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RICLIEHDTRALST, BFOEETRHIHIRBZERLBRL, CORBDELINEHEXE
ROBHZETH-T=. CORBEBEFOEFHEN, ERMICEALGRERIZELIDMNIBARLEGEN 1=
RENMIZRIDZAICEDODN-EEZIC, HLEN] EEZ-E5THS.

ZToTEETHON ) DIV IR -RILyTHS. BRITKBEBDIERED 2 RHIEEHT 5EFD
NMEDHERZRESMESZADEEZAT. VHPLERERTHD. BE COERERAFEINGCT
HLERHGHRINESATND. TRNETEIHUFOMECREFRERNTH =0, BRMERICEK
YEFOHRTITRERNTELGCT, EERBHUTHIEWVLSIKEENL L SN

ENFET, GHAZICHNRATELEFEEAEOHEZEIZE STIRECEXRSMOI LT, REITH
o THRENEW=. TREHMa0ZROGW] EVSIFRLETA V23 MAVDEEICRENED LD
2, P42 284 VIIHEEBRRFMEDERTH -, YalbTAUvA—LRMETH>f=. 7A4 v
Va8 VDERTIE, BEFERALEFINIOEREDEFNEICERITTVD1LOMHS. RADE
HABHEIDTIEEVSIDN, FA021 34 VDERTH 1A, COFZFEESNATND. DK
SHERMMOPT, ——ILR - R—TFFEE—B L THERBREEELE T RECHEY, R—7
ETAVT 134 VDT SNERERZLECHONTINS.



(5) TEFIENEFENE-EBEICHNTINS. TTIZ, R=2F 7T, J74XY, KA4F, 375H
DEMBIZTONTIE, FI1ETHLI(GHBALTWADT, ZZTIEEKT 5.

2.2 EFOEKEER
EFICHATIRVEAMNGTENBS L UVERE, 74202184V ORFICET HERBE R - TOAIC
LOMERADIREBRDODND
(@) XOIRILF—LEEE
TAVD A3 A VIEREFRERICKY, RFOIRIILF—E LIREE ORER :
E=hv or E=he (2.1)
BFIVEHE p LRk ICBET I2EEREL

2
=mc =E=h_V=£ or P=hk <22>
c C c A

ZE\z. TIT, oL ITARRBERR mEAEFOEE, clEhFE h=27rF TSV DEHT
Hb.

X2 21220 TIE, LLBANMBETHAS. AFEFEE0LDTpPp=mc LTHELICEERER
ZBD, RFORDLYICEFEZREINEFELAL.

b) Ko/ 0HER

TAD2A 34 VIEEATHANRICHFELHDEEZT-. F - TOAS LI ETHITHFITRENME
BHHLEEZAT-. XTFOEHEE p= A1 THBHD, HoPIHFITEVTIORANRYIDEER
. EFAZHMELE 10 ER>TVEIDT, RAEDERICTE > TEHLULYFIDI LEDLSIZERZ B,
CHEFN2EHEIE EFLELTIIORET EFNZOXREBICHEOMEFZLHTINS.
EXEZERTHEA=h/pTHY, p=EKRKATDHEA=n/p=h/(mv)THS. COXZALNIIL
BETOHFORREAETES. COLEDREMERHDIVIEF - TACMKRELS. BIZEFDS
& BFKREWLS.

CORIFBEBFLUNMZEBFOREFICEHAOND. BRMICILESH T 2WEITRTICHDND. EiH
FEHEVWEZDELESTIEHEIN, COERBPEFNEANEDEN>TLVoT=.

F-JOADREFHMERETHESTRR FF) OBEERETHS. ZIT, FEEREESDIE,
FERDAA—DTRADERDNM-FYNERINLLASN, Corf-FzYDIETHS. K (2.2
TEZoNBHFOEHELXQ2. 1) TEZLONAZIRILE—HD

p:%,E:hwek:E,w:% (2.3)

p=mc

55,
BOREZHELTHD. EEIF, L<HMONTWEFETKDOLND. TDEHIC, TRDLI%
I RERBEEZS :

mother wave = Ag!®*-! (2.4)
CORKY, KOMEEEV,,, &
o E im? 1
= — = = — 2.5
Yomse =30 = 5 T T T2 25

ERY, MFOEHEEVOFITHD.
—7, ROBEE v, (KROBHEE : TRILEF—OEGEHEE) [TRONBAERINOKRHLND :

group



roup ~ - - :E:V
' dP dP{2m ) m

_dmm_dE_d(Pi

HoT. HMFOEEEFFHRECHFLVEAHERTES.
() WRIZCKDEHHMFORE

Q2 4HDRIE-KRDRTHHHD, —BHICEVSALERDENEE>F-LDTHD :

wave = J.f d(k)e' ™ "Mk
B DILFE T oK) =D, =const DFEIZIE
1 =,
—— | e"™dk =0o(x
N2r J.’” ()

ZRAVS L, ROMBREN—E LTI
J.i(Dei(kx_w(k)t)dk _ (DOJ-:Ei(kX_w(k)t)dk _ \/Z(D(ﬁ(x—ct)

(2.6)

(2.7

(2.8)

(2.9)

ERRY, fEERE c=ok)/k=const TxE L ZBENT HxBHED—RIZEFTHRERT. 22T, (%)

FTAIVIDTILZEHTHS.

BEATNERBICRELGZVEFEHEOFZEICE, REFR21DL5%4, LWHhHREREE TS

FARIZH 5.

¥(x,0)
: Ax
.'A'.ifgnl' ‘lﬂ&A'Av"_ X >
V‘v q W" "Vi

2.1 KR

2.3 albT4 vA—DOREFARER
(a) HEMGTKBARERXDEL

T, HHMLGEOGHRZERT | REDRBAEXICOVWTEATRELS. EOEANZ p(xt), hE

BEEZcETDHEFDOEHRARKXEIRATEZOND -

10 0
ot o )P0

p(X; t) — Pei(kx—wt)

R HHFER (2.10) DFEE p(x.t) &

ERELT, XQI10)IZRATEE

o’ o’
[C—Z—kz p=0 or C—Z—kZ:O

2155 CCTRONEARRR &ERBK DBRESHERKFESHARER EFESN

5

(2.10)

(2.11)

(2.12)



aat_p:_iwp, Z—E:ikp (2.13)
THEDT, wbkBEUVo/at & o/oxDRIZIE, UTOBEFRNHS
(%gﬂwmmmorww~bgqgj (2.14)
COBBRERVWSE, THABRKNSREBAABRKXZELIENTES. Thabb
@ 2 lne 10 &
(E?_k]p_o'% (&aﬁ aﬁjp_o (2.15)

ThHb.

b) YalTarA—AEADOESH

BEFNZOEXZNZEE5ZH5XQ2 NDEXQ2. D LY, PHABKEZESIENTES. BEENDEREY
TEHTIHMFHAFEFERELELS. CDLEE, HTOEBIRILF—ER

2

_P
E-2m (2.16)
Thd OHKIZ, KQNERXQL.2DERATEE, EAEK
hao = X7 (2.17)
2m

ARES.
HQIMNNTEZAONDE BT REDEBZEELT, X2 1D ZAVKE, BHITFEHMIHER,
bbb alTavA—AER:

T (2.18)

MRESD. 2T, pxt)DRDLYIZY(x1) ELTWED, EFAFETIEY(xt) ZKEIEER & MFES

KXQ1)IEFBEFNL 5L 1 EOEHEHRFOALT A vH—FEXTHIN, RFoIovILIXR
LE—VX)NHZBEIZEF K2 1)DREHLYIZ, ETRILF—E (EZEHITRILF—ICTRELT,

2IRILFX—%2HELTHRERLY [E

2

E-P v (2.19)
2m
THHNDT, HEAHERIE
mu=k%2+v (2.20)
2m
E1B. E-T, COBED LT vHA—ARKIE
ind¥ _ -uﬁilf-+V(x)\y (2.21)
ot 2m ox?
LB,
5, YalbTarvH—AEKE
. n 62
H ——%67+V(X) (2-22)
TEEINDEEFHZEALT
indY (2.23)
at
EEMB. BEFHIINILIZTUEEENS. EFEEEF ) -
p——inl (2.24)
OX

6



ZEALT, BEFHREREXDELSIZLENMMD

2

H=P_ v (2.25)
2m
PAEFEBERFLEFENLDE, K(2.2) &X(2.14) &V
p=ki~—in-" (2. 26)
OX

MNEZBZNLTHSD. UTDER)IZEWNT, BEFIZTOLWTHET .
IRITTDIZEIZIX

2 2 2 2
H:_h(ﬁ L0

ol 3 WJFEJH/(X' y,2) (2.27)
L15b.
(c) BEF L aLTavAH—ARER
R (2.24) CTEFEFEEFMNEG LD, BEFLEFRERFEFNRICEVWTEELGHMESTHLIDTEH
TFOBAZMFITMZ 5.
RQ2AHTEAONSERBEAMEZETETHELEHICK2. ) X2 1) 2RV E

pTMU:WTMU:?gTUM (2.28)
285 X2 2 TEEINLEEFIEF -T2 ) 2EETET L
P¥(x,t) = p¥(x,t) (2.29)

7D BREIZER XY YITLAZEERTOELDOTE R L TELL. K (2.29) [LEEF p DEFERME
ZEELTHY, CORHMEMENEHENEHE pIcthA o). EEF ) ZEHEREF LS

LTHD.
FHFEIELEEIRLF—EIZDOVWTERATRES. X2 NERXQ 1D EANDE
E%%xﬂ:hw?&i%ﬂhgﬂdxﬂ (2.30)
#18%. 2T, IRLX—EEFER
E- m% (2.31)
LEETDHE, K(2.30) 1%
EW(x,t) = E¥(x.t) (2.32)

EEFEIND. ZERZEHXFYXHIZLHATENRTOAVDOTERLTEL. K232 ILEEFED
BEREMEZEEZLTHY, CORFAEMENEERENAIRILF—EITHESHANI EERLTLS
RQ2.32)ESHICEZFET &

éyzEquzfiqusf-wyzihp(ﬁfzw]:iLﬁlZUqu—liug;w (2.33)
2m 2m 2m 1 OX 2m i ox 2m ox
#1585 hnlEalTaroA—0ARBRXQ18) ISy, XQ2.B)NESSHICEZTET &
EV = p2¥ (2.34)

EHLEITS.
REREITEEFE

Aé¢=A(&Q,(A+é)¢=A¢+é¢ (2.35)
EVSHENH BN



2ﬁ¢—ﬁﬁ¢:k(ﬁ¢)—ﬁ(k¢)=2(?é§¢j—?é%(x¢y:—?¢:ﬂh¢-» sP—Px=in  (2.36)

THAHADT. AIFETIEGL. ZIT, xFRAAFT—%GDT, k=x&LTWLAS.

2.4 RILUIZ & B REHER ORERIR

LA LT 4 UH—ORBAER Q. 21) & RBEH v OMENLERAHELT, Q1) ERXQ D)
ERHRIC LTEANEEDTHD. LaLTaUhi—lE KHEH v OWENLERE A .
MHSAL] EEXETSTHS HANFTHMTIOERFI—SICERLTOS. LAL, KDEH
=R HKIZA T LTINS,

DaALT 4 U H—EEE HIHNBMEELITHATHELTH ENS A A—DTRATI &S
THE Ll ESEXITHHTFIMAITHRLTO C EVNS 1 A—SEEM L
ZCTHTEROARLL ORERRTHS. KLU, HFOLEGREROLELOTELE T,
RERNBLOLEZT. HBBER P OBIEO BT v A, EHMORLEISH HHERE
BESTESADEERR. $55A, [Pt REEEEATTHEHM S, STRICHTBHAH |
ICHB&SICERESNTNSEDET B,
CHIFERBHBORET, BANLICEHILATE R LEOREOMESEFBRTELS o1 —]
DMBLERFTHE RROTA 1840001 LT 4 U H—TT 5BRTE LM o1 LAL
CNIFERTESNESAORMBTELR T, BHARBZAESHOMBETHS.
MESOREIFEREHINEEIHATHETHEN D, BEBRAPING  RRBEEHHAT
*BRY, BHANSOAELVEEALS. BETIH BERRAEMRULBRRESh, BEORT
NZIECOBRICIEM LTS, HEERBRIE, 1 XFO2ER) v FEEBEOT /N - YT U8 —Fibit
DEBRBRERDE L CERTED.

2.5 BEFODI)ILI— &

AELE T U-UHTRIEREFOIILI— MECOWTHIN S, ChITHEEBRERY LS
ODEELHETHS.

valLTa vAi—0AEX:

2 2
ih§£=[—ﬁ—37+vuxﬂqu:ﬁw (2.21)
ot 2m ox

DR P(xt) [ZIE, ROHEE :

EHMWWﬂJQﬂmFQHE%«w (2.37)
R
L, HEHEZAt=t, T
[ Wit dx=1 (2.38)
BHIE, t>tI2BVWTEHE 1 THYKITS. ZDRHIZ, T
N = [ [P dx, I Nanl,man%§:o-mrt>% (2.39)

AREYITIER. SO EZIATSH. dN/dt=0AFZH=HIZIX



dt j [P en) dx=[" dx(———qh+W ——J [ ax —((qu Y- q'(qu) (2.40)

ORINEATHRTAEGESAEL. X220 ZAVT, XQ40)DFRAEDLEEZTET L

N {HligﬁwmﬂJ}uv&Jiﬁﬁwmﬂﬂj

. S ) .
SNLLRY P A AR VR ) L M MWy g 0¥ (2.41)
2mJ—= OX OX 2mJ—=  ox\ ox OX
:__ G \P_\}/*a_\lj =0
oX ox |

Ei3d. 22T RQINODEHIFAVLNTE. ®-T, HE5RZt=t, CEEFTOREEDHLRIN 1T
HNIE, t>t, THL1THYRKITS.
EEFHIE XQ40)0EKQ@ 41 &Y
jmm@HTfT—TTHTU=0 (2.42)
ZHEELTWS. COLILEEFEILI—MNEEFELL S, TILS— MEIXKREBEROHBEERBZERM
BYIZD=6HI2, BEODHEETHS.
RAENECERREOL I BTRNFELEEFAEDT7FAD—%2TT. X212, UTOHADEEF
BfERICH T 5 &ENZRT.
p = a . -
5§+VJ=Q Q:L/mv, L/pdv ~[ vidv =-[ J-dS (2.43)

£21HRNSERFNEOTFAS—

TN B BTN
o PR BT Wk
j R B e
0 P i BT DT

2.6 HRDTFRET M
EFAFICE, NMEURNILVLITOTFEEERBEFENDLOLHY, MELEBEDIEELEE L
IT5LEE
AX-Ap zg (2. 44)
MRYID CDIZEE 7—UIEHMEBEL TEMNDIKEROMEL LTHHAT S, P(x,0) & dK) D
MRz
“ok)edk, ®(K)= “ w(x,0)e ™ dk (2.45)

;Lj ;Lj
2r = N
ETDH 2112, I2BTARBEAKEZTDT—) TEBRETT. RFDAX & Ak TIEAY (FRFEEMH)
Thb.

Y(x,0)=



Y(x,0)

-
X2 2 REEHETDT—1) TEH
BEDEHIZ, ok) EkDBEZRE
d(K) = —%4k4%
ETBH ZDEE
Ak/2 sin(Aka
ikx
P(x,0) = [ ek m | S| o AL 2
NS Ak/Z\/_ J22AK | ix w2 V27 [Akxj
2
ERD KQ2.46) R 2.4 ZRHIZLE-HDFEH 2.3 (2RY.
|D(K)| 1 |
T__TTE |k Ak
“ ‘ " \/_ 27
|
| |
-k
_A_k A_k Ax g '
2 2 22

2.3 = (2.46) &=L (2.47)

®(Q2.47) &Y

AX 2

2 Ak
EHD. ChEEFTERIE KX Q2. 46) DIRED T TOREEE :

Ax Ak _

2 2
MNKRES.

2.7 BRDEREEL

PEATEAN
222
ha)zkh +V
2m

ool i 4s, 2 LT 4 v H—HFEst -

2 2
in [0 vk e =He
a | 2mox

t=012B WL THK(2.45) TEZ N5 EENREE P(x,0) (Xt >0 TIX

THEzbhBEE, HHe'

DFETHLHDT,
10

(2. 46)

(2.47)

(2.48)

(2.49)

(2.20)

(2.21)



P(x,t) = % j"; dkd (k)e'(*- (2.50)

TE5A2bNB I EANBRICERING.

2.8 72— IEHBNDEE LHER
EFHRIERBERNERTHANDT, 7— ) IEMAEELRENEETS. #F2C, 7—)IZEHh

DEARWGEEEZFEHTEL.
F9, B YK, -o<x<wo EMABMOK), —wo<k<oDT— IEBIRKXTEZOND :
wm:%;ﬁwwmw,®m=£§ﬁmwmu“ (2.51)
YO T ZvIDTILRER
5(x)=0 when x=0 and I:&(x)dx=l (2.52)
E9HE, K@25D)&KY
1
K)= —— 2.53
@ (k) o (2.53)
THENT, RXEB5:
S(x) = % [ dke® (2.54)
N—ENILDOEBEIRKXDKLSTEMD :
S T T U R Ny
d — d - dk k —lkx_ dk/ k/ ik’x
LD XP” (X)P(X) LO XJZL " (k)e @Iw D (k') e 0.55)
® * @ ’ ' 1 @ i(k'—k @ * 2 r ' ® *
= j_w dk® (k)j_xdk (% )gf_x dxe! Y = _[_mdkCD (k) j dk'@ (k") S(k'—k) = j_wdkd> (K)D(K)
CHOREBET L L
[ax[w 0ol = [dk|ar (k) (2.56)
E15B.

ULERFET—)IEBMOEETH AN, UTICEFHERAED 7 —) IEBOBRERR5. $ahb,
REBZERDEHEEFMADERTHS. X(2.2) :

p =1k (2.2)
IC&kY, FEHKkEEHE pICEMT D TORE
¥(x) = % j d—;é(p)eipx/", d(p) = % j dx ¥ (x)e /" (2.57)
585, =6I(C
d(p) > @, (p)vh (2.58)
ET5E
1 ipx/h _ 1 —ipx/h
‘P(x):ﬁjdpd)p(p)e ", @D(p)—ﬁjdx‘l’(x)e / (2.59)
85, N—ENILOERL
[ax[ e (o[ = [dp|@, (p)| (2.60)

LG5S,
SRTDBZBEICIE

11



S\ 1 3 \Qi pX/R - —ip-x/n
\P(x)_—(zﬂh)g/z j d*po,(p)e™", @, (p)= a h)3/2 j d*x¥(X)e

3 nik-(X=X')

S (X-X) = (271[)3

[EREZE§ =J'd3F3‘<DP(5)‘2
MY LD,

2.9 BEEFOHFE
FLFHY (x, x+dx) 12 & % HAFFIE (x) [

X) = _[: X¥" (X) P (x)dx
THEZLND. RFRICHFOEEBED (p, p+dp) [THHEAFEIL, EBIEZERMT
p)=]" p¥ (p)¥(p)dp

T5zbh5.
BTFIZ (p) DEAEZRITORBERD B -

=|p®, (p)P,(p)dp = | pdp ’ e%l’*(x’) e’%y(x)
X e%‘P*(x')J‘ dx

ipx'

(Uﬁ;-
:jd ] [. ‘P(x)j Idx‘}’(x)jdx[——‘{/( )j—jdpelp(x"X)

= [axw (¥ )Idx(——‘P(x)j (x'~x) =jde*(x)(T&]‘P(x)=jdx‘P*(x)b‘P(x)

= (2. 66) £ BT % &
B) = [ ¥’ (x) p¥(¥)
HRES.
—RITEBOREFOICHLT, MEHE(Q)ERATEZBNS :
(Q) =[x ()Q¥(x)
Bl BT RILF—EEFT .

2m 2m ox?
[2DWTEZXTREKS.
@ﬁgﬁf%zéa,f@%ﬁﬁﬁyi

h2 OF” (x,1) OF(x,t)
OX OX

(T)=[ dew (eyPen = | dw (xt)( L j\y( =] dx
Eh5 EFEERTEZRSE
(F)=[" o2 fw 0] =[ a0 2w, (0w, (b0

LG5S,

12

(2.61)

(2.62)

(2.63)

(2.64)

(2.65)

(2.66)

(2.67)

(2.68)

(2.69)

(2.70)

(2.71)



2.10 HEFORREEL

BEFQORMEL (RB) #EXTRELS. FF
4Q) dw i e oy ow) e (el e P s
T=a_[_mdxl// Q(//:J_wdx[TQwﬂ// QEszwdx(%(H‘P) Ql/l—%l/l Q H(//j (2.72)

&5l, XQ 42 TEZONDZHDIILI— MMEIZKY

ih@z[idx(zf@ ﬁw—(H‘P)*Qu/}jidX(w*Q Hy -y HQy )

(2.73)
=] 0 (@4 Q) = au [Q.H Jy
*#1%8%. Z_T
[QH]:QH_HQ (2.74)
&9 5.
®2.73) &Y
ihﬂé?2=<[é,ﬁJ> (2.75)

#1823 QLHMPABTHNIE, X2 1B DHEDIZ0IZHZ. MEENNILFVEEFLABRTHN
£, ZOYEEDFYETERE LAL.

2.1 AT =T (BATTREGYEE) ENILEZTY
TRUDFEEFICIERENHY, TOEHEIDEEOHNFETHD. FEFONTLI—EE

FEI5. Iabb, X(Q2.42)I12&kY

[axwiQw, = jdx(@\yl)* v, (2.76)
ET5.
CCT, By LY,ONE(Y,Y,) ERKXTEERT S :
(W,.7,) = [P}, (2.77)
RNHEICE, 2EDHELHSD. XD T—alcwlT
(a¥, ¥,)=a"(V¥.,¥,), (V,.a¥,)=a(¥,¥,) (2.78)
R AN
ILI—MEEFQO Y TOHRFEEEZ DL
<Q>¥=jdeY}P:jwqéqjﬂy=(qaéw):(dwny) (2.79)

8% QIKELT=o0ME Tohs, HEHEQ) LEREINRMTHZ LV HELNDS. &
¥, WERUTOLS CHEHSNS -

((Q), ) =(Jaxwaw) = faxw(Qw) = [ax(Gw) w = [axw Qv =(q), (2.80)

®EIL
<Q>¥=Idxqﬁéq’zqfdxqﬁq’=qjdePF (2.81)

[CEYRSND.

212 TILS— MEEFOREEE : ARY MILER
13



ILS—MEEFOQOEEEKLEREEZEZS

Q¥,=q,¥,, Q¥,=q,¥, - (2.82)
BB ERERE
[xwiw, =g (2.83)
EMTEIICHRTES. COMARUTOLSIICEZLOND. q2q,ETDE
[dewiQw, =g [dx¥]¥;, [dxQW¥)"¥; =g [dx¥[¥; > (q; —q)[dx¥]¥; =0 (2.84)

EXHEMAT L, BEFQOEAEKEIEEEHLL>T, FEO v 2AFHEHOEREDE L

LT TES:
P (x,1) = oy ()W, (X) + 2, ()W, () +--- = D o ()W, (%),
i (2.85)
a,(t)= (¥, ¥)= j dx¥; (X)W (x, 1)

BRAGRE ) I2F, DEOHUELHD :
Idx|\{l|2 :Idx(Zai‘PiJ (Zajq’]j ZZala]IdX‘P ¥, ZZa, a6, Z|a| =1 (2.86)

ST, BFNRICEVTEELMATHD DHE] ISOVTHA LD, —RIORE v 2BV TE
HFOERMETBE, HOIREY,OBEFE 255, o EMETIREER -|of =|(v, V) THA.

AET 5 EROREE Y-V, £45 GEBBMOER. SO L, RETOOMHE(Q) 12875

RAICKYEBESINELS
¥=Ya¥ ~(Q) =Idx[2ai‘Pij Q(Zaj\}fj}zz(;:fajjdx\}fjé\yj
:Zza:ajqjjd)(\y:\yj :Zzai*ajqjé}j :Z:|0‘i|2 q;

(2.87)

2.13 EFAENLHENEAN (Z—-LUVIT X MDEE)

ULFEEAENCDEFHAEDEATH >12H, AETEEFAENCRIGRNFOMED TZE
RARF=LN,

WHRREI—LUIT R MOEBEEEINDIEDT, KT v LV DT TOHFOEBDIKEZR
TREEHZY £T5EE, —a—FUDEFHARKICK CBERAAKYID :

md2<x> v . v oV
= 2-
dt? <6x>’ where (x) IW Ky <ax> JV/ X wdx (2.88)

UTOESICEASNS. FY, yAERETOICHIZEEZRAVDE

d2<X> 2 d | ow oy
v X ydx aj{—xwﬂ/l XE}dX

dt2  dt?
1d K 8? K 0?
=——||-| ——=—+V -4V d 2.89
ihdt{(Zmaﬁ ]’”X"'Wx(z 82+J}X (2:89)
2 2 2 2 2
:ii h” oy V/H/X_h_@yz/ dX:_Ihd 1//X —*Xal/zldx
in dt 2m ox? 2m ox 2m dt ox? OoX
ElEB. EhIC
8{// 8Xl// Oy . 0w
Y PV x = —d - X dx 2.90
X -[ I{ Y v ox? ( )

THd. hzRAWSE
14



jw W gy = |hi J‘aiﬁ—wﬂ//*ia—w}dx (2.91)

E5B. BE, YalTa A—ABAZANSL

d*(x Y
m%=—jl// —wdx (2.92)

£18%. HLE—(V/ox) ISHASHELNDT, Q2 88)AKRES.

214 E—FIZDBEntE=2a LT o v A—DAER

ZITIE 2128DRRY MLERITRSHAEZT S REOEFHEDETIE, EFHFITENREA
TUOWEWREEICAW - HHRAENLRBEET 5.

H2.85)IckdE, FENDY 2HX(2.8) TEALNDIILS—MNEEFTHANIILIZTUHD
EH BRI

HY,=E,Y,, HY,=E)Y,, --- , HY, ,=E, Y, (2.93)

DEEBEH Y, ¥, - ¥, ORIESELTHRTES (BEFQ%H, EHE. g, 0, ZIRIL
X—EHBE,E, - E LTS Ff, NIEEBATHEL)

P (1) = (O, (¥) + o (W, (¥) +--+ oy, (OF 1 () = E‘jai (O.(x),

= (2.85)
amnz(T“%ﬁ:IdWmeq%mo
nEDalLTavhA—AERX:
0¥ n 0
|ha_[—%?+V(x t)J‘P HY (2.21)
[CTRALT, BEFEHOERERME :
[dxwiw, =, (2.83)
ZHRWS E
 da, (t)
== =Ea,(), n=01-N-1 (2.94)

EVWSEFE—FRIZDBEIN a2ALTA Vo A—DFREREHFD
NI RZ7 U HAEBOBERTHRWNMEAIX, TRILX—EHEE, E, - E, HEEOBEKTHL.
H-T, BMHAAER (2. 94) [LEHEICAETS. Thbb
an(t)zexp(—%EntJan(O), n=0,14---,N-1 (2.95)
EWB. exp(—(i/n)E L) IFBEREILEREF T

lexp(~(i/m)E ) =1 (2.96)

THH DT

|ty ) =], ) (2.97)
Li3d. ThbhE, RREY #5258 F—FnDHEEIE, TRZTNICT—ETHBZELELGEWI &ITh
%. BEHIZEONBZE— FnOREER|e O THD. Thbhb, RALAEESHERYERETE, T—
Fn OKEE W, ARIE S W DREEL o, Of THB.
BRI At SRS R, K (2. 95) KR TEL SN S :
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q(%)=a4mAU=em{—%EﬂujaJon—nAQ
, (2.98)
:exp[—%EnmAtjan(O), n=0,1--,N-1
NI FZTFUHLBREOBKTE, BEER NN STHIE UTOXTEBShES !
an(tm):an(mAt):exp(—%En((m—l)At)]an((m—l)At)

= exp(—%En ((m—l)At)jexp[—% E, ((m—Z)At)j---exp[—%En (0))-0[n (0), n=01-+,N-1

(2.99)
=X (2.94) #4175 KIZEL &
da,(t)/dt \ (E, 0 - 0\ a)
dey@®/dt | [0 E - 0 |a® | o (2.100)
da,,(t)/dt) {0 0 Eoy oy, ()

L1535,

LUEDERBIE N EFOETHLENEL ST 1 EFICN EDEEE— K(BEEFNBEIEXN =infinite,
BEFOHRDEFDIFZEIEN =finite) BAHBIBERIC, ThEBELKDE—FIZHBITIBEDERTHS.
EFHEROBEIZIE 0&£1&05 2DE-F (KREE) ZH-E-LHOEFOLADIRENER S
2. BEAOEFOOY)DNDERELEKREERE, 2O NEF2HhTEHEB®
(0,0,0,---,0,0),(1,0,0,---,0,0),(0,1,0,---,0,0),---,(0,1,1,---,1,2), (1L, 1,1,---, L) DEREHLEIREIZHSD. Thidd
REICERONEBSHITZETHE EFNRNDO 2 EHZ 10 EKIHEAEZ-012,--,2"-22"-1&7325.

2.15 2 #EMEFOME (Rl 7%, BF7ATYRL, BREHIE 518 (2014), p.94)
() alLF4oHi—AEs
®24ISRENDESIZ, TRLE—EEA 2 EMHIRTFREERS. ABLUE F15vohE
ALEREERVACEIZT S, SEOREE|) &L, ZDOREE|0) L) EF 5.

IRJLF—HEfL
2.4 2ENDEFR

X220DYaLT4 o H—AREKE
d|y (1))
dt

in =H]|w () (2.101)
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EEMND. KRE|p() %

) (a@)
|wa»_aan®+bang_[unj

(2.102)

EECTEICT A ThiE 2E—F (BEE) OBEDOR(2.85)ITHLT 5. KE|p®) [F 2 RTD3F

ARG kL(a(t) b(t) EMEEEXTEL.
X (2.100028EICLT, 2EMDNIIIL =T UEEFE

_hay,

0
H = 2
0 ha,
2
&, TIRATEWN = a LT s vA—AREKX
da(t) _ha, 0
Slodt |2 (aﬂ)j
db(t) 0 hay, b(t)

dt 2

E15s. COWMAAERDOREIE
aty=a(0)e' 2", b(t)=b(0)e "
TEzZBNE. |a@) & b)) [FRIFEFIZ|0) & |1) NEBRASNIHERTHDIN D
la®|” +[b)|" =|aO)|" +[p(@)|" =1
Fimf- SRIEE SN,

(b) L—H—ITk B8k

(2.103)

(2.104)

(2.105)

(2.106)

2EMFEFROREEL—F—ICLHBENFRETHS. ARARBDL—F—RERFOHEEER

NDEBRIZQETH. CDEEDODNINLF=ZTUIF

_ha)O 0 O _@ei(ot _hwo _@ei(ot
ol 2 N 2 || 2 2
O FIC()O _@ei(ut O _Ee—iwl ha]o
2 2 2 2
TEAZbN%. #-T. COHEDYaLT« vA—AREREG
da@) ( _he, _1Q
il At 2 2 a(t)
do®) | 7| 10 i 7o, |(b®)
dt 2 2
L AR
LML

at)=a’(e'2, b(t)=b'(t)e 2

115 &, MaAERE
d&') i o ionm], PO
T = > [(Cl)o a))+Qb (t)], at
L3S 2EMBOIRILF—EXADIRILF—DEL, ThbHE o, =to T dE
da'(t) _, Q do'(t) . Q

o), PO 2o
a PO TR0

= 12[—(500 —w)+Qa'(t)]

255 EIdE
17

(2.107)

(2.108)

(2.109)

(2.110)

(2.111)



a9, dhm  Q,
o 4a(t), o 4b(t) (2.112)
&S ThERNT
ﬂWﬂ@m%HW@W%LM&M@m%HW@m%t (2.113)
*195.
EHETICRT &
(1) = [a(O) cos%t ; ib(O)sin%t}eiugt l0) +[b(0) cos%t +ia(0)sin %t}ei?t 1) (2.114)
JO—N\)LIE MBI DHEEERT 5 &
|1//(t)>=[a(O)cos%Hib(O)sin%t}|0>+{b(0)cos%t+ia(0)sin%t}|l> (2.115)

K% HTHBMOMABELZHE, [0) &) DEROERAHENTRETHS.

(c) JERE
BRFOMEPKRELE LT, HEKE|0)IZHDETHE, a(0)=1 b0)=0THD. KERFICHTHIT
5 &, Fzlt ORFORE LR

EINIS

iy

: |l//(t)>=cos(%tj|0>+isin(%tj|1>

QY . | (o
COS[Etj . Ja@)| =|S|n[3t)

Thht, ABEELTHTLE, KE0) &) OMTRENEST S (5 ERE).

) (2.116)
e - Ja)| =

216 R=7&T7A 02184 VD

HHRAZOERBIIRERNTHS. THRAZITENE, REDEFT=2- U DEBHERICK YR
FAKHECTPRAGEREES C&ICGD. LML, HILLBELEEFARTE, COLSGHABEE
EEnd. RL2E LT v A—ABRRXOBRTHLIRBEHRE, NFOFEEERORBTHEET
SHERMBMZERBLI. BE, COBREEFHZORFELTLZTANOATWNS. THHD5,
EFNFOHRBIIERERITHS.

CHOZEERY, HFOFREZNTHIRBELER SN, ERERICRFLEZDE, 7420Pa
BAURDALTAVH—DEIBARRELEET H2LRONEBEZSOEREETH . —h, XHF
BRFEODANELESRERIN, BNALGILEDESICBRR SN, IFIRODEHESHEREDR—T THo1-.
COFEEHGY REICRALED, REICKFRVEZICGYRETEIERBEREIFTHOLDLELG LT
5.

