0 O
000O0O0OO0OT1O0TO0O0GOGO0OUO0O 0 O
10 0000001000000 0 0
3¢U=190 00 00000100000 0 0
0000O0OOOGOOT1IO0UO0 OO0 0 O
0000O0OOOGOUOOT1O0T 0O 0 O
000O0O0OOOGO O OOOT1O0TO0 0 O
0000O0OOOGOOOOOT1IO0 0 O
000O0O0OOOGOOOOOO0T1 0 0
0000 O0O0O0UO OO0 OO0 0 0 0 x4, %3

0 0 00O OO O OO 0 O0 0 0 xy 2xo,0

H ovopacia 3CU tou mapamavew mivaka omotedei ouvtopoypodioc g
ovopoaciag CCCU, n omoia cupPadifel pe toug mponyoupevoug cupBoAlopolg
TWV TPIWV AAwv mvakwv. Emiong, n popdn tou mivaka pmopei va cupmtuyOei

o€ evav mivaka 4x4 wg e€ng:
05

_[1s
3CU= [08 cCu
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Aapdvovtoag vmoYn TIC TPOTYOUHEVES TAPATNPTIOELS YIX TIG TPELG EAEYYXOLEVEG
KBavtikeég mUAeg, pmopei va e€oryOel €vag YEVIKOG TPOTOG AVATTOPAGTAGTG TUAWY
autov tou gidoug. ‘Etal, puo omoladnimote tétola AN, n omoia edpoappdletou oe
EVOLY KOTOXwpnT xwpntikotntoag n qubits, ypnoipomolel ta n-1 qubits yi tov
gleyyo xou To €va qubit w¢ otoxo ywe v mlavr edpappoyny TOU
HeTaoyNUatiIopol pag omoloadnmote mUANG U. Tevikotepa, pmopouv va
epappocBouv ot €€N¢ KOVOVEG Yiot Hiot €UKOAOTEPT] OVOTAPAOTHOT KOl

KOTOVOT|OT] T1G AEITOUPYING TNG TAPATAVW YEVIKIG EAEYXOLEVNG TUANG:

1. O petaoynpatiopdg tng moAng U edoappoletar pOvVo ov Ol KATHOTACELS
twv qubits gAgéyyov eivau towtoxpova |1). Xe omoladnmote  GAAN
MEPIMTWOT) O HETATYNHATIONOC Oev edboppdletan ko To qubit-octo)0G pével
OVETINPENCTO.

2. [ ploc o oupmTuypévn avamopdotaot Tou cupoAou thg mUANG, puropei
va xpnotpomnownOeil o cupfoAiopog (n — 1)CU, dmou n givat 0 aptOpo6S Twv
qubits ot omoia ebpappoletou n eAgyyOpevn KPovtikn TOAT.

3. O mivoxog g eAeyxopevng kPovtikng moAng eivou peyeBoug 2™ x 2™,

4. Ta otoryeia Tou mivaka tng mUANG U PBpiokovtan otnv kdtw de€id ywvia
TOU mapamdvew Tivaka, dnAadn ot B¢oeig (2™ —1,2" — 1), (2™ —1,2M),
(2™, 2" = 1), (2™, 2").

5. To otowyeia TG dxywviov Tov mivako cupumAnpwvovtal pe 1 €wg Kot To
otolyeio otn Béon (2" — 2,2™ — 2).

6. 'OAa T uméAoima otoLyeia Tov mivoko cupTAnpwvovtod pe 0.

O mapamavw kavoveg ouvopilovral otov €€n¢ mivoko:

1 0 0 0 0

o1 0 - O 0

o o1 - O 0
[((n—1)CU]sn = S R S : :

0 0 0 °°c x11 X12

_0 0 0 °e X21 X22_

To otoryeia X141, X12, X21, X2, ATOTEAOVV TOV Tivorko TG mUANG U.
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Axoun, o mopamdvw mivakag pmopel va ypoadel ooy mivakag peyeBoug 4x4, yia
ouvtopia, wg e&ng:

