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AnHoTanus. HenpepbIBHBIN POCT pUHAHCOBBIX PHIHKOB JUKTYET HEOOXOJUMOCTD JUIS €T0
Y4aCTHHKOB MCKaTh HOBBIC MTOAXOAB! K (QHHAHCOBOMY aHAIU3Y AJIS MONYYCHHUS KOHKYPEHTHBIX
IIPEUMYIIECTB, B TOM YHCIIC 32 CUET HCIIOIb30BaHUS HOBBIX IIOAXOJ0B B 00TAaCTH BBIYUCICHUIH.
KBaHTOBBIE BBIUMCIIEHUS MOTYT OBITh MCIIOJIb30BaHbl B KAYECTBE HHCTPYMEHTA IO N1OTy4EHUIO
JTaHHBIX NIPEMMYLIECTB IIepe]] KOHKypeHTamu. B dactHocTH MonenupoBanue Monte-Kapio
IPUMEHSCTCA IIHPOKO B yNpaBlIeHWH (DHHAHCOBBIMH PHCKAaMH, B TO e BpeMsd, TpeOyeT
3HAYUTEIIBHBIX BBIYUCIHTEIBHBIX PECYPCOB H3-32 MCIONIB30BAHHUSA OOJBIIOrO KOJIMYECTBA
CIIeHapueB, HEOOXOAMMBIX JUIs MOIydeHust Oojee TOYHOro pesynbrarta. s onTuMusanuu
JTAHHOTO MOAXOJa TPUMEHSIOTCS AITOPUTMBI KBAaHTOBOH OIIEHKM aMIUTHTY[BI, KOTOPBIE
YCKOPSIIOT ~ JaHHBIA  TIPOLECC, €CJIM  HUCIOJb30BaTh  IPEIBAPUTEIBHO  BBIYUCICHHBIE
pacripesienieHust BEpOSTHOCTEH JUls MHULIMAIM3AUK BXOHBIX KBAHTOBBIX cocTOsiHUN. Ho mpu
OTCYTCTBHM JAaHHBIX DAacHpEleNCHHH B HMEIOMMXCS IOJXOAaX IO JaHHOW TeMAaTHKE OHU
TEHEPUPYIOTCS UYUCIEHHO C HCIOJIb30BAaHMEM KJIACCHYECKMX BBIYMCICHMI, YTO IOJIHOCTHIO
HUBEIMPYET NPEUMYINECTBO KBAHTOBOI'O IMOJX0/a. B 1aHHON cTaThe mpemiaraercs peleHue
YKa3aHHOH HpoOIeMsl IyTEM HCHOJIB30BAHHSA KBAHTOBBIX BBIYUCICHMIl, B TOM YHCIE AN
reHepaluy paclpeieieHnit BeposTHOCTEN. bbula paccMoTpeHa peann3anusi KBAaHTOBBIX CXEM
JUISL MOJIEJIUPOBAHWS HBOJIONMH (AaKTOPOB pHCKAa BO BPEMEHHM I IBI)KCHUS KalWTaa,
MPOLEHTHBIX CTaBOK M KPEIUTHBIX PHCKOB, a TaKXKe IPEICTaBICHO OOBEAMHEHHE HTHX
MoJIeJIel ¢ alropuTMaMy KBaHTOBOH OLIEHKH aMIUIUTY/Ibl B KQUECTBE IIPUMEPA UCIIOIb30BAHUS
MOJYYEHHBIX aJNTOPUTMOB AJIsI YHpPABJIECHHUS KPEJUTHBIMU pHCKaMM. B 3aBeplieHMM cTaTbu
IIPOaHAIH3UPOBAHA BO3MOXKHOCTD HCIIOIb30BAaHUS OyYEHHBIX CXeM B (PHAHCOBOM aHAIIH3E.

KiroueBble cjloBa: KBaHTOBBIE BBHIYMCIIECHMS, KBaHTOBBIM Meron Monte-Kapro,
KBaHTOBAsI OIIEHKA aMILTUTYABI, OLCHKA ()HHAHCOBBIX PHUCKOB.

1. BBegenue. IIpobnemaTnka YCKOpPEHHS pEIICHUIH YHCICHHBIX
3amad B (UHAHCAX HEOJHOKPATHO TIOAHUMANach B COBPEMEHHBIX
HCCIICIOBAaHUAX Ha TEMy MPAaKTUIECKOTO TPHUMEHEHHS KBAaHTOBBIX
Beruncnennit [L—7]. B chepe ympaBneHHs pHCKAMH  BO3MOXHO
MPUMEHEHWE KBAaHTOBBIX QJITOPHUTMOB IS pacdéTa CTOMMOCTH-PHCKa
U okujgaeMoro jaedoinra, 1eHOOOpa3OBaHMS OIMIMOHOB M OOCCICYCHHBIX
JTOJITOBBIX 0053aTENbCTB, KOPPEKTUPOBKU OIICHKU KpemuTa. B Hacrosiiee
BpeMsi KBAaHTOBBIE BBIYMCIICHHS HE HCIOJNB3YIOTCA B MPOU3BOACTBE, HO
TEOPEeTHYECKHE JIOCTIIKEHUSI B 9TOI 00JacTH HEOOXOAUMBI (PMHAHCOBBIM
WHCTUTYTaM JJIsl TIOATOTOBKU K MIEPEXO/y Ha HOBBIA MeToA. B ympaBneHuun
(UHAHCOBBIMH PHCKaMH, KOTOPOE TpeOyeT 3HAYHMTEIILHOTO KOJIUYECTBA
BEIUYHCITUTENBFHBIX PECYPCOB H3-32 OOJBIIOTO KONWYECTBA CIICHAPHEB,
HEOOXOMUMBIX IS TONYYCHHS TOYHOTO Pe3ylbTaTa, 9acTO HCIOIB3YIOT
MozenupoBanue  Monte-Kapino.  AnropuTMbl  KBaHTOBOM — OLIEHKH
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amrutuTyast (QAE) MOryT 3HaYHTEIBHO YCKOPHUTB 3TOT IPOLECC, HO B TO e
BpEMSI CYIIECTBYET BOSMOXKHOCTh ONTHMHU3UPOBATh U 3TH AITOPUTMBL, €CIIN
HCTIONb30BaTh TIPEABAPUTEIHHO BBIUHCIICHHBIE pacnpeneneHus
BEPOATHOCTEH JUI MHHUIMAIM3ALNKN BXOIHBIX KBAHTOBBIX COCTOSIHMH, Tak
KakK €CIIM TaKUX paclpenieNieHuH HET, UX HY)KHO I'€HEpHUpPOBaTh YHCIICHHO,
a 3TO HUBEIHMPYET NPEHMYIIECTBO KBAaHTOBOTO IOAX0za. B maHHO crarhe
npeaiaraeTcss — peuieHue  0003HAYeHHOW  NPOOJEeMBl  ONTHMHU3AINHU
anroputMoB QAE myTéM nCronb30BaHMS KBAaHTOBBIX BBIYMCICHHH TaK Ke
U1 TEeHepaluu pacupeleleHull BeposTHocTe. B xome  crarbu
IIpeJJIaraeTcsl paCCMOTPETh CO3/1aHIE KBAHTOBBIX CXEM JUI MOJECITUPOBAHUS
9BONMIOLMH (AKTOPOB pUCKA BO BPEMEHM ISl JBIDKCHUS Kalurala,
MPOICHTHBIX CTaBOK H KpeauTHbix puckoB (QMC). J[lamee, mytem
OoOBeIMHEHHNS MOJENEH C aNropuTMaMH KBaHTOBOW OLICHKHM aMILIHTY[IHI,
paccMarpuBaeTCsl BO3MOXKHOCTh HMX HCIIONB30BaHMS IS yIIPaBICHUA
KPEOUTHBIMH PUCKAMH.

1.1. MogenupoBanne Ha ocHoBe Meroga MonTe-Kapio.
@DuHAaHCOBBIE PHCKH CBS3aHBI C BO3MOXHBIMH HOTEPSIMH M3-3a OymyIIMX
COOBITHH, TAKHX KaK M3MEHEHHE IIEH Ha aKIWH, IPOLEHTHBIX CTABOK WU
BAIIOTHBIX KypcoB. Takke K HHM OTHOCHTCS Ae(ONT JOJrOBOTO
WHCTPYMEHTa WJIM KOHTpareHra. PHCK MOXXHO OLEHUTbh CTaTHCTHYECKH,
omupasicb Ha cBoiictBa (aktopoB pucka. [li1s STOro reHepupyercs
pacrpesencuue BepositHocTH P(X;) a1 Bektopa (akTopoB pucka X
B Oyayuiem BpemeHu t, 3aTem onpenenuts Mepy pucka F(X;), kotopas Gymer
3aBUCETh OT X, W OICHUTH 3HAYEHWE MEPhl pPHCKAa C IIOMOMIBIO
CTaTHCTHYECKUX METOJIOB.