CORBEDBPTTA 213401, BRLGEREZEL TS, T4bhbL, [#EH/20ZERS
BN EVWSEETHS. COEERIXFMLERBELELTIE, HREBHATHRANGLDOTHLSH, BHF
HERBE LTEBEELNHSS. LHL, FTA02a3M0DEZFEZHALTEELGLDEEZ N
3.

ChIZHLTHR=7IF, MIEZOEME BREEEICEDRT S LICHD] LB-E5THD.
R—=71% BEEICBRIYERBEOTA 213400 /angGefsIL-tnEBbnd. R—7
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NEE MYEZOBEMIE, HOESEEZDEDTIIEWN] EE2EDOTRENESA?EEHICITFD
KSITRZATHLAL.

TALY 134004 05E, ZEIZELLGL. —DIF, BRBZZICHE VS RENERZE
LRAATWHAIETHS. i, EFAENBRLIKRENTHRAMNEZ, Y4 200FOFHRAIMEEER
LTWAZETHD. EREICELNIYA0%, ERICBEARLSETRITLE SREEEMT
TR TRERUTHAS. 2T, Y4 IODEODFRAMIIAENLELDOTIIHL T, HRAZED
LB ELTLN.

EFNZOVSHEREE, BROBORENLLOTHS. MEORT—ILHIBHTISVEI/O
DREFPEFOLSHEFOHRTIE, HEMINEELREZIES. —A, ELHPBEETSY/00
HRTE, BEEOZETNSCRERUTHD. BEROR—ILOY Y H—R—ILOEETHEERMTIE
T, BEICEZEHEMATHALS5H, TOREFENMILITLAERZOTILIERTHASS.

B 2ENDSEXR
[2-1] /MHBR—ER,
[2-2] /MHFR—ER,

FhE (1), BEE (1969).
FhE (I), BEE (1969).

=
2
=
2
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FIFE EFHAREOHEMLEE

3.1 EFFEDEH
BFHERR EFNFOERICEICHEAEZTHS. EFHREOERIFEOLVEEERTHD
M, FITHEDEES, BHEICEBTEDLILLETVELD. NA—RELGOTLWHEFHEZDLOIC, EE
FHLLTLRRELNH .

BFNWZEDORHEEITLHE

(1) EFMH

(2) IR

3) 2EM: EFFKTLHYNFTHD

(4) FEREMH : EREHEKE

(5) FHEEME

(6) =PEAEEMERS : EAEL

Hohd FTLHECLTLIDE 1) O TEREHE] & (6) EAHAELI THAS.

EEMICBEYESLO0M, HEVIIEOEHRD LS ISHENICOEN> TS LDODMIC, KBHE
LY (F8R8) ARETHIEFREFBBETILATLLL. FRBLOFEALERINIOLSIC, 5
ZRLTHRASVDRLETLIOTHEL, 3TOELODOHEICERMICBCBAETNTHS. AIOKELE
WhER EOMF & AB LM FISHRASVIEET L ETHS.

AEETNEREIEEZRRT D2 LDOORKE (FH) EEZAZRITLOORE (1FHR) L0REI, KH
BVWEEYVHI ZLETHSN L, HEEREILANICRAGVNZAEEITDHERF/LL. I, A4S
DTODLDDHEDERZEA TERABTVEIEDLLRWET D, BUDENET &L D NFEHERKRA
BUTHEZEZ NGV, FROMATEIHIEEIEFTHAD. RRTHAIRTIZ I HEIDENH D
2EDEEHD 1EAZO0Y FUIBATE, 2BAOHADET 1 BETHSS

4) O TEhEht] OEFRLEIE, LoLFENEBDND. ZTOEHICEREHEDHREANS
LS. —DNEFEFICED. COEBTFEHATIE HHEER, HIBIOA/RAShDBE
35. LAL, ZOBRAEIRLICFRATELELT, SHOBHNELTETNTNOEEERS L, 1
EODENENIBASNLBER, BARKEEOCTELLIT—EDEITNKRTHIDETSH. RIC
£<RALHTFEZEHEARAELT RBCHRALEEEZRSE 1 L 0DTATANBRASNDBEER, £
FOERZECT EELIT—EDEICINRTD2EDETSH. Thbb, BARKICIHAHIERELU2
NHLMEREZERTES LITHS.

CCT, FEIREFILR, BARKICHEINLIOE, LT 1H0DELLNTOIENLIDES
B1EODHEDETEBNENS T ETHS. Thé, EFFBBINDETDEICEFTLIENS T
ETHD EFEFEFHICLYRNEMTHSM o, PFRMNGEIIIRNGVLMNG. BADZLETHSS

ZIT, EFNEDOTASVIDEERIM-T, COEFOREE|p) &L, BRBHD 0 & 1 DIREE
20)E)ETB ZLT, |p)IE|0) &) OBIREETHDZETS. Thbb

lw) =, 0)+¢,[1) 3.1)

ET5. W) IEYaLT A U H—DEBAFEAOETEHTH IS, ERYETIDODRE|0) & |1) D
MEE5EZTVRIETTHS. £2T

leo|” +e[ =1 3.2
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EERIETENE, [o &o| AZD2DRE|0) & |1) DREREEZ TS EEZONES.
IREE|y) DIERIZc, & ¢ [T SHELDT,

)= [CJ 3.9)

G

EFRY FILOBICEVWTRVNTHAS. XQC DEEZET L

St
|@{3,MZGJ (3.5)

THDH KB HEKY, [p)=(c, o) & [0)=(1 0) &)=(0 1) ZHEEL L, ERREOEEEHD
2RTERTHS.

RGNDIIEFHEHOKREICELS EREhtE] 2HALLI-2DTHSAN, TARYMETEL
WENAHD. CNITIEWS ENBLRDERIZHEWVWESICEZ BN, EEXFS5TIEAEL. R31Z28T
LM=f=&7=0.

THEMD

Rubin 3& M — 15

3.1 Rubin @3
https://ja. wikipedia. org/wiki/%E3%83%AB%E3%83%93%E3%83%B3%E3%81%AESES%A3%BA

COBERDE, BEREASSADEENS SO0 A—UABIN TS, —EIZRZ B0
FLEDELONTHS. #oT, RO NTRATEHERSH, BAGHSREDFRC, & o 2Ry
RERSHATELZL. BNTILOHEL, RANEOLKICHELEEENRX, THIHHLE
CFEARZH0T, WANLIZHEINTIZHEIADEEIEELTNBEEZONENT LB

#f, E3.21CHOBEEFS. CORICRELAHABANTIGS, H3.10BELY gL
RABETH. HEMN, KHEY, BEXMOTANRAIEETHS.
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3.2 Rt thDB
https://ja. wikipedia. org/wiki/%E3%83%AB%E3%83%93%E3%83%B3%E3%81%AESES%A3%BA

AIORBOBE FRERUTHEOL S ICBZ S, AMOBIEIELLLLNS. HhEEXRY,
ChEERLY, BRLVEATELT S BOATEOEIZBOATELNDLHENDS. CDLSH
CLEERDE, KAMOBEEEFEChELBR, FREBUEERHD. KMOBOIREMLA
BENDBERTHEIMLHAEL.

74724, ANHEVSHEHARSNEARBEON-EYTHS. KLEMASTEEZTLNENMS
SEETERL. LAL, HETHOLETES. EETEHHAE, EETELEIBANSHS.
AN OBEITHADEEEHBRENHS. MADKBEDKE L EFOREIZEHUTOBIHEAS LS
[CBZ5.

HHHERIH-T, 1 BFOCLETEFE Y b, Tqubit 1 Fa—Ev k) EHEX 1 BFEY b
DHMETAHERO 1 Ey FEEU I BRE Y ERBLTHES

- HHHEHO1 By FMEEE1TIZRY, BE1T0IZHRS.

CHEEE Y ME0 L 1 OFMIOEEIRS S EATE, EOMEIZHR S MEHE

THEz5NB.
BFEY MIBATAL0& 1 DELLMHBE, BALANEZIZE 0THY, 1 THREL
SERYBVORE EobELLIRREIZHS.
BFEY FORROMAIZ, TOvRREMEND LEONHD, BFE Y FORE|y) (FHEM I
BNDO&SIRBSN, RE0) & |) OFRMc, L BXG D EHLT. |v) £ BZET &
[¥)=col0)+ 1) = cos o) +e¥ sin 2 1) (3.6)
LEFLS. ST
0<0<rm 0<¢<2r 3.7
EF%. 0L ¢HER 1 ORI IORENRABLBALT L, (0.4) EHREO—ANHET 2. ZOHK

70 yAREKEES. K Q. 6)DADIZe ZBHFT-1DLXE.2) ZHET 50, BRELICEFLENY
THHEENEDDIRTLAVDOTERT S, THREY MIR, EEEY IO DERODEHETH

POICKLT, EFEY MIFE 1 OHEODEHEZF>TLS.
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1) (0=7.4=0)
X 3.3 EFEw DI OyRE

EFHEOBERANDEE, EFEY MIRRICEETHILENEETHDS. FIXIE BREFLOES
AEVIZFEAZTEED 2 AANERELEEMRT 4. VatIVHEF (BEEEADOMISENE
BAREZHATHELESLE 0327V EE] O ORVHREZFAT DY DITROEFTF) X, AR
SEMENERDEREHOEZEMAT 5.

£T EFHFORHBELT, Q) 2EME 4) EREUZEITILA, TOLSGHMERRES MY
ZLRETNDIRBRBRISOVTUTICHRARS.

3.2 RHEZLENTEDEFHREI--VYUID2EXR) v k

19 HEDDIC b= R - VYOI EBMICRE L ADOKEMEZRIRETHS, 1805 FEZ AV
1, AE—LY MERBENISDAEFETE2 DDA Y FEBIREIAIZREND LS HERET-
f=. £29d&, RV Y bEHATRERORMAIZFZRESN-R V) —VOLIZFSREEELS LT
FERLZ. ChIEOERBMZRIRETHD, EFNFETEEFORNELEHTHLDT, EFDR
NTHLFSHELNDS. RAL&SBRRIEKERTHLHRETES.

‘X
lb d
a l
F

S2

3.4 X TD2EX) Y FER

RADRY Y FESASVWTY VTR Y MIFEE, COESHEREBNGENT, FTILAY Y b
DBEITHR/IBENLEDTHASN L, BFZADR) Y FEBBLE 2 KDRBENFELIFHTHL
ERAND. BT BIT, SUTILRY Y FOBEIZE, REZa2—bFUDESLSICHFELTIRDE
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https://ja.wikipedia.org/wiki/%E3%83%88%E3%83%BC%E3%83%9E%E3%82%B9%E3%83%BB%E3%83%A4%E3%83%B3%E3%82%B0
https://ja.wikipedia.org/wiki/%E5%85%89%E3%81%AE%E6%B3%A2%E5%8B%95%E6%80%A7
https://ja.wikipedia.org/wiki/1805%E5%B9%B4
https://ja.wikipedia.org/wiki/%E3%82%B3%E3%83%92%E3%83%BC%E3%83%AC%E3%83%B3%E3%82%B9
https://ja.wikipedia.org/wiki/%E5%85%89%E5%AD%A6%E3%82%B9%E3%83%AA%E3%83%83%E3%83%88
https://ja.wikipedia.org/wiki/%E5%85%89%E3%81%AE%E6%B3%A2%E5%8B%95%E6%80%A7

L, IRy FDBEIZIE, HIEFTVIORAAVADES LSIZESE L TOIRAEWNIENT
LDOTHS. REDHRIZESTIE, SLTHRBEELEREDONGOD, K<CEZNFEETETERETHD

(1) EFEHIZEL DTS
3BICRENDESICEEZEFRS.

»1’!

y=df2
| v=0
y=-d/2

52
< L >
—EXwh AP

3.5 2ER )y bEBELI-HDTFH

AUy S ERV)—VEDRP ZRSKEBORIZEPS £T5HE&

PSlz[LZJr(y—%jzf=L[1+[y_Td/2j2] (3.8)

LD LAKZFVWELTEUT S E
PS, = L[l+£(y_d/2j J (3.9)

2 L

BB RKRICEZDE

PS, ~ L(1+3[y+d/2J ] (3.10)
2\ L
Z155.
XGBNERXB 10 &KY, REBEAG
A=ps,—ps ~L Y0 _Yd (3.11)
2L

THEZLONS. BRENERIOBHEBILDILMMAENEAIDTHROES. MITHBRMNRN SEHEE

%ZM, N=12.. (3.12)

THEZbND. bbb, BAEORNTE S EANERMISTINT.

(2) 1 RFIZKBDFH
(1) TIE, RV Y FZ2ELIRBREERAEEEAT-. ERAEIZHBOAEFORNTHS. EFHETIE
KFEHERRDODEREEZS. H-T, FHETITEFOLRLTIEZTWESEEZONEL . Efik
DPEZETEFBL LTITK E—D—DDORFNEL S REBIZES. COXILBEICHLTFENEETDHIE
TTHS.
EWRER 2O AMMT o -ERBREZUMMEISRT. AFORDLYICEFEZFE--EBRERLHD
(https://www. youtube. com/watch?v=19Ab8BLW3kA, —EX ) v FDEER (BF#/N1 T) XLIZLBF
18 .

24


https://www.youtube.com/watch?v=I9Ab8BLW3kA
https://www.youtube.com/watch?v=PxNMW4kHr_k
https://www.youtube.com/watch?v=PxNMW4kHr_k
https://www.youtube.com/watch?v=PxNMW4kHr_k
https://www.youtube.com/watch?v=PxNMW4kHr_k

REROBEHZER 3.6 IZRY.

3.6 B—xtFTHREBRHTK

B3.7ICEBRHERETRT. REICHTILRAY Y KD TFHZERATLS. XD 2 EEDORLVORM
DIZVGEHLTH S.

25 531& 6 BFfE &
3.7 BE—RFTFHRER

ULDOERERE, alTa U A—FARBAELOBEETHAT S B—XFIEIhUERBITELGN
RINBETHS I D, B—AFEEELMIDR) Y bERBT D, 0.5 BOXFHYMEMICERIC, @
FDRy bEEBET HIRTIEGEL. RILUOERFBRICREINESGELSIIT, TAETRDR Y v FEE#E
THOEEN0DICHDIEVNSIETHS. COLILGIERENE (FEEM) NPRLBEMNLGCERZATH
5 EIZiEB.

EFAETIH, AFFEREEA, TORIEHYX)ERRKET D

¥(x,t) = % j“; dkd(k)e' ™M @ (k) = % j”; dx® (x,0)e ') (3.13)

E-T
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Dk —k,) = 5(k—k,) — ‘P(x,t):%e‘(koxw(ko)l) (3. 14)
ERFET DHERY FNOT L.
BERRIER) Y FEREE LT, ERMISED 1 RTRTELSIND. 1Ry FERRETDHLAE
A+ —iET
P(r o) z@ei(kr’“’t) (3. 15)
&35 MERRD2ERY) Y FERBRETHLA AU —ELZE
¥(r.0,1) zwe‘(kﬁ""” +we”k’2’”‘) ~ @(e”k’f”" +e‘(kr2””‘)) (3.16)
n I Iy
EL, B3 5IZfiKE-T
[ =PS, ~ L(l+%(y_—f/2j2], [ =PS, ~ L[1+%(Lf/2jz], A=t,—r, =% (3.17)
EgHE, R )= ETIE
Y(ro,t)~ w(e‘(k“’m) +ellke-en ) ~ me“k’f’”‘) [1+ e kyLd] (3.18)
o o (Y)
13D,
WIZRY )=V EDXFORFHEED M
|WKLHJNZzjjggizn(l+e4kTJ[l+€k?J::iigiQQ)(2+e4Q?+emT]
o (y) () (3.19)
= Z—f 2 (fo(y)) (1+ cos(kﬂn =2 r (fO(Y)) cos? (lkﬂJ
o (Y) L o (y) 2 L
L35 EEMBBOGESICIE £EEBOMFHRISEEXRIZESOTLEY, ERETELZLDT, EER

EAMTRESTHFHRBEIMELEZ. KB 1DKY, RV V-V EICHFRESTORIDDBEATE

B ENERINES.

3.3 RACENTEDEFHRR 2-I v/ Yz V¥ —Fi5st

TYyN- YT U —FHEIE B3 8ICRTLILEDT, E—LRTY A —BSITI1XDAIRE
2KRIZHFTTHUVE—LRTY yE—BS2 TARSET. 2RO ETFHESETIz—XLT4—TE5Z

LNDMEEZRAETHIDTHD.
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BS277 L : KF~HIF (FiBaL)

BS2&H Y : KF~iK (FidHY)

\E~|2 : l|1751+e‘3"’£2|2
El ’ E1 2 2
M1 E—— M1 E—
AN 1 : 2
£ BS2 SIE-eE]|
50/50
“T BS1 TEz EiT BS1 E2
Laser 50/50 A® Laser 50/50 A®d
Light I / Light I /
— /™2 y — /M2
Phase E2 Phase E2
Shifter Shifter

3.8 YynN YT U —TFHHDRER

3.8I21F, T4 TU3—D1E D2 TRESINDIEGHADBEDTFSHELRLTHS.
3912y YT VA —TFHstEFE -5t EIBIERT.

test
cell

source

screen

A A

screen

=

4
A
7

</

compensating
cell

3.9 TN Y U —TFiHE DRI
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Path 2
N ‘ detectors

mirror /i
Single-photon s R .
p‘u/lt & BSoutput

mirror
BSinput Path 1

B3.10 v vy/N- YT F—FhHstE AL 1 XFOER
V. Jacques et al, Experimental realization of Wheeler’ s delayed-choice GedankenExperiment,
Science 315, 966 (2007),
https://www. researchgate. net/publication/6501301_Experimental _Realization_of Wheeler%27s_D
elayed-Choice_Gedanken_Exper iment

SHOE—RFEITERAALERERNRE . 11 ITRENT VS, BSupit B LDZEIZIE, Path 1%
BOT-F & Path 2 ZBo=RFNFHEZREZESTIC, BLDT 4TI E2—ITHBHEND. TORDL
FOBRBEHEMNERBDOR D) ITRENTLVS. 50:50 DELFIZE >TSS, —7A, BSoutut H Y DHEIZIT,
BRIOE (@) ITRENTLVS K S, Path 1 ZBof-JtF & Path 2 Z B o - A FHHEZXBEHIKRIZ L
LTS, DI DBREBINEAD EEZIZD2 DREBLR/NZGD. TJ2—RALT N 1TRERDBA S E
W75, BHAoMICPath 1 Z@ofJtF& Path 2 Z@ o= AFATFHL TS, BSine [THTHIAFERN
FzB—JFH, BSouput ZHETEDKSITDI ED2 ITEL MIEFBHD (3. 28) IZHES .

BS27% L : FiHi L BS2H Y : FiEHY

Phase shift @ (rad)

1600 @)
b .

1200 (b) 1200
"
1] -

£ 800 i . S 800
ER N X P I o Py~ !
8 (@]

400, 400

o 0

0 2n 4n 6m 8t 10x 0 2n 4x 6 8t  10x
Phase shift @ (rad) Phase shift @ (rad)

B3 1 TN YT A—FHHIZED 1 A FFHEDEERER

NYOUD2ER) Y bDETHTHRARZE ST, COERBREIBOTFARBLER LS. @K
Tn, B—XFRIIAUESBTELEOELDTHSA D, Path 1 & Path 22 ZhEh 0.5 XFHEB
TEHCEFHYZAGLADTHS. 1 £FITd Path 1 & Path 2D ELLMNEBEBBT HITELMOT,
EHRADZEEELERLESBTFHEREITDTHS.

I AFORBTHMNMI G o= &, 1 RFTLFENRESHZLEE, DI ED2DNXFHV Y MEUTN
FOHBRHEEREZEATWNSIETHA. ®-T, COFTHIYMENGRBOTSHTEGELLT, EERD
FHTHS.
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TYN VIS —FHETRIBDREZOBIBICODVTERTS. £9, EHENXELTORMYIKNT
HBN, BSHYELELTIT—RAL T hEAETDHE, DI ED2DERDBE &1 1E

21, =|E, +eiA¢El|2 =EE (1+e™)(1+e")=EE (2+e™ +e ™) =2|E [ (1+cos(Ag)) (3. 20)
2] —|E _e|A¢E| —ElE (1 e—|A¢)(1 e|A¢)_|E| (2 e|A¢ —|A¢) 2|E| (1 COS( ¢)) (321)
ERFED.
SEHEER S 121TRT.

11and |12

= Il
wnom

11/2,12/2

—l1/2
—I12/2

o
[

o

312 =y Yz UF—FHEIC K HERAD TS

RIZCE—HFDEBEEIZDOLNTHRS. 13T YnN- YT UE—FHetETRT. 310 &£EHST
RZ5H0, BALLDTHS.

MITOCW Quantun Physics I Part 1: Basic Concepts, Prof. Barton Zwiebach

L2. 3 Mach-Zehnder interferometers and beam splitters
https://ocw. mit. edu/courses/8-04—-quantum-physics—i-spring-2016/resources/mach-zehnder—-interf
erometers—-and-beam-splitters/

s 01O

%
Upper "~
Beam \

Lower
Beam 4
M2 D2 O
Phase

Shifter

BS: Beam Splitter, M: Mirror, D: Detector

313 TN -z U —FiHE

IYN-YIUE—FHEE QEY FOAS:

(;Jza(éj+ﬂ(ij, o+ fr=1 (3.22)

IZHLT, 1EFEY FOHANEE5ZHHDTHS. E—LRTYvE—BSEI5—MNF EEFTH
5. ST—FARFOFRAEEZLHEZITTAL LAGWVMEEEREFTHS.
X 3. 14 12BS DEEIZHT HAHNZETRT.
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=5
Balanced Beam Spreader MIZ&I(ZIE
szztz:uzzvzzl
2
B K- T
11
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NG
MBS DEEFELTHEEICEZSN
111
V2 2|2 :[1j~-~12+12:2---NG
EENE e
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Nl
v
I
Nis

@ =— a+’B 1 2 l _nRr_ 2 2_1q...
i __1 (ﬂj_ﬁ{a—ﬂ]’ 2|a+ﬂ| +2|a Bl eal”+|°=1--OK (3.30)

THADTHETHS. COEEFEFTEI—LAT—FEFEEINS. K310 £H3. 11 OXRRIZFEDLH
EBSIE, COEEFEEALOND.

N
N

ABIZT—XVTE—DALHEVEII6DESIHIHEEEEATHED.

]\ o1

BS1BS2 {'HJ
B
M2 DZQ
K316 T v/N- YT F—FiBit D XH—FhF)
BS1 & BS2 %
1(1 1 1(1 -1
(BSl):ﬁ[1 _J, (BSZ):E(l 1J (3.31)
ET5&
(0 1 0 1\(a) (B
(BSZ)(BSl)_(l oj’ output—(BSZ)(BSD(ﬂ] (1 Oj[ﬂj_(aj (3.32)
THH DT, N

LN DXT— (RTYTT—F) 2B NN D,

3.4 ERADLELBAE
SITZANT, 1 AFORERRZITOTHELD. AFRIAULERETERLDT, EbLH
DEHBFTHREINS. XFERADFZEICEIHEE 1 T THRESND. YRADIGEEIHESRE 1 TD2 [
Shb.

O A BRI L 1= E Rt E, DRERET S

T3 E XA IEE cosd, yRADILEsing &7 5. BAEIXEFHIC
LB B0 T, SFDEEILcos’o Esin?oLEHIT B &I S.

y E1 D1

‘ M1 — I D
@4 X / .

’ X-Polarizer

z E1 T

Laser Light Bs
Polarized in :

Y-Polarizer D2
O-direction 50/50
—1D
Polarizer E2

ST 1 AFDRERREEREDLE
RAFXFDEITHARZ 2z, KFEIZX, EEIZY ET D)
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OARIRAELE-ZSHOE—AFORBRZETS &, EMAISHOAFOEEATHLSM D, SAFHEN
TRZE TS, ERAORAETAEFRICLSTEHOT, BE—AFORUERIZLLETTTHS. <D
CEARELINIE RILODFEERBRNELN &GS, K311 0 ) IOEEHNR 3. 17 DEERIZHE
L95. H3. 1100 HORBRFERA0=45DELEDTHNIE, RV DHERBRNRYELEES C &R
3.

LT, 1 AFOREBZUTOESIBERADEERETS 5 LIFRRITEM T ON=RADH S
ETHS

lw)=a|X)+pB|Y), o +p*=1 (3.33)

Rz, EFRROBIDBBTHAIBRAEL (T VTILATE) I2OVTERET S 3181
N0EY FOAAIZNEY bFOENZTLBHEGEFEBETHS. CORITTRIN DD, ANTIEA
MEY FERHE Y I (ESELIZETD) THAHADITHLT, HATEFHE Y FEFEME Y
FEARICEFGLD FITREVBAE2TWND) REITHE- TVEIETHS. HPOOEHIES
—rEEDLNBLOT, FEHEY FFFIFIEY FA0)DEEFFRAEY L, FIHEY A DEEIIF
BHEY FD|0)Z DI, [1)Z£[0)IST23DTHSD. ¥— MIBLTIEIRETHENS.

HIEE v b
1
ﬁ(\OH'))

1

(o1} 10)
EZEMEy b+

1) N
X 3.18 #&AELEEY HIT =FMEIEK

{RAE(01) & [10) DEBIHERA L HIC0.5 TEIEY FAOASE2EY METL, B1EY M1 BDE
2E Y MMEO LBREND. BABVKERE B1EY FEBE2E Y MEABICHEATLRES LY
L. CABEREREEANETESYBEL.

TAU 184 V0E, CORICREIBR, ANBYRLLONBHEEETRLE BYRLEOEHA
[E, COESHIEFRIYBHRVEERLE EPRRAX). REEFORRANERERTHL LT
Rt LTz BAIESREHAE, RENLELRADE THNIFEERLE.

RLOBEHETNIZESKTRARLOERIZEY, BROEAREESNE. KFORENELREHE
[ ZBEIF, BRICEATOAZH, ARZTSHE0H, ZOBHEEFEENZES.

3.5 EFEEHE

BEFEEIE

(1) &F7— +RERE

(2) EF7=—V2JH&E
[SXKAEND.

BF7—FEESDIEX, HHABKORKERBOLSBTIOT, EF7— FElHAEHETARHE
WEELDONBEETHS. 2030 FLEIZ100 T qubit DEDMNTZAHEEONTLNSA, TDEDY [EF
HTIHALN.
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EFEY FORKEN—ERHZTEL TREFSNIBEZIE—LUREEIN, BRTEBF /B &
FEEICEL. EFEY ML, EFAZORBICED(ERLGREEZMEIENTES. COKER 2
FEREOERELFENS. LML, EFEY FMIFEEICHTET, AEOBRELOHEERICK-T
EFEY FORKEDEN, EREOLEKRENEDODNTLES. $EOMRICL-T, KYRBHOIE
—LURERBETEHILEMNEFIATLS.

EF7=—)UTF EFILEL—FEFESRELEEEZMRCFEND—DOTHS, BILEEL
X, HEIEFUBT CERAFLEIFRNOEZMAIZEROHEAELEERDIEENZLTHS. 72—V
JER BEHLEVWSRULEBICKYEREDERBEHEZRMYBKRSAETHS.

EF7=-—VUUTIE, BEENILLZTOEVWSIEEMNERATREL, ThEEFa0Ea—
R ETRITTS. NI LT UE PEECEFHNZONBFTRAVLALEET, ROIRIL¥X—%
XY RECEEENIILIZFUICERTSIET, EFIVEL— 9 ZF>TEOR/IMNIRILT—
REZRDDZZENTES.

2L, TRDONZIIL =T UETTIE, RNIRVLF—REEFRHRTHILIETELRL. NILE
ZTUICEREELITRKOSNNIELRT HIESSRYZHITT, TRONIIILMZTFUIIBITEES.
DTOEANEREFENSERICEITIETCEELCAOENKE (RNIRLF—KE) ITH-THT
KTF7=—=1)UTIZEPUTVDDT, COENH5.

BARMIZIX, EFEY FERAVET=—V VI VICHEZEAAL, VHREZHAELTCEF7=
— U EETTH. BEFT=—)JTIE EFEY FOKEEFREELHICELRSIEDIILET, &
INERILF—REEICIERT DL S ICHIHT S, COFE, EFEY FORKREEZRRBT IFEREHLEK
BEMAT S LTRAEIFEEZERL, HHMLGTILT) ALICERTERICR/NIRILF—IKEZE
KDEIEMTES. Google DRI NI, THHFEETIE 1 TEEDL SHREH 200 THEITI-LD
ZETHS.

EFT7=—NVIJE EFIVEaL— S EFE-oHRELCHEOFEEE LTHFSATWS. BE,
D-Wave Systems #t ABERADEFT7=—) I I UFRHELTNS. LA L, D-Wave Systems ttDEF
T=—5—I% ZTOERAN NEBERLEYO 2 REHOR/IMERME] ICRoN TS, BERAEEETRRD
HELVEAT, EEOR/NMERENSETHEITSZ EAEFIATLS.

BF7— FMEEEEF 72— VIV EEOHEDCRERICOVWVTEATRES. EF/— MELEF
TFo— OB, HICEFIVEL1— 3 5F-THETEIAHETH DN, BHE7TIO0—FE2HR-
TW%.

ETF7— FMEETIE, EFEY MIFHLTEROEFS— MEEZEL, REMICHOoNKEZES
AWM TCHBEERELC. —A, EF7=—V2IJTIE MEENILILI=T7OoORKATREL, RIMIR
IWEX—REZRDDZ & TRIBEMRIRT 5.

EF/—MEBLEFT7T=—) UJMBEIL, —BRUICIEEGLIMEICH L THRHGEFETHD LS
hTWaH, EFY—MEETEHE, NILFZT7UoORKICERTIIENTEEMENHS. Thbd
DOEBEIZHLTIE, EFY— MEEELEF7—) V/HEOmANERATRETHY, ELELDFEN
FYUNRMMNIIRHEIZE > TELSTHAS.

EF/—MIBELEFT7=—) U BEIEHAEICEEL, EE0D0FENKYEL TLSHIERREIC
Ko TELD. BE, EFaVE1—20MRERLICHED, KYKBELBEZMERT S0, A
DFZEHAEDLEZNA Ty F7TO—FHEE ST S.
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BFHENESL T, EFHEE Al (AIHEE) LORMEEN, BRETEIREEZET S RXRELGH
BL2al—2auh, GBULALEVWELENERETRITSINSGBLSEFEECBENTHSS.

B 3EDSEXH

[3-1] EEEREE, &HF B, EFa32Ea—42—AF, BARF#HE (2008).
[3-2] Ahil %, EF 7Y XL, HEREHR (2014).
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F4E E—FREASAE 2LT o VA—AEX

BEFETT, EFAFEELVYaL T4 vA—AERCEALT, WAALHENGHRBALTE. X
BLUTTHLDIIHESDIE, E—FERASA LT UA—ABKXTHAHADT, HHRNFOIREES
EXELDODEHR L. COMEIE2 148, F2 158 TEMALLN, AETEIHANFELDOXE
ZBLT, OGHRAZFLEFAEDEFNICERLCE S BREACADILETES. HEOO, EEF
ZxETHIRAERMTERALD. CITOOIHANZORET & IFLDEHEZERT 5.

HHENZOAVHLEETHSEORY KB &, EFNED 1 EFORYIKE & ICIHRFHICE
BEOEUNSDS. BL, ZOMETIIREERT SEENEH T RHLEMAH n(xt) NHRTHLID
[T LT, 1 EFOBREOMRIE T RAZEMICE THEFDRBERy(xt) ERBIEZRY, ZTOHf
HEDBRVFHEEEREENT) THD.

RRBFLOBIRAEVERIE, APUTETIVLERENS. A DVTETIVERMT 2ELDES
AEVIE, LRAZAEVETAMERELEVWS 2ADEELYHDH 2 RAERMTHAIN, 1 SVITET
MDESBEHDHWRAEUHAEE L DK, MRAEVOHEN, EF5&, 2% RTEMIZHD.

CHEIBERTEMEIRETHESNLGNS.

4.1 HEAZIZE T DEDEE
4.1.1 FMEEREBE (BRE HHEE) OEOKE
ERIBIT —0 < x <0 [2H 1T HTRDEB) T

ym§0=Tﬁm§0 4.1
ot OX
TEZbNS. ZIT, pxt) [FEOER, tIEEE, o FEEOREBE, TEEOENITHS.
EHTEET
TI(X, t) — Y (X)e—iwt (4 2)

L95L, BEHMERME:
d?Y (x) . PO’
dx? T
55 ARBEHOSEICIIEEAHTRINIERZHD-H o (TRREL SN, ERBEHDOSZE
ICIXEEDEREEMYES. B zkELT, E— FEAHKZE

Y(x)=0 (4.3)

1 .
,k - ikx .
Y(xk)=—r=e (4.4)
5L, K@) LYREARERX CRELERHHOERK) :
k2=£a)2=iza)2 (4.5)
T a

MNRExB. 22T, alk

a=\/f (4.6)
P

T, ETROEETHD. Bk BLUVHRBRS o (T EHERLOT, EFIENMEEEBHRETHD.
E—FEHBYXKIZEK REXOEXMELAHS :

jmvuanxwmx=iljmﬂ@“ﬁx=5w+ko 4.7
—© 27 9

35



2T, ZKDEL(x)IETE—FTERALT

(0 = [ ot k)Y (x,k)dk = c(t.k)e"dk

1 [
27 =
bl B s

j:n(x,t)v(x, k')dx = ji jf;c(t, K)Y (%, K)Y (x, k")dkdx = j:c(t, K)o (k +k")dk = c(t,—k)

ETBHNT

c(t.k) = [~ n(x. Y (x,—K)dk = n(x.e dk

Lr
N
MEKRES. hiFH@.8)DT—) THLEHIZHMA S AN,
MEAEE
n(x,t)=u(x), n7(x,t)=v(x)
L3 BHE, BEOAER @) IR

n(x,t) = f(x—at)+ g(x+at) :lu(x—at)+Eu(x+at)—iV(x—at)+iV(x+at)
2 2 2a 2a

WEAETSH. ZCT, aldX @45 TRLELS ICETROEETHY
V(%) = [v(x)dx

E95 KRB IDTEZGNS(x)D, K@U 1D EHRETHILIIBHEICEIOONKS.