Izn—l Ozn—l
[(Tl - 1)CU]4-><4- - Ozn—l (Tl _ Z)CU

ZTov mapamdvw cUHPOALoHO, oL TivakeS Ion-1 Kot 0,n-1 €iva 0 povadiaiog kat o

undevikdg mivakag avtioToyw, £kactol peyédoug 2™ 1,

4.5.2 EAeyyopeveg kBovrikég moreg Pauli

Ot gAeyyopeveg kPavtikég muAeg Pauli eivan moAeg mov edbappolovron oe dvo
qubits kot ypnoipomolovv to évae qubit yi éAeyxo ko to deutepo qubit wg
oTOY0 TOU peTaoynUatiopol tng ekaotote mUANG Pauli. Zopdbwva pe 0da ta
TOPATTAVW TTOU avoAVON KoV 6TO TpoTyoUevo utokeddAo, auTEG, padl [Le TOUG

mivakeg aAnBeiag Toug, eivor ot €€nig:

o EAeyxopevn moAn Pauli-X 1} CX 1) moAn eAeyxopevou OXI 3 CNOT:

Qubit sAsyyou

L
Qubit ardyoc AN
1
1 0 0 O
_ 10 1 0 of_[I, O,
CA=LNOT=15 0 0 1|7 [0, wor
0O 0 1 0
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o EXeyyxopevn miAn Pauli-Y iy CY:

Qubit edgyyou
Qubit atdyog Y
1 0 0 O
10 1. 0 0o _[I, O
“=lo 0 0 -i [02 Y
0 0 i O
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o EXeyyxopevn mUAn Pauli-Z 1) CZ:

Qubit sdéyyou

Qubit ardyoc

N

S O O
S O - O
o = O O

4-5.3 KBavrikn moAn edeyyopevng petaromniong daong (CPh)

H xBovtikn moAn eAeyxopevng petatomong daong edoppolet tnv mwOAN
petatomong $pdong oto qubit-otdyo, pdévo av 1 katdotaon tou qubit eAéyyou

givat |1). Atodpopetikd, adrvel TNV KATAGTAOT] TOU KOTOXWPTTH XUETAPANTN.

Qubit eAgyyou

Qubit ardyoc (D'
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CRQ =

O O O

—
D

3
~ [0, Ry

OO O M
o O - O
o = O O

4-5.4 KBavtikn moAn Sumdd edeyyopevou OXI (CCNOT - Toffoli)

H kBavtikr) moAn SumAd eAgyydpevou ‘OXI, 1) acAliwg CCNOT, emivor|Onke omd
tov tadd koBnynt Tommaso Toffoli, mpog tiurv tou omoiov avadepetat
MoAAEG dopég ko wg muAn Toffoli. Eivau puo moAn mov edboappdleton oe tpiot
qubits, YpnNoILOTOILVTAG TO TPWTO KL TO SEUTEPO YIX EAEYXO €VW TO TPITO
amoteAei To qubit-otodyo, oto omoio ebappoletan pia muAn NOT. Autd onpaivel
ot n muAn NOT Ba edpappootei oto qubit-otdyo pévo 6tov kou ta dvo qubits
gAéyyouv Ppiokovtou otnv katdotoon |1). Exel avdAoyo ota KAAGOIKA
UTIOAOYIOTIK& ouoThHata, 1) omoia Aeitoupyei oavtiotoryo pe bits. H moAn

CCNOT og popodn mivaka, kaBwg kot o mivokag aAndeiog tng, eivat:

CCNOT = = [I“' 04

~lo, cnor

Cocoococoocoo R
cCcoocococor o
cCcoococoorRr oo
cCcoocorRrooo
cCcooRmroooo
cCcoRroocooo
mroOoooo oo
oORrocoocoococoo
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Qubit eddyyou 1
®

Qubit edgyyov 2
L

Qubit ardyog 7
\

1V

[Mapadeiypora epappoyng tng mUANG ovtng ivan T €€NG:

CCNOT|101) = = |101)

cCoocooco o R
cocoococoocor o
cocoococooRr oo
cocoocorooco
coomrRmroooo
comrRroocooo
Roocooocoo
oCrococococoo
SCoroocooo
cCoroocooo
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CCNOT|111) = = |110)