Hampumep, paccMorpuMm 3HaueHue Vi MopTdens, coCTosAmero u3 (
aKIWii OJHOTO THMa, ¢ ero meHoi Sy mpu t=0. 3mech X; sBIsSIETCS
OIHOMEPHOU BEJIMYMHOMN, ¥ €IUHCTBEHHBIM 3JIEMEHTOM siBjsteTcst Sy Ilena
U BOJIATHJIBHOCTDh AKIMM MOTYT HCIIONB30BaThCs B KadeCTBE BXOJHBIX
JIAaHHBIX JUIi MOJEIMPOBAHUS 3BOJIOLMHU S; U T€HEpALUH paclpeaeieHus
P(Sy). Ipeamnonoxum, Mepa prcKa ONpeeseTCss Kak OKHUIAEMOE 3HAUYCHUE
noptdens Bo Bpems t, E(VyY = qE(S;) (ouenka Value-at-Risk [8]). Torma
MoxHO ouenuTh E(Vi) nmbo aHanmutnueckumu, MO0 YHCICHHBIMH
MerogaMu. BeposTHocTHas mnpupona sBomonuu (aktopa prcka Tpedyer
MOBTOPHOM  CiIydaifHOW BBIOOPDKM C TOCJIEAYIOMEH CTaTHCTHYECKOW
OLIEHKOW — 3TOT THUI YUCICHHOTO IOIXOAA Ha3bIBACTCS MOJACIHUPOBAHHEM
Momnte-Kapio (MK). On 3akmrogaercss B MHOTOKPATHOW CIydaiHOH
BEIOOpKE C MOCIEMYIOMEeH CTaTHCTHIECKON oneHKoH. Pacuérsl ynpaBieHus
¢uHaHCOBRIMH prckamu ¢ iomomsio MK tpebyrot ot 10 000 mo 1 000 000
9KCIICPUMEHTOB Ul TOCTIDKEHUST HeoOxoaumon TognocTu. [Ipennonoxmm,
9yTO BenmMuMHA X TIpHHAMaeT 3HadeHus | u 0 ¢ BeposTHOcTsAMH P U 1-p
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cootBeTcTBeHHO. B MomenmmpoBannu MK skcriepumenT noropsiercs N pas,
monysass N; HaOmromenmit pesymprata X=1 m Ny pesymprara X=0, mpu
N;+No=N. D10 OMHOMHAIILHOE pacHpeneNiecHue ¢ OKUIAEMbIM 3HAUCHUEM
yrcia mosiBIeHuH X=1, paBHBIM I\_l1 = pN, a cTaHgapTHOE OTKIOHEHUE

pasio SN, =[p(l- p)N]l/z. [Mockonmbky Nj M3BECTHO, HO HE P, MOXKHO

WHBEPTHPOBATh BHIPAKCHUS JUI1 OICHKH P HAa OCHOBE HAOIIOIaEMBIX
pPe3yabTaTOB!

_ N
= :—’ 1
P=P=" 1)
o 1
5p:_5N1 _| P(-P) z‘x[ijz- )
N N N

W3 BrOoporo ypaBHEHHs CIEAyeT, 4YTO IIyM BBIOOPKHM 0OpaTHO
MPOIOPIIMOHAJICH KBaJpaTHOMY KOpHIO 13 N.

1.2. AnropuT™MBbI OlleHKH KBAHTOBOI aMILIMTYIbI. YpaBHeHHE (2)
MOJIpa3yMeBaeT, YTO U1 YBEIHUYEHHS TOYHOCTH HAa JACCATHYHYIO HUPpPY
KJIaCCHYECKUE aiaropuTtMbl TpeOyroT B 100 pa3 Oojple SKCIEpHIMEHTOB,
mo3toMy TunHuHbIe 3HaueHUs N Haxomsrcs B mmamazoHe 10000-1000000.
B 10 xe Bpems QAE wmoryr gocturaTh KBaApaTHYHOTO YCKOPEHHUS
[0 CPaBHEHHIO C Kiaccumyeckumu amroputmamu [9]. s mpumepa w3
paznena 1.1 MOXHO OLIEHUTH BEPOSTHOCTh P C MOMOIIbIO KBAaHTOBOTO
KOMIIBIOTE€pA, KOAMPYS  paclpelesieHHe  BEpOATHOCTEH  ciaydaillHOU
BCJIMYHUHBI B KBAHTOBOM COCTOSSHHUHU Ky6I/ITaI

lw)=y1-p|0)++/p|1) =cos(6/2)|0) +sin(6/2)[1) (3)

Tak, 4To coctosiHue |l) u3Mepsiercst ¢ BeposTHOCThIO [. IloBropenue
KBAaHTOBOTO JKCIIEPUMEHTA W U3MEPEHNE 3HAYEHUS KaX/bIi pa3 HE 00XOAAT
KIIACCHMYECKOE OTPaHWYEHHE TOYHOCTH, KOTOpas MPONOpPLHOHAIbHA
KBaJpaTHOMY KOPHIO M3 YHCIa m3MepeHnit. BmecTo atoro anropurmer QAE
UCTIONB3YIOT KBAHTOBYIO HHTEP(EPEHIMIO Uil YCKOPCHUS BBIYHCICHHUH.
BxonmHol KyOWT WHUIMAIM3UPYETCS B CYNEPIO3UIINN COCTOSHUM, a 3aTeM
npumensiercst  anroput™  QAE, ocHoBaHHBI Ha (a3oBoH  oTHaue
Y KBAaHTOBOH OIICHKE aMILTHTYAbl. BepostHocTh P (yron ) 3ameuarieercs
kak ¢asza ¢ = +kO Ha BBIXOmHBIX KyOuTax. Jlamee cieayer oOparHOe
KBaHTOBOe mpeoOpazoBaHue @Dypre, KoTOopoe mpeobpasyer Gasbl
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B IBOMYHOE YHCJIO. OTO IIO3BOJSICT CYHUTHIBATE yronl O W 3HaYCHHE
p Hampsimyto. [Ipu TakoM mOIXo/Ie OIIEHKA P M €TO IITyM PaBHEIL:

.,
2
. T 1
op =Sing —oc—, 5
P NN (%)
rme N=2" — d4ucno BO3MOKHBIX pe3ynsTaToB, u Op 00OpaTHO

nponopionaned N. s KBaHTOBOW OIIEHKM aMILIMTYAbl, B oOnactu
(DMHAHCOBOTO pPHCKA, paccMaTpHBalOT CXEMbl C 3apaHee HW3BECTHBIMH
pacrpe/eneHusIMA BeposTHOCTEH ciyvaitHbix Beuunt P(X;) [10]. Onnaxko,
€CJIM JTH paclpelelieHus] Helb3ss TOYHO 3aKOAMPOBAaTh B KBAHTOBOM
COCTOSIHMM, TO aJTOPUTMBI, BKJIIOYAIONIME MHTErpaluio KIacCHYECKOTo
Bapmanta MK 118 1OATOTOBKM — COCTOSIHMS, HE  00ECIeYMBaioT
KBaIpaTUIHOro yckopenus. Ecmu pacmpenenenne P(X;) mocTymHo, TO
CYILECTBYIOT MeTonbl 3()(EKTHBHON 3arpy3Kd €ro B KBAHTOBBIH PETrUCTp
U ONTHMH3ALMK CXeM. Takoil MOAXOX IOMOTaeT YHPOCTHTb IOATOTOBKY
COCTOSHMST ¥ YMEHBINUTH CIOXHOCTH cxembl [11,12]. Bxmouenue
TeHepallly CIICHAPHUEB B KBAHTOBYIO CXeMy II03BOJSieT 0OOHTH Ipobiemy
MEIUICHHOW CXOJMMOCTH KJIACCHYECKUX aJrOPUTMOB IPH BBIYUCICHUU
P(Xy). B aToMm ciyuae TouHOE pacrpeesicHUe CIy4ailHON BeTHYUHBI MOXKHO
NIPE/ICTABUTh KAaK CYNEPHO3UIHMI0 KBAHTOBBIX COCTOSHUN. Takum oOpaszom,
YMEHBIIAETCS 3aBUCUMOCTh OT Iepelayd JaHHBIX MEXAY KIacCHYECKUMHU
1 KBaHTOBBIMH CHUCTEMaMH. B aHHOM craTbe paccMaTpHBaeTCsi KBAaHTOBAs
peanu3anusl CTOXaCTHYECKMX MOJENEH pHcKa JJisl TeHepaluuH ClieHapHheB
¢dakTopoB pucka — cumymsinusas QMC. [lanee momydeHHBIE pacTpeneIeHus
oobemuusaoTcss ¢ BeHTwIsMu QAE. B 3aBUCHMOCTH OT CJIOXKHOCTH
CTOXacTHYECKHX  OU((GEepeHIMANBHEIX ~ YpaBHEHHUIl,  ONMCHIBAIOLINX
9BONIOLMIO  (akTOpoB  pucka, cumymiqud MK pononHHTENBHO
ONTHMH3UPYIOTCS C IIOMOLIBIO KBAaHTOBO-YCKOPEHHBIX MHOTOYPOBHEBBIX
metonoB MK.