4.1.2 MEEREHE (BARER SMEE) OXKOEKD
LTISRENDESBMGEEDKTCEENMAERUI THARIZEATHES.

4.1 m¥REE D KD IRE

BORSZFLETDHE, HIATHOTEMNO<x<L &Y, EFHAHERE
O*n(xt) _ 1 n(xb)
ot? Ox?

, Y(0)=Y(L)=0

THEzZo6N%.
n(xt)=Y(x)e™
L9 5E, EFRERRE :

o%Y £
—=-Zw%Y, Y0)=Y(L)=0
pv @ =Y(L)

55 COERERENMHEE L TERE (BRAKRSH SEREH RBE—F)

2
wnzzl[wj , n:Oyl,oo
Yol L

Yn(x)=\/%sin[wq, n=0,1,0

(4.8)

(4.9)

(4.10)

4.11)

(4.12)

(4.13)

(4.14)

(4.15)

(4.16)

4.17)

(4.18)

ARFES. #-T, CORBIMEEREOEHEZFRIS. @A 160&KY, E— FEROERMK
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(YY) = [ Yo (0¥, () ok = 5, (4.19)
NEMND. ZOREHX@G 18) ZRALTEEENDTILRULAD, YV (x) &Y, (x) BiE-TEFEAERX
(4.16) DFDIZ, Y,(x) &Y, (x) E#IFHRIC, BLEZINTESNDRE, 0<x<L THH LESES
TERERITNEX UG 1)L ELNS.
E—FEAHKZEES &, ZLOERI(xt) I

n(xt) =3¢, MY, (x) (4. 20)
EREASNS. T
cJﬂ:@yJ=ﬁﬁunnamx (4. 21)
ThHd HB.20xKXB1DHITRAT S L, E— FEOREARER
dZCn(t) _ 2 _ cee o0
T— @, Cn(t) n—O,l, , (4 22)
NKREDL. COWMAAERXDEL
c,(t)=Asinmt+B cosmt, n=0,1--,o (4.23)
ERFED.
%wﬁﬁwﬁﬁl*»ﬁ—K,ﬁﬁl*»¥—v,éI*»ﬁ H &
_P 877(X,t) dc, (t)
= j ( p zo[ ] (4. 24)
=—J. (aﬂ(x t) zgza)nzcnz(t) (4 25)
_ _P & ( de, (1) ’ B 2.2
H—K+V—2§(dtj zgwcAD (4. 26)
EKRFED.

4.1.3 AREHE (BRE HMHEE) OKOKRY
K4 2[2RENDESBMGEE CEERNMAMBMNTHIRDRBZEEATHE .

X 4.2 ARREBECKRE (EEHNEHHST M)

HEDSH, SEANFEENDHEEEEAS. CDGEEOEFHAREXL

d2’70 (t)/dt2 -2 1 0 o ®
dp@)/dt* |=——| 1 -2 1 ||n,() 4.27)
d?n, (t)/dt? 0 1 -2){n®1)
TEzZzoN%. 22T, MIIEEBOMERETHS.
BENDEME
i (t)=Ye™ (4. 28)

EIHE, BEHRIER:E :
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-2 1 0)(n, o
L I (I 4.29)
"o 1 2)n, 7
=55,
COEFERMENHEE LTIEDEEE (BEMIREIZ) #ROSABEXLEEEAEH RHE—F) :
mAX
222 22 1 0
1 MAX 2o 1 |=o0 (4. 30)
0 1 MAX 2 —2
Vo=(Ye Yy Y,), n=012 (4.31)
MNKRED. ®-oT, COERBIEREOCEHREZETS. A 29)&kY, E—FEAHOEXRK :
@ﬁﬂ:imm:%n (4.32)

NEMND. Y, LY L TEAEAER (429 OmAIC, Y, &Y, EHT%IC, B4HE5ILTHELN

5%, ERITNIERL.32)1ELNS.
BRDERL 7, (1) 1%

B0 =Y 0, 4.33)
LEEENS. CC2T
¢, =(n.Y,)= D7), (4. 34)
TH5d. KA.V EHKXU2DITKATEHE, E— FEOIRBARER !
d;?ﬂz_%%AU n=012 (4. 35)
NRES. ZOWMHAERADMEIL
c,(t)=Assinot+B, coswt, n=0,12 (4. 36)

ERFD.

4.2 EFNZFIZETE 1 EFDES

4.2.1 FMEEREHE (ERBEE EREXRZESMH O 1 EF0EH

EHED=H, 1 REEM -—wo<x<olZHTEH 1 BEFOEBHEHNL ST 1 EFOEHEEZ 5. K%
t, BE%Zm, RBBHZy(X)ETDHE, PalTaUvA—DORBAEREEREHT

ot 2m ox*
y(too,t) =0, |y, (+oo,t)| < o0 (4.38)
EH5EZ6NE. ZCT, WEBRETSIVIER (TA4IvIER, pEEHE, VEMEIRILF—L
5L 2IRNF—H, EBEREF), NIILF=FUHERXTEZONS :

2 2
ihM=(—h—a—+V]yx(x,t) =Hy(xt), —o<x<om, 0<t<ow 4.37)

2

H= p_+V (4.39)
2m
p=—inl (4. 40)
OX
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2 2 A2
LRV Y (4. 41)

" 2m ox2 2m
EHENBLT
w(x,t) = P(x)e " (4.42)
XA 3INICTKATSE, BHEERMRE :
[—id—ervj\y(x) = hao¥(X) (4.43)
2m dx
85 XU Q) ICEFEEH (E— FEAK
‘P(x,k)=%e‘“ (4. 44)
AT HE, HEAREX
ho =Tk vy (4. 45)
2m

8%, B BEUARRKEERSRIETHEOT, CORBOEBEEIENERETHS. T—
RESSCW (x ) IZ(E, EH: -

j:q«xkyy%xxjdx:é%jié“e“ﬁx:5&-«5 (4. 46)
nH5.
DalbTa v h—OARBRADREIL, RXTEALND :
w(x,t) = % ji dkgp(k)e™e e (4.47)
T
2T
mxm=7%ﬁiwmm&*athﬁ N MM=7%JZWWM®6” (4. 48)
T T
L35,
4.2.2 MEEBBEHE (AREE, EBRHHKESE) O 1 ET0EH

BEOH0O<x<LDBFOEBCONTEZTRES . KBEH BFORE) y(xt) BT ZERIE
PRI

ih%zﬁz//(x,t), 0<x<L (4. 49)
w(0,t) =w(L,t) (4.50)
TE&ZEINS. TCT
ﬁ:—ia—zwzﬁzw ﬁ:—ihﬁ H:p—2+V (4.51)
2m ox? ’ ox’ 2m ’
TH5.
EHEDBLT
w(xt)=¥(x)e™ (4.52)
L35 L, BERERE :
(—id—2+v]\}f(x)= he®(X) (4.53)
2m dx
Y(0)=¥(L)=0 (4.54)

/5. V=00 &EICF, CORFEREDHE L L TEAE (AEAERSEH) LEAERHK GRBETE—F)
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n

o _L(Mj N=0Lo0 (4. 55)

Toml L
‘Pn(X)=\/%sin[(n11)ﬂxj, n=0,1-,0 (4. 56)

NRED. #-T, COERBIINEERBEOEHEEZETS. XU &Y, E—FEHD
EXMH
(¥, %,)= [ P, (0¥, (0 dx =3, (4.57)
NEHAMNS. CORIEKU56) ZRALTEEENOTHLRVD, ¥ () &V, (x)DiEm-T BEEEHIE
K @A) DMBTIZ, ¥, (x) &Y, (x) ZHITHRIC, BLMAEIVTHELNDRE, 0<x<LTHES LB
BN TERTIIEX @GS NELND.
E—FEHZEES &, KBy (1) &

p(xt) =3¢ O, (x) (4. 58)

EREASNS. 2T

¢, =(w.¥,)= IOLw(x,t)‘Pn(x)dx (4. 59)
THd KB.200KXUB1DITKATHE, E—FEDOIRBAER :

95§2=4w@40, n=0,1---,00 (4. 60)

dt
MWKRESD. COMAAHEXDEE

c,(t)=c,(0)e™", n=01,00 (4.61)

ERFD.

4.2.3 AREHE (BRMESE, HBRESER) 01 8F0:EH[4-2]
FREHEOMEICHECHN TR, COMERR 3TICE2 168 T2EMNRFOMES LTH
nfz. 2EMRFESSDIE, HAIICHBEINDELSIC, RARICTEDEFEHFORFT, TOEF
AROBHRICE YRBESNA TEERENAS LYV IRILF—KEIZEITTEENTE, ITRILE
—ZRKOTHHFZITOTEEREICRSZEATES. COMSTHRARIBESINEZ ENSLN

IRILF—HEER

X 4.3 2 #pRF

T4 VI DREEANT, BFORKE|y (1) 1F 2 BOKE|0) LRE) DEREHOEREICHY

o) =010+ 0 =26 .62
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LtRINd. TIT, FE¥c,@t) &c,t) IFERBET
leo @) +e,@f =1

EBEL, o, OF & [c, O EBUREIREE|0) 85 LTIKAE|1) A DHETH B

K|y (1)) 1X, COBEDVaLT 1 A—AER:

_dly(®) .
)

ih[dco (t)/dt] 4 (co (t)J
de, (t)/dt a ()

2S5, X@L.62)ERATSHE

LEMTS. 2T
n (—hwo/Z 0 J
H=
0 ha, /2
TH5.
EZEEIZFREL T

E95E, BEIHIERME :

155, 2fEOREBE— FOAB KL
h(w+aw,/2) 0

—0—>a)—$&
0 ho-a,/2) )

&Y, B-RIE

EVSHBRDEREED.
EA4EDSEH

[4-1] EEEREE, HF B, EF3UEa—42—AM, BARF#RT (2008).
[4-2] ARl %, EF 73U XL, BEERELR (2014).
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B8 8F7=-—Y) UJHE

5.1 EF7=—)2JDHEK

B, EFHFERUEZMIZRIZERLDDOHS. TORERFIZSFHEICESETFRINATEY, L
BABARELGHEERITITHSS.

D-Wave #£[F D7 =—) U VMEICFHE L-EREFHERZREL TH Y, 7EREGFERH (HHE
B TRIFEHIDESIGHAGHOERREMEZ 200 TRVTLESIGLE, HOPICKELEHE
Z5EZTWS. LHL, D-Wave HDEREFHERTTESDE, 4 DU TRHEPLY RREEEFEND
2 BEYLEHD 2 RBAYOR/MEFEICREEINTILNS. #-T, COEFHERNARELLIDITT
T, ZDEARCOFEHTETSHEEDN, TROLSILGBH2ELH X, i=01-,n-1 O 2RE
#O&/IMERTE :

n-1 n-1n-1
min | a+> bx + Ci%iX;
i=0

xe[0,1]"

[CROENDMOLTHS. CCT, ab,c [FBEEDNERTHD. BT SHICHREFIMENRES LTS,
Lo E—MRMBEEICBERINIRETHSS.

AETE, RTEF7=—V T OERDBREZTL, TORT, EFEY M- THBUAIEHEZ
AIREICT DEFERHEICE T, FEOKRER/MERKREFRICT 2HEREEET S.

EDLEOICRYBPECARNEREETRDOLIIC=2HS -

(1) 10 EEHEHOD 2 EBRER~DEH
(2) 10 EERERD 2 EBRIE LR
(3) 2 R THL—ROEHA~ DHLIR
CORBERRT DEOICIE, TNICREGERAMBBZRAE TSI LN/ROLND.

BIZIE, BESIaL—Y a3V TERSNHIRBREEL | RABRKADFEANRDONES. RHLE
BEEOLNDZDE, KBERZ21—FIL - Ry IV DEE~DERATHSS. ERHETEETEDE
SITBENE A CEHRMNLGEEZL 0T THAS. FAEETHINLOMEIT OV THRET LTS,

BF 7T DEMNIEBRLTREDT -2 NENAREICHLSE, BETEERETELRNELS
BREDT—HDEZRVINARIZEDSTHSS. AL, BEOELERSEDEHRTHS. F
=, TNZXZHEMELTEE - SRECHZAMBEMORAENAROONKLS. EDLHIZF, EF
ARICEIEERAENDETHSS.

D-Wave D7 =—1 2 - IL— U OBERBEREILAT 5-ODEAMKEZERL, KEORAD
Tof-. HHABEHTITOLRIAHEOHRRLTY. EF 72—V VLR FREDIRILF—DK
IMEZRODAETHD. BREAELE, TOELEZHEAEEZEMLTEIAET S ETHD. KE,
BFERTRITENE IV, BENEFHEROMEZEASDT, HRHERTIT 1=

5.2 EF7=—"Y 7 DEH

5.2.1 EF7=—Y U JIC & HRER/IMEER
BF7=—UT LR, ERIEE, - E , DREBHR/NMEZ, EFHFEORBET=—YT (B

EHL) ZHAEDOETKDIFETHS. 72— VT OREXOEKRT, SRICLE-ERDEEEZRA
[TTFRHI&IcKY, BBENAZRYKRCAETHS. BEMNMERICBTCLE RBEEIRILE—
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ER/MET B EEBKRT S RMIIELE, - B  DALGHDYEROEEDIRILF—EL, DY
BREISETEIRLALGEENEELTVSEL, BEIIBITIDHILICLY, BELERKEMAS IR
F—RNDEEIZHRTISHETS. MOEVWAZINE, BETEEFLALEEEOHERSL, KR
[CBITTHEITEY, TRLF—RNOEEDHEENTICHY, HOEEDHEENOICHHIELER
Y5 CORETHAEINE IRLF—RIDODEENBESINDILICHS. EFRIEEITZEDL
SIEHRT, TORMEL (EENSERADET) FoalTa4 vHA—DRBHAEATRREIND.
EdRDA A—DFR S 1IZTY. KEELCZEFRET 5012, SEhofESAYZ#ITS. K51 T
FZENDIEENDBITORDYIZ, KMS/MIBITT IHBHGESSAVEEZ S MOHBHEO L
[CEHZELFESE, FBEET S RUOEIKES, REICPSESRDE, THNRA-BEVRICE
F£5. ENOERALS LT« VA—ARKIC, BHASEHLSZEABFIHEDLIHE (ELED
) I, o LAKNT=Z—UUJITHET S AN VOAFIFHETIE, SHOEERTHANT, 2H
DEHOMEZEITS. LWDIE, SROTHRFARTHZRBICEBNT CEITHET S EFFHETE—DD

EFEEBNEFOEREHLEREBICE D BHIFELZERET SR T, HTRHELEIERIZELS.
°
® ®
) 5\,.ke Violently =) chake
to Medium
®
A Shake Weakly Stop

[ 5.1 Image of forced oscillation to obtain global minimum.

5.2.2 BF7=—U VI DBEH
FTY, EFNFORBEHACHALTHD, BEF7=—UUIEHATS. 2ME0&L 1 2l5 1B
DEFH S DBROKEE
lw), =¢|0)+c,|1), (5. 1)
oo+l =1 (5.2)
£F5. 22T, |0)E)FEET, Flc, Lo FTOERKBEERDRUTHD. RITEIC|0) HER
SNBHERIL | T [)IBUSNIRERE|] THD. CORORKER, ROLS3HIIRY bLEE

ATHLRLY:
|W%=[2]=04ﬁ)+%(2j=%V»+QH> 5. 3)

Thhb, |p)E)0) &) *RELT B 2 REEMTHS.
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2EEMB N, BORTFE Y b (qubit) AMEZROREE|y), £T5 MENICE HRETLOM

S[AEVOBBETIVLIZESOTWT, ADVTETILEEENDS. 41 SV ETILDGAIZIE 2 [BEIREE
[FEARZEREDT (+1) ETFAEAEV ] (1) THS. BEOEDITN, =20BEICOVTEZD L

), =(Co]0)+c|1))®(c,|0)+¢5]1)) = coC, [0) ®| 0) + ¢4 | 0) ® 1) + €1, [1) ®] 0) + €4 1) ® 1)

(5. 4)
=C,|00)+C,|01)+C, |10} +C, |11)
LEMTS. 2T
C,=¢,,, C,=cc, C,=cC,, C,=cc, (5.5)
|00) =|0)®|0), |01)=|0)®[1), [10)=[1)®|0), [11)=|1)®|1) (5. 6)
ELE BEHT
C,—>¢, C —¢c, C,—c,, C,—c (5.7
|00) —>|0), |01) —>[1), |10)—>|2), [11)—|3) (5. 8)
EECZEIZTRE
lw), =¢,[00)+c, |01)+c, [10) +c,|12) 5.9)
=G, |0)+¢ |1 +c,[2)+c3)
LEMFS. CCZT
1) (1 0) (0
lxo 0 1><1 1
0)=lo0)=[o}@[o)=| . |=|, | [m=lon=[o)em=| ||,
0x 0x
0) (o 1) \o
(5.10)
1) (0 0) (0
o1 1o 1 o
2)=jo)=[meloy=| ., |=|, | [B=l-pel-| |-,
1x 1x
0) (o 1) 1
?%%|mgﬂwmpM$&%E&?é%ﬂﬂmigﬁf&é
REFEAZDE, |v), (X[0)[), - |2" -1) &HE :
|0) =|00---00) =|0)®|0)®---®|0)®|0) = (1,0,0,0,0,0,---,0,0)"
|1) =]00---02) =|0) ®[1)®---®|0)®|0) = (0,1,0,0,0,0,---,0,0)"
: (5.11)
> [11---10) =|[1) ®|1) ®---®|1)®|0) =(0,0,0,0,0,0,--+,1,0)
> 1111 =[1)®|1) ®--- ®|1)®|1) =(0,0,0,0,0,0,---,0,1)
ETBHN, REERTHS. ST
N, = 2" (5.12)
THd. Thipb
|1//>Nq =C|0)+ ¢ |1+, [2)+-+-+Cy [N, —2)+Cy 4N, —1) (5.13)
EEITS.

BF7=—VT LR BEIRILE—DHIE,E, - E, , ODXEBHR/NMEZ, 72— 2THR%

WY=L aLT 4 v A—ARAZREELSE T, KREMR/IMEICEET SHETHD.
l{ﬁ;ﬁg‘|!//>Nq %§E0)1¥\§& Co: Cl, T ch—l O)H#Fﬁﬁﬁﬂ:li, ’%— 4 E—Ggﬁﬂﬂ L/T:ct 5 1z
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dc, /dt Co

dc, /dt .
S el & (5.14)
dey, , /dt Cy, 1
TEZzbnd. TCT
H (t) = A(t)TH , (t) + B(t)H,
At =1-L B@)=L (5. 15)
T T
HO)=H, H()=H,
ETBH5-5, p.211]. NI FZTFTUH, EH I BIZENEY FOBEIZE
0 -1 -1 0 0 -1 -1 0 E,L 0O 0 0 0 0 0 O
10 0 -1 -10 0 -1 0EE 0 0 0 0 0 O
10 0 -1 -10 0 -1 0 0E, 00 0 0 O
. 0o -1-10 0 -1-120| ~ |0 0 0FE 0 0 0 0
H,=T Hy = ’
A 0 -1-10 0 -1-10| ®1]0 00 0FE 0 0 0 6.16)
10 0 -1 -10 0 -1 00 0 0 0 E 0 O
10 0 -1 -10 0 -1 00 0 0 0 0 E O
0 -1 -1 0 0 -1 -1 0 00 0 0 0 0 0 E
TEzZbND.
H,=0TH, A EREOBEKTANMESIZIE, BREELCOMSARERIIHEEIZRITT, TOMRIE
c,(t)=c, (O)exp(—i%t], n=01--,N, -1 (5.17)
ERED. ®HT
le,®f =[c,@, n=01--N,~1 (5.18)

THHANDT, BREEENSECSHZWNWI EITHE->TLES.
BREEILER DA OICIESRY ZHTHEVEVNTAEL. ZOREZRE-TOMNH, THS.
HZZDBEMIZES &SI/ YYDRT Y T35 (X 175) -

0 1
(1 Oj (5.19)

FRICLTHELONTLS. ZWIFEL, REICHLBDEIBREIAYEFHTIEIRILTF—RIDOE
EQHEEMN1 LY, thOEEDHEEMN0ICHS LS ICHMEILTS. CORETAETNEL TR
F—R/POEEINBA NS, COTOLRE ERBOERBEHERET DDICFELNEIFEEHEL (7
——J29) ITPTWBDT, BEFF7=—I 2T EFIENS. BEELFELIE, OTFAHAIRILF—ZR/N
23370t RTHAS.

H,DEYHEERRS. N=1DBEIE, /32D X175 (R7 v F175]) DHFESE—ITLi=31 D, N=2
DEBFINEEARELTALIS, S5 LTTELLE 272 L FRELTR2TICEDHI-HDTHS.
BLFHEET, N=nHSN=n+1%%. CEZEDNDI— K% Code 1IZ;RT :

Code 1 Codes for generating H, in C language

void GenOfHA(int Nq) 1
int 1, j;
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/l upper left

HAI0][0] = 0.0;

for G = 1; j < Nb/2; j++)
HAIO0I[j] = Rvs(HA[OI[j-11);

for G = 1;1 < Nb/2; i++)
for G=0;j < Nb/2; j++)
HAI[[G] = Rvs(HALG-11[G]D;

/l lower left
for G = 0; i < Nb/2; i++)
for G=0;j < Nb/2; j++)
HA[Nb/2+i][j] = Rvs(HALI[]);

/l upper right
for (i = 0; i < Nb/2; i++)
for G = 0; j < Nb/2; j++)
HA[][Nb/2+j] = HA[Nb/2+i][j];

/I lower right
for (i =0; i < Nb/2; i++)
for G = 0; j < Nb/2; j++)
HA[Nb/2+i] [Nb/2+j] = HA[I];
§

double Rvs(double x) {

if (x ==0.0)
return -1.0;
else
return 0.0;

HEHEROREETE KOG 1) TEAOhIEMAAFERZERBZOTIRLOL, XG. 105
Bhndt , hot ~OBREETEET

exp[—i %m} (5. 20)

ZRAWT
¢(t) =exp(—i¥&j6(ti_l) (5.21)

ELTHEW. =L, BRRATYTAZTRDINSBMEIENTFETHS.

5.2 [CERAELBICEICBIEINT7T=—) >V ED 7 0—%7F. D-Wave IZfi>T, £7=—1
VO ORBICHER| | FAETD. T2 LT ORE, BE [ DEVLOMNMESNS. D-Wave IZ
H>T, 7=—1U 25 %1000 EfE YR L, R/MEREOHEESFERYR/MEERET . NI L=
FUH, EH, DHELERADLED—EMELTITONS. ERICH, ZROBELED, TRILE—
E, n=01--- N OR/MEZEFT7=—" VU TRODDMENLFERHT S TOEHIIKRELZR (N, H
KEWV) OBAICE H,Z2RHDZZEBRNERILENE L, BIMEEZROIDIZEFT=—Y Y
UNDAEELAEEEN L THS.
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From 1 to 1000

0<r<r
~ ! ~ t -
H(t)= 1—; ', +;Hg Measurement:
- de(ty _ e
@ H_{'JHB ?"ITZH(I)E(I) }1:0]...2'\'_1
- ,f Y
: DEtE or Calculation of
. gt 1nax|c"|’
@ é(t) = cxp[—f—(r"l) A!JC:U'_I)
i

5.2 EF7=—")>7% (Quantum Anneal ing)

5.3. BEF7=—Y V7 DFHEH
ES1EHTEORERZ RN, F2HTEOEREBAMRENEFT - VT EERLI-M
HRHEMELUTISRY.

5.3.1 —ZEHDIZFEDEFT7 =— ) 7 KER/IMERE
(1) 30 EwY b, 1 EHEH, 2 REHORK/IMERRE
BEOEHEHOR/MEREEZ, EF7——") U THES. pEEEOEHELT, BMBEH (p) %
f(p)=(p-a)’ (5.22)
LT 51 BEEHOR/MERIEEEZD. pE2HEHTRT L

2
p=2.2"q, =, +20, +4d,,
p=0

2 2 2 2
pP=>2°q,>27q, =>.>"27"7q,q, =0, +4q,” +160,” + 40,0, +160,0, + 80,0, (5.23)
p=0

o=0 p=0 o
=, +4q, +160, + 40,0, +160,9, + 80,49,
E1Bb. NEY FOBZEICIE p DERHIK

p=0,1,234,56,7 (5. 24)
ThHd. R(5.23) TlX, IV REHDME :
G° =g, =012 (5. 25)
#ZARAWLWTWLAA, AWVEGCEDL LKL, KG.2)ZHANSE
f(p) =(p—a)® =q, +4q, +16q, +4q,q, +160,9, +89,9, (5. 26)
=55,
= (5.26) &Y
Ey = f,(0) = By = £,(0,0,0) = a2, E, = f,(4) = Ey = f,(1,0,0)=16-8a+a’,
E = f,() =Ep, = £,(0,00) =1-2a+a’,  E = f (5)=Ey, = f,(1,0,1) =25-10a+a’, .27
E,=f (2)=Ey=f,(0,L0)=4-4a+a’, E =T (6)=Ey=f, (LL0)=36-12a+a’, '
E,=f,(3)=Ey = f,(0L)=9-6a+a’>,  E =f (7)=E,=f (L11)=49-14a+a’
EiEb.

EHEDZRSc,. c.c,C,C,, C, G, ¢, DEFREIEILIX
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dc, /dt C,

in dcﬂ/ a =H() C} (5.28)

dc,. ,/dt Cu

271

TEzZbND.

ri
ri
A

H (t) = A(t)TH , (t) + B(t)H,

At =1-L B@)=L (5. 29)
T

T
HO)=H, H()=H,
ETB H,MEH,MDIE FERTRLELEOTHY

0 -1 -1 0 0 -1-10 E,L 0O 0 0 0 0 0 O
-1 0 0 -1 -1 0 0 -1 0O E 0 0 0 0 0 O
10 0 -1 -10 0 -1 0 0ELbL 0 0O 0 0 O
G _p/0 1100 -1-10, |00 0FEO0O0 00 (5. 30)
A “/lo 410 0 -1-10"%5®|0 0 0 O0FE OO0 O ‘
10 0 -1 -1 0 0 -1 0 0 0 0 0 E, 0 O
10 0 -1 -10 0 -1 0 0 0 0 0 0 FE O
0 -1 -1 0 0 -1 -10 0 0 0 0 0 0 0 E
THEZLND.
IECES L
1 T
|‘//>t:o:§(1 1111111 (5.31)

ELT KO ) THEAONSIEMDARERREA A T—ETEW:=. UTONTA—2—%FEIZTHW
1=

a=10, #=01, T'=10, dt=000001, 7=3.0 (5.32)
HEHRERS 3ITRY. p=19AbLREE (00 Tle[ =1I2HE>TW 5. ERICIE
Re[c,]=1.00181, Im[c,]=0.01847, p, =c,| =1.00198 (5.33)

NEoNhT-.
HEICHAVWON-CEREBTEMEHEI—FEMHFEFAITTET.

cc[0]+i cs[0] cc[1]+i cs[1]
PP 20 ¢ o’m @4 "’:’:»;’%
"‘ * X N "‘.?ﬁ. L T %%
: >4
’

(a) Trajectory of o (b) Trajectory of ¢
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cc[2]+i cs[2] cc[3]+i cs[3]

0.6 05

(¢) Trajectory of o (d) Trajectory of ¢
cc[4]+i cs[4] cc[5]+i cs[5]

(e) Trajectory of « (f) Trajectory of ¢
cc[6]+i cs[6] cc[7]+i cs[7]
* .. 1* S
¢ SR S S ¢
M j? ‘e e
0.4 0P @2 % 4 %02 ®03 0.4
. ‘AI\A s o® A‘
hd ha 4 Jrdd hd Y
¢ te e M
* .m . *
(g) Trajectory of ¢ (h) Trajectory of ¢
Probability Probability
1.2 1.2
) — pl0]
208 / — pl] '
: 0.6 ~ ——pl2l |08
] .
0.2 A _p[4] 0.4
— p[5
_— PBl |
0 1 2 3 — ple]
. 0 T T T T T T T
Time —P[7] 0 1 2 3 4 5 6 7

Probability of base 0,1,2,3,4,5,6 and 7
5.3 Solution of r3)11in7(p—a)2 by quantum annealing (N=3; p=0,1234,56,7)
p=0L:-,

(2) N Ew b, 1EREH, 2 REKOR/IMERME
(1) OR/MEMEIX 1 BHER p DR/MERBRETH > 155, 1 EREH x DH/IMEREIZHIRT 5.

Fr-, BMIBEHN%E 2 REBHKICRE LAGWT, —ROBKICHRT 5. T4bhb
f(x)=(x—a)? (5. 34)
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ETH CDT—RATIE2REHELEA, UTD Q) TIE2REHTHL. FT, EREHx o

LT
x, =-L+nAx, n=0,1-.-,2" -1

ET B RIT, BRI E2EBRTEETHZS -
N1
n= zziqi :Zoqo +21q1+"'+(2N _l)qu,l

i=0

=% (5.36) 12X (5. 35) #HRAT B &
X= X(qmqlr--qufl)=—L+szz_12‘qi, n=0.1---,2" -1

/3% chzXOG.MITKATDHE

2N 2 2N 2NN
f(x)=(x—a)2=(—L—a+Ax22‘qi] =(L—a)2—2(L—a)Ax22‘qi+szz > 2%q,
i=0 i=0 i=0 =0
X (5.38) LY
Bo = f,(X) = B = fq (0,0,0), E,=f(x)=Ey= fq(l,0,0),
E =f,(X)=Ep = fq 0,01), E=f(x)=Ey= fq 10,9,
E, = f,(x,)=Ey = fq (010), Eg="f(X)=Ey = fq 11,0),
E3 = fx (Xs) = E011 = fq (0,1,1), E7 = fx (X7) = E111 = fq (11111)
R AR
%g@@{%ﬁ%,Cl,CZ,C3,C4,C5,CG,C70)E#FE|E]:@1|$IQI
dc, /dt Co
dc, /dt - C
in Cﬂ/ =H®)| .
dc,,  /dt o,
THEZbND. CCT
H (t) = A(t)TH , (t) + B())H,
A =1-+ B)=1L
T T
HO)=H, H(@)=H,
EF%. H,0EH,O K
0 -1 -1 0 0 -1 -10 EL O O O 0O 0 O O
-1 0 0 -1 -1 0 0 -1 0O g 0 0 0 O 0 O
-1 0 0 -1 -1 0 0 -1 0 0 E,Lb 0 0 0O O O
A 0 -1 -1 0 0 -1 -1 0] - 0 0 0 g, 0 0 O O
HA:F ’HB:
0O -1 -1 0 0 -1 -10 0O 0 0 0 E, 0 O O
-1 0 0 -1 -1 0 0 -1 0 0 0 0 0 E O O
-1 0 0 -1 -1 0 0 -1 0 0 0 0 0 O E O
0 -1 -1 0 0 -1 -10 0O 0 0 0 0 O 0 E
TEZLNS.
MBS %
1 T
|l//>t:0:\/2_3(1 111111 1)

(5. 35)

(5. 36)

(5.37)

(5.38)

(5.39)

(5. 40)

(5.41)

(5.42)

(5.43)

ELT, KOG W) TEAGNDIEMDARRKET A S —ETHRV . UTDONRSFA—2—ZFEICAL

1=
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a=0.0, n=01 TI'=10, dt=0.00001, r=6.0, L=175 (5. 44)
HEFERERDL 4I2RY. EREHxDOREBURLUE, K G.3D) M5

xn=—1.75+n($], n=01---7 (5. 45)

EB. ZOBAOENBRBOR/IMEE, x=-025& x=0253F HhHhHEE 0,11 & (1,0,0) T, RLED
=/IMEIZHS. R5.6 ITRT L5112, EIE (0,11 & (1,0,0) THEEMNOSITH-LTULVS.