S OO RFrRr OO OO
SO R OO O OO
_ o O OO O oo
o RO OO 00O

mRooooc o oo

OCrocoocooOoOo

Coocococo o R
cocoocococor o
cocoococoRr oo
cocoocorRrooo

4.5.6 KBovrikn moAn Fredkin

H kBavtikn moAn Fredkin ovopdotnke étot mpog tipniv tov kabnynt Edward
Fredkin. Ovolaotikd, mpdkeiton yioo pioe moAn eAeyyopevng evaAdoyng qubits.
Avt) edpappodleton oe tpioe qubits, €k Twv omoiwv Tto MPWTO €ivon To qubit
gAéyyou evw ta dAAa dvo eivow tae  qubits-otoyot mou Ba umootouv TO
HETAOYNHOTIONO TNG TUANG SWAP, yI' owtd ovopddeton kot muAn CSWAP. Auto
onpaivel 4tL n evoaddayn twv dvo qubits-otoywv B mpaypatomomnBel pdvo oty
To Mpwto qubit-otdyog, B eivan otV katdotoon |1). Ztn cvvéyelx mapatiBetou
n dpaon tng muAng Fredkin oe popdn mivaxe, podi pe tov mivako aAnfeiog tng
TUATG.
Qubit edsyyou

Qubit 1 X

Qubit 2 ><

Apx€g KBavTIKWV LAWYV YeAida - 68 -



|

0,
SWAP

B
0,

1 0 0 0 0 0 0 O

01 0 0 0 O0 O O
0 01 0 0 0 O0 O
0 001 00 0O

0 0001 0 O0 O

0O 0 00 0 0 1 O

0 0 00 01 0 O
0 0 0 0 0 0 O 1

CSWAP

Kdmoa mapadeiypota ebappoyng tng muAng autng og KPovtikoUg KoHTowpnTeg

etvou T €€n\¢:
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_0_

Of _
o| = 1110)

0
1
0

1 0 0 0 0 0 O 07707

0 1.0 0 0 0 0 010
0O 01 0 0 0 0 0]]0
0O 001 0 0 0 0}j0
0O 0001 0 0 o0}j0
0O 0 000 0 1 0}J1

0O 0 0 00O 1 0 010
0 0 0 0 0 0 O 1it0

CSWAP|101) =
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_0_

0
0

0] _
ol = |111)

0
0
(1

1 0 0 0 0 0 O 07707

01 0 0 0 O O 0}|0
0O 01 0 0 0 O o}|lo
0O 001 0 0 0 0}l0
0O 0 001 0 0 0}j0
0O 0 00O 0 1 0}j0
0O 0 00O O 1 0 0jj0
0 0 0 0 0 0 O 1/t1

CSWAP|111)
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KEDPAAAIO 5

5. KBANTIKA KYKAQMATA

Elocoywyn] Kot atetkOvion KUKAWHATWV

'Eva kBovtikd kUkAwpa eivat évag kBavtikdg uToAoyIoHOG O atoteAeiton otd
o oglpd kKPavtikwv muAwv ol omoie¢ edpappolovion o Evov  KPovTIKO

KOTOYWPMNTH XWPNTIKOTNTOC N qubits.

Apxikd, yixt TNV KoAUTEPN KaTavonon kot eme€nynon Twv  KPovtikwv
KUKAWHATWV Kot Tou oupPoAlopol toug, Oa mpémer va yivelr pia oUvtoun
avadopd oTIg ovTIoTPEPIPEG KPovTIKEG TUAEG KAl OTA OVTIOTPEPIHX KPovTikd

KUKA@HOTOL.

Muwx avtiotpédipn kPoavtikn mOAn pmopel va meprypadel wg pio kPavtikn miAn
NG omoing o aplBudg twv qubits mov e&épyovrau amd authv ivou 810G e TOV
aplOpd twv eloepydpevwy qubits. EmmpooBeta, €dv edappootei 1 mOAN
avtiotpoda og kamolo qubit mov €xel vmootei 1N petaoynpoatiopd, téte OB
AndOel n koatdotaon Tou opyikou qubit. 'Eva mopdderypo pog TETOLNG
kPoavtikng moAng eivou n kPovtikr) moAn Hadamard. Edoappolovrag tnv moAn

ot o€ éva qubit pe apyikn katdotaon |1), autd petaoynpotileton w eE7G:

an =Lt 1][0)- [ - 0

Yuveyilovtog, av N Bl MOAN edappootel oto Mapardvw qubit, tote N €£0d0g
O mpemel va givou To opykd qubit mov Bpioketou otnv kartaotaon |1). Ovtwg, o

TOPATTEAVW VTTOOETIKOG GUAAOYIOPOG emaAnBeveTan kaBwG:

1

1 1
(- )=l 4230w
2 2

5
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E&etdlovtag pio mpog piat Tig kPovtikeég mUAeG, SIUTIOTWVEL KAVEIG OTL OAEG OL

npoavadepBeioeg TG eivat avTioTPEPIEG.