1.3. 0630p cxem QAE. Jlns OLIGHKH CTaTUCTHYECKOH Mephl
F(X) €[Fmin, Fmax] ®baxtopa pucka X; cxema QAE 00BIYHO COCTOMUT M3 M
KyOouToB «daktopa pucka» (rf) mis MoaenupoBaHusi pacmpeneneHus X

®m
(HayabHOE COCTOSIHHE 0003HAYAETCs Kak |0>rf ), OIHOrO KyOHMTa «MepbI

pucka» (rm) mjs KOAMPOBaHHS HOPMAIM30BAHHOTO 3HAYCHHWS MEPHI PHCKa
f(Xy)€/0,1] B yrne 0€/0,n] (HauanbHOE COCTOSIHHE 0003HAYACTCS KaK |O>Irm ,
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N BBIXOIHBIX KYOUTOB JJIsI BIIEYATHIBAHMSI KPATHBIX 6 B X (ha3wl (HauaapbHOE
®n
COCTOSTHHE 0003HAYALTCS KaK |0>OUIt ). Be3 noTepu 0OLIHOCTH, B CIIEAYIOLIEM

npumMepe BwiOupaercs f(X)=p, T.e. Mepa pucka OygeT BepOSTHOCTHIO
pesynbrara, 3aBucsmiero oT X OOmas CTPyKTypa KBaHTOBOH CXEMbI
QMC/QAE Ha pucynke 1.

out

Puc. 1. O6mmas crpykrypa kBanToBoii cxembl QMC/QAE

D - BeHTWIb, KOTOpBIi TEHEPUPYET BXOJHOE pacIpe/eieHe
C HCTIONB30BaHHEM M KyOWTOB «dakropa pucka», M — ympaBIsIeMbIHd
BEHTHUIIb, KOTOPBIA KOAMPYET MEpy pHCKa B yroi 6 kyOuTa Mephl pHUCKa,
11Q — noBTOpHOE MPUMEHEHHE YIPABIAEMOro BeHTHIst Q [uis 3amedarsieHust
6 B dazax N BEIXOJHBIX KyOHWTOB, a QFT/QFT' kBanTOBOE TIpe06pasoBanye
®ypre 1 ero oOpaTHas BeIMYMHA JUI U3MepEeHUs (as3bl BHIXOAHBIX KyOUTOB
C momexamH. DTH KOMIIOHEHTHI CXEMBbl OIMCaHbl HWXKE Ooliee MoapoOHO
(tabmuna 1).

1.3.1. Beuruas D: moaroroBka pacnpeneaenuss P(X). C

®m
MOMOIIBI0O M KyOWTOB, |0>rf , MOXHO CMOJEIHPOBATh JHCKPETHOE
pacripesiesieHre  BeposTHOcTel 2" BO3MOMKHBIX —PE3yIbTaToB, KasK[Iblif
C BEPOSTHOCTBIO |a,-|2, c j €{0,1,..,2"-1}. Bentuns D ucnoms3syerca mis

3arpy3ku pacmpenencHuss X; B KyOuTbl «dakropa pucka» (pHCYHOK 2)
1 BBIPAKAETCS] MAaTEMAaTHYECKH KaK:

2M_

2Mg
V)e =DI0)" = 3 2 [oins-Lib) = Z 300 O
]=

i=0

IZIE | — LIENOE YKMCNIO B JECATMYHON CHCTEME CUMCIICHUS, TPENCTABISIONIEE
JBOMYHOE YHCIO Djm.1...0j10jo, a bj1€{0,1} — |- nudpa j-ro cocrosuus.
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10)? =D = v,

T

Puc. 2. Bentuns D

Ecnu  pacnpesiencHie MpeqBapUTEIbHO BBIYHCICHO, €r0  MOXHO
3arpy3uTh, UCIIONB3Ys MAGIOHHYIO CXeMy KBAHTOBOTO mpeobpasoBanus [12],
KBAHTOBBIC TCHEpPAaTHBHBIC COCTs3aTenbHbie ceTh [13], pasioxenue
Oypoe [14] unu kBaHTOBYr0 00paboTKy curHanoB QSP [15]. B nanHoit
paboTe mpe/IaracTcs reHePUPOBATh PACTIPEACIICHHUS ¢ IOMOIIBIO KBAHTOBBIX
BEHTUJICH, KOTOpBIC PEATH3YIOT CTOXAaCTHYECKHE MOMENH [UISl SBONIOIUH
(axTopa puckKa.

Ta6numa 1. O603HaUeHHE COCTOSTHUN

Cocrosinue Onucanue

1B, 7...b1bg) M KyGHTOB B JBOMYHOM BHjIe, Hanpumep |101)
i), [x), 12) KyOHUTBI KaK 1[eJI0€ YHCIIO0, HApUMep |5)
|w) CYIIEPIIO3ULIMS COCTOSHUIH

[ )in BXOZHO# KyOUT(bI)

[¥)out BBIXOIHON KyOUT(bI)

[y KyOuT(BI) «hakTOpa prcka» (BX0m)
[¥)m KyOHUT «Mepbl pucKa» (BXOM)

[w)st KyOHUT(BI) «COCTOSTHUS»

[¥)e KyOHUT(BI) «KOTMUECTBA»

[¥)ane KyOHT(BI) «BCIIOMOTATEIIHHBIN»

1.3.2. Beuruaar  M:  pacuer mepbl pucka f(X)=p. C
pacnpeneneanem P(X;), 3aKoQMpPOBaHHBIM B COCTOSHHM KyOHTOB «(hakTopa

pucka», |y) , komupyiotcst meper prcka f(X;) — mampumep, BeposTHOCTS,

p=P(X<K), rae K& Xmin, Xmax] — B COCTOSIHIE KyOHTa <MEPBI PHCKa», |0>rm .
3HaueHWe P MOXKET OBITh 3aUKCHUPOBAHO B yIiie € KyOuUTa ¢ TMOMOIIBIO

yOpaBiIseMoro BeHTWIS M, KOTOpBI CUMTHIBACT pacIpeneicHue |1//>rf

u xoqupyer p€/0,1] — 6 €0, o] B |O>rm (pucynok 3).
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|\V)1-f |\|j>rf

10)... W),

Puc. 3. Beutuns M

|V/>in =M |l//>rf |0>rm = Vl_ p|l//0>rf |O>rm +\/E|l//1>rf |1>rm = (7)
VL= plyo), +Plva),

e 1-p=coséd/2, \/B =sin@/2, wu, ympoctuB 00O3HAYEHMS,

|l//0>in = |W0>rf |O>rm u |l//1>in = |l//1>rf |1>rm

1.3.3. Benruau I1Q u QFT: omenka p
1.3.3.1. Yennenue ammiautyasl. Crnemyromas 4acTb CXEMBI — 3TO
ynpaBisieMblii Q-BEeHTHIIb, OIIEPaToOp, OCHOBAHHBIM Ha aJrOpUTME MOMCKa

I'posepa [16]. Q cocroMT u3 MABYX OTpPaKEeHHIA, |'//0>in —)—|l//0>in

n |l//>in _)_|!//>in :
Q= QWQWO = (1_2|l//>in <W|in)(1_ 2|y/0>in <W0 |in) ’ (8)

KOTOpbIE  YCHJIMBAIOT/yMEHBINAIOT  AMILIMTYIIbI |(//0>in u |!//1>in

B 3aBUCUMOCTH OT 3HAYCHHUA P!