Probability Probailitgy
12 0.6
— plo]
! —pny | |05
g0 — pl2] 04
£
30° —eb |
L4 — — pl4] :
0.2 / —pi 02
0 plé] 01
0 1 2 3 4 5 6 7 pl7] _ _
Time pt ° 0 1 2 3 4 5 6 7

Probability of base 0,1,2,3,4,5,6 and 7
5.4 Solution of rg11in7(x—a)2 by quantum annealing (Nq =3 p:0,1,2,3,4,5,6,7)
p=01.-,

Q) 4 Ev +, EEREHBIIOR/MERE
HEDQTRILF—E, (N,=4 p=012--15)(F, BHETEE THEZHIITH>TLL. HlRIE,

KOLIBELURSSIZRENDLILGELDTHL>TRLN

% 5.1 Setting of Energy E, (Nq =4 p=0,1,2,-~,15)

JY £ P £
0 2 8 2
1 0.8 9 0.8
2 0 10 1.3
3 1.2 11 1.6
4 1.5 12 1.7
5 0.7 13 1.2
6 0.6 14 0.6
7 1.1 15 0.8
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Energy

2 re

>15 .y /\ N
ELN AN S\ N
. \\j/ N ¥ N

[X 5.5 Setting of E, for quantum annealing (N =4; p:0,1,2,-~-,15)

NI RZF UH(E Code 1 ZAWLTHG. 42 D& S LGRAITIHEENIEXLL. H,IZDOWTI,
N, =4DZBEDLDZE (5. 42) (T > TENIL L L. KW TIE, Code 1 ZAWVTEHELL:.
COIA—FTHESNEN, =4DBFEDNINWV =T VH, ZUTIZRY :

O = o Rk otk otk Aotk otk o koo
1 1 1 1 1 1 1 1
R T S N T S S G I

(5. 46)

CODESBNINLNE=ZTUH, EHFANT, 5.40) EX G 4) Tk YBRELLESTETRIE KLY,
HENSA—E—IL

h=01 T=1 dt=0.00002, r=6 (5. 47)

ELt. 56 CHERREETRY. REOHEBEOAHA | £BATLEA, NILF=ZT Y
H(t) = (1-t/z)TH, +(t/c)H, AE Rt DRBSTH B0 5, EEEHEOBERTHEDTEHH 1 EBITH

ftAH%EL. BOTEREIT AL, HEHRZRS 8I1TRT.
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Non-Normalizd Probability Non-Normalized Probability

2 1.8
E — p[0] 1.6
E 15 —p[1] 1.4
[
= / — pl2] 12
T / p[3] L
= 0.8
Eos Pl e
5 4‘// 5 :
4 . — — pl] 0.4
g 0° - - — pl6 0.2
Z 0 5 10 pi6] o

Time t — 0]
01 2 3 4 56 7 8 9 1011 12 13 14 15

¥ 5.6 Solution of 0rTJin 15f(p) by quantum annealing (Nq =4; p:O,L2,~--,15)
p=01.2m-

5.3.2 ZEHDBENDEFT7T=— )V JFHE
N, BFE Y b, N EHER, EEOBE T, (X) = 1, (5,5, %, ) OBRMEREE~OIRIC OV TE R,

HEF LR
N, B DEREE B DR
f(0)= (% X %y ) (5. 48)

D ix/MERTE :
f, (X)= fx(xo,xi,---,erl):min (5. 49)

EEZSH. BEORLD, EBAOEHxDEFEY N, &

N, =Ng/N,, i=01-N, -1 (5. 50)
T 5.
ERERIIBEERTEMT S -
X =—X,_ +iAX (5.51)

BHEHIL
A% =(AX), =1, i=0,L-+,N, 1 (5.52)

EEZSLH. ROGONITHETSH 10 E£EHI (&

i-1
b(0)=0 and b(i)=> N, for i>0 (5.53)
=0
ELT, 2ERICEKIRT D -
Ny -1
= Z 2" Obysn = 2° qb(i)+0 +21qb(i)+1 oo 2 71qb(i)+qu -1 (5. 54)
n=0

nERXGOHNICRAT S L
X:_X'L +(20qb(i)+0 +21qb(i)+1+”‘+2Nqi_1qb(i)+Nqifl)AX (5 55)
/5 nERGAICKRATLHE, BES [EN BED 2 EXKHK G, 0, 0y PEIERf [CEBSND.
Thabhst, K(5.49) &
f, (X)= fq(qo,ql,---,qufl):min (5. 56)

IZE#}EIND.
2MEEHEHOEEDHN, (X
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TEZbN%.

ETDHEE,

BEEMIZIZ10ESp &

N, =2"

b

NQ
p:ZZi q° :20q0p+21q1p+.“+2Nq71q£qil
i=0

PEEDEEZE

(@ o

ETBHE, COEEDEEIRILF—E, X
E, =1, (qop’qlp"”’ql?qul)

LTS

UTIZBIBREGZETRY

(1) QEv b, 2B¥LEH, 2 REKOK/IMERE

BRESE LT 2EHOBEEERD
f(,)=a(i-a) +pi-a)(j-b)j+r(ji-b)

—_CT

1
i=>2°q, =q,+2q,,
p=0

NEY FOBEEDIRILF—IE

E, = fij (0,0) = Eyypp = fq (0,0,0,0),
E,= fij (2,0)= Eiono = fq &0,0,0),

E4 = fij (0,1) = EOOOl = fq (0101011)!
E, = fij (21 =By = fq (1,0,0,1),

E, = fij (0,2) =Egy = fq (0,0,1,0),
Ey = f;(2,2) =Ey = 1,(1,0,1,0),
E, = fij (0,3) = Egpyy = fq (0,0,11),

E, = f,(2.3) = Eyy, = f,(0,11),

: quq—l)

3
j=>.2"q,=q,+2q,
p=2

E, = f,(1,0) = Eyyo = f,(0,1,0,0),
E, = f,(3,0) = Eyypo = f,(L1,0,0),
E; = f,(L1) = Eyy, = f,(0,1,0,2),
E, = f,(31) = Egyey = f,(LL10,1),
E, = f,(1,2) = Ey = f,(0,1,1,0),
E = f,(32) = Eyyo = f,(1,1,1,0),
E, = f;(L3) = Eyy, = f,(0,11,1),
Es = f,(33) = Ep, = f,(LLLD),

(5.57)

(5.58)

(5.59)

(5. 60)

(5.61)

(5. 62)

(5.63)

EFRIEEL. NI RZTUH, I 26 63) EHETIEHEICHERLS. NI =T UH, 3

(5.46) ZEZIT KL
COESHENSILFZTUH, EH, ERNT, 6.40) £3£ (5. 41) (2 & UBMELEHET RS &L,

HENSA—4—IF

i=01, I'=1 dt=0.00001, r=6;---a=1 pf=0, y=1 a=1 b=1 (5. 64)
ELE 5 TICHERERREETRYT
Non-Normalized Probability Non-Normalized Probability

1.2 12
g \ — pl0]
2 — pl1] '
g %® // —pl2 | |o#
E 0e / — p[3] 06 B
.r_; 0.4 m Probability
E / —pll ||,
ZZ .O ‘ = = ol 02
2,0 1 2 3 Pl

0.2 - o _

Time — pl7]

01 2 3 4 5 6 7 8 9 10 11 12 13 14 15
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5.7 Solution of  min 3f(i,j) by quantum annealing (Nq =4:i=0123 j=0,1,2,3)

i=0,1,2,3; j=0,1,2,

5.3.3 EF7=—VVJHEOEER

BF 7=V EEREIRILX—OR/MEEZ, EFNFOREBZMALTRHZIILOTHY, BX
FAEHOEENDFRB T LHLEEEDHERRIZH >TEA LS. OR/MEFEREIFELY, BE
[CKEBMR/IMEZHETES.

(1) BAREGHERANH

KEHR/IME & BFFMR/MEDR ICBHELGZENH HIHEICIIMELZ VA, EH TGELMED BRI
ENHDIGEICE, KEHNR/MELEDHBEEEOENBEIOTEIENVETHINAEICERATE .
K5 8ICEHE#REZTRY. &EIL§5.3.1 B) ODyr—XRE#LVLEELEZLEDICDONTIToz. B5.61Z
#ER%ETRT. DWave DERTIXFE CFEZE 1000 B YR L, KEBEMR/IMEDOH EEDEESHZEXR
HTREMR/MEZHEL TS, TOEHITRYMEHST-OTHAS.

En En En
25 25 25
2 2 2
15 15
—+— [
1 1
0.5 05 0.5
A=01 A=0.01 A =0.001
Energy of bases
Non-Normalized Probability Non-Normalized Probability Non-Normalized Probability
14 0.8 0.9
12 0.8 08
07 0.7
! 056 06
08 0.5 0.5
06 04 0.4
03 03
ol 02 0.2
02 0.1 0.1
o , 0 0
01 2 3 4 5 6 7 8 9 10 1 17 13 14 15 01 23 45 6 7 8 9 1011121314 15 01 23 456 7 8 9 1011 12 13 14 15
A=01 A=0.01 A =0.001

Probability of bases

[ 5.8 Effects of local minimums on the global minimum

(2) /4 XI5

D-Wave DEREDEFT7=—) 0 J1F, D3IV IHREFOIE—LAKROBRNGEZD L,
1 EIDFEHIZ 3 E— L RER (310 F/ #) BI85 RALERM BT A 7 O8) T 3 [F
F-ABl COCEiF BFF=—UUIN/ARITHRVEVWSHENHDLEERELTNSELSIC
BbNd. 20T, JARE(e, & .. ¢y ) EAMULBEMEBHEET>THE: -

dc, /dt Co &
dc, /dt . o £
l:/ =H(t) :1 +o :l (5. 65)
dCzN 71/dt Cz”q 1 EMay

ri
ri
A
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HERS T Q) OF—RIZDVNTITo>1f=. /A RIE[-11] —#HH/ 1 XT,

H (t) = A()TH , (t) + B(t)H,
A =1-1 B)=1
T T

HO)=H, H()=H,

T. JAXDEENINSN EADM 5.

(5. 66)

FTEERERS. 9ITR

Non-normalized Probability Non-normalized Probability Non-normalized Probability
2 2
— plo] — plo] z — sl0]
15 — pll] g 1° — pl1] s 18 — pl1]
£ —pl2] 5 N = pl2] 35 N —pl2]
£ 2
3 — pi3) 3 — i3] 4 — o3l
g0 — pl4] ® s — pla] ® os — pl4)
0 - == —nlsl] o — — — pls] o B e Ly — p[s)
0 5 10 — plé] o 5 10 — pls] a . 10 — pl6]
-0.5
Time t —pl7] Time t — pl7] Time t — 7]
c=0.01 c=01 c=10
Time evolution
Non-normalized Probability Non-normalized Probability Non-normalized Probability
18 18 16
16 16 1.4
14 14 12
12 12 1
1 1
08 m Probability 08 08 ® Probability
06 06 06
04 0.4 04
02 0.2 0.2
0 — o — 0
001 2 2 45 6 7 8 9101117 1314 15 0 1 2 3 4 5 b 7 & 0 10 11 12 13 12 15 012345678 9101112131415
0=0.01 c=01 c=10
Probability

5.9 Effects of noise

5.4 HRFHDHHHEDR/IMEME
541 EXMREHDHLES
EXHRFHOEEEHETHS. FAHREBERT LT —ELLTRHITFMASETFTRY. 974

nHbH

Fn>0&~_"FILT4—ELT

EEZANIELL.
Bl Z I,

DIFEITIE

1% n=1&£95%¢&

THBEDT

f(x,y)=min under g(x,y)=0 (5.67)
F(xy,7)=f(xy)+79°(x,y) =min (5. 68)
f(x,y)=x+y=min under g(x,y)=x*+y?-1=0 (5. 69)
F(x,y):x+y+n(x2+y2—1)2:min (5.70)

oF oF
&=1+4(x2+y2—1)x:0, E=1+4(x2+y2—1)y=0 (5.71)



NEHREHFIZRAT S E

2x2=1—>x=i%—>y=i% (5.73)
85 BRAELTAEOTEENENH BN
X=y= —% (5.74)
HRME-225%%.
5.4.2 TEXHREFHEOHDHEE
TERBREUHLHDHE, HIZIE
f(x,y)=min under g(x,y)>0 (5.75)
DHEICE, RNRAPTEXHREUHIEERT 2BEHRNICHSHIHEICE, DA
Ay _aAey) (5.76)
OX oy

EmEd 5.
MEBOERLIZHABEICIE, BEz=f(xy)HEE z=9(xy) DFESHENE 5. 10 ITREINDEL 5%

BRIZHBHIEEIZIE BMNSITEBER
g(x,y)=0 (5.77)

DEIZHH-T
VE(x,y) =-Vg(x, y) (5.78)

EHETD.

[ 5.10 The direction of gradients of surface z=f(x,y) and surface z=g(x,y)

- T, m/MEMEIE

f(x,y)=min under Vf(x,y)+AVg(x,y)=0 (56.79)
[CESNnD.
MIZ, >08&Un>0&ERFILTs—&ELT
F(xy) = F(%y)+m9%(X y) +m, | VE (X, y) + AVY(X, y)||2 =min (5. 80)
EEZNE KL
Bl Z 1,
f(x,y) :(x—\/f)z +(y—\/§)z =min under g(x,y)=x*+y*-1>0 (5.81)
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DIHEIZIE
F(x,y)=(x—x/§)2+(y—x/§)2+771(x2+y2—1)2+n2[(2(x—\/§)+2/1x)2+(2(y—\/§)+21y)zjzmin (5.82)
&%4%. ZCT
o4 ( /ax 81 (x—2) + 2x)(L+ 2) =8, (1+ 2) x =2 ) 1+ 2)
64772((y— 2) +/1y /8y=8772 y—\/§)+/1y)(1+/l):8772((1+/1)y—\/§)(1+ﬂ)
THBNT, n=1T5&

OF o o(x—2 )+ 4, (X2 + y? 1) x+ 80, ((L+ 2)x—2 )(1+ 1) =0,
a,)i (x=V2)+dm, (X +y* ~1)x+8n, (1+ 1) x—2)(1+ ) 5 8)
:2(y—\/§)+4771<x2+y2_1)y+8772((1+}t)y—\/§)(l+l):0

(5.83)

EHB. [E-T

%Fz 2(x—2) 8,2 (L+ 2) + 4 (X + y2 ~1)x-+8, (1+ 2) x =0,

E_Z(y J—) 817,72 (1+ 2)+ 4, (X2 +y* 1)y +81p, (1+ )" y =0 o5
EEEHMAT, LOKICYy ZBITTORICxZHITTSIC &
2(x—J§)y—8n2J§(1+,1)y=2(y—ﬁ)x—8n2ﬁ(1+,1)x - x=y (5. 86)
E/AHDT, gx,y)=xX+y =1hi
X=y=— (5.87)

/5. In&kY, mIMBEILT ERFED.
COMEBICEFT7=——U2JHERTHE=OICIK BHIRIE6EFEY FOBEICIE
x =0.5+Ax(q, +20,), yj:0.5+Ay(q2+2q3), A =05+AA(q, +2q;) (5.88)
ET5E, 10 EEMENE 2 EBHMTHBEICELUTES. EEOIRILEY—IZ
E, =F,(0,0,0,0,0,0), E =F,(0,00,0210),
E,=F,(0,000.11), E =F,(0,00.10,0),

]

(5. 89)

E, =F,(0,11111), E,=F,(111111)
THETES.
LB ELG AL T« 2 A—0AEKIE, K6.400X6G.4N)TEZ NS, SHERREEZH
5. MISRY. REMR/MEDELEATHESNA TS,

1.6 ags
. Probability
1.4
—pn) | 03
1.2
—pr | "
a .
— pl3] 035
0.8 — pl4] 03
0.6 ——pBl 025 u Probability
0.4 -~ —— pl6] 0.2
/ o 0.15
0.2 _/; 0.1 |
o T e
! ! ! ! ' — p[9] ToJn LA U N § W 'S NN N N A,
0.5 1 1.5 2 2.5 3 35
0.2 0 3 6 9121518212427303336394245485154576063
Time evolution Probability of base Probability of base

5.11 Probability of base
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5.6 BF7=—Y2JI2&d=a2—F )L xy FIT—Y DFEE

TA—T3—Z VDR EINTLUE, Z2a—J)L-ry FIT—VDEREICIIEZREDLI LD HS.

HoWERFITBRRGHEEEZRIILDDOHSH. LHAL, EOFFICEIKRELGRENHD :
(1) KIS,
(2) KEHRER/NMEIZLEYBESOMIBETAEL.
(3) BEZEDENLDHS.

BF7=—U2J1F CO&RIGREEZ—FICRBRLTLESARELAHS. FAIEIETOERT, E
F7T=—YUTI, &36@36%4‘1@&3%’&%9&3‘67]EW&TCL\%)_ti)\ﬁj\h\af:. Li=>T, 2D
BRroEAND, BF 7072 a—3) 2y b I—VICEBATES. BHEOEHIZ, BEE
BZa1—-F) 3y TV DREFEEHRFEICRS.

BEE—_1—FIL-RY rFT—IDAFA—DFRE 12I2RY. ANRBZE 0B FREBZE 1,2, -,
N-1/8, HAOBEENELET D

AN ©) HfEfE (1)

hREE2) PR N-1) EHARNY)

O

QOO0
®
e

| () BED
OO ) Ere

A0
NL+1E DFEENN () =i-no

5.12 Hierarchical neural network

nBDj1=y FADAARK, RXTEZONDEDET S :

N(" -1)

ui” = ZW(“)V‘“’+0("1), =12, Ny, n=12-- N, (5. 90)

ok NP R R v<"‘1)l:,tmj3 OV ATy FEFENRD. Ff, nBO 1=y FOH
HiF, RATEZONDELDET S

N (1)

VEn):h(UEn)):hLZngnl)vi(nl)_i_ejgnl)], jZl,Z,'“,Nén), n=1,2,"',N|_ (5.91)

i=1
22T, hQrEAEHTHD. VO BRAABDAATHS.
BE=1—35)L - *y FT7—21% BREBEKE(VWO0)PBNNHEDESITETT S

NGV
ZE Z{l z (tg —VENL))Z}min (5.92)

s=1

ZIT, NEEEBEYHUILMTHD. COR/MEMBEOHEEEIE
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N
vin = h( Z wiryn +6?J.(”1)J, i=12,- N, n=1--- N, (5.93)
i=1
THEZLNS.
THHBERTEETLEEICE, REVGRERERBTEEHAELELAETHRL. EFEHKD
HBEICIE, KG9 DHREHERFTILT 1 LT 5x/MERREIZERT S. T4 s, BMEHKF %
= (V<NL)1,,,,V<1)19(NL—1)1,,,9(0),W(NL—1)1,,,,W(0))

N [ 4 NG ) NN NG i (5.94)

_ (N) M) | () (n-1)y,(-1) | (n-1) _ mi

=y EZ(tj—vj )+ 22 VP —hl 3w g =min
s=1 j=1 n=1l j=1 i=1

ELTEF7=—U YIRS 7V, j=12- N, n=12, N ERFLTF1—TH3.

F52EMS BICRENDESLBEL=a1—FI)L - XY IT—VZEZTHS.

5.2 Neural network for exclusive OR

Hh 0 1 1 0
&
AN 0 1 1 0

5] 5040 5100 0% BE RS0
i g
AH10 0f1—-1|—-11]0 0

A1 040 | A-0]10 111 1

A

ch ]

A&
if x>0 then A(x)=1, else x=0

5.13 Neural network for exclusive OR

5. 1BICRENDLIGV A A, KG9 DR/MEFENDEAZ L LTHELONSZEETRED. R
(5.94) & Y Z0HE D BB F (v, v v, Wl wh wi Wi, wi we ) 1
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® y® v@ WO WO WO w® w® w®
F(Vl ’VZ ’Vl ’Wll ’WlZ ’W21 7W22 ’Wll ’W12)

1 s 2
ol _y@)2 @@ _ ONTORTE
5 (t,;—vy") + 2 m7|v” =h E WiV + 0]

4 Ns j=1 j=1 i=1

=Y E =) , =min
2 N&D
O[O _hl ST WOV© 4 g©
w2 (Vi =h| 2w + 6
j=1 i-1

(5. 95)

TEZbN%.

BF7=—" U5 %&T5=012E REMEHVO VO VO, WD WD W W W wh % 2 s
THEBLGTFNEGESEL. EDHIC

v v v (%

Naui!-1 NgvsD-1
@ _ @) (3] p (@) (3] () p
v =V AV » 2 Gy, Vo —Va +AV, D2 Gy,
=0 =0 (5. 96)
Y
(2) _ (2) (2) P
R A A\ A Y G0,
p=0
Ti#EPENS. ZZT
@ _ @O _po (8] 2 _rp® ()
1 _O’ b\/2 — M +Nqbl ' bvl _bv2 +qu2 (5 97)
(0) A/ (0) \A[(0) 14,(0) 1) @D
L ) Wi, 7 Wi Wy WEp 1W1(1 W (&
Ngu 91 Ngu9-1
M”—AN@+AWWV§:Tq WO — WO L AWO § op
11 — "V 11 b 4p’ 12 = "V 12 qbwig)w’
p=0 p=0
(5. 98)
0 0 0" ) () 0"
— P _ P
Wy __W21 +AW21 Z 2 qmgg) +p! Wy, —_sz +AW22 2 qbw(z‘? +p
p=0 p=0
) vl 4
(1) _ (3] () p (1) _ () () p
Wiy __Wll +A\Nll 2 qbwﬁ)+p’ Wiz __le +AW12 Z 2 qbwﬁ’w (5. 99)
p=0 p=0

TiEMENS. CCT
0 _hp® (2) o _p O (0) 0 _p O @ 0 _p @ ()]
bwll - bv2 + qu2 ’ bw12 - bW11 + qull ' bW21 - bw12 + quv12 ' bW22 - bw21 + qu21 (5 100)

b1t =05 + Nuzz B8y =gy + Noya? (5.101)
£55%.
NINF=ZTFUH, #RHIDICDELEREDT AL E—FRA THES NS -

E, =F,(0,0,0,---,0),

E, =F,(10,0,---,0),

E, =F,(0,1,0,-,0), (5.102)

E s = Fy (L11,1)

LIS ELG AL T« 2 A—0AEKIE, K6.400X6G.4)TEZ NS,
HHEFAEHTHG.9) TEA DN SR/MEMEDHEZE, A= YETROTH (6. 95) DRIEZETo1=
BFT7—F—IC&BRAIREFTHS.
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5.6 7=—1 V& BEL | RAERXDERE
BT IRABAEEFT— VI THBRLTATTIZONTIERNS. BED=-HIZ 2 TOEFREM] |

RAERER :
(A}o Am]{xoj:[fo] (5.103)
Ao A \X f;

[ZDWTEZRD. T, EADOTHERBITI, FIRT FILERMBANY FLEL, BILDOFRY b
IWEEHRARY FLERES.

EFT7=—VIUTEFESEOHICZIE, 2BEOER

(1) s/IMERREICE#

(2) 10 EEH % 2 ELTHIEH

MLETHD.

5.6.1 B/MEREICZK#
(5. 56) DB IZFHHATI D HREGETINZH TS -

A*OO A*lU A)O A]l XO — A*OO A*lO fO (5 ‘] 04)
A*Ol A*ll 'Aio AJ. X1 A*Ol A*ll fl -
*ENFERHETERT. FETILN0 THIHNIEL, K G.56) EXG.ONEFHFEFBmTHS. Thbhs, K

(5.104) DFEZEX (5. 103) DETH 5.
LUTOZMEBEIZT 5101

(Hoo Hm) _ [A*oo A*w j(pbo Amj (goj _ (A*oo A*loJ{ fo] (5.1 05)
HlO Hll A*O]_ A*]_]_ Aio A&J. ’ gl A*Ol A*ll fl

EF . ATHI(H, ) FRBEBTELL BV I — MTFITHS. K (.103) 1%
(HOO HOlj(XOJZ(goj (5 106)
HlO Hll Xl gl

[CEBESND.

DFIZ, R (5.106) ZIEEDREHF(x, x) ZBHIEH & I 5 K/IMERRE

1 H 00 H 01 XO gO ' H 00 H 01 XO gO _ H
F(XO,Xl):E|:(H10 Huj[xij_(glﬂ I:(Hm Hllj(xlj—(glﬂ—mm (5.107)

IZEHT S, ZZT, LAERAFIEIRABREGBEZEKTS. KOG 10N EFETET L

1, . \(Hy H . I He HO(%) (9

F(x.x)== 00 0| 00 o || % | [ 9o
(Xo1 %) 2{(xo Xl)(H*m H*nj (9% 91)}{&% Hn][xij (%H
_(X* X )(H*OO H*loJ[Hoo Hm)[xoj |
’ ' HY HY J(Hy, Hy (%

« [ Hoo Ho [ % H'p Ho )X

==|- - 5.108
ARCE gl)[H10 HHJ[MJ (9 QJ(HQO - (5.108)

|~

=min
T51(H; ) IETILS— b THENDT, HEDE 1 HIRHTHS.
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5.6.2 10 EERZ 2 EXRIK

XDEMEERICT B0, DEQLSHRESEBATS -
) (i ) ()
CORSEMAND EET 1 AR (5. 106) 1F
[H]{x =1{g} (5.110)
& /IMBRIRE (5. 108) %
F(%,&):%{{XF[H]Tﬂikx}—ZReBg}WFﬂ{ﬂ}+{gf{g}]:nﬂn (5. 111)

EEITD.
UTIZEWTIE, BEDEOITEZEMTIIA TERDBAEERS. #oT, LHAEFIFI2T &
AR 5. 10 L% -
X € AX[-27, 27 1], x e A2 20 1) (5.112)
E2EETHICEMRT S
XO :AX(ZOqO+21ql+...+2‘/‘1qv71_2v—1)

(5.113)
X1 = AX(ZO qv + Zlqvﬂ EE 22"‘1qzv71 _ 2\/—1)

SCT, MIEHHERET
q,=01 p=01--v-Lv,-,2v-1 (5.114)
X2 EZEHTHD. RGN DKSBEMRTIE, 10 EEHAER T4 < THEREEAX ORERL 10 #E %
Wz 2 EERITEML TS LTS, CCTRDESBESERBAT S
af=(0% & ~ au 6 Gu -~ Gy,

20 ot .92 0 0 - 0
B]= , 5.115
[ ] [0 o --- 0 2° 2¢ ... p_v-lJ ( )

(aj=(z 2

KOG 1NIEDEDLSICEITEHZEIZHS

{x} = ax((B]{a} ~{A}) 5.116)
= (6.115) &= (5. 116) DK Y I
[Y%0 Y Yo
[Q]_(qlo O, - qlzj,
by=(20 2 - 27, (5.117)

{A} _ (2%1 gv-1 )T
&ELT
{x} = ax([Q]{b} - (A}) (5.118)

DEINITECILELTRETHAHD, UTIZEWLTIEHK (G.115) EX (G 116) ZFALNS.
LG 1M6)ZXG. MNMDITRAT S E, BRI F(, %) = (0,0, 0y ) [
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1| ¢ ([BJ{a} - (A}) [H] TH]([B]{a} ~{A})
2| 2axre[ {0} [H]([B{a} - {A})] + (g} {0}

f(quql =0y, 1)

& {a}'[B] [H] [H][B]{a}
—% - {A}' [H] [H][B]{} - &¢ {a}'[B] {A}-2axRe[ {g}'[H][B]{a}] (5. 119)
+AXZ{A}‘{A}+zAxRe[{g} [H]{A}]+{0}' (g}

EBD. INIT2EEH, =01 p=01-,v-Lv,2(v-1)D 2 REYBTHHDT, EF7r=—" vy
MNERETH S.
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AMETIE, EFEY M- TRBAEFNFHEZAREICTI2EF7=—) JI2&>T, FEOR/IME
FREOKEMR/IMEZ RO DERMNLGHIBEZRETHELHIT, BIEFITHRIEL

FEOR/MEMBEDO KEMR/IMEZRDHZ1=0I1Z1E, UTOL S HEAICERYBERIEL ST

(1) 10 EEHEHRD 2 EBHEHA~DEH

(2) 10 EEHERD 2 EEHRERIC & SR

(3) 2 REABTHRUL—ROBEEA~ DR

TSI, ZOTATT7ETILT)XALOEMMEEERILT 51012, HEHEKTHEL I 2L—D
IVEERLI. RORTYTIZTEWNT, EFtERICKDFEEEBLIL.

Ftz, ARTIK, EFEBROUEEMCHZOZVGEDOLOIC, ETHESEVELZEZBLTVWS 7=
— )T EFENIR/MEBBEDRREZDEFREZHRBEDTA TTEHYRAATITO>TWS. S6IT, EF
T=—UoJI2&B=a—F)L -2y FIT—VDFEBLEL | RABKXOBEICTONTEH, EFMLH
HOBEHERE BT,
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ELEDfRA CERBTEMMEEF7T=—YVJOMEI—F

UTFOFIRTHETE 5.

(1) gnudCaAVNNAS5—% AL A N—1LT 5.

(2) FHEOEZDDO I AT —%1ED. #Hilz 11X desktop @ iz quantumAnneal ing Z1{E%.

(3) quantumAnneal ing (Z F5C® source code @~ 7 1 /L quboldimParabl1Y.c & A1 7 7 A /v
quboldimParab1Y_inp. dat # &< .

(4) AR F91 v FozR<.

(5) ARV EYL U F9DOT 4 LY B & >¥users¥|¥desktop¥quantumAnneal ing (23 5.

(6) = Z>gcc quboldimParablY.c -o quboldimParablY.exe 2% 4 7L CCR I B &, FEfT7 71 /L
quboldimParablY.exe & 4+ ~7 =7 F 7 7 1 /L quboldimParab1Y. obj 73 7 + /L % —
quantumAnneal ing [ CT& 5. A7 V=27 M7 7 A NVIFIARERO TV HTTLL.

(7) 7 # /v % —quantumAnneal ing CT3£17~ 7 1 /L quboldimParab1Y.exe 2 7 V v 7/ 95 L H 17 7 A
JL quboldimParab1Y_out. csv 231 S 5.

(8)H 717 7 A /v quboldimParab1Y_out.csv 27 U v 7925 L =7 BRI FHEMKEAXICTE 5.

(1) N Ew b, 1B%LEH, 2 REHOR/IMERE

YY—RXT774JL : quboldimParab1yY. ¢
/111177717777777777777777777777777777777777777777777777777777777777777777

// //
// ProgramMulti isingd.c //
// //
// //
// File isingd.c 2023.02.08-02.11 //
// File quboldimParab. ¢ 2023.03.24-03.24 //
// File quboldimParabl.c 2023.03.25-03.25 //
// File quboldimParab1Y.c 2023.03.25-04.30 //
// //

[117707177777177777177777177777177777177777717777717777117777717777711777

#include <stdio.h>
#tinclude <stdlib.h>
#include <string. h>
#include <math.h>

#tdefine Pm 2. 0e-08
#tdefine PI 3.14159265 // Pi

// //

void main();
void pushKey () ;
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double drand () ;
double drand01() ;
double normal () ;

double E(int, int, int, double);

void GenOfHA (int) ;
double Rvs(double);

// uniform random number in (-1, 1)
// uniform random number in (0, 1)
// normal distri

// object function

// generaton of HA matrix
// if 0, =1; if =1, then 0

// //

double a; //

int Ng; // number of qubit

int Nb; // number of base

double hb; //

double t[300001]; // time

double tau; //

double dt; //

double G; // Gamma: coefft. for stirring Hamiltonian

double HA[8][8];
double HB[8][8];
double H[8][8];

double ¢c[8][300001];
double ¢s[8][3000017;

double p[8][300001];
double pttl[300001];

long NT;

FILE *fp_inp;
FILE *fp_out;

char InputDataFile[80];

char OutputDataFile[80];

char buf[5000];

// Stirring Hamiltonian
// Problem specific Hamiltonian
// Hamiltonian

// coeffts. of base
//

// probability
//

//

// pointer of input file
// pointer of output file

// input file name
// output file name

//

void main()

{
long ii;
int i,], k;
int m, n;
double tmp;

//
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// Input file

sprintf (InputDataFile, “quboldimParab2Y_inp. dat”);

if ((fp_inp = fopen(InputDataFile, “r”)) == NULL) {
printf (“Failed in Reading Input Data File! ... %s¥n”, InputDataFile);
fprintf (fp_out, “Failed inReading Input DataFile! ... %s¥n”, InputDataFile) ;
exit(1);

}

// Output file
sprintf (QutputDataFile, “quboldimParab2Y out.csv”);
if ((fp_out = fopen(QutputDataFile, “w”)) == NULL) {
printf (“Failed in Reading Output Data File! ... %s¥n”, OutputDataFile);
fprintf (fp_out, “Failed in Reading Output Data File! ... %s¥n”
OutputDataFile) ;
exit(1);

// input data from file //
fscanf (fp_inp, “%s %d”, buf, &Nq);

fscanf (fp_inp,
fscanf (fp_inp,
fscanf (fp_inp,

fscanf (fp_inp,
fscanf (fp_inp,

“Ys
Y
Y

“Ys
Y

Nb = (int)powf (2.0,

printf ("Ng
printf ("Nb

%I,
WIf”,
%I,

buf,
buf,
buf,

%If”, buf,
%l1d”, buf,

Ng+0.0) ;

%d¥n”, No);
%d¥n”, Nb);

&a) ;
&hb) ;
&G) ;

&dt) ;
&NT) ;

printf(“a = %12. 6¥n", a);
printf ("hb = %12. 6f¥n”, hb);
printf ("G = %12. 6f¥n”, G);
printf ("dt = %12. 6g¥n”, dt);

printf ("NT = %ld¥n”, NT);
printf (“¥n”);

fprintf (fp_out, “Ng = %d¥n”, Na);
fprintf (fp_out, “Nb = %d¥n”, Nb);
fprintf (fp_out, “a =, %12 6f¥n”, a);
fprintf (fp_out, “hb =, %12.6f¥n”, hb);
fprintf (fp_out, "G = %12 6f¥n”, G);
fprintf (fp_out, “dt = %12.6g¥n", dt);

fprintf (fp_out, “NT = %ld¥n”, NT);
fprintf (fp_out, “¥n”);

67



//// seach for global minimum
tau = (NT+0.0)*dt;

for (m=0; m < Nb; m++)
cc[m] [0] = 1.0/sqrt (Nb+0.0) ;

for (m=0; m < Nb; m++)
cs[m] [0] = 0.0/sqrt (Nb+0.0) ;

for (i =0; i <=NT; i++)
t[i] = (i+0.0)*dt;

for (n = 0; n < Nb; n++)

p[n][0] = cc[n][0]*cc[n] [0]+cs[n] [0]*cs[n][0];
pttl1[0] = 0.0;
for (n = 0; n < Nb; n++)

ptt![0] += p[n][0];

GenOTHA (Nq) ;

fprintf (fp_out, "HALi1[j1¥n");
fprintf (fp_out, “””, “);
for (j = 0; j < Nb; j++)
forintf (fp_out, “j =%, ”, J);
fprintf (fp_out, “¥n”);
for (i =0; i <Nb; i++) |
fprintf (fp_out, “i = %d, “, i);
for (j =0; j < Nb; j++)
fprintf (fp_out, "%12.6f, ”, HALi1[j1);
fprintf (fp_out, “¥n”);
}
fprintf (fp_out, “¥n”);

for (i =0; i < Nb; i++)
for (j = 0; j < Nb; j++)

HBLi1[j] = 0.0;
HB[0][0] = E(0,0,0,a) ;
HB[11[1] = E(1,0,0,a) ;
HB[2][2] = E(0,1,0,a) ;