Axépa éva onpovtikd Bewpnpa mov adopd To KPavTikd KUKAwpoTo €ivon TO
Bewpnua aduvapiog StakAddwong (no-cloning theorem). To Bewpnuo ovtod
mopovotdotnke amd toug Wootters, Zurek kau Dieks kou amoteAei Oepedindeg

Bewpnpo TG emMOTAHNG TOU KPovTikoU UTOAOYIGHOU.

[Tio ovykekpipéva, to Bewpnuo aduvapiog SokAdadwong avadépel OtL eivou
advvatov va avtrypdapoupe TNV Katdotaot) evog qubit oe éva dAAo. H amddeién
TOU ToPUTAvVw loxuplopol  PBaoiletouw otnv  e¢  dromov  amaywyr] Kol

TTPOVCLAJETAL TTOPAKATW:

Oewpovpe OtL vmapyel pa yevikny moAn UC mov emidpd oe Svo qubits. ¢
€l0000UC €xel €va qubit o€ KATOIX AYVWOTN KATACTOOT) g KOl €val AAAO TTOU
Bpioketou otV katdotaon |0). H §pdon autrig tng mOANG eivou n ovtrypadry thg
KATAOTAOTG TOU TpwTou qubit oto devtepo. Autd ouvemdyetan 6Tt 1) TOAN otV

££080 tnC Oa €xel dvo qubits pe TV Bl kaTaoTao q.

'Eotw, Aowtdv, o6tL 11 mOAR autyy emdpd oe dvo qubits, |a) xou |b), mou eivou

opBoywvix petadl Toug, wg e€ng:
UC|a0) = |aa) xou UC|b0) = |bb)

EmimAgov, vmdpyet c@AAo éva qubit, to omoio amoteAel umépBeon twv dvo
TIPOTYOUHLEVWV:

1
V2

Edoapuodlovrag tnv muAn UC oto mapamdvw qubit, éyoupe:

lc} = —=(la) + b))

1 1 1
UC|c0) =EUC(|a) +[b)|0) = EUC(IaO) +1b0)) = E(Iaa) + |bb))

YUVEMWG, VW TK APLOTEPA PEAT TWV SV0 Tapamavw eEloWoewy eivat B, T

de&1d Toug peA eivou SladopeTikd Kal €Tol auth 1) TUAN dev vdiotatal. Apa, dev
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pmopei va dnpovpynBei kool MUAN 1 oMol va vAomolel TV avtiypadrn tng

KATAoToonG €vog qubit o éva dAAo.

H onpaocia tov avwtépw Bewprjpatog eivon eEoupeTikd OHOVTIKE) KoL TOTEAEL
) PBdon ™ kPavtikig kpurtoypadiag. H Baon tou mponyolpevou 1ouplopou
gtvor 6tL 8e Sivetou 1) SUVATOHTNTA GTOV UTTOKAOTTEQ VX AVTLypAWEL TO HIVUHA Yl
VoL TO arokpumtoypadr)oel. AKOUN Kol oV KPXTHOEL TO UNVUHYK, Qo tpemel va
kataotpePel v umepBeon twv qubits étol wote va pmopecel va to dPdoel.
Emopévwg, 6e Bot udpyel PIVUHA YIX VO AITOCTAAEL OTOV TEAIKO TOUPAANTIT Kol
w¢ €K TOUTOU, auTO¢ B avtiAndBei 6tL To prvupa vtokAdmnke ko B cAAGEel

TI) CTPATNYLKT] EMIKOLVWVIOG HE TOV TTOUTO.

‘Eva emimAéov mpofAnua mouv dnpuovpysitar amd to Oewpnpo aduvopiog
SokAadwong eival to yeyovog OtTL Oev emTpémel TS KAaoolkeég peBodoug
dopbwong Aabwv. To mpdPAnua mpokvmrel Otav Ba ypelxotel k&molx
avTypodr TV KATAoTAoewV TwV qubits yia va xpnotpomoinBouv apyotepa yiox
N 816pOwon evdexopevwy ohoApdtwy. Auto to mpoPAnpa AvBnke To 1995 Ao
tov Peter Shor, mpoteivovtag évov aAyopiOo TOU TAPAKAUTITEL TO TPOTNYOUHEVO

Oewpnpo.