Qlw), = @-4pI-p|wo), +B-4pI-plya), - ©)

Ha pucynke 4 nokasausi Muoxurenu (I—4p)* u (3—4p)°, xotopsie
YBEJINYUBAIOT/yMEHBIIAIOT BEPOSTHOCTH HM3MEPEHUS |0>rm U |1>Irm

COOTBETCTBCHHO.
KimroueBBIM CBOMCTBOM BEHTHIISA Q ABJISICTCSL TO, YTO COXpaHACT
COCTOSAAHUE

|Wi>in :%|W1>in ii|W0>in (10)
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HE U3MEHEHHBIM OCJIe IPUMEHEHNH k pa3, HO BBOJUT Io0anbHYyIo (azy:

Qk |l// i>in = ei[k'g |l// i>in : (11)

Puc. 4. YBennyeHue BeposaTHOCTEH COCTOSHUM |W0>in (cunuit) u |V/1>in

(opamkeBsiit), korna Q neiictByer Ha i/ (9)

1.3.3.2. ®a3oBbIii oTkar. Da30BEIA OTKAT MOMKET HCIOJIL30BATHCSA

IpU peanu3aliy yhpasisieMoro BeHTHIS Q, melcTByromero Ha |l//>in,

KOTOpI:Iﬁ BBIPAKACTCA KaK:

o =5 ()= ) 12

Llenplo 3TOrO  YNPAaBIAIOMIETO BEHTWJIA SBISIIOTCS  BBIXOIHBIC
KyOHWTBI, ITOCJIE MEePBOTO BpaIIeHUS HX HadaiubHOTO COCTOSTHHSA, |0...00)qy,
oreparopoM «H» Takum 00pa3oM, YTO OHO CTAHOBHUTCS |+...++)gy. ITO
9KBHMBAJICHTHO  KBaHTOBOMY mpeoOpaszoBanuio Dypre  (prCyHOK 5)
W MaTeMaTH4YeCKH BBIPAXKAETCS KakK:

-1
QFT[0)7 = ® HIo),, =|+)2 (13)

out *

|0>§: — Ql-_l' — |+) ®n

out

Puc. 5 KanroBoe npeobpazoBanue Oypre
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Hanee ucnonb3yercs (Ha3oBblil OTKAT Ul OTIEYaThIBAHUS KPATHBIX
yoioB 0 Ha mx ¢a3el. Ha ocHOoBe ypaBHeHms 11 ¢a3a BeIXomHOTO KyOHTa

e =5 (041)) e ()] wmye,

u %(|0>+e_lk9) TS |l//,>in , TIIe YCTaHABIINBAETCS k=2 A HMEHHO, k=2°

JUIS TIEPBOTO BBIXOJJHOTO KyOWTa, k=2 nns BTOPOTO, ..., U k=2"" s
nocnennero (N-ro). IoBTOpHOE MpHMEHEHHE YIPABIIEMOTO BEHTHISA Q
Ha pHUCYHKeE 6.

CoCTOsTHHE BBIXOHBIX KYOUTOB MOYHO 3aIACATh KaK:

e oo 52 =l (8] {01 | -

1 S +ix6 ' (14)
RESS el
x=0
e Xzzlr:Z'bI — gBomuyHOoe umcio b, ;..biby, BeIpakeHHOE

B IECATUIHOMN CHCTEME CUMCIICHHUS.

v, ZFQEQE FQ¥ ' EIw,
0 0
|+) out o |\ll)0ut
|+) Ollll |\|I)(1Jllt
J\
\_///—\

out

EI v),

Puc. 6. [ToBrOpHOE IPUMEHEHUE YIIPABISIEMOT0 BEHTHIA Q

n -
1.3.3.3. Unreppepenmmsn.  Cocrosmue izolax |X),  rme

a, :(1/ 2" z)ei'xe MOXET OBITh NPeoOpa3oBaHO B CTAaHMAPTHHIH Oaszuc
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2"
22:0 a,
KoTopoe m306paxaercs BentwieM QFT' (pucyHOK 7) M MareMaTHYecKH
BBIPAKACTCSL:

Z> C IIOMOIIBIO 06paTH01"0 KBaHTOBOT'O npeo6pasoBaH1/m CDpre,

_ Tizn_l +ix6 _iZn—12n—l ix(i9—2ﬂz/2n)
|l//>0ut =OFT 2n/2 Z(:) e x>_ on Z,(:) ;} € |Z>’ (15)

BKJIFOYasl CYNEpHO3UIIMN COCTOSIHUH |z), T/ z — IIeJI0€ YHCIIO B JECATUYHOMN
CUCTEME CUHCIICHHUS.

Y.alx) = QFTTE= 2. 212

Puc. 7. O6parnoe kBanToBOE nIpeodpazoBanue ypoe

1.3.3.4. Usmepenne. I13MepeHue cocTosHHA Zzaz

z> HIpUBEAET

K KOJUIANCY CYNEPIO3HIMUA M JacT OXHO W3 BO3MOXHBIX 3HAYEHUH z, Z,
(pucyHok 8).

Y810 A= |z,)
2)

Ecnn 6 umeer Takoe 3HAYCHHE, YTO CYIIECTBYET LIEJIOE YHCIIO
20€/0,2" "], xoTopoe nemaer +0—27z/2" KpaTHBIM 27, a UMEHHO, zo=2"0/27
umu zo=2"(2n—0)/2x, To ypaBHenue (15) mompazymeBaeT, YTO U3MEPEHHOE
COCTOSIHUE SIBIISICTCSI OJTHUM HU3:

Puc. 8. 3MepeHue cocTosHUs Z a,
z

|20)=|2"01 27), (16)

|ZO>=‘2n(27T—9)/27r>. (17)

3areM BBIYUCISIETCS] BEPOSITHOCTH P, 3aMeHUB § B ypaBHeHHH (3) Ha
HU3MEPEHHOE 3HAUCHHUE Zp!
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p=sin2(§]=sin2(:—2ﬂj. (18)

Eciau HeT Takoro zp, 4to +6 —2mzo/2" kparHoro 2z, Onmxaiiriee
0> 0] >

IIEJIOC YHUCIIO Zg M3MEPSICTCS C BEPOSITHOCTHIO |aZO |2 ~ 20% mns 6 wmm 27-0,
9TO JaeT OOLIyI0 BepOSTHOCTh mpubmmsurensHo 40% i mOTydeHUs
OnmyKalIero 3HaYeHMS .

ToyHOCTB, ¢ KOTOpOii oueHmBaercsa O, coctaBnser 00=2n/2", u, p
paBHa:

T 1
Op =~ sinf — —, 19
p =sinf oo (19)

e N=2" - o6l1ee KOJIMYIECTBO BOSMOKHBIX HCXOIOB.

Baxno, uto mym B QAE ymensinaercs npomnopiuonansao 1/N (19),
HamHoro Geicrpee, ueM 1/NY? knaccnueckux amropurmos (2).

2. KBaHTOBbIE BEHTHJIM M CXeMBI [IJIsl TeHEPAIlNH CIIeHAPHEB

2.1. ®akTopsl pPHUCKA TMPOLEHTHOH  CTABKH.  DBOJIOIHIO
MPOLIEHTHBIX CTABOK MOXXHO CMOJICJIMPOBATH C MTOMOIIBIO KPATKOCPOUYHBIX
MojIeJiell Bo3Bpara K CpeAHeMY 3HAYCHHUIO, OCHOBHASI M3 KOTOPBIX — MOJIEIb
Bacuueka [17]:

dr. =a(b-r)dt+odw,, (20)
rae It — MIHOBCHHAs MpPOILCHTHAsT CTaBKA B MOMCHT BpPEMCHM t, b -
JOJITOCPOYHOEC CpeAHEe 3HAYCHHUE, & — CKOPOCTh BO3Bpara, o — BOJIAaTWJILHOCTD,
a Wt - BI/IHGPOBCKI/Iﬁ Tpounecc. O)KI/IHEICMOG 3Ha4YCHUC U JAUCIICPCUA

ACUMITOTUYCCKN MNOCTOAHHBI TIpU 5[—>00, TOrla KakK IIpU KOHCYHOM ot
0KUJAeMO€ 3HAaYEHUE 3aBUCUT OT I

E(r,s) = e +bl-e"), (21)
var(r, ) = 0—2(1- g2ty (22)
t+ot 23

Takpe  Mozmenu  4acTo  JUCKPETU3UPYIOTCA C  IIOMOILBIO
TPUHOMHAJIbHBIX JIepeBbeB (PHUCYHOK 9).

Informatics and Automation. 2025. Vol. 24 No. 2. ISSN 2713-3192 (print) 667
ISSN 2713-3206 (online) www.ia.spcras.ru



UCKYCCTBEHHbBIN UHTEJUIEKT, MH)KEHEPU S JIAHHBIX Y 3HAHUI

Puc. 9. TpuHOMHanBbHOE JEPEBO

Hanpumep, pacCMOTPUM MPOCTOE JEPEBO, KOTOPOE OIPAHUYEHO KAK
HHM3KUMH, TaK M BBICOKUMH IIPOLEHTHBIMH CTaBKAMH, U Ha KaXKIOM
BPEMEHHOM Inare It MOXKET NPUHUMATh OIHO M3 TPEX BO3MOXKHBIX
3HAYEHMIA: I‘rh =b+5r (seicokoe), I =b (cpennee) wu rrI =b-or
(HU3KOE), TIIE OF SBJISETCA KOHCTAHTOI.

BeposiTHOCTH Tiepexoa (s U3 y37a It B Y3€N Iy 3aBUCAT OT
y3710B t 1 t+4t, u, TakuM 00Pa3oM, U;_,+s TPEACTABIIET COOOM MAaCCUB U3
3x3 = 9 3paueHui. DTH BEPOATHOCTH MOXKHO BBIBECTH, IIPUPABHSIB
0XKHIAEMOE 3HAYEHUE U JUCIIEPCHUIO HEMPEPBIBHOM M JTUCKPETHOW MoJeNe
COOTBETCTBEHHO.