HB[31[3] = E(1,1,0,a) ;
HB[4][4] = E(0,0,1,a) ;
HB[5][6] = E(1,0,1,a)
HB[6][6] = E(0,1,1,a);
HB[71[7] = E(1,1,1,a);

fprintf (fp_out, “HBLi1[j1¥n");
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fprintf (fp_out, 7", 7);

for (j =0; j < Nb; j++)
fprintf (fo_out, “j =%d, ”, J);

fprintf (fp_out, “"¥n”);

for (i =0; i <Nb; i++) |
fprintf (fp_out, “i = %d, *, i);
for (j =0; j < Nb; j++)

fprintf (fp_out, "%12.6f, ”, HBLi]1[j]);

fprintf (fp_out, “¥n”);

}

fprintf (fp_out, “"¥n”);

for (ii =1; ii <=NT; ii++) {

for (i =0; i <Nb; i++)
for (j =0; j < Nb; j++)
HLITLj] = Gx(1.0-t[iil/tau)*HALiT[j1+t[iil/tauxHBLi1[jl;

for (m=0; m < Nb; m++) {
celm][ii]l = ccm][ii-1];
for (n=0; n <Nb; n++)
ce[ml[ii] += 1.0/hbxH[m] [n]*cs[n][ii-1]*dt;

for (m=0; m < Nb; m++) {
cs[ml][ii] = cs[ml[ii-1];
for (n=0; n <Nb; n++)
cs[ml[ii] == 1.0/hb*H[m] [n]*cc[n] [ii-1]*dt;

for (n =0; n < Nb; n++)
pln][ii] = celn][iil*cc[n]liil+csin][iil*cs[nlliil;
pttI[ii] = 0.0;
for (n = 0; n < Nb; n++)
pttlI[ii] += plnlliil;
}
fprintf (fp_out, “"¥n”);

fprintf (fp_out, “ii, t, ”);
for (n=0; n < Nb; n++)
fprintf (fo_out, “cc[%d], cs[%dl, “, n, n);
for (n=0; n < Nb; n++)
fprintf (fp_out, “p[%d]l, ”, n):
fprintf (fp_out, “pttl¥n”);

for (ii =0; ii <=NT; ii++)
if (1i%1000 == 0) {
fprintf (fo_out, "%Id, %12.6f, “, ii, tliil);
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for (n=0; n < Nb; n++)

forintf (fp_out, “%12.6f, %12.6f, ”, cc[nlliil, csinlliil);
for (n=0; n <Nb; n++)

forintf (fp_out, “%12.6f, “, p[nlliil);
fprintf (fp_out, “%12.6f¥n”, pttl[iil);

pushKey () ;
fclose (fp_out) ;
}
// //

void pushKey ()

{
printf ("¥n Push Return Key! ”);
getchar () ;
getchar () ;

}
// //

double drand()
{

J

return 2. 0% (((double)rand())/ ((double) RAND_MAX)-0.5) ;

// //

double drand01 ()
{

J

return (drand()+1.0)/2.0;

// //

double normal (double x, double myu, double sgm)

{
}
// //

return 1.0/sqrt (2. 0%PI*sgmxsgm) *xexp (- (x-myu) * (x-myu) / (2. O*sgm*sgm) ) ;

double E(int g0, int g1, int g2, double a) // object function
{
int p;

p = q0+2*q1+q2*4;
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return (p-a)*(p-a);

}
//

void GenOfHA(int Na) {
int i, j;

// upper left

HA[O][0] = 0.0;

for (j =1; j <Nb/2; j++)
HA[O][j] = Rvs(HA[O][j-11);

for (i =1; i <Nb/2; i++)
for (j =0; j < Nb/2; j++)
HALi1[j] = Rvs(HALi-11[j1);

// lowerr left
for (i =0; i <Nb/2; i++)
for (j =0; j <Nb/2; j++)

HAINb/2+i1[j]1 = Rvs (HALi1[j1);

// upper right
for (i =0; i <Nb/2; i++)
for (j =0; j <Nb/2; j++)

HALi]1[Nb/2+j] = HA[Nb/2+i][il;

// lower right
for (i =0; i <Nb/2; i++)
for (j =0; j < Nb/2; j++)

HA[Nb/2+i]1[Nb/2+j] = HALi1[jl;

J

//
double Rvs(double x) {

if (x=0.0)
return -1.0;
else
return 0.0;

}
//

AHAZ 74 (quboldimParab2Y_inp. dat)
Ng 3

a 1.0
hb 0.1
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G 1.0

dt 0. 00001
NT 300000

HA774I)L (quboldimParab2Y_out. csv)

(2) QEY b+, 1 EHEEH, 2 XEHOZ/MERE
Source code: quboldimSquareF|t0.c by H. Isshiki

[I1707177777177770717777717777717777717777717777717777717777717777711777

// //
// ProgramMulti isingd.c //
// //
// //
// File ising4.c 2023.02.08-02. 11 //
// File quboildimParab.c 2023.03.24-03.24 //
// File quboldimParabl.c 2023.03.25-03.25 //
// File quboldimRoot1. ¢ 2023.03.26-04.02 //
// File quboldimRoot0. ¢ 2023. 04. 03-04.03 //
// File quboldimSquare0. ¢ 2023.04. 06-04.06 //
// File quboldimSquareF|t0. ¢ 2023.06.06-04.06 //
// //

[117770717777717777717777717777717777777777717777717777117777717777711777

#include <stdio. h>
#tinclude <stdlib.h>
#include <string.h>
#tinclude <math. h>

#tdefine Pm 2. 0e-08
#tdefine PI 3.14159265  // Pi

// //

void main() ;
void pushKey () ;

double drand () ; /) 1,1 O—HELEES X S
double drand01(); /) L) O—#EL#E S 2 S
double normal () ; // normal distri

double E(double, double); // object function

// //
int Ng; // number of qubics

int Nb; // number of base
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double a;

double hi;
double h2;

double hb;

double t[4000001];
double tau;

double dt;

long it;

double L;
double dx;
double x[101];

double G;
double HA[8][8];

double HB[8][8];
double H[8][8];

double cc[8][4000001];
double cs[8][4000001];

double p[8][4000001];
double pttl[2000001];

long NT;

FILE *fp_inp;
FILE *fp_out;

char InputDataFile[80];
char OutputDataFile[80];

char buf[5000];

//

//
//

//

//
//
// tlit] = (it+0.0)*dt

// left point
// x[i] = L+(i+0. 0)*dt
// x[i] = L+(i+0. 0)*dt

// Gamma: coefft. for stirring Hamiltonian
// Pauli matrix: Stirring Hamiltonian

// Problem specific Hamiltonian
// Hamiltonian

//
//

//
//

//

// pointer of input file
// pointer of output file

// input file name
// output file name

//

void main()

{
long i, j, k;
int m, n;
double tmp;

// Input file

//

sprintf (InputDataFile, “quboldimSquareF|t0_inp. dat”);

if ((fp_inp = fopen(InputDataFile, “r”)) == NULL) {
printf (“Failed in Reading Input Data File! ... %s¥n”, InputDataFile);
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fprintf (fp_out, “Failed inReading Input Data File! ... %s¥n”,
exit(1);

InputDataFile) ;

}

// Output file
sprintf (OutputDataFile, “quboldimSquareF|t0_out.csv”);

if ((fp_out = fopen(QutputDataFile, “w”)) == NULL) {
printf ("Failed in Reading Output Data File! ... %s¥n”, OutputDataFile)
fprintf (fp_out, “Failed in Reading Output Data File! ... %s¥n”
QutputDataFile) ;
exit(1);

// input data from file //
fscanf (fp_inp, “%s %d”, buf, &Nq);

fscanf (fp_inp, “%s %If”, buf, &a);

fscanf (fp_inp, “%s %If”, buf, &hb);
fscanf (fp_inp, “%s %If”, buf, &G);

fscanf (fp_inp, “%s %If”, buf
fscanf (fp_inp, “%s %Id”, buf

&dt) ;
&NT) ;

fscanf (fp_inp, “%s %If", buf, &L);

Nb = (int)powf (2.0, Ng+0.0);

dx = 2.0«L/ (Nb-1.0) ;

for (i =0; i <Nb; i++)
x[i] = -L+(i+0. 0) *xdx;

printf ("Ng = %d¥n”, Na);
printf ("Nb = %d¥n”, Nb);
printf(“a = %12. 6f¥n”, a);

printf (“hb
printf ("G

printf (“dt
printf ("NT

printf ("L
printf (“dx
printf ("¥n”) ;

fprintf (fp_out,
fprintf (fp_out,

“Nq
“Nb

%12. 6f¥n”, hb);

%12. 6f¥n”, G);

%12. 6f¥n”, dt);

%ld¥n”, NT);

%12.6f¥n”, L);

%12.6f¥n", dx);

, %d¥n”, Na);
, %d¥n”, Nb);

74



//

//

fprintf (fp_out,

fprintf (fp_out,
fprintf (fp_out,

fprintf (fp_out,
fprintf (fp_out,

fprintf (fp_out,
fprintf (fp_out,
fprintf (fp_out,

“a = %12.6T¥n", a);
“hb =, %12. 6F¥n”, hb);
“G = %12.6T¥n", G);
“dt = %12. 6f¥n”, dt);
“NT =, %ld¥n”, NT);
“L = %12.6f¥n", L);
“dx =, %12.6F¥n", dx);

Y

//// seach for global minimum
tau = (NT+0.0)*dt;

for (m=0; m < Nb; m++)
cc[m][0] = 1.0/sqrt(8.0);
cc[m][0] = 1.0/sqrt (Nb+0.0) ;

for (m=0; m < Nb; m++)
cs[m][0] = 0.0/sqrt(8.0);
cs[m][0] = 0.0/sqrt (Nb+0.0) ;

for (i =0; i <=NT;
t[i] = (i+0.0)*dt;

i+4)

for (n = 0; n < Nb; n++)

p[n][0] = cc[n][0]*cc[n] [0]+cs[n] [0]*cs[n][0];

pttl1[0] = 0.0;
for (n = 0; n < Nb; n++)
pttI[0] += p[n][0];

if Na==2) {
HA[O] [0] = 0.0;
HA[O] [1] = -1.0;
HA[O] [2] = -1.0;
HA[O] [3] = 0.0;
HA[1][0] = -1.0;
HA[1][1] = 0.0;
HA[1][2] = 0.0;
HA[1][3] = -1.0;
HA[2] [0] = -1.0;
HA[2][1] = 0.0;
HA[2][2] = 0.0;
HA[2] [3] = -1.0;
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HA[3] [0]
HAL3] [1]
HA[3] [2]
HA[3] [3]

}

else if (Ng =
HA[0] [0]
HA[O] [1]
HA[0] [2]
HA[0] [3]
HA[0] [4]
HA[0] [5]
HA[0] [6]
HA[0] [7]

T T VR TR TR TR TR TR T
e e
o o

HAL1][0]
HA[1] [1]
HA[1] [2]
HAL1][3]
HAL1][4]
HA[1] [5]
HA[1] [6]
HAL1][7]

HA[2] [0]
HA[2] [1]
HA[2] [2]
HA[2] [3]
HA[2] [4]
HA[2] [5]
HA[2] [6]
HA[2] [7]

1 1 T I I 1 O I I 1 B
|
—

HA[3] [0]
HA[3] [1]
HA[3][2] = -1.0;
HA[3][3] = 0.0;
HA[3][4] = 0.0;
HA[3][5] = -1.0;
HA[3]1[6] = -1.0;
HA[3][7] = 0.0;

HA[4] [0]
HA[4] [1]
HA[4] 2]
HA[4] [3]
HA[4] [4]
HA[4] [5]
HA[4] [6] .0
HA[4][7] = 0.0;

| 1 I O I I A I |
o
o

HA[5] [0] = -1.0;
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HA[5] [1]
HA[5] [2]
HA[5] [3]
HA[5] [4]
HA[5] [5]
HA[5] [6]
HA[5] [7]

1

{1 1 A | T | O | I

| | o O

h T oo
o - .

— —IA
o - o

o O
o O

HA[6] [0]
HA[6] [1]
HA[6] [2]
HA[6] [3]
HA[6] [4]
HA[6] [5]
HA[6] [6]
HAL6] [7]

{1 1 T I I N A I O 1 I B
|
—

HA[7] [0]
HAL7][1]
HAL7] [2]
HA[7] [3]
HA[7] [4]
HAL7] [5]
HA[7] [6]
HA[71 (7]

1 1 I I 1 O I I 1 B
o
o

J

else |
printf ("WRUNG; Ng should be less than or equal to 3'¥n”);
exit(1);

for (i =0; i <Nb; i++)
for (j =0; j <Nb; j++)

if (i ==]j)

HBLil[j] = E(x[i], a);
else

HBLi1[j] = 0.0;

for (it =1, it <=NT; it++) {

for (i =0; i <Nb; i++)
for (j =0; j < Nb; j++)
HLiT[j] = Gx(1. 0-t[it]/tau)*HALil[j1+t[it]/tauxHB[i][j];

for (m=0; m <Nb; m++) {
ce[m][it] = cem][it-1];
for (n =0; n < Nb; n++)
ce[ml[it] += 1.0/hb*H[m] [n]*cs[n] [it-1]*dt;
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for (m=0; m < Nb; m++) {
cs[m][it] = cs[m][it-1];
for (n=0; n <Nb; n++)
cs[m][it] —= 1.0/hb*H[m] [n]*cc[n] [it-1]*dt;

for (n = 0; n < Nb; n++)
plnllit] = ccn][itl*ccn][it]l+cs[n][itl*cs[n][it];
pttI[it] = 0.0;
for (n = 0; n < Nb; n++)
pttiI[it] += p[n][it];
}
fprintf (fp_out, “¥n”);

fprintf (fp_out, “it, t, ”);
for (n=0; n <Nb; n++)
fprintf (fo_out, “cc[%d]l, cs[%d], “, n, n);
for (n=0; n < Nb; n++)
fprintf (fp_out, “p[%d]l, “, n);
fprintf (fp_out, “pttl¥n”);

for (it =0; it <=NT; it+)
if (it%1000 == 0) {
fprintf (fp_out, “%Id, %12.6f, ~, it, t[it]);
for (n = 0; n < Nb; n++)

fprintf (fp_out, “%12.6f, %12.6f, “, ccln][it], cs[n][itl]);

for (n =0; n < Nb; n++)
fprintf (fp_out, “%12.6f, ”, p[nllitD):
fprintf (fp_out, “%12.6f¥n”, pttl[it]);

pushKey () ;
fclose (fp_out) ;
}
// //

void pushKey ()

{
printf ("¥n Push Return Key! ”);
getchar () ;
getchar () ;

}

// //

double drand ()
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{
}

return 2. 0x(((double)rand())/ ((double) RAND_MAX)-0.5) ;

// //

double drand01 ()
{

}
// //

return (drand()+1.0)/2.0;

double normal (double x, double myu, double sgm)

{
}
// //

return 1.0/sqrt (2. 0xPI*sgm*sgm) *exp (— (x—myu) * (x-myu) / (2. Oxsgmxsgm) ) ;

double E(double x, double a) // object function
{

J

return (x-a)*(x-a);

// //
ABNT 74 (quboldimSquareF|1t0_inp. dat)

Ng 3

a 0.0

hb 0.1

G 1.25

dt 0. 00001

NT 600000

L 1.75

HAT774JL (quboldimSquareF|t0_out. csv)

(3) QA Ev b+, EEEHHKIDO®/IMERRE

source code ... qubo1dimXHAtestGvnX.c by H. Isshiki

[I1T71717777717777717777717777717777717777717777717777717777717777711777

// //
// ProgramMulti quboldimXHAtestGvnX. c //
// //
// //
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// File isingd.c 2023.02.08-02. 11 //

// File quboldimParab. ¢ 2023. 03.24-03.24 //
// File quboldimParabl.c 2023.03.25-03.25 //
// File quboldimRoot1. ¢ 2023.03.26-04.02 //
// File quboldimRoot0. ¢ 2023. 04. 03-04.03 //
// File quboldimSquare0. ¢ 2023. 04. 06-04.06 //
// File quboldimSquareCvn0. ¢ 2023.04.06-04.06 //
// File quboldimXHAtestGvn. ¢ 2023.04.07-04.12 //
// File qguboldimXHAtestGvnX. ¢ 2023.04.13-04.30 //
// //

[1T117777777777771777717777777777717777777777771777777777777777717777777

#tinclude <stdio. h>
#tinclude <stdlib. h>
#include <string. h>
#include <math. h>

#tdefine Pm 2. 0e-08
#tdefine PI 3.14159265 // Pi

// //

void main();
void pushKey () ;

double drand(); /) L) O—#ELEE S 2 S
double drand01() ; /) 1,1 O—kEL B E S X %
double normal () ; // normal distri

void GenOfHA (int) ; // generaton of HA matrix
double Rvs(double); // if 0, -1, if -1, then 0

// //
int Ng; // number of qubics

int Nb; // number of base

double a; //

double hi; //

double h2; //

double hb; //

double t[2000001]; //

double tau; //

double dt; // tlit] = (it+0.0)*dt

long it;

double L; //

double E[32]; // Energy of base
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double G;

double HA[32]1[32];
double HB[32][32];
double H[32][32];

double cc[32][20000017;
double ¢s[32][20000017;

double p[32][2000001];
double pttl[2000001];

long NT;

FILE #fp_inp;
FILE *fp_out;

char InputDataFile[80];

char OutputDataFile[80];

char buf[5000];

// Gamma: coefft. for stirring Hamiltonian

// Pauli matrix: Stirring Hamiltonian
// Problem specific Hamiltonian
// Hamiltonian

//
//

//
//

//

// pointer of input file
// pointer of output file

// input file name
// output file name

//

void main()

{
long i, j, k;
int m, n;
double tmp;

// Input file

//

sprintf (InputDataFile, “quboldimXHAtestGvnX_inp.dat”);

it ((fp_inp = fopen(InputDataFile, “r”)) == NULL) {
printf ("Failed in Reading Input Data File! ... %s¥n”, InputDataFile);
fprintf (fp_out, “Failed inReading Input DataFile! ... %s¥n”, InputDataFile) ;

exit(1);
}

// Output file

sprintf (OutputDataFile, “quboldimXHAtestGvnX_out.csv”);

if ((fp_out = fopen(OutputDataFile, “w”)) == NULL) {
printf (“"Failed in Reading Output Data File! ... %s¥n”, OutputDataFile)
fprintf (fp_out, “Failed in Reading Output Data File! ... %s¥n”

OutputDataFile) ;

exit(1);
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// input data from file //
fscanf (fp_inp, “%s %d”, buf, &Naq);

fscanf (fp_inp, “%s %If”, buf, &a);

fscanf (fp_inp, “%s %If”, buf, &hb);
fscanf (fp_inp, “%s %If”, buf, &G);

fscanf (fp_inp, “%s %If”, buf, &dt);
fscanf (fp_inp, “%s %ld”, buf, &NT);

fscanf (fp_inp, “%s %If”, buf, &L);
Nb = (int)powf (2.0, Ng+0.0);

for m=0; m < Nb; m++)
fscanf (fp_inp, “%s %If”, buf, &(E[m]));

printf ("Ng = %d¥n”, Na);
printf ("Nb = %d¥n”, Nb);
printf(“a = %12. 6f¥n", a);

printf ("hb %12. 6T¥n”, hb);

printf ("G %12. 6T¥n”, G);
printf ("dt = %12. 6f¥n”, dt);
printf ("NT = %ld¥n”, NT);

printf ("L = %12.6f¥n", L);

fprintf (fp_out, “Ng
fprintf (fp_out, “Nb

, %d¥n”, Na);
, %d¥n”, Nb);

fprintf (fp_out, “a = %12.6f¥n", a);

fprintf (fp_out, “hb

hb =, %12.6f¥n", hb);
fprintf (fp_out, "G =

, %12.6f¥n", G);

fprintf (fp_out, “dt = %12.6f¥n", dt);
fprintf (fp_out, “NT =, %ld¥n”, NT);

fprintf (fp_out, "L = %12.6F¥n", L);
fprintf (fp_out, “¥n”);

fprintf (fp_out, “n, En¥n”);
for (m=0; m < Nb; m++)

printf ("E[%d] = %12.6f¥n”, m, E[m]);
printf ("¥n”);
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//// seach for global minimum
tau = (NT+0.0)*dt;

for (m=0; m < Nb; m++)
cc[m][0] = 1.0/sqrt (Nb+0.0) ;

for (m=0; m < Nb; m++)
cs[m][0] = 0.0/sqrt (Nb+0.0) ;

for (i =0; i <=NT; i++)
t[i] = (i+0.0)*dt;

for (n = 0; n < Nb; n++)
p[n] [0] = cc[n][0]*cc[n] [0]+cs[n] [0]*cs[n][0];

pttl1[0] = 0.0;

for (n = 0; n < Nb; n++)
ptt![0] += p[n][0];

// generate HA matrix
GenOfHA (Ng) ;

fprintf (fp_out, "HALi1[j1¥n");
fprintf (fp_out, “7", “);
for (j =0; j < Nb; j++)
fprintf (fp_out, “j =%, “, J);
fprintf (fp_out, “¥n”);
for (i =0; i <Nb; i++) |
fprintf (fp_out, “i =%, “, i);
for (j =0; j <Nb; j++)
fprintf (fp_out, "%12.6f, ~, HALi1[j1);
fprintf (fp_out, “¥n”);
}
fprintf (fp_out, “¥n”);

for (i =0; i <Nb; i++)
for (j =0; j <Nb; j++)

if (i ==1])

HBLi1[i1 = E[il;
else

HBLi][j] = 0.0;

fprintf (fp_out, "HBLi1[j1¥n");
fprintf (fp_out, “**, “);
for (j = 0; j < Nb; j++)

fprintf (fp_out, “j = %d, ”, J);
fprintf (fp_out, “"¥n”);
for (i =0; i <Nb; i++) {

fprintf (fp_out, “i =%, *, i);

for (j =0; j <Nb; j++)

fprintf (fp_out, “%12.6f, ”, HBLil[j]);
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fprintf (fp_out, “¥n”);
}
fprintf (fp_out, “¥n”);

fprintf (fp_out, “n, En¥n”);
for (n=0; n <Nb; n++)

fprintf (fp_out, ” %d, %12.6f¥n", n, HB[n][n]);
fprintf (fp_out, “¥n”);

for (it =1; it <= NT; it++)
for (i =0; i <Nb; i++)
for (j =0; j < Nb; j++)
HOIT0j] = Gk(1.0-t[it]/tau)*HAL[i][j] + t[it]/tauxHBLi][j];

for (m=0; m < Nb; m++) {
cc[m][it] = cem][it-1];
for (n=0; n <Nb; n++)
cclm][it] += 1.0/hb*H[m] [n]*cs[n] [it-1]*dt;

for (m=0; m < Nb; m++) {
cs[m][it] = csm][it-1];
for (n=0; n <Nb; n++)
cs[ml[it] —= 1.0/hbxH[m] [n]*cc[n] [it-1]*dt;

for (n =0; n < Nb; n++)
pln][it] = celn][itl*cc[n]lit]l+cs[n] [itl*cs[n][it];
pttI[it] = 0.0;
for (n = 0; n < Nb; n++)
pttI[it] += p[n][it];
}
fprintf (fp_out, “¥n”);

fprintf (fp_out, “it, t, ”);
for (n=0; n <Nb; n++)
fprintf (fo_out, “cc[%d]l, cs[%d], “, n, n);
for (n=0; n < Nb; n++)
fprintf (fp_out, “p[%d]l, “, n);
fprintf (fp_out, “pttl¥n”);

for (it =0; it <= NT; it++)
if (it%1000 == 0) {
fprintf (fp_out, “%Id, %12.6f, ~, it, t[it]);
for (n =0; n < Nb; n++)
fprintf (fp_out, “%12.6f, %12.6f, “, ccln]lit]l, cs[nl[itl);
for (n=0; n < Nb; n++)
fprintf (fp_out, “%12.6f, ”, p[nllitl);
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fprintf (fp_out, “%12.6f¥n”, pttl[it]);

pushKey () ;
fclose (fp_out) ;
}
// //

void pushKey ()

{
printf ("¥n Push Return Key! ”);

getchar () ;
getchar () ;

}
// //

double drand ()
{

}
// //

return 2. 0x(((double)rand())/ ((double) RAND_MAX)-0.5) ;

double drand01 ()
{

}
// //

return (drand()+1.0)/2.0;

double normal (double x, double myu, double sgm)

{
}
// //

return 1.0/sart (2. 0%PI*sgmxsgm) *xexp (- (x-myu) * (x—-myu) / (2. O*sgm*sgm) ) ;

void GenOfHA(int Na) {
int i, j;

// upper left

HA[O][0] = 0.0;

for (j =1; j <Nb/2; j++)
HALO] [j] = Rvs(HA[O][j-11);

for (i =1; i <Nb/2; i++)
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}
//

for (j = 0; j <Nb/2; j++)
HALi1[j] = Rvs (HALi-110J1);

// lowerr left
for (i =0; i <Nb/2; i++)
for (j =0; j <Nb/2; j++)

HAINb/2+i1[j] = Rvs (HALiI[jD);

// upper right
for (i =0; i <Nb/2; i++)
for (j =0; j <Nb/2; j++)

HALi][Nb/2+j] = HA[Nb/2+i]1[j];

// lower right
for (i =0; i <Nb/2; i++)
for (j =0; j <Nb/2; j++)

HA[Nb/2+i]1[Nb/2+j] = HALi1[jl;

double Rvs(double x) {

}
//

ABNT 74 (quboldimXHAtestGvnX_inp. dat)

No

a
hb
G

dt
NT

L

EO
E1
E2
E3
E4
ES
E6
E7
E8

if (x=0.0)
return -1.0;
else
return 0.0;

4

— O O

.0
A
.0

0. 00002
600000

2.0

Moo oo
O = wWCIN O O
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E9 1.
E10 1.
E11 1.
E12 1.
E13 1.
E14 0.
E15 0.

0 DN O W oo

HAT7 74 (quboldimXHAtestGvnX_out. csv)
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AEDOEF7— MEERR, MIEOEFT7=—)IHMELERFRVICELS. =1L, £2<EBRELEE
IHITTEHELT, MEICITEEBENHSH[6-3, F8E]. ATHEFIRELVDL, JYMHRH, L YBEH
25N T, EFHEDOELABRTOEENGIROKS.

HHRHABEOERFTEY FEFEN, 0HENI1DEZLES. MEMIZOHDWNI T OHEEEZ L
2LDEFFELTHERERRTS. HIAE T/ FTTREZEDIL—DEILLONRFTH
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HHIULDNERFLLTHERZRETS. HARL BEEDC I LIV URFOLISILGLDT, HEtHE
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6.1 EFHEDKANR
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6.2 BFHES— b
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FEHRERT.

U
6.7 HAFEHI=FY)—7—F (HRFERICK>TEFHEETI)

BFEEEZRI-ODOHEREENHS. HEDEHS TR T THRAGRENTRIZGD. x&yEH
FOOHBHWNETELT, FHFI—ILEHBRH ZUTOLSITELS

[0+ (D)D) & D y)
Hx)= 5 —VZ:; N (6. 29)
2t (6. 20) (D70 % BEEEE L T
s ) ;' y) (6. 30)
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EENTEHRL.
nfBOEFEY FDBEIZIE

HIx)®H|%)® - ®@H|x)=H"|xx,-x)=H"|x) (6.31)
D&, 0FEET DA (x, %, %) EFTEHTxEESE
(_1)X1y1+><2y2+---+><nyn | y]_yz e y|-|> (_1)XY | y>
HO [ y) = - (6.32)
gy L)y
EELC BITx=00&EICIF
0)+[1) . 10)+[2) 0+1) < 1¥)
Holo <19+ o 2@ _ (6. 33)
0 2 2 Zy:\/?

THS.

6.2.4 #EoIKEE
HEHORER, RFEF-RKEIAELS. EFF— A HHRS—FEEIE<KELIEHEERA LS.
6.8 ICELEELFIERT. FIFENOT Ey FOFIEE v H:%(|O>+|l>) %, BMEY M) EAALT
HD
1 1 1 1
—(10)+]|1))®[1)=—=(|0)®|1)+|1)®|1) )= —(|01) +|11 —(|01)+|10 6. 34
(0 )oly = ojel+inein) - (o +kn) > (loy+io)  (6.38

HDOAODE 2 BEMN|10) BDIE, HEE Y S BOTEME Y b M 5(0) ITE 2112 TH S
(| ®|1) —>10)).

FEE Y +
1
(0+10)

—(lo1)+]10)
REIE Y b
L) N
6.8 #&F o 1-IKRE

ARBEZER TN ML EEBEFR RII) THS. —H HARTEHENEY FIFHEEE Y FOFE
FRFTVS. COREE, FIAHMTRRIESC, WhDSEESREISHY, BRITECIL
MNTERL. COESIERESTARTEEPRRT LS. CORDEPR X7 DFEIZ(E, 8iAIT 5 L(01)
& |10) bf%h%“h(l/«/i)z=o.5®ﬁ€$f~*§%iﬂﬂéfné. Tibhs, FAH|0) L IEHmAX|L), FHEHL) %
BIEMAL[0) EES S LITHS. Ly, COBMREZODEFEY b (BF) HOMEBICERE <MK
NI BHIEEERT D CNEEHNPTEHFRSNATOENWI ETHS. CORICEHLT, 71420
244> (Einstin), /R FILXF— (Podolsky), B—+ > (Rosen) MEBZEIIBZ DT EPR X7 LIF(F
ndZ&ITiEor-.

BESIREBEFENTEY bEBY C&ITLY, BRICBRESTLEVREIZRES

5 o 724REE 2|01) +(10) —|02)+[12) = (]0) +[1)) ®[1) :1F & 1F FlR e (6. 35)
H(6.35) (%, K6 3MDANEHNEHITLIEZIDNTHS
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HEE v b 1

5 (0+)
1
T llon+0)
L/ g
BHE Y b
6.9 #FE S IKEAX E 1T 55
AMDBEFETFHE, B6.10[TRENHLSIC
5 > 72IRHE :]00) +[11) —|00) +[10) = (|0) +[1)) ®|0) : 13 £ 1F 7=k (6. 36)
nHs.
HEE Y + 1
5 (0+)
1
-5 100)+[11)
L/ 0
BHE Y b

6.10 #FE S IRENIF E 1T 5 B DB

BEFHERONT—DRE, THRAEWN & TEREhE] 1245,

(1) ERRRT7ZE-T, ZHOLETTHREEEYHT.

(2) #EF9 BRAENREEKRZE, RFISER TS LICK>TRIEIHEZTS.
3) MHEOBENEFNTVIRAEVZEREINT, MEDEA T EHRALT.

6.3 EFTLKR—T—>3>

BT EREEEIC DD 50 E—FENEL. BaH L REICHRIE TEEREISEBLTL
£5. COCElE TRFYA—ZUSOFRALENE] EFERE. LAL, BTHEREERBISRDC L
BERETHD. TOHEE BIFFLR—F—Lay EPRATEME>TER) %5,
EFHRORROEHIT, RUYFETURN, BHFERT Q) LERTEIZT S FURSHEST
W3 I BFEY FOIER|y) & E6. 11 ORTEEERTRISES. RPOBBREE|V,),|¥,), -
LET.
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()

Fuz|w) I HHO |1

M
7le0}—le 0|1
&7 |0)

X Y — |v
R ? V)
W) ) e
611 BFFLA—F—> 3 EERT2E7EE

FURE2EFEY FERTEI BFEY FER>TVS. &
) =c,|0)+c,[1) (6.37)

95,

%%Evh®£k§£5&,%@@H?—h@&ﬂﬁiﬂ@ﬂMf&é@f,%M@Wmﬁ;bﬁ

BIZEYAD2EBEBDEFE Y FDIRREIE
1 1 1
Z5(10)+11)810) = —(00)+110)) > —(Jo0} 1)
EWS EPRRT7IZHB. LizA->T, AD2EELEBD 1 ENEEH3IEDEFE Y FOIKEE|Y,) (X
1
|¥,)= |y/>®$(|00>+|11>) (6. 38)

ZEEGCMTﬁ—h@,A@W%ﬁm%qmﬁﬂmﬁﬁ,Hﬁ—h%ﬁﬁbtiﬁﬁ@ﬂnﬁﬁ@%
BFHRTHEIDT(FTIVRAD2EFHDNDEFEY FERTDEFEY ME, T TITEPRARTIZASTVTAIL
[CH|RAGNI EITER) -

- o =19} 8 5(0) #[1) = (]0) 1)) ©- (00} 1)
THHNDT, NT ¥'— FEBTEHROETE Y FORE|Y,) (&

.

2

|'¥,) = —={c|0) ®(|00) +[12)) +¢,[2) ®(|20) +|01))} (6. 39)

L155.
2EEOHS— FTAD—BENOE Y FAEIL LTLADRE|Y,) &

[#.) =5 {0 (10)+[1)) ©(]00)+[12)) -+, [0} -[1)) ©([10) + o)}
= %{co (|000) +]011)+]100) +|111)) +, (|01o>+|001>—|110>—|101>)}
= %{c0 (|000>+|011>+|100>+|111>)+cl(|001>+|010>—|10l>—|110>)} (6. 40)
= %{co |000) + ¢, |001) + ¢,|011) + ¢, |010) + ¢, |100) - ¢, [101) + ¢, [111) — ¢, [110)}
= 200)®(c0[0) +[1))+/01)® o 1)+:]0)) + 10) 9 (5[0} [ 1) + 1) ® 5 1) )

E3D.
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¥,) TIE7 YR ERTOBRASVERIFTNG. 7URGRHEM &M, E2E>THAEET 5. KT
DREIEE 4.4 DD X £ ) 25— rZE@EEIE, K6.20)&££6.22) 12Kk Y 3”<T|w> 2755,
IS, 2 (6.40) DBADE 1 HET Y XD 2EDE Y +4|00) DF=6HM, =M, =0 THBZDT, KT
Do, |0)+o|) =|p) EEDEEEBT 5. E2HEEIM, =0, M,-1THEINT, X F— FOHDBEHIZ1
y

X (@) +60))=[0) +a 1) =|v) (6. 41)
b EIBEEIM =1, M,=0THBHDT, Z7—rDH#BPERIZLZY
Z(c,]0)—c,|1) =c,|0)+¢|1) = |w) (6. 42)
E1B. FAMERM =1, M,=1THBDT, XF— & IH5— FOEANEHIZHY
ZX (¢, [1) -, 0)) = Z(c, |0) ¢, 1)) = ¢, |0) + ¢, 1) = |w) (6.43)

&% BEOFRBZ1/2THAHNDT, FEARLEE1/4TREE, TORRIDEY FMIEDIEME
ETH|y)THD. Iz, BRETVANGRIICTFLR—T—2arTERILIIHD.