[TA¢ov, pmopei va yivel avadopd Kot Tapousioon Twv KPOVTIKOV AOYIK®WV
KUKAWHATWV G€ oVTIoTOLY(o e QUTA TwV KAAOGGIKWwVY umoAoylotwyv. Onwe ota
KAXOGIKA AOYIKA KUKAWHATA, €TOL Ko 0TX KPOVTIKE, 0 XpOVOG Kot T SeSOpEVX

KIvoUvTal otd T aploTepd TPog T Se€id.
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2xripe 14: KokAwpo evog 1-bit mAjpovg abpototi).

[Mapoxdtw mopatiBeton kot To avTioTo(o KPAVTIKO AVAAOYO TOU TTPOTYOUHEVOU

KUKAWHOTOG.

[Tpwtn dtadbopd mov maparnpeitan eivou n vapén tecodpwv qubits otnv gicodo
kot otnVv €€060. Ev avtiféoel pe to kAaooikd KUKAwHA, oTo KPavTikd TpemeL va
pnBel n avtiotpedipdTnTa, yioe TV emitevén tng omoiag mpemel tae qubits tng
e£0dou va givau LloaplBpa twv qubits tng el0ddov. o To Adyo owtd, oty €icodo
npootifetou éva Bondnuikd qubit D (ouvriBwg pe katdotoon |0), €Tol wote va

unv emnpeadeto 1 €€080¢). TeAikwg, Ta qubits mov éyouv onuaocia sivat ta S Kot
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Cout, TO AOpOLoHA KOl TO KPATOUHEVO OVTIOTOLY L.

Axopo pioe peydAn Siadopd givar o TpoOmog ePappoyng Kot AglTovpyiog tou
EKAOTOTE KUKAWHATOG. XTO KAAoO1KO KUKAW, Ta bits e10680v eloépyovtat oTo
KUKAWHO WG TNAEKTPIKOL TOApOl, Kol HEOW KAMOIWY GUVSECEWV-0YWYWV
petadepovron amd mMUAN o€ TMUAT. Ze avtifeon), 0To KPovTIKO KUKAWHA Ol TTUAES
epapuolovron [e TN CEPA TAVW OF €vav KPovTIKO KOTOYwPnTH) Tou €xEl
amoBnkevpéva ta qubits. 'Etol, oto téAog ¢ ehappoyni¢ TOU KUKAWHATOG,
UTtapyEL O (810G KaToywpnThg e SlaudopeTikéC KaTaoTaoelg Twv qubits. Emiong,
EVW 1] OEIPA TWV bits 6T0 KAXGGIKO KUKAWHX ival Ao TAVW TPOG TH KATW, GTO

KPovTiko gival omd KATw TPOG TA TAVW.

Mia emumpocOetn mapatrpnon adopd Tov TPOTO TOU TAPOUCIAETAL O XPOVOS
OTI( KUKAWHOATIKEG KTEIKOVIOELG. XTIV TEPIMTWOT) TOU KAXGGIKOU KUKAWHATOG,
dev pmopei va e€oyOel k&Moo oadPEC CUPTEPACHA YIX TOV QUTOUTOUHEVO XPOVO
emelepynoiog Twv 0edopévwv €10680V Ko ovakTnong twv dedopévwv e£0dou.
Avtifeta, oto kPavtikd KUKAWHA UTTAPYEL SIUUEPITHOC XPOVIKWY SIACTNHATWY
(Brpata), evidg twv omoiwv €xoupe dpdon koG KBavtikng TUANG og k&be
qubit touv kPavtikoV koatoywpnti. H mepintwon mouv dev vdiotatar kd&moia
aAAoyn og éva qubit oe €va xpovikd Sikotnpa, eivon oav vo ebappdletar 1
kBavtikn muAn adpavelag. ‘Etol, pmopel va mpokipel pia véo amelkdvion yio To

KBovtiko KUKAwp, 1 omoio SUvatou va xprotpomoinfel apketég Gopég.
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Q¢ duoko emakdAovBo, vTapyoUV pHeYAAES SLOPEG KAl OTNV KITEIKOVIOT) TWV
TIVaKwV aAnBeiag Twv dVo kukAwpdtwyv. [Tio cuykekpipéva, n Siadopa €ykettal
OTN CElpA e TNV omoix mapovastadovron kot eivot Tavopnpéva ta qubits otig

OTNAEG TOU TivoKa.
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