2.1.1. Beutuabr D;: pacnpenenenne P(ry). VYuureiBasg, uTO
Ha Ka&KI0M BPEMEHHOM Inare t CylecTByeT 3 BO3MOXKHBIX PE3yJIbTara, Ham

t t .
HYXXHBl JiBa KyOwWra, |O>rf1|0> o+ V1A KOIMPOBAHHS BEpOATHOCTEH (;

ClIe/IoBaTeIbHO, M BPEMEHHBIX IIAroB TPeOyroT 2M KyOuTOB «(hakTopa
pucka». Ha kax7ioM BpeMEHHOM IIare UCHoNb3yeTcs mepBbli KyouT (rfy) u3
napsl Uil TIPEJCTaBJICHHUs Nepexoja IPOIIEHTHOW CTaBKM Ha CPEIHUI

ypoBeHb: I > 115 . B wactHOCTH, cOcTOsHME |0> OIHMCHIBAET IIEPEXO]

t
rfg
HAa CpEJHUM Yy3€ll, a COCTOSHHUE |1>trfO — Iepexoj Ha Jpyrod ysel.
B nocnemnem  cimysae  Bropoit  kyour  (rfy) wmcmomedyercs Ui
MOJIEIMPOBaHMs Iepexofa Iy Ha BbICOKMH (I — rtﬁ(;t, OINMCAHHBIA Kak
|l>:ff1) um  Huskui - (I —>I‘t|+5t, ONMCaHHBIH Kak |0>trfl) YPOBHH

COOTBETCTBEHHO. [IOCKOJBKY BEPOSTHOCTH IMEPEX0ja 3aBHUCST OT YPOBHS
MIPOIICHTHON CTaBKH, COCTOSIHHE KyOHWTa «(akTopa pHCKa» HEOOXOIUMO
CUMTHIBATh HAa KaXKJIOM BPEMEHHOM IIIare Meped  KOAMPOBAHHEM
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BEpPOATHOCTEH CIEAYIOMIETO TIepexo/ia. ITO MOXKHO OOJIETYNTh, BKIIOUHB 3
JIOTIOJTHUTENBHBIX KyOUTa «COCTOSTHHS» — HApSAy ¢ 2M KyOuTamu «dakropa
puCKa» — sl XpaHeHUs 3HAYCHUS [y HAa KaXIOM BpPEMEHHOM Ilare;

t t t
T.€. |001>St, |010>$t u |100>St, KOTOpBIE MPEICTABISIOT BEICOKHM, CPEIHUMA

U HU3KHI YpOBHU HpOIIeHTHOfI CTaBKH COOTBETCTBEHHO. KBaHTOBOE
COCTOSAAHMC Ha IEPBOM BPEMCEHHOM ILIare:

) lw)e =
Jon [12)7002)2 + ey [00) [020)7 + /g, |01y [100)5

IJc TMEpBBIA W BTOPOM HHICKCHl BEPOSTHOCTCH Mepexona 0003HAYaroT
HayaJIbHBIA M KOHEYHBIH y31bl. YTOOB coOparth BeHTWIH Dj,, cobupaercs

(23)

« » R =R'R"R! i | >t
omeparop «urenns» R =R/RR;’, xotopslii cunteiBaer cocrosuue | )

t
U KOJMPYET BEPOATHOCTH MEPEXO/IA B |t//> «+ (pncynok 10), e

Gy = 2arcsin /Gy, (24)
O™ = 2arcsin /0y /L~ Ao - (25)
____________ Rt
O Ol :
)i — R, (07")
| [ B
R
)l = l
by ) — :
), — ;
0, — & &

Puc. 10. Oneparop R;:
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3nech ynpaBisemblii BeHTHIB R (95““) KOJIUPYET BEPOATHOCTh
Onwm — @ UMEHHO BEPOSTHOCTH TOTO, YTO CTAaBKa OCTAHETCS HA CpeIHEM
YpOBHE I5=ro=b — B |1//>f:0 . Bropoii Bentunb, «M», npoBepsiet, SBISIOTCS
1 00a ry=b u r'y#b UCTUHHBIMU — @ UMEHHO, U3MEHHUJIACH JIH TIPOICHTHAS
CTaBKa — ¥ 3a[TUCHIBACT PE3YIBTAT BO «BCIIOMOTATENEHBIN» KyOHUT.

Tperuit BenTmib, ynpasusemsii R, (thm ) , TIPOBEPSIET PE3YJIbTaT,

XPAHSIIUACS BO «BCIOMOTATCIBHOM» KyOWTE, W €ClH OH paBeH |l),
KOJIUPYET YCIOBHYIO BEPOATHOCTH IEpexoia [5 K BBICOKOMY 3HAUYEHHUIO
MIPOLIEHTHOW CTaBKH, YYUTHIBAs, YTO OH HE OCTAJCs Ha CPEIHEM YpPOBHE:

P(rgt =b+5r|ty #b) =P (ry =b+5r)/P(ry #b) =0, / L=y -
quBepTLIﬁ BCHTHIIb, «I/I», rapaHTI/IpyeT, qTO «BCHOMOFaTeHLHBIﬁ»
KyGHT HAXOIUTCA B HCXOXHOM cocTosim. Jlornka s Bentieii R, u R,

aHanornvyHa (MX pasjoxeHHe Ha pHcyHKe 11), rime mokasaH mpumep BCero
BeHTWIs1 «YTeHHE» Ha IEPBOM BPEMEHHOM mare, Ry

R Rt o e W L
Wo:  R&: R S ..] R Lic,___i,\_’v_&w
st irpl R 71 !
[t T \_‘R_A LR} R} |
: |
5t 4 I
TP TR
: L
: l #__’———————ﬁi
h g !
|W5& ; ir\
, |
w7 X [xk &
: i
[ E
, i
|0£nc: 5% % b E
___________________________________________ ,.___f__\,_________s__,_______

Puc. 11. Pa3noxeHnue onepatopoB «uTeHus» R u «3anucu» W, 1111 mepsoro

0
BPEMEHHOTO 1ara, npenonaras, uto re=b (r.e. W, |000>$t = |100>St ). Cnesa

Hanpapo Bentim R: Ry (65““ ) Ry (thh) Ry (Hénm) Ry (Hlmh ) Ry (Hcl)m) ,

R, (6")
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Bentumn «3ammcu» W, cauThIBAIOT Mapy KyOUTOB «(akTopa prcKa»

t t
|l//>rf U1 3alIUCBIBAIOT PE3YJIbTAT B Ky6PITLI KCOCTOAHUA», |l//>st .

w11, 000), = 11, 001}, )
w00}, 000), = 00}, [oro}, @)
w01, |000) [0}, 100’ @)

[peapigyiiee COCTOSHUE  JODKHO  OBITh  CTEPTO;  MOITOMY
npumenernto W, Bcerma OpemIecTBYeT BEHTHIIb WtL;t, KOTOPBIiA
cOpachiBaeT KyOHUThl «cocTosinusi» ooparHo B |000)g. OOparHble BeHTHIN
CUTEHHUSI» U «3aIHCH», R: H WtT, CcOCTOST M3 KoMmoHeHToB Ry u W,

PacCIlOJIOKCHHBIX B 06paTHOM nopAaaKe. HaKOHeII, orneparop Dir MOKET OBITh
C06paH NOCJACA0BATCIIbHOCTBIO ONEPATOPOB «UTCHHUA» U «3alUuCHU» I
KaXXJ10T0 BpEMCHHOT'O 11ara, Kak rnoka3aHo Ha pUCYHKE 12.

__________________________________ D
wi T HH HHHHEFITH H
e 4 H H H H H H - H —
v HHHHHH A H HE
DR =4 Wo R Wi Wi [ Ro HWHWa = —{ R [ W W[
I e I T O o I St B B o I
wy 4 HHHHHH BB H O H
T T e O o O I o B e I I I
Oe=f L H HHHHAAH H

Puc. 12. Bentuipb Dj, cOCTOMT U3 HOCIEI0BATEIBHOCTH BEHTUIIEH «UTEHHS»
U «3aIUCU»
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2.1.2. Beutuab M;:: mepbl pucka F(ry). Jna peanusanmu
TPUHOMHAJIBHOTO JiepeBa MBI paccMarpuBacM B KayeCTBE MeEpbl pPHUCKa
BEPOSTHOCTh TOTO, 4YTO TMPOLCHTHAsh CTaBka OyleT paBHA CBOEMY
JIOJITOCPOYHOMY CpPEIHEMY YPOBHIO IMOcCiie M BPEMEHHbBIX IaroB. B 3tom

cirydae BeHTHIb My, OyeT BRIUIIAeTh Kak Ha pUCYHKe 13 ¢ M; =M,

M,

\ h
Wy ),

1
—— v ).