6.4 KA vF— 34 (Deutsch-Jozsa) D7ILT ) X Ls

2EFEY FX)y) E|X)Qly® () ICEHRT D1REEEZXD. ©L2EXLETIMTHD. ThHD
L, 000=101=0, 001=100=1TH%. REZ#TE=0IZ, 2EFE Y FX)®|y)=|xy) &|xy) &
ECILITT D FTHbb, [xy)&E|xy0f(X)ETH. ZIT, fNIX0N 1 DEERIEEDEH
Thd CO&SUEEETE5—FERG6 12ISFT. PO U X ZORENI=2)—FBRTHDZ
EERATH-HOTHS. BFDx, y, fIEEE|X), |y), [f(X))EBZTHLL. RBEEBES
WDIRE2EFEY FTHD. E1EBFEY FOAAR|)THAL|X) THEDIZHLT, F2E8FE
v FOAAK|Y) THAK|y+ (X)) THS.

— x X p—
Uf

—y ref)f—

6.12 —MHB2EFEY MEEZET BT —F

DK SG7— MIFHEEINOT 77— b ERARIC, —MRICSRAS S REBEEAHT. UTITEWT, F
AYFOTINTYXLEHEHT S, FAVFOTILIT) ALEEFHEDKREZROTRLIZLDT,
HHRAETEH2EAPLEVEVTLRVEHEDLN, EFFAETREIRTEC L, ITHHLHEEN1/212
BHZEEZRLIELDTHS.

6.41 FAvFO7ILIY) XL

6. 12045 — FDRIRIZ, SEDTEI—ILT—rEHITMAFZ R vFOT—FEFIEND LD %
6.13 12579
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LI Tt

‘W(J) |'//1> |’//2> |l//5>
X613 FAyFDHT—F

COH—FDETEY RZ|0), E2Ey M) EARTEOEREERT BEUTOESTHS -

|, ) =|01) (6. 44)

v = (10)+1)@(0)-|1) (6. 45)
))®(]0)-|1)) when f(0)=f()

lv,) = ( el (6. 46)
( |D))®(|0)-1)) when f(0)= f(1)

=X (6. 44) & =X (6. 45) (FFHBADRLERIHNTHSS. R (6.46) FHANDLETHSD. X (6.45) ZEZET
&
2ly) =(10)+[1))®(|0)-|1)) =[0}®]0) ~|0) ®[1) +[1) ®]0) -|1) ®[1) (6.47)
LEHDT
2|y,)=|0)®|0@ f(0))-|0)®|1® f(0))+|1)®|0® f(1))-|1)®|1® f (1)) (6. 48)
EHD. f0)=f)=0DE=IZIE
2lv) =10) ®[0)~[0)®|1)+[1) ®]0) 1) ®|1) = +(]0) + 1)) 8] 0)~(|0) + 1)) B[1) = +(|0) +[1)) (| 0)-[1)) (6. 49)
ERY, f0)=fD)=1D&=ICZIX
2lv,) =|0) [1)~{0)®[0) + 1) ®[1) ~[1)®]0) =~(|0) +|1)) 8]0} +(|0) + 1)) ®[1) = ~(|0} +[1)) ®(|0) -[1}) (6. 50)
ERY, f(0)=0 f)=1D&E=IZIE
2lv) =10) ®]0)~|0)®[1) +|1) ®[1) ~[1)®]0) =-+(|0) - |1)) ®]0) ~(|0)-[1)) ®|1) = +(|0) ~[1)) ®(|0) -|1)) (6. 5D
ERY, f(0)=1 f@)=0D&=FIZIE
2lv) =|0) ®[1)~[0)[0) + 1) ©]0) -1} B[1) =~(|0) - |1)) ©[0) + (|0} + 1)) ©[1) = ~(|0) ~[1)) ®(|0) -|1)) (6. 52
EGBNT, XO6.4)AELNEERD.
EBIT, PHI—LT—hEA=2Y—THAHDT, FED|y)IcH/HLT

H(Hp))=H"(H|w))=H(H|w))=|v) (6.53)
THHNT
J_r— )®(|0)—|1)) when f(0)= (1)
|ws) = */— :i|f(0)®f((l))>®%(|0>—|l>) (6. 54)
J_rT ®(]0)-[1)) when f(0)= f(1)

EH%. BTBIS, BHI()ILO0TIH0) & f()ORMIOO (1) Z-EISHEL TS, SRR
HolE, FF0)& () ZHELRICZOMIO)O (1) ZHETHEES L3I, BRICHELLT
NEBSBVFHTHS. 2 EQHEN 1 EOHEIZH>TNS.

X (6.46) *EEEE(E

ﬁ&*
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|W2>:ii(—1)f(x)|x>®[|0>—|1>] (6. 55)

ERBHIEITERELTHEL.

6.4.2 FAyF—2ayn7ILT) XL

6.12%— ML LR 6. 14 IC5EZ N BIEEEEZ LS. AANTEFEY FALNEFEY MC
MRS TVD. nEFEY FOATIX=(X, X, %) SR LT, 1 EFEY FOBEE(x)= (%, %, X,)
BERINTWVEELET D BEZEMOVESIICEZRIE |x)0X)®8x)®y) DAAITH LT
[X)®[%,)® ®|X,)®|y® f (X, X, X)) BHAIND. Flz, x=(X,%, X ) DK 2" 245, nHK

ERDELBITEREMICKELGD.

O R E
U,

— )y yesf()I—

6.14 ADNDNNMNDEFEY PO RS YFDT—

—

1

BB (X)) ICEUTOLSHBEBRESAREVSIZDORELNHD LD LT .

B fx)=9RTOXITDOWVWTOFERIEIT
R f () =F2DxIZDNTO, BYDERIZDNTT
B ) NEBEENMARAETHAT IHEEEZITRELS.

(1) 7ZYZR A »5RT B) I, nEFEYMDxETEY Dy ZET.

(2) BIXZDx&yZER6. 14 DEFEIERICHITS.

(3) AZZTOHERZBASZITEY )N ELLDEMEHFT S.

NEFEY FxDBBIT2"HEDT, FOERF2"/2=2""TH5. MHLHMLFTICCODF—LIZHES &
T5L REDBE2+MEDONEFEY bxERT I LICHD. ARAED, FLF2'/20 f(x) HE
LTH-ELTEH, TNZUTI)AEERNMAEMNMIFIBITE AL, KEE—ILAT UEE,
TRTOBEREFANGNEEEBADNLLELDT, RAKGHELEEALD. COLIGHBEEZHEAED
HIRFEBBELE LS.

LIAN, EFHEDGEEICIE, —HOxEyHAIINIERVWEESBIREZLICIHD. IhER
WY EHENRE6. 15 THD. AIEBITEEDx &y TIHAEL, UTISREIND LS5 x &y ZERMIC
B

&SmO
o

ve) =[1) ©[%,) ®--®|x,) ®|y) =|0)®|0)®---®|0) ®] y) =|00--0)[1) (6. 56)
NIZTEI—IVEHREFHRT &, K(6.45) KV
= =100+ 14) 8 (0) +[1) -+ 8 10) 1) (0} -4

:i(|oo..-o>+|oo---1>+---+|11---1>)®i(|0>—|1>) (6.57)

Jor 2
- 3 e fo-p)- 3 Hedo-m)

(%2 %g 7+ X )e{O,l}" 2 xe{0,1}

N

Sl
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EED.

‘0)—]—[—)“ x HH FH—
n{ : 5 }n
o qHH Yy HHF

H

¥ ¥
v, ) lv,) |ws)
X6.15 FAyvF—2adn7ILT) XL

#-oT, H(6.55)I2&KY

(-)"[x) (|0>—|1>]
)= ® (6.57)
|l// > xe%l}” \/27 \/E
x1§5.
CCT 1 BFEY MYIIRTETEI—ILT— FOEAN
_ (_1)XZ 6.58
H|x>_Z:ZO;1 5 |z) (6.58)

THY, [NVEFEY MERSESE

H[X)=H"[x X% )= > M|zlzz..-zn>:z(_l)ﬂ|z> (6.59)
Eis. Bz, K(6.54) &Y
(-)"""|2) [|0>—|1>J
W)= ® (6. 60)
| > ze{;,l}”xe%l}" \/27 \/§
AR
CCT, |2)=]00---0) DIEICEE S S E 2 =0HDT, TOHRHIT
xz+f (x) f(x)
Coefft. of |z)=]00---0)in > > (-2) 5 |Z>= > (_12)n (6.61)
2e{0,1)" xe{0,1}" xe{0,1}"

ERED. foT
F)AEBRAELE HFOTT2ESH (f(x)=00&=) Fi(E-1
(F(X)=1DEE) £End, FHIE1215.

CE(X) DRTEA B E, HFOEH2 /2B S DA (f(x)=0DEE) &-1(f(x)=1
DEE) THRMFIOLZhE, BEHIE0IZHED.

WIS, COBATRATIE TERGLE])=(000) £HAT SHED (1) -1 THEDTHT
|2)=]00---0) ERBIS B DIZH L, HAEDIBEIZITZDFEEL(0) =0 £ 5D T|z)=|00--0) L5 D
LOMVBBIEINE. ETBIC, EFHERLGSE 1 EOHET (N AEERIIHEIHBITESC
EISh %, HEFE#GLIE REOSE2+1EAORKTHLELBETHS.
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FAYFOTILT)XLIZEALBERABHDDOMERNSEND, EFFHED/NAT—FERRE TS
NHBEVSEREVWTERMICEEGLNDELETALD. COMRZEL TEFHEOHEMLGERMNE
MNRRTERES > TEINTHSS.

6.5 >a7OT7ILTYRXL

FAyFOBREICHSEL I —DOEENALATOTILITYVALTHSS. VaFDREGEEITELY,
BEFEROBMRA—RICMESNI=&L 5 THS. TOEAE, REDHESAXIIAMEBESAX LW
Endh, RELRVBORERSREIZIEX, ANIVERAVTHLRREGRBNENS Z EAR—X(THo
TWa. LML, EFHELGL Y I7O7ILT) XLICKYBHREICKREARSBTE L EARINID
LTHD.

6.5. 1 NEEES
RAOESAXSAFBRESAXLMENS. UAIOXBRESARNTIE, ZEFLZEEO@MEN
E1DOHBORETAVS-OICEEOREICHENH -, T TLRBBEENEEINT,
REBVHDERYSTREEIA/NATHIHLVWIEZFAT S ARBESLER6. 16K 527X
(EEB) D LRT (REB) ~OFERBEZRIMEoEREBZAL, F3IFHITHEAMONLGNELSIC
175.

A BN | R

[ I
! I
! I
|
fESF8 M ! :
|
i fEsd | |
|
fEgE e : !
! I
N )N

B6.16 7RI, ABASNTNBRIAME > fiGeie LM £ALT, £ YLy
HEOEREBOBICANIERE L TRIAES. RIZEREHAEE > TV HHE
S4EAVTREL, 7URDSORBEOERERD.

EEEREESDFIEETES.
(1) RIS LV, REEE WER) d ZDOEDLSITHERL, el M EITARAT 5.
() ZDDRELFRFMp L ZEBLITERL, M=pgZ&tET 5.
(b) L=(p-1)(a-1)ZFHEL, LEEWIRTLIYPIVFHe ZBHICEDD.
(c) edZLTEI->I-RYN1&£%GHdEFET. XTECLedmodL=1TH 5.
QDTVREA Y E—DCEBEYTRLEZPHLEEXCEC=P modM IZKYFET S. =1L, P<M
TRHEIFNIEE S,
EEXERDBEZUTIZRY. EUEZWEEZLOVEELELELS. 2EETOASCI o— K&
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[L]1=1001100¢» [0]1=1001111¢» [VI=1010110¢» [E]=1000101 (6.62)
THd nkY, 7YRFEX:

P =1001100100111110101101000101 (2)=160688965 (10 (6. 63)
EERT . RIZT VU RIBEE :
C = P*modM =160688965° mod M (6. 64)
TERY 5.
3) RITEZITHM=BEEXChoTDA vE—
P=C’modM (6. 65)
TR d 5.
= (6. 65) MELRAICIE, 7T ILY—D/INEE :
FTgAZEHpDEHTHLNEE, ¢" ' modp=1AEKYIID] (6. 66)

BBETHD. p=5 £=1,23L LTI TLI—DINEBNHYILOBESEITFS :
1*mod5=1 2'mod5=16mod5=1 3'mod5=8lmod5=1
3 (6. 65) DEEBAZE LLTFIZRY -
C?modM = (P* modM)“ mod M
=[(P*)* modM |mod M
because (P?)* modM =(AM +a)* modM = ¢ mod M
:(Pe modM)d mod M
= P* mod M
= PX(P-DE-DH mad M (6.67)
=P P mod M
=P-(ypq+1) modM
because of Fermat's little theorem
=(PM +P)modM =P
because P<M Q.E.D.

HEGHIT BEDEREESETOTHED.

(1) RITTrEfESRe=7 &M =33, fFEHE (WER) d=3z#mle=7EM=331FZ22HT 5.
(a) ZDODKREXFHp=3Lq=11%RIRL, M=pg=33%5tEIT 3.
L=(p-1)(a-1)=20ZFHEL, L=20 EELMIH (HRBOVBERFLGL) TL=20&LY /&
WEFEHE L Te=7 ZFES.
(b) ed=7d Z#L=20TENSLRUYMNT £4D%d ZFT. ZITIHd=3,TF 5.
(2) FURFEA Y E—SEBHTRLIZP=5ADEEXC%EC=P modM & YEET 3.

C=P*modM =5 mod 33=78125 mod 33=14 (6. 68)
() RIFZITH - =EBEXCHhLTAYvtE—%P=C'modM TitET 5.
P=C%modM =14°mod 33=2744 mod 33=5 (6.69)

LLE, MERERABTETpE AN oTLES &, L=(p-1)(q-1) BAMY e [FABIS AT
WBDOT, AEAORTTedmodL =1%d [LDNTRL SEATREE LY, BERFTRTLES. M A
REVSAIZE, M OREESRIBEOHEMOLEN TIE, BALERARS > T LEVEEMICFR
TaTHY, BESBESNAN LTS,
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EFAVEA—42—FAVLSYaT7O7ILTY) XLTIE, REHIMBESRIZHETLIZLIZRELZDT
ZTDEEIKRENOT-.

6.5.2 EFHEIZLELaF7OTILTYXLEEL ODER (ERMHE)
LTOBRRZEMRT HHTELT, 8m Z2REHp, qITHETEH7ILT) XLICOVTHERS. LT

DEIBETILIT) XL HS.

(1) M KYENESL, BEWTHEBEZEFEZLGVROEL S GHFRe ZES
eel,2,---,M -1 ged(e,M)=1 (6.70)
T, gede,M)lde&EM DERAAHBERT.
(2) TEZEHELT
M=e -1 (6. 71)
BilE
f(x+T)=e""modM = (M +1)e* mod M =(MeX +e*)modM =e* modM = f (x) (6.72)
THHADTEAB I (X)=e"modM IZEHAT 2HT. 405, M=given THEIHHT [Le DEAKTH
5 COMHEZEES L, 2EA0RBOBETHLIBHMAEZAoNT-LE, AT MBRESUT
D QB) OFIET, M HRAHHETES. BT HAFHLGS, (1) ITRYeZEUVEL, THE
BICEDETRYERT.
BELFHERT. M=158&Ue=2,F 5L
e*modM = 2" mod15
=20 21 2% 23 2% 25 2% 27 ...mod15 (6.73)
=1,2,4,8,16,32,64,128,--- =1,2,4,8,1,2,4,8,---
THAHNDT, T=4hKRFES.
(3) BAEAMEHLY

e*modM =e*" modM (6.74)
LB {#-T
e’ modM =1 (6.75)
/5. R(6.75) Zi#@E=I 7 XEBLEFENDS. THRDOBEIHINE K6 THHEZRD. 1’
2T
e’ —1= (eT/2 +1)(eT/2 —1) modM =0 (6. 76)

Thbhb, ?r1Ee?-11E M EYMNSITHRIEM O THS.
4) ROT=BZRAHED p, q THEIHLIE M ORABSENTEZLITHD.

FEFHSBTIILIT) ALXIBERT7INITYVALERD I LIE, AT KK (6. 75) #mf-I DT, i
BICHE-oTVWBSHTHS.
(1) o (4) FTOFREZHELGBEF THEEL LS.
[BEH 11 M =6DIHE
1<e<6NEHTM EHBOHNHEFLTFHe=5%FE. f(X)=¢"modM =5*mod6 DFHAT IX
5°mod6=1 5mod6=5 5 mod6=1 5°mod6=5 5'mod6=1--- (6.77)
HTOTT=2 (BR &Y
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ged(e™” £1,M ) = ged(5' +1,6) = ged (5+1,6) = 6,2 (6.78)
THHNDT, RAK2MNEROMhot=. #ilEM/2=6/2=3,7%3.
[${EH 2] M =15Di5&
1<e<15DBHTM ELBOHMZEH LI He=7Z2F N f(X)=e¢"modM =7"mod15 DFHAT (&
7°mod15=1 7'mod15=7, 7’modl15=4, 7°*mod15=13, 7*mod15=1-- (6.79)
HOTT=4 (B &Y
ged(e"? +1,M ) = ged(7° £1,15) = ged (49+1,15) =5,3 (6. 80)
THHDT, EAYMIELSDZDELROM o=
[$fEH 3-1] M=21T, e=5MDFE
1<e<21DEHTM EHBOHNBEFTVEFRe=5%Z2FN. f(X)=e¢*modM =5"mod21 DFEHAT (&
5°mod21=1 5'mod21=5 5°mod21=4, 5°mod21= 20, (6. 81)
5*mod21=16 5°mod621=17 5°mod21=1--- '
HTODTT=6 (B%) &7V
ged(e"? +1,M ) = ged (5° +1,21) = ged (125+1, 21) = 7 from 126 (6.82)

THHANDT, RRAYMTHAROM oz, #ilEM/7=217=3,7%5.

[#{EH 3-2] M =21T, e=13MDiFE
1<e<I5NEBEHTM EHBOHBEF T NFHe=13Z2FR. f(x)=¢'modM =13"mod21 D EHAT

3 mod21=1 13'mod21=13, 13*mod21=7, 13*mod21=13, 13*mod21=1, --- (6. 83)
HWDTT=4 (B &13Y
ged(e"? +1,M ) = ged (13° +1,21) = ged (1691, 21) = 7 from 168 (6. 84)

THHDT, RAYMTHAROM o1z, #ilEM/7=21/7=3,7%%.
[#fEH 3-3] M =21T, e=17 DA
1<e<210)§5zgf{—CMt EBEDHMZRE -0 ERe=17 28, f(X)=¢'modM =17"mod21 D FHAT &
7°mod21=1 17'mod21=17, 17°mod21=16, 17°mod21=20, 17°mod?21=4,
7°mod21=5 17°mod21=1,---
BTDTT=6 (@%) &Y
ged(e"? +1,M ) = ged (17° +1,21) = ged (4913+1,21) = 3, 7 from 4914 (6. 86)

THHNDT, FEMI L THNREOM o1

(6. 85)

6.5.3 EFHBMT—) TLHH
EFHEICKIEEHEGEE, EFHEFAOREICED(ERFENALLND. BRIAEDF—L&
HAHEEEL L, EF7 =) U BEDEBELEFS— FEEOEELERMICIEXRL T
BhEhEITLE2¥TF vy, ThhbBHIGFE.
- BMEREOHEERES T HRY ZA
- BIEIC K B IRERDUUK.
THAS. T=—)2JHBDOEEET— FEIBDEBEEDEWNE, RKRYAAFEDENEEHODNDS.
T=—) 7 DGEIZIE, HopbRENNFICFET IEERREBEZIRIILT—R/NOKREBIZETS
5 EITEY, BRKE @ﬁi"éﬁ%(?’é’&");H’Eﬁb‘;ﬂ'lni?'é CNFBHTHMY HLN.
—A, T MEEDHZEIZIEK, WAWALRYRAAFENHDERIN, EFHEICKLEBESHERDT
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—THHAUPHERBETIE, AEHRKREBICHNAET I2AHAMEEFAL T, REFEEZZV—FABHRNICKY
8. ThIFEHTHMY L.

EFHEICKIBEHEZETIE, UTOLSHBT7ILITY XLARAVGND :

- ETFERM T —) LR

- (LA E R RE

- RIEGTE
PRRELLD. £9, EFHHRNI—) IEROHAEZT 5.

(1) EFHBMI—) IXBOES
2aF7OT7INT) ALDKDEHBEETH LN, EFHBMNT—) IZEAEDATIS. ERX
Al —o <t <o [2H T HEHEBD 7 — ) TEMEIRKICEYVEZ NS :

ﬂw)=3%;Jifammdt (6. 87)
WIS
f(O:::ﬁ%;Ii:f(w)eimda) (6. 88)
TH5.
ARERMO<t<NTIZH T2 BERAOBERT -
t,=jT, j=01-,N-1 (6. 89)
IZHT5%5] (KR8 :
%) = (% X+ X 1) (6. 90)
Mo, #5 (KRe) -
V)= (Yo Yo+ V)| 6. 91)
~DEERREE 7 —) TEH#IE
TEEIND. EEMICT=1¢T5¢&
P ST (6.93)
y J_Z

AR
[7—) TEHE, ERERLEAFRGRROEBRTHD] EVLWSRAFZITNE T—D0REDHD
HEER|)), =01 N-1TOXRE%, tOEERK), k=01 N-1TORRICERT H1TAI LEX

EY (PS8 %F‘b\k"'«bo’(%b{ (izbbmﬂ@’c £(6.92) &Y
] 2N 1 Nl N2t
gmhkgydw Z er k) =

ZX Ze'z’”k/“ k) (6.94)
MRYID. COREDEBEDELY, %F’|k>7§‘b§[’| >«o)£¢ﬁu¢
H :i’\Fl i27 jk/N Kk 6 95
)= e k) ©.95

TEZDNDIEITHD. ChEEFRREMNT—) TR EMES
N=205H&, (06.95) &Y
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1

0, =75 e k)= (), + 11,

ke (6. 96)

1, =5 e )= (10}, -1,)

EED. ThlE KG6.24) TRENFETEI—ILT—FTHD. 2RTOEFEHENT7— ) TEHITT
BI—ILT— Mt 5540, 6. D) ICKYEENEHLLIDTERAENEHLDZ EIZHS.
N=4DFEIX

0), =7 e 1) =3 9), +11), +12), )
1, Ti o4 k) =5(10) +il0, ~12),-i[3),)
2), = 2o k) =3 10) -1, 12 -13))
3, = 2 b =500 -, 12, +i3),)

SI

(6.97)

55 COTBFI=SY—ZETHD. FHRREES ERELALL. EROTREIRE||) DR
B TORRTHY

o)) (lo),
1. 1
|2>i |2>k
3),) I3
EERDE
11 1 1
R (6. 99)
211 -1 1 -1
1 -1 -1 i
EETD. TOGRBEHRZI LT HE, 1241 —1:

11 1 1 11 1 1) (1000
T_ll—i—1i11|—1—|_0100
PI=oli 01 a2l 141 o010 (6. 100)

1 i -1 -i 1 i -1 i 0 001

=9 M, I'=T Z@H-ETELDT, TILI—FTEAL.

(2) BREENT— ) ITEHOEFER
ETMMMNT— TEREETFIALE -8 —THS L0 |i), k), (k=01 N)ZEFE Y
FPTCRIWBELHSD. N=2"LLTI0EHTHDj&kz 2EL:

J= g2y 2 e 20

(6.101)
k=k -2""+k,- 2" +.--k -2°
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TRL, EEARY L)) &) %

)| Jz) ®---8] ;)

] ~|
(6.102)
|k>=|k1k2 >=| )@k, ®- 8k, )
EL, 1TEYMNSIVED 2ERTET -
i i Jl Jz jm
OJ] ”'sz . .. +_m
- 2Kl iz i (6.103)
0'k1k2"'km:§+2—§+---+2_;”ﬂ

BFRBIT—) IEBORRKICE, EEAY MLICHT S8 (£#f) 2RI KX6.95)ZEFEY
P TREIFLL:

| > J_ Zelzﬂjk/z ||(> 1 i i”.iei27ri(k12"’1+k22”’2+~..+kn20)/2" |kl|(2---kn>
2” n

" ) ) (6.104)
1L 1 iznj?} i2ﬂj2—§ .27”2
:\/Z,kzgkzakzae k)®e k,)®--®e k)
1 & iz;:jk% 1 i2] I27rj
= e 2k)®)> e ®---®)> e
e ke s koo X )
1 il i —2 iZITin
= |0)+e Z|1)|®|[|0)+e 7 |1)|®---®||0)+e ' |1)
J2
T, kDX (6.101) D 2 EBRTZERANS &
211 2744272 =) - 27 +integer
eIZH?JI_eIZIT(] -2" +|nteger) elz,” 21 ei2”0~in
J =) 204 2 ) 2005 2704 - 27 +integer (6. 105)
eIZHZ% =ei2;r(jn-2' +jp g2t +integer) :eiZ;r(jnZ Hjpa 2t ):eiZ”O'jr\—ljn

Epd. 22T, RO6.103)IZH->Tj,-2"=0.j,, j,-2"+j,,2°=0j,jELTWNS. ZhZERL

b5
elZﬂJk/Z 1 +ei2ﬂ2l1 _i_eizﬂzl2 +ei2n2ln
= T 9= Jz—n[|o> 1>]®[|o> 1>]® ®[|o> |1>] -
= \/7(|0>+e'2”01 |1>) (|O>+ei2”°"'"f1jn |1>)®~-®(|O>+eiz”°'ilj2"‘j" |1>)

2I‘|
%185, £(6.106)TlE, nfEOEFE Y FHEREHLEDREICHES>TULNS.
6. 17 ICEFHMENI—) IERFZERT IEFEARETRT. CORIE—R, |j) k) IcEiRd 5K
(6.95) DFEHD K SIZRZ BN, ) DIK)IZkDRETHDIHK(6.95) DREERHIEFEKTH 5.
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i) < HHr, R, HR, —m— _
|j2) l H -e[R,LHR, G fe

| 2

’ J

: V)

| 5
j,H> o — | o | ... H HR, |
|j,7> L — - l H H |

6.17 EFHEMI—) IEHMOEFEEK. ATy JIFEFEY FOIEEE M5
ATy THE—rTHA.

FlEEER S — R R (&, FIEIEY FAA0ODEZFENEY FEZDEFEL, FIHEY AT DEEFICIE
EBHEY MIUTOD&ESBEBRERT -

0)>0), We®
CHOEFRIENEFHEM 7 —) IZHREFEHL T AS.

1) (6.107)

FF AN
i doreer Jo) = | 10) ®] o) ©++-®] Jy) (6.108)
E1RBFEY L)) ABOOT¥Y—IL S — FHEBBT &, 2EORER
%(IOFG‘ZM D)®]ye-+, o) (6. 109)
LB SO EERDRT S, H6.108)1E -0 SHSAITELL
1 : ;
2L goy+I) !, .-, 6.110
ﬁ(l )+[D) @] Jp -, i) (6. 110)
=lDEE 2HED 0.1(%0.1, =121 =1/2 25, 2 =e*™ =" =1 DT
1 . .
—=(0)-1))® 1, s 6.111
ﬁ(|>|>) v i) (6. 111)
EHBDTELL.
F1EFEY FAFIEERES— R, ZEBT 5L, EARDKEEIX
%(IOM””"‘“Z D) ®]Jp0 ) 6. 112)

[CEHBEIND. ChEHERELELS. ,=0DLER, THRIFESNBELNSK (6. 109 NZOFEFHAS
hd. LE=AoT

1 i270.), : 1 i270.j,0 : :

ﬁ(|0>+e J|1>)®|12,--~,Jn>—ﬁ(|0>+e 210)®| e+ o) (6.113)
THHMBR 6. M) IFELL. j,=10&EFIZIK, K610 OERNEI1EFEY MEShD. Th
Y FS

0)>10), ) >e®

1) (6.107)
THdML, EEROIKE
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1 ; iz
[|O>+e|27r0-he 2 |1>J®|j2,...’ jn>:

> <|O>+eiZﬂO.ileiZn0.01|1>)®| jz,"‘y Jn>

=
i

(6.114)
:j%qw+wwmu»®“pmJQ

Y, j-10EELHE. 1) DEREE LN LN,

FHIZ, $1Ey bR, R ETEBT &, TOHAN

l0)seorsr )], i) 6.119

L d REICRIDYITST—+Z2BRBTHDT, FEI1EFEY MEEnEY FeLTHASINDS. K
(6.106) LtbET 5L, EnEFEY FOHALEGE S TS,
F2EFEY MIDWTEZS. TTT7HI—IY—FEREIBT S EBROSEDKEL, F12
FEv bDEELRKRIC
1 127041 Jp 0 In 1 i270.j,
3?0®+e |Qy33?“®+e j
L1B EBIT, E2BFEY MR, R ETEBTDE, 2AOWKER

1))®| jy-+. Jy) 6.116)

1 220,10 1 20 i o

—(lo 12770,z Jn Mo —(lo 12720.JpJ3+++ Jn Mo e, 6.117

Jﬂ|ﬁe 1)) Jﬂ|%e D)@/ 5.+, Jo) 6. 117)
RIHGREEENEFEY bETHRITH L, 2HRDKET

%(|0>+ei27r0,hjz,u-,jn |1>)®%(|0>+eizno,jzh...j" |1>)®...®%(|0>+ei27r0vl—n |1>) (6.118)

Ry FTH— b EBBTHE, R (6.106) DRENERSN TS, ThHbhs, 6 17T DEFEEINE
FRERRM O — ) IE|EERL TS,

6.17 TRLEZEFHHRN T —) IEBRBOHEREN, X(6.93)DT7—) TEBRZHAMICERT
BLEE7TILTY) XL (Fast Fourier Teansform: FFT) [CHERTEDRRERERILIVNEEZ .

FFTDZmE, nEY FTRIZEDTELIRICREGHRES — ML n2 DRETHLIZ LM HION
TW5 (HER IEFAEFLETFHRRIFE, BEI ¥ (2005)).

ZNIZH LT, B6.17 TRLULEFHBMI—) TEBRBFTIE, 7EI—IL7— A nfE & FlfEEER
F— RN (-1)+(-2)+--+1=n(n-1)/2 TEEIn+n(n-1)/2=n(n+)2ATH—F—n’THS. L1
MNoT, n=10Ey FDIBAETH, FFTOAEHF 100 25— FAZ LY. 1o & RELHDIBE, FD
EITERELTLS.

ETHHEMTI—) IEHI, EFHERT Hol LVSHICERTAIDICEENH#RIVE1—4—
TIXEFEAEN Y BETEELBTLRVNVEEDOHIZHE>TULS.

UTTREAFIZEZS. H6.17T TRLEEFRREZAVT, |1)®[0)®|0)®|1)=|1001)=|9) D & FH#
B E 7 —) ITEMEROTHS (X 6.18).
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YedN

o I LT e
1) : ‘ « i L

(1 (@ @ @ G 6 @ (@) (9 (10
B 6.18 [1)®[0)®|0)®|1)=[1001)=|9) DEFEEI T — ) TEHERD D, FIMTEDE
BRIERTYTERLTNS.

%1Ey T ET—ILS— FEEBE (1) DR EORER
%(|0>—|1>)®|o>®|0>®|1> (6.119)
L5 E1BTEY MBI — bR, £iB% Q) OLEORER, MY M0 ADT, LR
RESREND. Q) ORELFAHETHS. LHL, @ ORERFEE Y M1 HOT, R, 5— FOR
RSN, TORRE (1) DREORER

%Uo)—eig|1>j®|0>®|o>®|1> (6. 120)
B2RFE Y AT AT—ILS— FEBIB LT 6) DR
1 iz 1
J?Uw—eam]®7?qw+p»®myﬂg (6.121)

THd. R, 77— hERBE G OEEDRER, FIEMEY bN0LGDOT, G)DKRELFRALTHS. (1
DIREEFEHE Y kA1 HDT, R,OEWIAEEIND. TOHRE

%(|0>—eig|l>j®%[|o>+eiz|1>j®|0>®|1> (6. 122)
EIBFEY MATHT—LF— FEBB LR O) DREIR
1 iZ 1 iz 1
7?[my-qu]®35{my+eqg}og?qqug)®p> (6.123)

E%5BH. ELICROR,F—rERBTHEE, #HHEY FTHAIELIEFEY FII1THLIDT, (9
TOIREIL

{19-< ) 55 {lor+<713 o 1051yt 6120
BAEBFEY FATEI—LT— b ERB LT (10) DIKETIE
%(Iw—eiglw]@%(loﬁe‘z|1>J®%[|o>+e‘§|1>]®%(|o>_|1>) (6.125)
RRICRTyTT— L EBBT D E
0o ts{0ein|e {0l o lo-e ) 6120

ZORIF 4D 2EB TR SN B0 k) DEE|0000),/0001),-,[1111) () 2°* =16 BB L 2RI E T =4
DOMTHD. LXEEEET L
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[1003), =[9), = %(M ‘|1>)®%[|0> v |1>J®%[IO> ves |1>j®%(|0>_e”£ |1>j
= %[|0000> e |0001) + et |0010) - e (&%) |0o11)

+¢'20100)—e &3] |0101) +e &3 10110) e e |0111)
—|1000>4—ei%|1001>——ei%|1010>+-e(2+§J|1011> (6. 127)

~¢'2]1100) +¢ &3] l1101) e &%) 11110)+e 3 |1111>]
1 iz iz i3z iz 57 i3z i1z
:Z(|O>—e8|1>+e4|2>—e 813)+e2|4)—e ® |5)+e ¢ |6)—e ©|7)

LT 7 .3 T .57 .37 Iz
—|8)+e' s |9)—e *[10)+e ® [L1)-e2[12)+e ® |13>—e'4|14>+e'3|15>]

EEITD. FAFOMOTLEND XD, 2EKT 5.
M, =R (6.95) :

A LN_l i2rjk/N k (6 95)
)= Sk -
IZ2HET, | J> =|9> ELEGRIZHE-oTLNS. ZORIZENT, ﬁ']ilf| J> =|9>, |k> =|14> DEZE
(eiank/16) _ pi2eOx46 _ qin252/16 _ oir(1575) _ eusﬂei%ﬁ _ _e’STH (6. 128)
=9,k=14 ’
ERY, |j)=[9), |k)=15)DEE
(eiank/ls) _ @i2eOIS16 _ oin210/16 _ gin(16875) _ eilSnei%[ _ ei%” (6. 129)
j=9,k=15

EH0T, K(6.127) EX (6.5 BNFELWLZ EADHS.