1

vy —
1 1

), —— ),
1 1

|0 >rm : : |‘V )rm
v_

Puc. 13 Beatms M,

2.1.3. Pesyabrarpl. B Tabnomme 2 TepeducieHBl IapaMeTp
KBaHTOBOM CXEMbI, peau3yIoIieii TPUHOMHUAIIbHBIC IEPEBbs JJIsI IBOIIOIINN
MPOICHTHOW  CTaBKM (M3-32 HWCIOJNB30BaHUsS — IapaMeTpU3allid  HE
BbIOMparoTCs 3HaueHus it a u b). Jng xaxaoro u3 m = 3 BpeMEHHBIX
[IaroB HYXXHO 2 KyOuTa «(pakTopa pucKa», Bcero 6: |¢//>rf . Tak xe HyXHO

emie 3 KyOuTa Il XpaHEHUS] COCTOSIHHSI POIIEHTHOM CTaBKU |l//>st , 1 xyour

JUI MEpHl pHCKa |V/>rm’ 1 9 «BCIOMOTATENbHBIX» KyOHTOB |l//> TUTs

anc
BeHTHiIeH A. CBOOOTHO BhIOMpaeTCs Jf, KOTOPBIN YCTaHABINBAETCS KPATHO
CTaHAAPTHOMY OTKJIOHeHHI0. B Toxe Bpems ompenenenne 0<qqs=l
orpaHu4mBaeT BbIOOp Ot. OmpenenuB O u Ot, BEIYUCIIAIOTCS BEPOSITHOCTH
nepexo/a (Tabmnuia 2).

Tabnuia 2. Ciucok napamMeTpoB TPMHOMHAJIBHOTO AepeBa JIsl 3BoJIoLH (akropa
pHUCKa NPOLIEHTHON CTaBKH

IMapamerp 3HauyeHue
m 3
n 1-9
dr Javar
5t 3a/12
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Ecmu BoIOpaTh ry=b, BEpPOATHOCTH H3MEPEHUS 3HAYCHHS [35=b
mocie 3 BPEMEHHBIX IIIaroB BBIYUCIAETCS, CIIOKHB BEPOSTHOCTH BCEX
BO3MOJKHBIX IIyTEH:

P(r3§t = b) = z qm51 zqslsz qszm ' (29)
2

il

e Sy,82E{h,m,} — VY376l TIEPBOTO W BTOPOTO BPEMEHHBIX IIIarOB
COOTBETCTBEHHO.

Ha pucynke 14 mokas3aHo paclpejelicHHEe BEpPOSTHOCTEH KyOWUTOB
«COCTOSIHMSI» (JIeBasi MaHENb) W paclpeselieHHe KyOuTa «Mepbl pHCKa»
(nmpaBasi manens) mpu t=30t NpU WU3MEPEHHUH 3THX KyOHTOB HAMPSIMYIO
¢ 10000 3amyckamu.

Puc. 14. Pacupenencnue P(r;s) (1eBast naHesp) U Cyneprno3uuus Kyoura «hakropa
pucka», KoTopbiil koaupyet P(r;5=b) (npaBast maHesnn)

2.2. ®aKTOPHI KPEANTHOIO PHCKA

2.2.1. Moaeau KpeAUTHOIO PUCKa B cOKpalmeHHoil (popme. Onun
U3 TOJXOIOB K OIEHKE BEPOATHOCTH JAe(onTa — 3TO MOAEIN KPEIUTHOTO
pHCKa B COKpAaIIEHHOW (opme, B KOTOPHIX Ae(hOAT MOIEIHPYETCS Kak
CTaTHUCTHYECKUH Mpouecc. BeposTHOCTh BBDKMBAHUS OT BpeMEHH 1y 10
BpeMeHH t onpenensiercs mo ¢popmye:

Pty +t)=¢ " (30)

e Tge — XapakTepHas BpPEMEHHas IIKajga, oO0paTHash Mepe OITaCHOCTH,
A=1Tges. YUTOOBI BBIYUCIUTH BEPOSTHOCTh «BBDKUBAHUSA» B MOMEHT
BpeMeHU T, MOXHO JIUCKPETU3UPOBATh BpeMeHHO# uuTepBan t€/0,T] ¢ m
BPEMEHHBIMH I1aramu, ot=T/M, Tak 4TO BEPOSTHOCTH «BKMBAHKS» PABHA:

Informatics and Automation. 2025. Vol. 24 No. 2. ISSN 2713-3192 (print) 673
ISSN 2713-3206 (online) www.ia.spcras.ru



UCKYCCTBEHHbBIN UHTEJUIEKT, MH)KEHEPU S JIAHHBIX Y 3HAHUI

P(T)=e 2" :ﬁp(at). (31)

j=1

2.2.1.1. Beutuab Dg,: pacnpenenenne P(T). Ha kaxmom w3z m
BPEMEHHBIX [IArOB MOXHO IPEACTABUTh «BBDKHUBAHUE» OIHUM KyOHTOM
«(paxropa pucka», TakuMm obOpa3zoM, uto |0) IpencTaBiseT «BBDKHUBAHHEY,
a|l) nmedpont. Takum oOpa3oMm, eclM KOMIIAHWS BBDKWIJIA JIO MOMEHTa

15t
Bpemenu t=(1-1)dt, To |y/>rf = /1— Oger |0>-|rJ(:1def |1>, rae Qger=1—P(ot).
Ecmu xommanus momyctmina AedodT B HPEABIIYIINN BPEMEHHOW IIIar, TO:
15t
W) =12
Bentuns Dgyy, MOXHO coOparh ¢ NMOMOIIBIO BEHTHJICH BpaIeHH
0, .
Rydef (64 nst KpaTKOCTH), MONYYEHHBIX U3 (ger=SiN(Gge/2). Kpome Toro,
9TOOBI TapaHTHPOBaTh, YTO B ciydae nedoiTa B MOMEHT BpeMeHH f,
KOMITaHUSI Takke Oymer B nedonre B MoMeHT t+0t, Bkiowaercs
gC
YIOpaBIIEMBbId BEHTUIIb Rydef , THe Og +04 =7 OTO Hapymaer

CYNepIo3uINIo KyOuTa, pencrasisiomero t+ot, u ycranasnusaer ero B |1).
Takum o6pa3om, BeHTHIb Dy, IMeEET BU Kak Ha pucyHke 15.

OOpaTHBI  BEHTWJIB, DSTUW , COAEPKHUT BEHTHJIM BpalCHUS
B 00paTHOM HOPSAKE U 3HAKH YIJIOB BpaLICHHS IIEPEBEPHYTHI.

DSl.er
STt TTTTTTTTTTTTTT T )
3t : 6, :
|0 )rf 1] RY |
: I
1 1
25t : :
o) :
1 1
1
1
m dt 1 6: 0, :
|0 )rf : N R ] RY -:
1 1

Puc. 15. Bertuib Dy,
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2.2.1.2. Beutuib Mgy,,: BepOSITHOCTh BbIKHBaHUs. BepoaTHOCTH

T
BbDKMBaHMsA Tpu t=T mnpencraBneHa COCTOSHUEM |0...00>rf. IToatomy

MOJKHO HCITOJIb30BaTh BEHTHIIb Mgyr,=Mpjin, KOTOPBI MTEpeBOpadynBaET KyOUT
«MepBI PUCKa», €CJIM Bce KyOUTHI «(pakTopa pucKa» HaXOAsATCs B COCTOSIHUU
|0). Osknnaemoe 3HaueHHE BEPOSITHOCTH BBDKMBAaHHMS B MOMEHT BpPEMEHHU T
paBHO (1 —Gger)"-

2.2.1.3. Pesyabrarbl. Tabnuna 3 conepkuT napaMeTpbl KBaHTOBOM
cXeMbl, a pucyHOK 16 — BenkuBaHue (/1)) U BEPOATHOCTH MO YMOTYAHHIO
(I0)m), 3akogupoBaHHBIE B KyOHUTE «MepHl prcka». Ha pucynke 17 moxasano
N3MEPEHUE BBIXOJHOTO COCTOSHHS M €r0 CXOAWMOCTh aHAJIOTHYHO
MIPEABIIYIINM BapHaHTaM HCIIOIb30BaHHMS.

Tabmuua 3. Crircok mapamMeTpoB s MOJACIH KPEIUTHOTO PUCKA B COKPAIEHHOM

bopme
IHapamerep 3HauyeHue
m 6
n 1-9
T 1
def 2%
Ouer 180"/ ~16.3

Puc. 16. BepositHOCTH cOCTOSIHHI KyOHTa «MepbI puckay: |1) obo3Hauaer
BeDKuBaHue 10 t = T, a [0) o603HavaeT gedonT Ha T0O0M BPEMEHHOM LiIare
JI0 TOCTHXKEHHs T
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Puc. 17. Bepxusis maHens: pacnpeeneHne BepoSTHOCTEH BBIXOIHBIX KyOHTOB ISt
m=4 u 10000 3amyckoB. HukHsisl aHeNb: pacyeTHas BEPOSATHOCTD (OJIUH 3aIlyCK) U
€€ CXOJMMOCTb IPH YBEIHUEHUH YHCIIa BBIXOAHBIX KYOHUTOB

2.3. Murpanusi KpeAuTHOTO pelTuHra. bosee CIoXHBIA MOIX0] K
MOJICITUPOBAHUIO BEPOSTHOCTEW jedosiita — 3TO MATPHUIBI MUTPAIHUU
KpeaUTHOro peituHra. Hanpumep, paccMOTpUM ClEeLyIOIKE TPU PEUTUHTA:
A (MHBeCTHIIOHHEIN ypoBeHB), B (Bpicokas moxomnocts) M D (medoir),
1 TIPEATIONOKHM, YTO TpH 1=0 SMHUTEHT UMeeT peUTHHT Ag.

H3MeHeHne KpemIWTHOTO PEWTHHTa W BEPOSTHOCTH  JedoiTa
B MOMEHT BPEMEHH t MOKHO CMOJEIUPOBATh C MOMOMIBIO BEHTUIIA Dpyigr=Dir
(c HeOOIBIION KOPPEKTUPOBKOH sl YCTAHOBKM HAYaJIHHOTO peHTHHTa Ha A,
9T0 OyIEeT COOTBETCTBOBATh BBICOKOMY YPOBHIO MPOICHTHOW CTaBKH),
a BEpOATHOCTH Jie(honTa MOXKET OBITh 3aKOAUPOBAHA C MOMOINBI0 My = M,
(COOTBETCTBYIOIICH U3MEPEHUIO HU3KOTO YPOBHS IPOIIEHTHON CTaBKH).

3. Onenka pe3yabraroB. PaccMOTprM, CKOJIBKO KYOWTOB M KakoW
DIyOMHBI CcxeMa MOTpeOyeTcs Ui THUIUYHBIX CIYYaeB WCIOJIb30BAHUS
B ympaBlicHHH (PUHAHCOBBIMH prickaMu. [Ipesiaraercss mpoaHaIU3UpOBaTh
TOJIBKO TEHEPAaIUIO CICHAPHEB M HE YUHUTHIBATH HOIOIHHUTEIBHBIE KyOUTHI
1 BEeHTWJIH, KOTOPBIE MOTYT OTPeOOBaThCs sl APYTHX 3a1ad. KommaecTBo
KyOuTOB «(akropa pucka» (My) OMPEIENseT KOIMIECTBO BPEMEHHBIX
IIaroB, a 3HAYAT, M TOYHOCTH MOAENH pucka. KommdecTBO BBIXOAHBIX
KyOuToB (N) ompenenseT MOTPEIIHOCTh OIEHKH, TO €CTh TOYHOCTh
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n3MepeHus. Yem Ooipllle BXOMHBIX M BBIXOIHBIX KYOWTOB, TEM BHIIIIE
JIOCTOBEPHOCTBH M TOYHOCTH PE3YIIBTATOB.

Mopenn (QHUHAHCOBOTO pHCKa HE YYHUTHIBAIOT BHYTPHAHEBHBIC
W3MEHEHHUs, MOSTOMY MHHHMAIBHBIH BPEMEHHOW IIar — OXWH padoumit
IeHb. Jlmg  MONrOoCpOYHBIX  CLIEHAPHEB, HANpHUMEp OXBaTHIBAIOIIUX
NECATHIICTHS, MOXET HCIIONIb30BaTh BPEMEHHBIE IIarW BIUIOTH IO OIHOTO
Mecsa. MoJenu KpeauTHOTO PUCKA MOTYT HCIOJIB30BATHCS IS OIICHKU
BEPOSTHOCTH BBDKMBAHHS OPTaHU3AllMU B TCUCHUC HECKOJBKUX JeT. Takoi
MOJIXOJ MOXET OBITh IMOJIC3€H MPH CBOMAX 0 KPeAUTHOMY aedonty wiu
aHamu3e KPEJUTHOTO pPHCKAa KOHTpareHTa. TakuM o00pa3oM MBI MOXEM
OTrpaHUYHUTh KOJMYECTBO KyOUTOB «daktopa pucka» BeHTHIS Dy
HEeCKOJbKMMHU coTHsMH (Hanpumep, 600 must 50 ner). IMTockosnbky Mgy
TpeOyeTcst psii «BCHOMOTATENBFHBIX» KyOWTOB, O0IIee YHCIO BXOIHBIX
KyOWTOB /17151 3TOTO THIIA cXeM He OyzmeT npessimats ~1200.

Jns crieHapHeB MPOIIEHTHBIX CTABOK KOJIMYECTBO KYOHTOB «(hakTopa
pPHCKa» 3aBUCHT OT YHCIA BPEMEHHBIX MIaroB. [I0CKOJBKY MpPOIICHTHBIC
CTaBKH MEHSIOTCS HE TaK CHJIBHO, KaK aKIWH, BPEMECHHOTO Iara B OIWH
MECSAI[ YacTO JOCTATOYHO JUIS MOJCIHMPOBAHHS HMX JBOJIONMU. KaxIbiid
HOBBIM  JIONIOJHUTCIBHBIA ~ KYOMT  MOXET  YIBOHWTh  KOJHYECTBO
MOJICITUPYEMBIX 3HAUCHUI MPOIEHTHO! cTaBku. OTHAKO MacITaOUpOBaHKE
siBIsieTcs: cyonuHeinbiM. Kpome Toro, uis BeHTwiss My, TpeOyeTcsl TONbKO
OIIUH JIOTIOJIHUTENbHBIA KyOUT — «Mepa pUCKa» W MonenupoBanume 50-
JICTHETO MepHo/ia MoTpedyeT He 0oJiee THICSYH BXOTHBIX KyOUTOB.

Tor e aHaNM3 NPUMEHHM W K MHOTOWICHHBIM JI€PEBBSIM IUIS
MOJEIUPOBAHNS MHTPAIK KPEOUTHOTO peituHra. [l IOCTIKCHHS
togHocTH B | 6asucuerid myHKT (0,01%) motpebyercs okono 14 BBIXOIHBIX
KyOuToB. Takum o00pa3oM, IUISI BBICOKOTOYHBIX pPE3YIETATOB B IICJIOM
motpelyeTcs IyTh OONbBINe THICTIN KyOUTOB C y4ETOM KaK BXOTHBIX, TaK U
BBIXO/IHBIX.

OneHuM TIyOMHY CXEMBL: 4YeM OOJblllie YHCIO BEHTHICH
UCTOJIB3YeTCs, TeM OOoJibllie OMMOOK M3-3a Iiyma. [J1yOuHa ompeaensercs
YHCJICHHO, PA3JIOKCHUEM BEHTHJICH HA MX COCTABISIONIME. DTOT IpOIecc
MOBTOPSICTCS O TEX MMOp, MOKa JalbHEHIIee pa3ioKeHHE HEBO3MOXKHO.
JleBble manenu puc. 18 mnokaswiBaroT mIyOMHy BeHTmiedr D m M kak
(YHKIUIO KOJHMYECTBA BXOAHBIX KyOMTOB M (TOYHOCTH Momend). MOXHO
cIenaTh BBIBOA, YTO TIIyOWHA JHHEHHO MacImTabHpyeTcs ¢ KOMHIECTBOM
BXOIHBIX KyomToB. J[mst m=~10 mrybuHa cocrapmser <500, a mrs m=1000 —
nopsnka <50000.

[IpaBeie manenu puc. 18 moka3pIBarOT OOIIYIO TIIyOMHY CXeMBI (OHA
BKJIFO4YaeT B ceds Bentwiau D, M, I71Q, QFT u QFTT) B JIOTapu(PMHIECKOM
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Macmrabe Kak (YHKIHUIO KOJUYECTBA BBIXOAHBIX KYOHTOB N (TOYHOCTH
MOJICTIH ).

Puc. 18. Jlessle nanenu: niryonna BenTwiIeil D n M xak ¢yHKns gmcia BXOTHBIX
KyOHTOB, M, UTO MPEACTABIISET TOYHOCTH MoziesH. [IpaBble maneny: nryouHa
(B morapudmudeckoii mkane) Bceif KBAHTOBOM CXeMBI KaK (DYHKIIUS YHCIIa
BBIXOJHBIX KyOHUTOB, N, YTO MPEACTaBIAET TOYHOCTh U3MEPEHHUS

Inmy6uHa yBeIMYMBACTCS ADKCIOHEHIMAIBHO MO OTHOLICHHIO K N,
MOCKOJBKY ~ KaXbIM  JIOMOJHUTENLHBIM  BBIXOJHOW KyOWT yJBauBaeT
KOJIMYECTBO pas, korma mpumeHsercs BeHTWw b Q (14). s n=14 o6mas
IyOnHa Oymer mopsiaka <10°. Omnenkn HeEHOOGPA30BAHHS PA3THIHBIX
JIEpUBATHBOB FOBOPAT O YUCIIe KYOUTOB U TIIyOHH CXEeM, KOTOPbIE HAXOISATCS
Ha TOM 3Ke mopsike Bemmaussl, ~10°-10% u ~10° coorserctBenHo [18, 15].