6.5. 4 RItRHEERE

EFHM ) IEBONAL LT, MBEEREEZEAS. 122 ) —TIHOEEEZEFa Y
E1—4—I2&>TEHETEHT7ILITVRLTHD. 1=42)—1T5lE. ZOEEEEZLTERTFEOHE
IAEICED. I4hs, MBHEEMESIUTOLSIGHETHS !

=41y —&EEF (1751) U AEZonf-+DELT

U|u>=eiz”¢|u> (6.130)
EWS e ZEHBELEL|U)ZEABRY MLLET Z2EHEMECERIND LBy EHET S, =121,
BEANY MLIEEEERET 51

ZIT, ¢l30<p<1&L, 2EHMRTTILP=0.44, ¢ THDET S, BEHZRTIU NELBHD
HTHEHEL2G3DEI=F) —FTHENS.

B 6. 19 [CHItEEMEZ B EFREEZTT. ROPT, —DHOIIL—TEEI1EFEY M SE
NEFEY FETONEDEFEY T, BEMICEIBEZLELDEHANTEIDT, MBELORE—]
EIEA.

L3320V IL—T, HEO—MTHDHuERKRTHDT, MELIVRE—] £ RHMTHD

FFOuMEREINTLSS, TOIEITDNTIE, RETHATS. U EFkEOU DEEXRT.
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=

L Sl I O ‘u)

6.19 (IEMEMEZACEFEE. FT IFEEFHHHTI—) LR, BIFEIXO
N THANZHLNZTDAETHS.

U’

| I -

b~y
<
S
Z
[ T T 1

RELSRAI—DEFEY AT EFT—IILT— FEZEAEROLADIKEL

ﬁ;ﬂ@ﬂﬁﬁﬂwwﬁ»®wn®q®+p»®p> (6.131)

ERD. CCTEEHRCOLE—DOERHLEL. TTICE6 2380 Q) THALEELSIZ, 7EAT—LY
—bEBEFLITEY, MERE) £S5 THERRIES A5 (YV2)(0)+[1) £ W5 TEREDERE (<
HBZETHD COIEIT&Y, EFHEREDOBILIKEICH .
LERE—D—ETI=HBE 1 Ev b (Y2)([0)+[) EMBL SR —DRT |u) OFIEIUT 47— &
BRTDRE (YV2)(0)+[1)@u) A%, 7' — FiBBT
Z0-m)eln = (o)elu+ ) sl)
1 20 1 274 1 27
J?W»@@+m®u @}iﬁqwag+me¢®m»:?§mmmx *)®|u)
EHB RBHELBIEIC, BHEY FO|u)IZS— MEBTEELTULEWNT, $IEE Y MBI AEE
TW5.
FKkEY FOBEIZIE ZF— MBBT, VEEFTRRADESITHS
u) > U Ju)= (%) Ju)=e2¢|u) (6. 133)
ot K6 1300 ZANTNS. LEA->T, BELSRE—DEKEY FERBLSR4—0UY &
BBEOKEEELHTE L
0)@]u)+[)®e*|u) = [0) @ |u) + ¢ [1)®]u) = (|0} + ¢ 1)) @]u) (6.134)
1

(6.132)

%

amu,%gbvxa—wﬁkpyxa—ﬁiamymﬂm;ﬁﬂww%wp»cgmiéauaxﬁa

RIENRI otz CHITBIREZETHSS.
I, HES— FEEEFE Y FHEBLERORKORER
L (10)+e** 1)) ®(|0) + €% *#[2) ) @--- @ (|0} + €** 1)) ®|u) (6. 135)
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7B THIEIE Y FEIEELGL] EVSIL—ILIZRLTWSHREBHILF BTG,

SEMABREREICRES. K6 1904FH# 45— FETRTOBFE Y FASEB LD EDIRE
(X3 (6. 135) THB. £2AT, R (6.135)DglL2 EERTTo=0dd,--d THY

ezmz“qy _ eiznz”’l(o.m---m _ eizﬂ(m---%,ﬁo.%) _ eizno.%, eZ/ziZ"’Z;ﬁ _ eizno.¢n,1¢,,’ . eZﬂi2°¢ _ ei2/r0,¢1¢2---¢n (6. 136)
EBNDT, X(6.13D)EEEET L
\/7(|0>+e'2”°"’ |1>) (|0>+e‘2”°-"’n4¢n |1>)®.-.®(|0>+e‘2’f°-"ﬁ"’z“'¢n |1>)®|u> (6.137)
2I‘I

ES. EXDSHALIGEESIC, COLEOREL X2 —DIKEIE, =K (6.106) TR LI-EFHHMN
T—YIEBROENRKEICESTND (¢, 4,)=|4)®|4,)® - ®|4,) & T—) TEMLIHERICHEST

W3). LEA-T, H6TI9DESICEFLORI—ZHEEFRBMNI—)I7— MBI L, TOH
AIX|gs, - 6,)=|4)®|4,)®-®|4) 2% D, ChERAEL, H-EXZE2 TENIE KEMITKRO=Mo
&L B.
COMEDRTY TR, BEFHMEHI—VIEBRERALF —F-THEMND, TRMTILTYIL
[THART, RT7y THREBHINS<RY, BRI VE1—F—II(BRT, BEETHETES.
SHEOGADTS, HZTI0ERKRET, COT7ILTYILEZEETELTRS. T7, ASRKE|0)Ou)

(2L, 0Z10H#H) &, FEI—AT—FITLY, BELIRE—0BHH0)A5[2-1) FTO
EhREbhBICE-o>TWS. hik, RK(6.93)ERLT
1
J2—(|0>+|1>)®(|0>+|1>)®~'v®(|0>+|1>)
Kot ) ®K, )@ @[k Ky ik, 5K (6.138)
\/ZTZIZUkZz:n koZ:|n> | > | > 2" kzlzokzz:o DZ:| >
\/_(|oo :00)+]00-+-01) +++++[11--11)) = J_(|O> 1)+t 2“-1)):&224“()

RI, SHEORESHES— FEBDE, H6.135) & z(|> 1) = Y [k)e N & Y RAE I

1 1 1 1
[ 3 3 Sl elk ) ook j
k 1nk -2=0 k0~0
1 L L L Ko x2" T 1k ,x2"2 ko x2°
- Z Z|kn_1>®|kn_2>®m®|ko>®uM Uy u)
o (6.139)
1
> LYy 3l gk BURT T
k 10k -2=0 0
ZFZ@ k)@U*|u)

E1B. 212, CHIZHEIZK 6. 19 OFIEUY ¥— rOESE 10 EEZRRBICZEELEETTHS.
£ 6. 139 IEUTDESIZERTES .

1 i27kg |2nk¢32" u
F2k0|k>®u | > \/EZk o| >®e | > \/ZTZkO / |k>®| >

R LN (6. 140)
=ﬁ2k:oe'2“’“ |k>®IU>=W;e'Z”‘””“ k) ®|u)
__T
$=044,¢,, $=2"¢=4¢,¢, N=2' (6. 141)
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BIND ) DEFHHMMNT— ) TEREoTNS. M, 2ERBOLELALLSISHERFTI—Y
TEBES— FEREE BELORE—IZ|)) B EbA, N=2 TEAE, (REERNEOS<RD. #
BF7— ) ITHOBKBIERMTHERS.

EFX (6. 140 [FBFAVE2—F—ICEHIRLEELCLEBATLS. ThlE, X 6. 1400 1
EHL 2BHNSETHD. L& S ISHEIU ¥ — FOEEU  X|u) ISERTS. LAL, ER%
[FEEFFEOM?™ 2R TLES. Z54NE, 2BEOEENELSIC, RITH>THI e
TE%.

£535%E, EEUAEALEICLEDLLT, WEZOFEEMELEA2ESITRZS. —F,
AEELT BETORL, HIBME Y MK ITHEHE ™ HBEbIE. hbld, BFavEa—4—0%K
BTHEIIVAVIILAD LDOMRTHD.

DFY. IVAVIILLTVSHAICREERT & ERMICEN TGS S FAICHEARADT
H5 HEHICE BEFHLEAOEL, ELCERHEBHTELINT, BFIUAUILAL b
DHRNEERT S

6.5.5 MIBEE

MHHEL RETHRLELIIC, VaFOTILIT) A LEZFE > TREBA BT 5-ODF—THD.
MHEHAEDEFERTE, MEEEEEZHEFRBAGASIATNS. COETE, COMHEHE
DEFERZEEZATHSH. MBICONTIE, BEICE6.5. 28D (6.75) TREINATWS. UHHEDE
F7NIT)ALZERYT D EEFHETEED. £HZH, HNROMEZBAELTIRAHEHL. 556.5. 24
DHEGIZEL T, BEHEDEROBHEICTICENRLZEABETHSS. Ff-, MBHENER
FOAAEMEE E WS EREMEICER S, MBEEDO—MERT 7—)ILXBREBL THEES M
HOOMBIHESINDIE WV SEHLEHZ, Lo VERLLGTAEGZR SRV, BEYGHEGAEAE
DRELGRFIZESS.

BOTHBDERELUTIZRTY -

[EWNCEOBREBXEM X<M)DEZONTF=EE

x"modM =1 (6.142)
ERDRNDERBrExEM DEEEWNS. |
BEDIAVEL—F—Tr&itEd 50 LN ESNhTVS. EFFETIE
U, |Y)=|xymodMm) (6.143)
Em-9EEFU,, AHDHEL, SHITIOEEFU,, ORFERENTENLIITEZONEET
%
Upu |us>=ei2”§|us>, s=0,1-,r-1 (6. 144)
Frbb, s=10 & =EERE|L) OEHE" ORI ¢IEg-Yr BOT, 8 A1 -Ys TEZ DB,
MU, ¥r DHFEICIE, AIHCTRAAEEEREEREFIEENI &ICHD
MBIz, K(6.143) TERSNDBEEFU,, OHEBIZOWTHRS. K (6.143) kY
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U [ V) =U, U U [¥) =] X7 ) (6. 145)
ERD T MUBTHDIETHERG. 142)FHRTHDT, paEBHELT
X'=pM+1 - x'ymodM =(pM +1)ymodM = ymod M (6. 146)
THANDT, y<MHELIE
U’ Y)=
E%BH. CIT, | FIEFEEFTHS.
HMEFE LTx=2, M=10&F3¢&

>:|ymodM>:y - U,," =I (6. 147)

U, |Y) =|2y mod10) (6. 148)
THHADT, y<MDLE
U,1°[0) =[0) > U, [1) =[0).
Uy’ |1 =[1) > Uy’ [ 1) =[2) > Up" [ 1) =[4) 5 Uy’ [ 1 =[8) > U, [ 1) =] 6), 5 U, 57 [ 1) = 2), -
Upi'[2)=(2) > Uy [2) =[4) 5 U,00°[2) =[8) > U,0°[2) =6) > Uy [ 2) =[2),
U, [3)=[3) = U,y [3) =[6) > U,y° [3) =[2) = U, ,0°[3) =[4) > U, " [3) =[8) > U,,°[3) =6) -
3 (6. 149)
Ui’ [5)=(5) > U, [5) =[0) = U, [5) =[0), -

Uoso’[8) =8) > U, [8) =[6) > U, [8) =[2) > U,,°[8) =[4) > U,.,0'[8) =[8).--
Uz’ [9)=9) > U, [9) =[8) > U, 1°[9) =[6) > U, 157 [9) =[2) > U, 15" [9) =[4) > U, 0" |9) =[8) -
L7 %. COBEICE BEFU,  DRHAr=4H x modM =2'mod10=6 - L THE ST, x=2, M =10
DEZTDORBMTIEARL. MEABEMN O, 5 HLFNMTHSA, Bfir-4 L RHES.
fhDHIERE LTx=3, M=10&LF 5L
U,,| ) =|3y mod10) (6. 150)
THAEDT, y<MDE=
sy’ [0)=[0), > Usy" [1) =[0), -
Usio’ [ =[1) > Uz [1)=[3) > Us,° | 1) =[9) > Uy’ 1) =7) > Uy [ 1) = [ 1),
Usi'[2)=[2) > U, [2) =[6) - U,°[2) =[8) > Uy 07 [2) =[4) - Uy " [2) = 2), -
Usio’[3)=[3) > Uss'[3) =[9) = Uy, °[3) =[7) > Us07[8) =[ 1) > Uy " [3) = [3). -~
: (6.151)
Usio’[5) =(5) > Us0'[5) =[5).-

U3‘100|8>:|8>_’U3,101|8>:|4>_>U3‘102|8>:|2>_’U3,103|8>:|6>_>U3.104|8>:|8>""
Uss’[9) =19) = Usye'[9) =|7) = Usy7[9) =[1) > Uy’ [9) = 3) = Uy o' [9) = [9),---
L5 COGEICITEETFU,, OB r=4Hx modM =3'mod10=1Z#HELTHY, x=3, M=10D
EEDMNMTHAIELDMNS. PHAENO, 5 HLFNMTHSN, BAffir=4 L R 5.
Uy ODEIED Yy DIEICRTF LGV EEEETHS. I4hs, FEOMEAKREBIZRLZIZU,, /R

SETH L EHMRELEBRICARAENSR OGNS, 512, xHAFHRORIZIE, EORPI ML
5. COlEFaAz=FYY—EEFU,, ORFEBENEREZS YT H L

U [¥) (%) [¥) =™ [y)=ly) = €™ =1 > 1g=1 > g=T o 1= (6.152)
ThHbd. Thhb, MEBRTEEENIERERBIZERINDZEADMS.

2L, MHEMEA b DEFICIL
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Ups’[5) =[1) > U, [5) =[0) > U, °| 5)=[0),-
Usio' [5) =|12) = Usy'[ 5) =[5) > U’ 5) =[5). -
THAHDT, A% 0 L RHEES mod10=1 THRETHEH, BEHESGIMIEEZ SN S, 51E10
DHIBMTHS.
x=7DFFIZIE
U, [0 =]1) > U, | D =]7) > U, )°| 1) =]|9) > U, | 1) =[3) > U, | D) = 1), (6. 154)
THAHDT, FEHAE 4 T7 mod10=2401mod10=1%DTHHTH 5.
x=9DIFIZH

(6.153)

Uy [ =]1) > U, 0 [ 1) =|9) > Uy, | 1) =|1), (6. 155)
THHDT, BEHAIE2 TP modl0=81mod10=1% D T TH 3.
X=5[ZM =10 DB THAIDTHRNT HE, M=10 ERLEFHEIx=379ThHY, LWThbEi

2TLVS.
M =15 DEFIZIE, M =15 RGHFMEIx=71113T, ThTth
U’ [1) =1 > U, 0|0 =[7) > U, 2| D =4) > U, s | D) =[13) > U, [ 1) =| 1), (6. 156)
U’ |9 =|D) > Uy | D =11 5 U, 7 1) =[1), - (6.157)
Upss’ [ =] 1) > Uyt | 1) =[18) 5> U 2 | 1) =4) 5> Uy | 1) =|7) 5> Uyt [ 1) = 1), (6. 158)

THHANDT, BEAIEA 2, 4124H5. WThEHEEEZE-oTLS.
RiZ, £Ou,) &

1 =L oli2ggd

e r

R

x) mod M> (6.159)
ELTHES. B, RO 1UOMNERADZEETED. TIT, T TERETRT :

U X modM>: x‘”modM> (6. 160)
xImodM =q (q: B8R £35&, xX'=pM+q (p:BAE) LEF5DT, FK(6.143)IZy=x' modM
AT DHE

U, [¥) modM ) =|x(x mod M )mod M ) =|xgmod M) (6. 161)

LG5, Fi:

x"*lmodM>=|x-xj modM>:|x(pM +g)mod M) =|xqmod M ) (6.162)

THBEDT, CH2REHRBEITLY, (6. 160) AEEHRE Aut=.
= (6. 159) £ =t (6. 160) £ALNT, U, [u,) EHET S -
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1 Lo

3. 1 &=Ll . 1 =22
U, jud=U —=>e rIxmodM)=—"De U ,|x modM)=—De  r|{x"modM
X'M| s> X\/Fj:D > \/FJZI; M > \/Fj:o >
1l X mod M ) +e X2 modM R e " X mod M )
Vr v Oy modM>
225 1 e ' |x mod M > +e 7 X2 mod M > bt T mod M >
L : (6. 163)
| +e 7| x° mod M>
. S . S . S
2:5 1 e [x° mod M >+ e ' |x mod M > +e %2 mod M > T
=e |
Jr ve T X mod M>
_ eiZ”? |us>
_c_CT
X" mod M > =[1) =|1mod M) :|x° mod M>, e g _ g (6. 164)
A=,

RBEERME SR CETES (M 6,19 £ALNIE, MUEHEEHEICTETLESL312RX5. B
L. E6.190EFEBEHATICE, |U)ABH>TOEFRERSHEL. 0RO EERE T T

ETCVWRETAELELEL. ChERS-2ETHS. LHL, ROBEZFEZIE ZOHBEEZRYYS
CENTES. TDEERLEF, TOXTHS GEHAEEHDOH (6.166)) :

1 r-1

- =1 6. 165

\/F§|US> |> ( )
) ZEBTHCLERTERVA, DALV OTLRABETES0T, B6.20 (TREhD&SI2|u,) DR
HYIZ|) EBBELSRE—DANET S,

AE

-t 0]1]

PR FT™

=N

L n-1
UZ U3

6.20 MEHET HETER. W) ORDYIZ|) EHBELSRE—DANET 3.
FHMBL SR 2 —DAELTS.

0

—
=
S

L T T 1
| I I -

olle o|‘c

F9, R (6.165) ZfEMNDHSH. H(6.159) ZFES &
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1812 Liogj
[ =) — rix! dM)==
r s:0|us> I sso /I J:()e X mo > r J—O(S—Oe ] >
| 1 1. | 1-e |
:_2[ I2”r}|x modM>:?Ij|ﬂg[ - — |x modM> (6. 166)
==r|lmod M) =1
ElEsd. CCTRAFAW:
Ljim| 2287 | L 1270 |y (6. 167)
r im0 427[% r -0 i27zi
B r
6.20 O=FEIEEEH L,'CEJ:5 ChiziE, 10 #EERTDK(6.140) ZE S5 OIEFITH 5.
|u>=|l>@E%I:ﬁ%llfﬁllux,Mzo,m, W P ESEROREARD E, SEDIKEIT(6.139) 2k Y
— S K)eu, 1 (6.168)
TlIKeu. )

B K6.165)Z2F-T, CheTieddE
H)eU, ) == T keu, =S =S Ly eu,

1 1
FZk:o FZ“:O M r s I s \/2_”
= |27rk§ " :ir’l 1 2 i2nk> u
Tzfzw e a5 B0 ol ®.169

r

o 2) L |k>}®|us> S el
COERTIE, H6.163)BLUs=2"s, 2"=NLHL LT =

H(6.169) KUKG6. 20 DEELORERIE, 00D r-1ETOrBYDsEHIREBOERELEICH >
TWBHIENTAS. ST, BIETHE, EREHEDREN S (BIE) DEERE~ TRRIHE ¥
BEVSEFNFOUEZIRATH-OIC, BELIVRAZ—ZAET S COAEICLYEREDLES
DBELCRA—E—DDREICHD. T, CORRONREEZANSE, BMELCRE2—Z8IET
HoElckY, HEZHEICTHLELTES.

MEL R E—IE|u,) DEREOEREICLESTEY, ZO|u,) ) DE
h&bhE[A-TVS. COTEhd, MELURSEMETHL, Eﬁ,ﬂuénr_|xj modM>l~,&"§E75\1DZ
RL EZRYDBEIZO0 EGD. CNICKY, HFEDOHMNEY, SHENHEICLGD GEL L [IRETHERD).

COESITLTLK ERBRHIC, BELORAZ—DIREIFS/r zEFHRAIT—)IEBRLIE-LD
L 5hn, REICChZEEFHBMNI—IIERTSHE, §/rAKRFY, SHITN=2"TEIILs/r
NRFES. BERBITRETHRAT 5.

ROFTHOREBELERCT S0, 35D LEAZEMAS. BHOD
U, |Y)=|xymodMm) (6.143)

ZIREY S &
UXVM"|1>=|q"modM>=|kaodM> (6.170)

MR T A ENRENS. TZT, xmodM =q & LTLVAS.
FY, U0 =|d" modM) EHFEHBMATIERLELS. R(6.14)Ty=1£F5&, x=pM+qTH

30T
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y=1-U,, [))=[xmodM)=|q) >U*[1)=U,, |q)=|xqmod M) =|( pM +q)qmodM>=|q2modM>

if vaMk|1>:|q" modM>—>Uk+1 H=U,, qkmodM>:|xq" modM>:|q"”modM> ged. ©17D
- T, UX,M"|1>=|qk modM>fJ§§i%>. xIZ, UX‘Mk|1>=|Xk modM>I:’DL\’CI:J:
|x" modM>:|qk modM> g.ed. (6.172)
LB, IZH(6.170) AFEBH S =
it-T, K(6.168)DRIDRZE LT
%zi[ﬂ@@u; 1) :%zk“_gk)@w modM) (6.173)

MNEZS.
® (6. 17) A5, HfHU, 24— FDFT>TVRI &L, FEEIZIE Z0ASN-1ETOHTLLHD
ALIZ, 32LESLLMEEREDLEDOETX ZM B F-RYZHEL TSI LIZHRDS. HilfH
Ul U, F— hEB% FELSRE—Z2REL, BELOR—HEFHKMNT—) ITZH
T5HE, ROBDEEr A x modM =1%F#E1=7.
HE-T, X'=pM+1%HZDT
x* modM = (pM +1)x" mod M = (pMx" mod M) +(x" mod M) = x" mod M =1 (6.174)
L% xX"modM =17 5 (X
X" modM = (p'M +1)x" modM = x"modM =1 (6. 175)
THH. B BEL SR 2 —ICEr ORI THRAUDHESHED 2 F (FERER) A+ O LY KREL|K)
NEbLIh, ThHhORBRMIZrERDHD T EITHS.
2aF7DOTNLITYRALTIE, REHSBLEZOMITOVWTOM(xr)ZRDITHET I LITHEN,
DEZOBRMVHLT, RONFEFEY Fn, DFYIN-DETOFTErOFHASIRTET, FH
DEFED 2 BOVENDBTRITERELLGOLBVGEELNHS. COLIGHEIE xZRBUPET &I
5.
EFIVAVINLADEOHMRELTIE, LEOT— bEBIKISHELT L E, BREIGERSIEHE
TEHEBEDHERS LTWDIENEITFOND.

6.5.6 >a7DT7ILIT) XALDOFIE
BEZoNF-BERAYSBTHT7ILTYXLER, UTOLS3GEDOTHS. M I BHROSEEIES
ELTODEKERVGEVDTHRNT 5.

M 1HAEM-1OBETEEITKEER. HLxEM ORRAMHocd(x,M)M 1 KYKEWESIE,
ged(x,M) ZH AT 2. DOREHITM/ged(x,M) TH3.

(2) x,M (x<M) Of#rZHET S (X modM =1).

3) LLrAEHTHY, xPmodM 214 51E, ged(x?+LM) & ged(x?-L,M) 251894 5. £ Lh
BNIL—DONM DERLGLE, ThztHhd s oG (DIZRS.

BIZ, RRAMNBEHETS7ILTVXLEEI—Y )Y FOERZEELTEATHS.
HoT, YaFOTLITIVALDERIE, QONBHEEZEFIEL—4—THTVEERILTSHET
Hb.
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BiRflzEAZS RVEELGHELT M=15DBEZEFIVEL— Y —THERRAHIBELTHEL .
x=TZBESNZ &IZTHE, DEFETEIFELLHVDTHEHETE 2 ~NED.

7°mod15=1 7'modl15=7, 7*modl5=4, 7°modl15=13, 7*modl5=1, --- (6.176)
ZOHFITIE, r=4T
7*mod15=1, 7?+1=(50,48), gcd(50,15)=5, gcd(48,15)=3, 5x3=15 (6.177)

ERY, ZERENELTES .
FLCM=15MFEIZ, x=3HDWIx=5ZFFBATEHLRLD, ZOHEIZIEZ (1) NERAIIS.
EFHEOFIEOSHBEICESS. £, BELORXE—(Z|0), MELSRE—IC|)ZANTS. 7

Y= T7—rEEBTHE, K (6.138) Ik Y ERDIKREE

1 2"
—_— k)®[1 (6.178)
&2 Ikel
LB 2'>MBDT, M=150FEICEN=4LF 5. FHEHU S—FEEBRIEDLERK(6.173) 1
1 A 1 N1
FZk:O|k>®U7,15k|1>:W2k:0|k>®|xk mOdM>
=%Zk”_j|k>®|7k mod15)
:%(|o>®|7° Mod15) +|1) ®| 7 mod15) +|2) ®|7” mod15) + - +|15)®| 7** mod15)) (6.179)

=%(I@®|1>+|1>®|7>+|2>®|4>+|3>®|13>+|4>®|1>+|5>®|7>+|6>®|4>+|7>®I13>
+|8><>|1>+19><>|7>«+|10><>|4>+¢11><>|13>+112><>|1>+113><>|7>-+|14><>|4>+115><>|13>)
Ehb. RAELADMNERDE, BELORE— (BEORADER) H(1),|7).]4).]13).[1), - THZD
T, BN 4 Tr=4THIZENDND. 0T, |k)=(1),[7).|4).|13) B HHEFEA0.25 T, ZhList
DHEE(FO0 L7 5.
RICEBLOREZERET D, AJREMEE L TIE, L47BZFAERKRELE L THIBEND4EYLDS.
NBFFELWVERTEZSN, EOBESTLREVVERETERNULGE, 2FYREHRSBOBRICITS
B CEMNHMBNTING, CZTIE #HlELT, BEHRN4EZ-BEEERELS. COLEHEL
CRA—MNATHAEZDHEEL DR — (BEORBINDER) X, k=261014THY, BELOREZ—
DREIFLUTDLSIZHES -
~(12)+[6)+20)+[14)) (6. 180)

SERICEN DRI /4505 1/2 IZEELEZOF, MBELORE—ZREST S EICE2T, 4ICHEE
LT=AKREICZEEL T CRERAUBRLT), IZEDEMN 16D 1/4 D4ITHST-1-HDTHS.

RRIC, BELORAA—ZHEFRRNTI—)IERT L. n=4DGEOHEEFHBIT— ) TEHR
NDEFERRIEIRK 6.21 DKL 51274 5.
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— @ T T_- H |
0 1 +
— z . 1 1 R',
J
v
g r— H R, R,
0 O ‘!" o £

— H HR', R, R’

4

1 @ @ @ G e @ @6 (¢ o) (11

6.21 n=4DFADFEFHBEN T —) ILTHROEFEE. FIMTZDESEFER
TvTERLTULA.

ST, MR F— E B S — bk (R6.107) DRERT, TOTBREBHME Y LA 1 OEZD
BIZRROERAES Y, 0 DBEERAELTHS -
10)>[0), [1)>e 2 [1) (6. 181)

CHOEFEHEICKG.180) ZANTLIOTHLN, EFHEHREINATHEBHAELGDOT,
|2),16),]10),|14) R < IZE 6.21 OEFEEICAHL, TAOOHAZHRTRELTILRLY. T,

|2) =|0010) DIFE EEIZO>THB.
T, 2F2EBTRET DL 0010 THEA D, COEFRBADANK

|0)®]0)®|1)®|0) (6.182)
Thd RIvT7—re@BLEKRED
|0)®|1)®|0)®|0) (6.183)
RDTFI—IV7— ~E@E LR Q) &
|®®pxn®®j%qmqg) (6.184)

EIEFEY KR, ZEBLI-KEQ) L EIEFEY A OLOTHIEE Y FTHEHE4LE
v FORKEOMANIZEAHLLTZEDEETHS. FEIEFEY FARDTEY—ILT— FEERELT-KEE
ONES

|®®W®j%¢»¢%®j%¢»ﬂ®) (6. 185)
L15%.
F2EFE Y MR, F— R EEB LI 4KEE 6) 1
eégzaqyJE (6. 186)
THHLERLSE
|®®m®j%m»¢m®j%0®+5§mj (6.187)

L%, RARICROR, 7F— i@ L= 4KEE (6) (%

2m

e ¥ =i (6.188)
THAHDT
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1 . 1 1-i
|0>®|1>®$(|0>—||1>)®E(|o>+72'|1>] (6. 189)
LGB E2ETEY T EY—LS— FEBBLEREDIE, RROESISHS -
1 1 . 1 1-i
|0>®$(|o>—|1>)®$(|0>—||1>)®$(|0>+$|1>] (6.190)
E1EFEY MEOLDOT, Hll v FOREICESTZOEELLY, HHIR, — FBEBROK
B0 ETHZOEEDORETHYHEITS. LEA>THASNBRER, UTDES 45 -
1 1 1 . 1 1-i
2)>—(|0)+|1))®—=(|0)—[1)) ®—=(|0)—-1]|1) ) ® —=| |0) +—|1
2 50+ m)e(9-B)e(0)-1)e5{ 0+ )

1 1-i
==1]0000)+ =000

1-i
—10100)——=1010
| > A |

1)-i]0010) i %|0011>

1>+i|0110>+i1—J§i|0111> (6.191)
+|1000) +%’|1001>— i[1010) - 1—\/_§'|1011>

—|1100>—%|1101>+i|1110>+i%pm)j

REI#RIZ

1 1-i : 1-i
|6) — Z[|oooo>—|$|0001>+||0010>+$|0011>
~|0100) +i %| 0101)-i/0110) - 1—\/;|0111>

+|1000) —i 1—\/_§i|1001>+i|1010>+1—\/_§i|1011>

(6.192)

—|1100>+i%|1101>—i|1110>—%|1111>]

|10) - %(|oooo> —1—J§i|0001> ~i]0010)+i 1T‘2i|0011>
—|0100>+l—\/_§i|0101>+i|0110>—i%|0111>

+]1000) —1—J§'|100

—|1100>+1—\/_§i|1101>+ i[1110) i %|1111>]

. (6.193)
1)-i[1010) +i l—JE'|1011>

|14) — %[|0000> +i %|0001> +i |001o>—1—J§i|0011>

—|0100) —i 1>—i|0110>+1—J§i|0111>

1-i
——|(010
7

i i (6.194)
1000 +i=—=[1001) +i]1010) - ——|1011
+[1000) +i-£[1001) +i[1010)- =2 rona)

—|1100>—i1—\/_§i|1101>—i|1110>+1—\/_§i|1111>j
= (6. 191) ~ (6. 194) #/0 % % & [0000), [0100), [1000), [1100) [FRHFBTRERLESH, #hDEDIFHEL
EoTLFESDT, K (6.180) DREZFEFT—) TEMLIZEERIE
11 1
E-Z(4|oooo>—4|01oo>+4|1ooo>—4|1100>)=E(|o>—|4>+|8>—|12>) (6. 195)
121



£ %.

MBEHEREER IO, BELORE—ZAET S AEDKRELTHONDER 0, 4,8,
RNOBZENIBYTHS. MBERDICIE ChoZ2 TELILENHDHMN, TOFERO 1/4,2/4,3/4
DABYDHEENHS. BADKHITALUTOBEREEZAONDD, r=21E7 modl5=42112h\ 5 i
BTEL.

H-T, SOEIGUBHETEFIVE2—F—ERAVTITI> &, BLELTHRLNIRIDDERK
X 4THD. 4EBEBEET mdI5=1THAINLMMEREILITRY, BREXATYTITHS Q) ITH#E
.

r=41%, BALGMZQ) OEBGEHTHL

ged(7%° -1,15) = ged(48,15) =3, ged (7% +1,15) = ged(50,15) =5 (6. 196)

Z15%. x5=15THHDT, 15 DRAKSENFoNT-.