B Onmxkaiimine Heckonpko et [19, 20] mosiBATCS KBaHTOBBIC
KOMITBIOTEPHI C ThICSUEH KyOWTOB, JJIsi TAKUX BApUAHTOB HCIOJIb30BAHUS
noTpedyeTcss 3HAYUTENBHBIA Oporpecc B OTKa3oycroifumBocTH. s
noptdens, KOTOPbIA 3aBUCHT OT HECKONbKHX (aKTOpOB  pHCKa,
MOHAAO00UTCS] KPaTHOE KOJHUYECTBO BXOJHBIX KYOWUTOB MPH MapaiielbHOM
00paboTke win 00paboTKa OyAeT MPOUCXOIMTH MOCHEHOBaTelbHO. M3-3a
orpaHHYeHUil 000pynoBaHUs Ooyiee BEPOSTEH MOCIEAOBATEIbHBINA 3alMyCK
reHepaluy CICHAPUEB.

4. 3axmiouenne. Anroputmel QAE oOecrmeunBaioT KBagpaTHIHOE
YCKOPEHHE 10 CpPaBHEHHI0O C HX  KIACCHYSCKHUMHU  aHAJOTaMH.
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B paGorax [21, 22] npenBapuTeIbHO BEIYKCIISIOT PaclpeaeieHie pakropos
pucKa (C MOMOIIBIO KIACCHYECKUX BBIYUCICHHH) M (OKYCHUPYIOTCS Ha
pacueTe OOLIMX MEp PUCKA C HArPY3KO# pachpenesieHus ¥ ONTHMH3AIHNN
QAE. B pesymbrare MIPOBEJICHHOTO HCCIIEIOBAHUSA 3a CcUer
MOCJICA0BATeILHOW HMHTErpallid TEHEepalul CIEHAPHEB B KBAHTOBBIC
BeraucieHust QAE ycTpaHsSroTCs OrpaHHYEHHS KIACCHYSCKUX aJTOPUTMOB,
HUBEJMPOBABIINE KBAaJIPAaTHYHOE YCKOpEHHE, IOJydaeMoe 3a Cyer
NPUMEHEHNs] KBAaHTOBBIX aJNTOPUTMOB. B wactHocTH, OBUIM CcOOpaHBI
KBaHTOBBIC BEHTHJIM, KOTOPHIC PEAIM3YIOT CTOXaCTHYECKHE MOJAEIU PHCKa
JUIsl IPOLIGHTHOM CTaBKU U (paKTOPOB KPEAUTHOTO pucka. [IJisi IpOLEHTHBIX
CTaBOK CHEHApUU TCHCPUPYIOTCA NYTEM JUCKPETHU3AIUN CTOXACTUUYCCKHUX
mddepeHnnanbHbIX ypaBHEHHH BO3BpaTa K CpEIHEMY C MOMOILBIO
OTpaHMYCHHBIX TPUHOMHAIBHBIX JepeBbeB. s (akTopoB KpemauTHOTO
PHCKa BBIYHCIISIETCSI BEPOSTHOCTh BHDKUBAHUS U3 MOJIeIel B COKPAIICHHOM
¢dopmMe Ha ocHoBe mporecca Ilyaccona. Takxke OMMUCHIBACTCS, Kak
MYIBTHHOMHUAJIBHBIC IEPEBbsi MOTYT OBITh HCIIONB30BAHBI ISl peain3alni
MaTpUl] MHIPAlMA KPEIUTHBIX pEHTHHTOB. [l KaXaoro BapuaHra
UCIONb30BaHusl mnoctpoeHa ckBo3Has cxema QMC/QAE, xortopas
BKJIIOYAET: TeHepanuio creHnapues ¢axropoB pucka (QMC), komuposanue
MepBI pUCKa U OLIeHKY 3HaueHus1 Mepbl prucka (QAE). JlanHbie cxeMbl ObLTH
MPOBEPEHBI C HCIOJB30BAHUEM 3MYISTOpA KBAHTOBOTO KOMIbioTEpa [23]
U MPOJIEMOHCTPUPOBAHO,  YTO  HM3MEPEHHOE  3HA4YeHHE  CXOIHUTCS
K OKHJaeMOMY 3HAUCHHIO, a OINMOKa CTPEMHTCS K HYII0 10 Mepe
YBEIMUYCHUSI YHCIIA BBIXOAHBIX KyOuToB. Takum o00pasoM, MoKa3zaHa
BO3MOXHOCTh MpakTudeckoro npuMeHenuss QAE ¢ 1esibio OLEHKH PUCKOB
B ()MHAHCOBBIX OIlEpalMAX HPU COXPAHEHHH NPEHMYIIECTB KBaHTOBOTO
MIOXO0/1a HaJl KIIACCHYECKUMH BBIYHCICHUSMH.

Jdnst  THOWYHOM TOYHOCTH MOJENM W TOYHOCTH HW3MEPEHUS
peaNMCTHYHBIX (UHAHCOBBIX CUTYallMi OLIEHMBACTCS, YTO HBOJIIOLHA
¢dakTopa pucka TpeOyer <1200 KyOMTOB, YTO HAXOAWTCSA B TMpeaerax
BO3MOXKHOCTEHl KBaHTOBBIX KOMIIBIOTEPOB, OXHJAEMBbIX B OnibKaiiiine
HecKoJbko JieT. OfHAKO TaK K€ CTOMT YTOYHHTB, YTO THIHYHAS TIyOHHA
cxeMbl cocraiser nopsaka <10°, uro mpencrasmser camyio Gomblyio
npobiieMy, TMOKa He TOSBATCS 0ojiee OTKAa30yCTOHYHMBBIE KBAHTOBBIC
YCTpPOMCTBA.

KBaHTOBBIE BEHTHIIM MOJENHUPYIOT BBIXOAHBIE COCTOSIHUSI CIIy4aiiHOM
BEJIMYUHBI, & CYIEPIO3HLHUS MO3BOJISIET KBAHTOBOI CXeMe OJHOBPEMEHHO
MOJICJIUPOBAaTh BCE BO3MOXKHBIC 3HAYCHHUs 3aBHCUMON OT BpEeMEHH
CIIy4aHOW BENWYMHBI, YTO YCTPAHSET OIrPAHUYCHHS KIACCHUECKUX
BBIYHMCIICHUH TP WTEpalMd MeXIy Ha0opamMHu JaHHBIX. KBaHTOBBIE
NPWIOKEHUsT (PMHAHCOBOTO PHCKA BBIMIPHIBAIOT OT IIOCJIEIOBATEILHOTO
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BKJIIOYEHHUsS] TeHepaluu creHnapueB B Moaeinuposanne QMC/QAE, uto
CHIKAET WX 3aBHCHMOCTD OT KJTACCHYECKUX KOMITBIOTEPOB.
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A. CHUVAKOV, R. BORYAEV
FACTORING DECISION SUPPORT SYSTEM BASED ON
OPTIMIZED QUANTUM ALGORITHMS QMC

Chuvakov A., Boryaev R. Factoring Decision Support System Based on Optimized
Quantum Algorithms QMC.

Abstract. The continuous growth of financial markets dictates the need for its participants
to seek new approaches to financial analysis to gain competitive advantages, including through
the use of new approaches in the field of computing. Quantum computing can be used as a tool
for obtaining these advantages over competitors. In particular, Monte Carlo modeling, although
widely used in financial risk management, requires significant computing resources due to the
large number of scenarios required to obtain an accurate result. To optimize this approach,
quantum amplitude estimation algorithms are used, which accelerate this process if pre-
calculated probability distributions are used to initialize input quantum states. However, in the
absence of these distributions in existing approaches to this topic, they are generated
numerically using classical computing, which completely negates the advantage of the
quantum approach. This article proposes a solution to this problem by using quantum
computing, including for the generation of probability distributions. The article discusses the
creation of quantum circuits for modeling the evolution of risk factors over time for capital
flows, interest rates, and credit risks, and presents the combination of these models with
quantum amplitude estimation algorithms as an example of using the obtained algorithms for
credit risk management. In conclusion, the article analyzes the possibility of using the obtained
circuits in financial analysis.

Keywords: quantum computing, quantum Monte Carlo method, quantum amplitude
estimation, financial risk assessment.
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