6.6 HEME

MBZEI7A VIV, THRAEBTEEFREDS I 2L—2 3 VIETERL LR, 2FE
BEOREMFEHERLEZ. 7740 ERLTHSERRILICEF/ LV, SEHOEFHEORE
FECEEITRELEALS. L, FEIZ—RRNTATHLDT, TRICKIFERNEVR &
3.
EFHERFEFHXFEAEFNEAATHS [EREhE] & TEFLDN] ICILHIL TS, 2022 &0
J—RIYBZEDZEXNREIEFLONT, 73V -TAXN, D3v - 959—FLTT7U Y-
YrA) oA—ITBE SNz, FTAU 134050 EFHONEHTEFHRZEITFTELTHD] &
FTEHERMARICEE SN

TA 184 DERICIE, HOBRMEAMBEENERIZHDILEBDNE. ——ILR - KR—=TFIL ¥
BZOBEMIIBARAZTERICRBRT S LETHDI LIEHLEDY, BRFEVNLTHS. MEREHEET
LAV, XETIRETLLEL. EFHNFEAEFOEAATHD ERdEhHtE] © [EFELOn) 8
BLESIELTH, ENEKRTOERICEZET I LETELAVTHAS. EADEEMNLEREBREDHE
YIZENTEENTWANSTHS. LHL, REICEBTI2MERRICBECHTNSSETHELIE,
ZITAND LHEL.
EFHECEFRERVEFEL T, AEOXHAFXELREEZXITLEBEOLNEN, TANEDKS
BEDTHEINMNIBLDEBREBA TS, NBICKELZEEE1E0LTCNBIEFZVTHMES.

5 6 EDSEH

[6-1] =EF@RER, &iF B, EFa2Ea—%—AM, BERFER4 (2008).
[6-2] ARl %, EF7IILTY XL, BEERELR (2014).

[6-3] AAZFI KBEZ EF7=—") U OER, HIHiR (2020).
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FTE EFHEREROATAME

HHEER (EFHERICE L THETROHEKS “GR” LFEATVD) EHEIFRATOIETOD
ELLADEZES “Ev b OEGSLT—ETEREINATNS. iz LEFEHER TIIRKIC
‘0" THLHY 17 THLHEREZELD “EFEY N JUYBHShTWS. 1 EFEY MIBEBTH
X, “0" THAHLREKIZ “17 THAHEWS “BEREHERE” AEREFEShD. ELTEFEY FED
BIZEN20n REQKEZRRICREAERELS. FL2EFEY MIFEBTAIE, —HADEFE
Y FOREZAZEITNEMEDEFE Y FORBLRBRFICTRESILWVS “BFHLO0N” NEEShD.
BFHER TR IOEFERELELEEFIONEV S EEFNENLGREZHEE THEIIMICEN
S-EBDEFREZABICIRET I LTREFNEZTRICLTNS. HAFERATRNFCED
W-EEHTHLIDITH L, EFHEREEFAFCE SV EEMICEIYEREIAHEHKTHS.

2000 FICEFHEREZRBE T O-OICYEREETA T4V T4 T4 FVIJBFEFEY S
FIRELUTDOS DDEH(TA T4 FIoIDISATITERFIND) ZIRRLE:. ChoD&EH
FEFAEROBEREOREICET ERNLGIEH G H2TNS.

(1) BEFEY FADIRME(BEFEY FOEY FIZEDPED)

(2) KEDOWEL (BFE v FDOREEAEEE)

@) +HITRVWIE—L Y AKM (EFERESHETREEFHRICHELREMRF TR

4) EEDEFT — FOER(BF7— FORE+HFEHEZRERTT6R)

0) BEHROFTAHH L (A& 5 BIEATEE)
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IHH BEE % 1A NSV SUay BERF
=t Google, IBM BRARFE+NTT KE IONQ(AA>F1—-)4t | KE Intel K[E Atom Computing
RE BERMTAFE KEYAIA>AH L K[E Honeywell(/\xJ1 | XKE IBM {LE Pasqal
PE BERAMTARFE )t FEXOSER, IBHR
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REME | BCEARISEKIENACOC | XA FEERIBOEF TR | /AVEEENFCEWES | BIFOFERRSERME | BB (CAFHE LN IEER
RIMPETI)-N—xEWSE | OAAEREOEHEZFIA | ZFAVWTEBRZERMAICEU | ICABETHIZHOER | /RPEIt—L ARR(E

FORTNEFLEY U THERE
9%. BEEREEEYA IR
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LTIBHRERIAIS. 5K
BIRIRTEEAREEFE
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WINETHD.
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WMHERIEPL—Y -0
ZEMNRETHS.
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7.2 BEEAR
BEEMBZAVEEFREBETS a3 IV UEELEVLS FURILEERFEAVWTEFEY M
ERTEARTHS. BGEEFEY FMI ABHASHMULEBEECHIBICE>TYa IV VSR (5
CEALE2ODBEEADOEOBEEEFND U RILHR) IZE > THNIBEEEREHIET 5.
CHOEFEY MIESUXEV)IEERBA U F V2 THDID I TV UEELET YN\ AQEMAG
FIXIRAIE CHEAINS. COEFREEIA I ABE/NILRERAWTRETTRETHS.
TatIVIUMRE BLIEEELEL2 DOBEEAROMIC, BEREBFRD FURILHMEIZE>TER
CEEBRNFANIEZRTHD. M 71.2.1 IZRT a7V IR (CHOOBGERDMICHEBALED
BEAHDHES) ITHVT, BEEIMEBO CEVHKICEEEARICBEEER(Ca IV UER IR
hWBBEZRTHD. BEEREOMEXZOART, 2TOY—/I—HDBR—RTA o134 2 5EIC
FURKELTI DOERLEFRELTIRSDES. DFY DL EREEETIEFOMERDAME
FEREFIIZE > THEDNBAETELL B LREIZA S [T-1].

BirEA | BRE | BB

721 237V oHR

722127 &5, BEEARDEFEY FTIHBREBEFEFTANLIZ-CO 3t IV EAEH
WM D JIZEVWTRET HEEY EEAYDERNMAEFT IEFRENERINDS. Th4bbA
EYD” 17 LERMYD” 0" NEREHLES>EEFEY F2RETES. COERITBEE/)L—TIZH
AIENFHRICESTEELZOBRI RN F—EEMAEILT S, CHhIFHEREFE v b EFEITH 2002
FITFSUADTILI FIRKRETHMRAEINE:. COBMREFEY MIRE/ A XOFEEZ(FIC
KCaAE—LURBRINERC G2z, 512 2007 FITKAS z—ILKRETHEREFEMIESLI LI
FUBR/AREBB LIS VXEVEVWSHEHIARRE I REOBEEHOERIFER/ 4 X
MENE<IE—L U ABEBNRVWCD FS U XEVEOBMEEFEY FTHD. EFEO2NIE, 2D
DEFEY FORENMHEEKXREFET S5 EITE>TEREINS[T-2].

EFEY MREIX AV ADERELE S UOXEVDOBEEMD S bORIEZEMSL (EERY D
BROELYDEWVIIHIN) ZEFEY FELTEAL, COEMBKRBICHIT ST/ 0RK/ILRE
BHTEHILICKYERINDG. FELEFEY MRAHLIE EFEY FESHMICHESE LI-RIRFED
HIRARBOEFEY FOKRBIEKET LI EZFALTERINS. FEICEHESTLDa IV N
FAR) YV IBIERNADELLD.
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gFtvh

Fr)(24

NAI0K

1.2.2 BEEEFEY k

<R

- A0 8K (BRHAH GHz OEHK) (FBEERROKEIRBIRME —HT LH1=0H, ¥4 0 OKRESIC
FYBTFERAHEOL ONERERESUEELE T RE R4

- BEEERGERBEMED O/ A LOROFEEZHIT((EFIE—LVR(BFEY L
NEREHLEKRELZROBRE) ARV -OERELEFEEN TR

- BAEME RS I AT & EREA S Y BFORERFEOTEERAL TMILLSROETFE Y b
EEMNTTEE

<5ERm>

HENFEIGEVMERIREADE., TOLOICHERAEHE VWV SBRLEEEZFEALEFEY FE 10
SYTIEVEEICHAHE. FRAEBIISMETHEHEEANKREW ORI X MIFEFICSIM

- EBFEY FOEMIZHE > THNERENEL B 504X IS SICEH

1.3 2FAHR

B ED— B TEFAEOENIHKSAOHNF (KEF) 2HE>TCEFRBRERELEETLHIAKXT
Hd KOERLGBZRARE(RBAR) Z2REESBIILICIYEFEREHOEEZERL TS, fIZIE,
45 BERFITKFRE “07 LEERN ‘17 DZELVERAEDETHS. 2DOULORXEFEY FOXD
RARENHEKRET I EIZE>TEFEOAAEREIND.
M RERDABW LR EFHERARK

HEAKXDFEREE /LR 1T AATHA) TIK, FFEBREFHOH/ULR 1 EZHOMBIR A/
IWRERDBBRIS—TREADHLE 2 DOR/INIWLAZEFELEODNDREIZT S, RIZFDEFELOIAD
FAZAELAEEEZSS. REICFOATEENEICIECTEIFADK/ ULRIZIEEZITOHERR
/5. BT1.31ITRTESIC, BN/ ILADIERE, BABEBRIS—OFBE(TAYRKLD v &
BAYDEER), ESI7I0C T FECHMEAYDORE) GHELER LS L THEDEEEZERS. Ot
ERRIIEFTLHR—T—Ya v OREBICEIVTNS. KREGHECTIIARBEASHEVETH 1=
[7-3].

@1 L—TARK

NTT ERRRENREF IO VS ERE. ARRICL—THBEEZR-ET EFTLR—FT—V3
CEIROEREREYIR L TRREGEFERZRTARE L. O2 /UL ABODEFLONER, @
FRADIKNILVADAE, @b IFADK/INIVAADREEO—EDFIECTHAGFELS EQOBEMEHEE 1
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EXT95. ZELTHEBRERERZT /DRETCHERASETUEZS. NBNI-VEEICKYE
BEORECRYBRLERZHIEHT S KEEGHETLR/NMIROXRB TREAIREE TS [7-3].
COTIN—TARTRISI—DBEBEORRS VFOA /A 7FERRANRENEZA DL THES
TONAKE, —EDFIEEZRYEBEST CLICKYMRTY THHEERBETEHIRMEEZRFD. EF D
DNEERT D-ODHIH/NNILAELTRIA—X PR (HEIMETOELSENEEFZ LY L/ EL
BOLEFAFHGCHREFON) ZEAT H[7-3].

FEIULA

frAE 74

wOR A

1.3.1 XBFE Y FEHERRE

363710

- EIR - KR TEMEMNTTEE

- REFE-LETEELOBMEORST

B Ak BEEGEFELEA TR

- FHARETEEFE Y FEOHEEERIERC KRELLAES

D “EFREET [TXY 0,102 EUEERERAE

<$@FT>

- RFEHEEEANSE MOYMEELFEAERELEDLEWN O, RFRETDIVZ T ILA Y MO
BERZRBT HICEEELGRTALE

- RFORECERESBHNIDETH AN REBIEMTARE CHEBENLRE VW OKRRRILICRE

14 4F b5y TARK

MEEERT DRFORFEAAT LS EKE (A F EHF) [CL TEZOHIEP THLESE, C
DAF MR FEAERMOE Y & LTHEICERATEAARTHS. B4 T VEIRILF—DELK
BE( “07 (EEWKE) EIRILEF—DFIVKRE( “17 higikEe) 0 2 REIZHhhA A > rSy TEFE
v FEERAGEETHD. oA F 2 S TEFEY MIEIS L—F—AREBET LS LK
Y, ERKELEREBOMERITIERLY, MEOEFEREHLEREBEZEVEHT I ENTARETHS.
2 ODAFAVEHRELAF VBV —O UEEERZERALTA A U OEFREBZHEKESEEFD
DNEBRTEHENARETHD.

A X AR FEZEBMPICHILE BB T55EE LTUTARES TS [7-4].
M R=2H k5w F(Penning trap) A=

BHGEHEBICL S TAFT U EHETLIARTHS. EEICLEEBRNICTI A UIESERTVESH
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RABEDTREFIALAFT VLS E, NEEEIOSDEZEHIZIZE YA A U EHFOIRDIEVERE
SHHETIHHETHD. BOLGEBLEHEENTEIIENVEL-OICEENKRE LS.

2) /89 bS5y F(Paul trap) A (BERRAA VS5 vT)
HESLEETRAYNNICEHTS5RAKRA) BIHICLY x-y FTEANDEBZE O LT HEME 2 8AH
[CHEBZEITKYAFT U LRTFERETHIAETHS. REWEEO Y F (BB ICEEEZMASIET
ERRT OO rILBNER S, PILDORILRT OO v LAMEVGRRICA A VbR F &% 14+ VEF
Evy FOMEEOHEIK (L—) LOEEEAZAVTERYT 5. XEOBEERZIET-HID
BEUTONSERICA A UAECADOND. AT U ERFASRBEMB SN S -HREMEIZRIT
ENEBEZ/NEREAREL LS.

( RFEME ())

LYEFvyT EFtyh EFtyh TRFpyS
EeT i

(0 @ « @ 0

L =%
'

(@P RFEIE O)

B7.41 4F V5 vTEFEY b

<R

CTATAVFIOIDISATITEIIT

- EERTREBSE L LR

- FETBAFTVEFERT E-DBEYI LD/ A ADEEMN DI

- EER BRI/ E AV ET BE

<$@FT>

- FSYTEREMAA VEEFICLERD=-DITHBELGERE) FARDZAFUHIET LSy TEEDLEKX
LESYTDREENET. TDH—2D 5y TITHE~BFOAF U Z2AERTHIEHT 2DIFEE
23 L C BAEDREM TIEREARA

- L— il (4 VIRBRED-DITBBELG L—— DR RBOCREZARD EFE Y FUIETL
—H—HlELERIELRYEALE. ZOLOEHRELGL—Y—HEI X T LLRYITERMABLE

1.5 >)yarAK

EFEYFELTHESEFZSVIVFYTLEDEFFRY MIFHALRAHEZLETEFOREVFH
HIBZARTHD. 15 1IZFRTLSIC, YYaveaFEyY MIPYar k2 10mmBEDOEE (BF
Fy M ZEBRLEALCAHI-EFTHBICIVEFREY (BFOH WINEHRE—A 2 bTEAE
ETEEDZDODIREZ!MS)D 2 EURZDICYEFEREHLEEZERFR LTS, EF Ky FEO
URIVEBEORESIEREFETHIRAECOHEER, 7L RBEEOBERNFIHICLK>TEFLON
ZRELTWS. Y7 0RZFES>TEFREBEZRE(ERED) LTEEIT S ENTARETHS.
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EHRBE, 2021 FITHFERMUERMECALTFInFET BE&ZHEAL>VIVEFEY FEBEKT
MOTHERLTVNS. FEHIL2022FIZ3EFICLHIEFRYTERMZRAFEL TS, F-KRT.5.1
LR &SI, YIIAVEFEY MNEREROFBHRTO LR EZFEAARETHY, BEELAF LS
Y ITARELEE L TEBEECHEREICEBN TS [7-5].

NAIO

EBTFAEY BEFALY

&

E7Fyh SRRVl

751 vVargEfey b

£1.5.1 2YaVvAKEFTEAXDOMRELE [7-5]

vyav EC R AXv 297
BTy AR 100 [nm] 10 [um] 1-10 [um]
PN 100 /T & > k BTFew b BT e w
B FRE 10K LA T 10mK LT 10-300K
Eie Yy MK 3 127 20
&ft BT X IBM >k Quantinuum

<R

o)A Fy TEOFBHRMHAERTICEYEFFY FOY A XOMEEZHMICHIE TS5 L TEH
DEFEY b ZEETRE

- DY AVEFMPORMBNDECEFODRAE VAN, A RITEESITKVEHRINIE—L VR
iR fif] & 5238 AT /e

170

V) AVEICHBLEEF Y MZHALAHEEFOREVDRAEEYA I QRO L—F—AFTH
HEVAET HICEFEELRTALE

-EFEY MIREOHE/ A XTBRETHY, DUIVEREEBRTHIRFLEFFY FROEFIC
FEEEZARVNEIITTHHIC, VY IVEREWBERITHET 5-ODAERNDEL LY 241
THEENEHE

1.6 AHAEFAR
REVEY FGERCERAENEABBFICES Sy TOES) ZANVTI V0 UHRTEINSE -
AHRFEAN—RIZL—HF—RTRFEHA - HRTS5AKXTHS. HT.6.1ITRT LS, HEAREF

129



BFEY MEAHMENFIILEDDLRERFOY 2a— FRYEF ENREFASVEEFH nln=% 10~
100] (2SN F-REF)ICEYIRLF—0 2 EMRZFHHLEFEREHLEZREL TS, BROD
RYZFED2DOULEDRERFNMEEERTHCETEFLONERELTLS.

HASED2EFEY b7 — b EXEEER) BEARRIA TS, BERISHEL= 2 DORF
Zum LRIVITEDT, HHREL—Y—EHTTEET S, 10 EaR 1000 85D ) EITEDERED
NILAL—H—DFERAT, 6.0 F/BTEFTHHRARED 2EFEY b7— b HIES— ) NERES
nNTWg. ChiF/ A XOBERT—ILEY 2HULERWN -0/ 1 ADELEEFIFEETE D00
TH 5 (K Google d 2020 FRBFOBEEAXTIX 15 7/ HD57 — bEfE) [7-6].

Ftyh g7tyh

U
e_

761 WARSEFE Y b

<EF>

-EFEY FORELY—

- JE— LU REEREAERL

- REVEY Pk TKRIRFELLZ W

-EFEY FOLFBEDOFREES LY

17104

- BFEBRERICHEAT A5EOICESHETHEBRANKE VA ERILE

s L—H—RDOERBOBENMES CLEEFE Y FOBREDLATEIZRENE L SRS HY L—H—
ADRERZEDS-OERELGHIHEELCT 1 — PNV I VAT LALE

1.TEFHERORBEAXFOFREE

1947 F[TF SV ORAMNFERASNTLUR, FSUORIEMZIGALE-HRABHIIRENICEKREL
T TES. 1965 FICA U TIHDT—FU - L—TF 1 DOFHEEF v TICEBTEEL S UDRS
BN 2E5BITEETDL—TDEAZREBL-. TOEAICAIYHHAZTHOBEEEREEZXZAH5YMY
B0ty HOAE)EOHENSHETALLKEHTTLS. BELZOREL LTHEBEABRELS
BMENELTWVD I EHLHENTH D, 2021 FITRKRE IBM A% 2 (5 — FR) DFBARTO X EEHFEL
2025 FICIFBERMIRT D TFETHAHH, COMMIETIEFFOEFAFHNLGEREERE L -HIEHi
MRS L B> TCHIENERIATLS. CAULFBARTOLAMMILIEIRELEHLNTHY
L—TDXABZBREZDLADDOHELEEZADTHA.

Chicxt LEFEE#EE 2010 FEEETIEHEIC 1,2 2EFE Y FOBHBENTHhTEF. £ LT 2015
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FENGRRICEZEFEY FOBFHERIRAESIATLIRRTHS. —DEFEF7—FEFIALE
NRANGEFHERTHY, 13— DEFAPUVJETIICLIRBLLREIHELE-EFT=—) T
FROEFHEKTHS. AIEIFAARTE 2023 FICEPANBZERMATICEEESAXD M EFEY
D ERERBIE TS, BREEHFTFD D-Wave A EITLTHEYEBEEAKD 5000 EFEY
DFHEHZRELTVDS. CHoEFHERICEOVTRFELRYITERTIAEILIINATE LT, EFE
HHROBRKAD 7 1 —XFHHEFERICETI2EZEORAEEOLNA TS, BRATEN—FKY 7
HGBEPIS—ARELZVREZIRICEFHEREEVCLGILEAHD. AIEIETTHALT
ERBYBEEARUMNMIAAR, 41 AV 59 TARK, YYaVAR, SHEFARERLALALD
BEFERAHMRSATNS. ChoBFEY FEREAXDELLHEESEDHEEEICL Y BEFERIC
BLWTrFSUPRABHEDIYVRELEZEFE Y FEREAXKDEANAFSINSD.
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F 1 EDSEH
[7-1] https://ja.wikipedia.org/wiki/at 7Y HE, D4 XXRT47

[7-2] https://www. aist. go. jp/aist_j/press_release/pr2021/pr20210920/pr20210920. html, #B#FHA :
2021/09/20, > a ERZRAWV-ZEILYBEEETFE Y FOBERICERD

[7-3] https://www. itmedia. co. jp/news/articles/2111/15/news114. html, 2021/11/15, ITmedia NEWS,
BK., XEFHEOFETOEYHZHE EBOXRBFBELEFI U E2—4 ] ERA

[7-4] https://www.amedia. jp/basic-of-iontrap/, 2019/8/28, 44> rS vy TORBLEAHNAA U E
FEv k

[7-5] https://xtech. nikkei.com/atc|/nxt/column/18/01537/00425/, 2022/8/26, B#E XTECH, < ') o
VEFEY L AHEFOVEL -2 —FEHEAHEFNE

[7-6] https://xtech.nikkei.com/atcl/nxt/column/18/00001/07208/, 2022/10/4, B#E XTECH, & 3 @
EFaAVEaL—42— IHHAEFE] . 0 FICTHLHBHEE~

[7-7]1 John Shalf: The future of computing beyond Moore’ s Law, Department of Computer Science,
Lawrence Berkeley National Laboratory, 1CyclotronRoad, Berkeley, CA94720, USA (2020)

[7-8] https://www.mri.co. jp/50th/columns/quantum/no02/, 2020/5/15, =ZE#ESWHERT 50 BERLRE
Y4+ EFIVEL—F—FBHOBIEIRAT—FEY) T4 DL
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FI. EFAVEL—TAVIDRFEIIOVTEEFLED S, B8 1ITRTLSICEFaIVYEaA—T
A VTEFF—bVARET=— ) U TARICRITONE, EFF— FARFEFIVEL—FDEY
FA2EFEY MIBEBRAHETEIFETHY. 72—V IARBFA DU ETILEBRC L THA
AHERELCEEESRIZEC I LOAHHIELEZARTH S,

EBIZZO7=—) U TARBEEFEAVEARERBEFERVV-ARICOM N, ZLDOREICH
WTIFRLEFZAVWV-AROHERENERILSIATWVS, COT7=—Y VAR ZRAV-HEAED
HRECAEZELMICB I EIZEHELEaAVELA— 27— IR odA o0 I b
FhTWd, RETERLUEFERVEARICOVTWL DOHADBIZEFTHATNC I EITLES, F
fz. REDORRIZ. SHELIzWeb YA rE—E L LTHE S,

Efavta—F54v7
k

N 7:—U7¢ﬁﬁ_\

|

~/

£7F ][ﬁ@%?

/
EFT—rFARK [
N

81 EFavEa—T1IDAR

8.1 7F=—iRiy -4 o [11-[3]

ZHZH. T—UVTAREELDLDFEELE LTHEAERFLTSE Y., HHmigARXELTIE, =2
ALb—F Yy RK7=—1J >4 :SA (Simulated Annealing) &EMEIEh2ZFENH S, SA (X, HSHRAHZERM
[CHITERFBEIULICENT, TORICBESTZEAT LI L CRHAMTZRNORERZIFZFRTIFETH
5, T=— 2 JIEEBOBNETHIMEBELETICLEZEETHY . ICREEZROIIENY (B
ELFELTHERERE) CTRERNICEVEEZERT 5-OICKEEZIRY .. ICRITED LV IKE
(BEELFELTHERRKE) TEINESEZRDIZ ETRAMERERALENET 27TV XLTH
%, M8 2ICSADTILIT) RLDWERETRT . SAITEBREICEVWTAEZEZIRS Z & TRENE
RERTHIH>HEEZKYAH, BFARBEBREZAIREGRYBITEIENTES, LML, SADOT7/ILTY
ALFFHEENETHE L, ETHMBICHRBRLHLBEERRT TR ELLIAEEENH D, Ff. BE
MICEZIRDIFICEETANENTA—FORTEBRNTARE L L2, FRICEHIEEDENI L
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10 ERRICEBEEFEL : [X)®y)=c,|0)+c|1)+c,[2)+c,|3)
FLLEE

(1 1 (0 0
)-I0)el0)=[gJe(5)- o o} =lorei=[ge(3)- g 14
0 0
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/—FB EFST— FEEDERE

SEXM - Rl %, EF7IILTY XL, HEREHM, %16k (2014), p. 113

1. EFHEDRER
1.1 FEw bk (quantum bit, qubit)
-EFEY FEIEFHEOERMLGEREMTHS. GHRMAGEY ML, 0F=EF 102 DOKEEZRED
N, EFEY MI TEREHLERE] &ELVS5, 0& 102 DORELNBRICELET 2EFHEFADIKE
THb.

-BATAETELLDRELEZALGLD, BATHIE 0F-E1DELLHIDIKREIZES.

CRCECEREDESTEID ¢ |y)=al0)+ BJY). |af +|5] =1

o & pIFERBT|a| & (g & BRBFI|y) 2Y|0) M) SR DHEETHD.
- RDRE, BFORAEY, RFOIRILF—%L, DatI7V U RFOERBEGEARLG E THEMIZE
HTE5.

1.2 EhahtkiE
I RTFEY FOEREDERE|Y)E |0) L) ERELT S 2RTIIARY bLE LTREALE -

p=eloret={G)=elgJeals) (o) =[]

" 2EFEY FOEREHLEKREL 4 RTHANY L -
) =(e'[0)+ B'[1)(7|0)+5"[1)) = @[0)[0)+ A|0)[1)+ 7[1)|0) + 5|1} 1)

a 1 0 0 0 1 0 0 0
B p 3 1 l 1 3 3 0 3 3 1 3 3 0 3 3 0
||| o+ 8] o |#7]g |+l o | 100=10N0=|g | m=lo=|g|. 12=io)=[ 7|, =T o

o 0 0 0 0 0 0 0 1

- Ev FREDEN
(1) HH#EY b5
0 FfzIEX 1 LAhFEIARL.
(2) EEY b8
HEEp (0<P<1) TO, 1-PT1IZHB.
3) BFEY b &

70w RERE |t//>=a|0>+ﬂ|1>=cos§|0>+e”’sing|1>, 0<@<z, 0<¢<2r

1EFEY FOKRENATOYARKAD 1 REBRERLEL 1 TITHIET S.
- 7 0y REk
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1.

2.

AN 1 HADEHES— ko {

T ROE—ES (HBOR) — R (as-22)

1y (0=7.6=0)

70 Rk . |1//>:a|0>+ﬂ|1>=cos§|0>+e”’sing|1>, 0<0<rz, 0<¢<2r

3 BFHRES— FTOBEES— h
- FhEBS— b, 2 A0 1 HAD NN THS.

HE 4 —  NAND

- FRREFHES— ML, TADTHADFRERI=Z)—7— & 2 A0 2 HADFIE NOT (CNOT) 4
— FDHEAEHETTES.

EF 4 — k CNOT
- BREA=A)—HF—rElk 1 EFEY FDSF—FT, AAOREZIOVREREOEZIZTHEERL
THRHTELHLDOTHS.
-1 EFEY FOBEES— FZIOWTIEERBRT 5.

BHEBEDER (SUFVT—DRE)

BRIV FOE— : ROMOIRE=FHEERONRKELTHE > S=k,InN
S, =kg InN,, =kg In2* = 2k, In2 AS=S, -5,
St =kgINN_,, =kgIn2=k;In2

T

- BFS— FEANEHAOE Y FEHAELLY - IV FAE—OR%GL

3.

woT, HBELL!

1EFEY FOEFHRES— b
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-N@umx&—h<5vhﬁﬁ>:x{23j

-N@U@Yﬁ—h(ﬁvhﬁﬁﬁﬁwv=£igj

-N®U®26—h(ﬁmﬁﬁhzzﬁ ﬂ

. ElERT - p:[l Q]

-ﬁmavrgm:R:fma‘“WJ

sing cosé@

3.1 18FEY FOFEEY— ~
1 BFEY FOBREI=S Y —F— L, HF— FEPH— L TTES.

0 — H = B 1 H =h—|v)

.0 v 0
|W>—L052|0>+€ 51112‘1)

...)

|o>i>|0>+|1>i 0>+ei9|1>i>(|0>+|1>>+e‘9 (]0)—1)) _ (1+€7)|0)+(1-e")[1)
2 2 2 2

=e‘9/2(e e )|0>;—<e - )|1>:em/z(cos§|0>—isin§|l>J

P,
— ' (cosg |0)- ie 2% sin g|1>] =g'9? (cosg |0)+€" sin §|1>j ~ cosg |0)+€"sin Q|1>
2 2 2 2 2 2

AN 10T, BECHEEESATLOTHRRTE S, WIST 0y ARELOE
BEOAIZ|0) 1D, EORTERSNIEAY — FTHETE S,
3.2 FHET— k

R—DZ 2045 — rOENI=F)—5— LU IZELVVEDL, ZOF—FEU OFARTHD &
£2.

il
i

U (WU y))=(WOU )lw)=U )
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f5l) NOT =X DEHIR
a b a b)a b 01
wor (s 33 s Ser 3

a’+bh*=0, 2ab=1 > b=ia > 2ia’=1 > PN a:J_rii
2 V2
- = _i RN a—+i1_+i—$l__i b—_T_ﬂ
J\E ) 2 2
1(1-i 1+i 1(1-i 1+i)(1-i 1+i 0 1
) ANOT == ., ~NOT+/NOT == . . . = =NOT
) 2(1+i 1—ij 4(1+| 1—|J[l+| 1—|] (1 0]

4. 22FEY FOEFHEY—F
4.1 I8 NOT 7 — k
- HEINOT ¥— K IE, EFY7y—FEBETRIEELR2EFEY F5—FD—D.

) %)

HEE v
FIHE v A1, vy A RER
) & ye2)
EmEy +
&1\ 4:0 NOT 55— k
CNOT
|M® |0)[o@0)=|0)|0),

011 [0)100)=[0)j2
|®W> > [ploey =B,

i) Doy =[jo)

input output

10 0 0} [oo) |00}
CNOT = 01 00 F|(il) __)_\01}
0 0 0 1| fJioy ™" T
0.0 1 0)[1)__ Juy

- L DONIRRED AL

(10)+10)[0) =[0)0) +[)[0) => |O)O)+[R1) T bk 2k y MCHHERAEC ST B,

- 4 NOT 47— kDR A5l
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) X [0)+[1) [0)=11)
L5 BUNEF )
BIEIE v b ACZEAE

%) € [yex) o)) S [0)-1)

|0)+[1)
Iho)xng@qxﬂ LONMELTNS

| x) U

4.3 #I#NOT 7 — DA EHE

[x) %) %) s> )
[¥) d—B |7) ) &b |y ®x)
) [lyex) > x| e vex) [3)3) = )y ex) S [x@(r@x)yex)

=[]y @ (x@x)) =[ ) y@0) =[x ) =|(x&y@n)|yex)=|y)|rex)
X x@x):|0> ‘0>
® D gy & 0
0) &b [x) |0) | x)
0@ x)=x) |x) %)




5. 3BFE Y FOEFHES—

« bTA U7 — b I - HIE NOT (CONOT) & + A

%)
)
|2)
TOFFOLI =
)
1)
|¥)
|x)
%)
‘0) & | x AND }
6. A3V IEHE

- EAREEHET HRENGT— b

x=y=10IZ|z) >|7), #hIEFBEY.
%)
|v)
b |z@(x-y)>

input  output
1 0000 0 0 0) [000) ]000)
01 000 00 0f [|o01) [o01)
0010000 0f [|ol0) [ol0)
0001000 0 forry fou)
0000100 0 [t00) [i00)
00000 1 0 0| Jory [on)
000000 0 0 1|0y i1
0000000 1 0f!u) 10
) n D
%) ) %)
|0) A4 |x> .") A~ ‘r@y)

FANOUT XOR
B RONNEY %)
B) ) 19 )
|1> ™~ [1@x-3) [1) =~ x OR y)
NAND OR
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—

x f(x)— /(x)

HRMGA SV (R

%) %) )

)= —es)  jo)— L |/(x)

EFFZUI1L

(|I3%) BFA 52 (A[#)

- AT HBDIC2EFEY PO —

|0) +[1) =t

\00L1)+|01L2)+|10x:)+|1n

= |0>(1o) +|1)(1o) +|2>(m) +|3)(10)

AR - 9]y s ()
|x)\y@f(x)>3|x)|(y@f(x))@f(x)>
WA =[3)]re(/(x)@ w))=|x)ye0
=[x)[y)
Uf \0>|0>+|1>|0):|0)|0@f(0))+|1>|0@fﬂ))=|0>|f(0)+|1)|f(‘)
y o yesrr

(2) X

‘O>(10) ‘f(()(w))>+‘l>m) ‘f(ltlﬂl)) +|2)(1o) |f(2(10))> +|3>(lm |f(0uc»))>

S
|0>m 0 y@f(x)_
IO)(IO) |0(2) @f(o(lﬁ) )>+|l>(10) |0(2) ("3‘}((0“0)))
+|2>(m) 0(2) ®f(0(10))>+|3>(10) |O(2) ®f(0(10))>
(1900 D0y #1203}y ) 0} a—
(10) (10) (10) (10)

= | 0)(10) |f(0(10) )> + | 1>(10) ‘('Bfﬂ(lﬂ) )>
+|2>(10) |f(2(10J )> + ‘ 3>(10) ‘f(o(w)))

152



153



mEs —a g (1~6%)
T, BRI ERT CRIR)  1R3%,
1965 4 BT R Lo As
1972 47 UL KPR F P LaRfess T
[AES AV NE = A
1973 4 H SLE RNt BT ZEET 288 T
2001 4 KPR EPRMEAT I JE T & 3% 3L
2007-2011 4 W [Ef 1L R E PR i
2016 4 AL EfT IR B, BIEIZE D,

EE BN ER (7H)
(L), =28k 0,
1989 4 KB AZ KPR FFe LAt 7eRHE R e T
1989 4F =ZEE M (BK) LST WFFEAT IS AtL
2002 4F = ZEEEHE (FR) = M ERUERT~RE)
2017 4F SEAREE R R FBE B P e R E e T
2018 4 WML TR IS ER R, BUEIZE D,

EH  MOR wmpiE (8 )
(), (R B 8ERT,
2004 4F FUES KPR FBEE P IERME LRRRE T
2004 4F (BR) B SZBUERT B SZAFFERT CYRE) 12 Af
2018 47 JIAL BT Bl s PR
2019 4 KBX K2R F B TR e RHE s 7
BIEICE S,
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