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Study on Numerical Gradient Estimation
by Adiabatic Quantum Computation

SHIGERU NAKAYAMAL+®)

Abstract: Adiabatic quantum computation has been proposed as a quantum algorithm with adiabatic evo-
lution to solve combinatorial optimization problem, then it has been applied to many problems like satisfia-
bility problem and hidden subgroup problem. Quantum algorithm is considered to be good for confirmative
problems such as Shor’s factorization and Grover’s database search. Recently functional numerical gradient
estimation problem has been solved by using quantum algorithm. If the numerical calculation of functional
gradient can be speeded-up on quantum computer, the quantum algorithm is very promising on mathemat-
ical engineering. In this paper, we try to apply the adiabatic quantum computation to functional numerical
gradient estimation problem. We propose a method to solve the problem efficiently, and obtain the good
result of numerical shimulation.

Keywords: quantum algorithm, adiabatic quantum computation, Bernstein—Vazirani problem, functional
numerical gradient estimation problem

gobooooooooooocooooooon

goog

2013/9/26

0000000000000 0200000 FarhiO [2]0

gogboooobobobobobboobuooboooboo
gobooboobbooboobuoobooobboon
gobooboobbooboobuooboobboob
000 [1000000000000000000000
gogooobobbooooooobobobobbboooooog

1 ogoooo
Kagoshima University, Korimoto, Kagoshima 890-0065,
Japan

) shignaka@ibe.kagoshima-u.ac.jp

(© 2013 Information Processing Society of Japan

00000000000000000000000000
O0D0O0OONPOOOOOOO3-SATOO0O0D0O0D00
0 (300000000000000000000000
0000000 [4], 50000000000 (60000
0000000000000 ([7,[8)0000000000
00000000000000000000000000
00000000000000000000000000
00000000D00000000000D0000000



IPSJ SIG Technical Report

coboboooooooooboooooboooooooo
cooooooood
gobooooboooooooooboboooooogon
cboooboooboooboooboobooobooooooao
cobobobooooooooobooooooboooooooo
oobooooooooooboooooooooobooooo
ooobooooooooboooboooo

2. DOOo0obOooboob

gogboooboboobobuooboobooboooboo
000000200500 S.P. Jordan[1] D0 0000000
oo0o0bO0bO d0o0ob0ooobooooboobooog
goooooo

of o0 0
Vf(xl’x2"“’xd):(871‘{01787{{2,“.’871‘2) (l)

godoooooooboooooooobooooooa
godoooooooboooooooooboooooa
godoooboooboooooooooboooooa
ddddooooooooobobobobooboooooood
ddddooooooobooboboboboboooooood
dodooooooooad

000000 0oO0bOoOOoDOOoOoooobOooDnO 4000
000OO00ObOOoO0bOO0ObO0o0obOOoOoo pO0DbDOOOoOon
dodod:;00000000000000000ddooogd
O00d+100000000000DO000DooOOa

of _ ()~ £(0) o

ox; h

gooooooooobuooobuoooobooooono
0o0odUiO00000000o0o0oooooouooo
0o(l)00000o0o0oooooooooooooo
dod00ododoDOJordan D00 OO0O0ODOOOOONO
gobooooooboboooooooooboooooa
godoooooooooooooooo

3. douUbbboouooooobon

3.1 J0O0O0OO0obOOoOooooooooo
Jordan 0O 00O0O0OOOCOOOCOOCOOODOODOO
ooooosoooooooooooooooooon
0000 [fj0000000oooouog
000000000000000000000 f(z)On
gobobboobo 000000000000 000
goboobod

f(zle €{0,1}") — {0, 1} ®3)

000000000 ae{0,1}"be{0,1}00000 a,b
0000000000000000000000

fa)=b@z-a (4)

(© 2013 Information Processing Society of Japan

Vol.2013-MPS-95 No.10
2013/9/26

bdbedbOOO0OO0OO00OO000O0z-e0 200000
ooooooobooooooooooooooosbobon
boobOoOooooooooooooOooobOoOoboog
gooboooooooooooooooboobono e0ono
gobooooooooooooo

goboboboooooooobbonOo0O0OO0OO00d
nd00000000000000O0O0O0O0O0O000004d
O000000000000000000 f(x)=b0®dx-a
000000 «000O0O0O0O0DOO f(x)DOODODOOO
OO0oOoooooooo 8|0

3.2 00000000000
OO00OJordan(l)] 000 f(z)DOODODOOOOOO
goo

f@)~ f0)+z-Vf (5)

O0000«-VfOOOOODODOD c0OOODOOQOOO
godoooooooOoOoogoooooooooog vy
00000000000 0DO000O000 Jordan0ODOO
0000 [1)0000000o0oo0oUoUoUooo
0000000000 0DO0O0DOO0O00O kick-back 00O
goboopobooboobboobo
gbooboooboob c000000b0o0bOo0bOo

00000000000000 me{0,1,2,..,N—1}0
ooooo

h N-1
o= m-—) (6)

O000AROO0O0O0O0D0D0OOxO000000C0OOO0O

00000Jordan 0000000000000 NoOOO
000000 NDODOOOOODOOOOODDO000O0O00 s
0000000000000000 me{0,1,2,...,N—1}
ooooo0o0O0o0oo

1 N-1 L,
7 2 ¢ M m) (™
m=0

00000 2000000f(z)~ f0)+2-VfOOOO
000000000000000000000

N-1
1 iQTrS[&—M] iﬂ[hsm]v‘f
— e No ~ 2Np e'NolN-1 |m> (8)
VN Py
goooooooobD sgdooboooooooooon
gooooooogo
No(N —1)
= ———" 9
goooooo0 mOO0OoobOUooobobooooooa
goddddooooooooooooobooo

1 N-1

ﬁ m=0

W™ i) (10)



IPSJ SIG Technical Report

O000000 w=exp(i2n/N)00O0DOO0OODOOO
ooooo0ooooooooo (vAHoooooooo
oooo

3.3 00000000000

OO000o0oo00ooOooooooooooooooo (o
oooOoooolo2030000000)00000000
ooooooooooooooOoboboooOoooodoon
cobobobooooooooboooooooooooooo
00000000000 00000000000 N =22
cooooooooooooon

ubobooboo«c00000000000000000
00000 A=1000002000000000000
ooooo20000000

Im) € {|00),[01), [10) , [11)} (11)
00000000000000000000000
1 111
} (12)

T 662
000000 x0000000000000(f(x)=2x+1
gddoooooooobobobbobbobobooooood
00 Vf=200000000000000000000
agoad

2 46
f($)€{075a§7§ (13)
gbooooooobooboobooboboboob sboo
No=N=400000s=3000000

sf(x) € {0,2,4,6} (14)
00000000000000000 (10)00
[100) +wV/ |01) 4+ w2V [10) + w3V [11)]/2 (15)

000000000wOd 2000000000000000
w=exp(i2n/2) 00102200 w*=10000

ooals) e {joo), 10y 000000sf(x)®No D 00
000000000000 0000ls) € {jo1y,11)}00
0000sf(z)® Ny 0 2000000000000000
000000000D0000000D00000DDO00
oooooo

[100) + w3VF[01) + w?VF[10) +wV7 [11)]/2 (16)
oooad
34 000000000 0OOOOOOO
0000000000 noooOoooooooo
00000000 o0oO0o0oUooooUoooooo jooyo

w3V701)0 w2V 10)0 WV 1) 00000000000
00000000000000D0000000 |00)0 01)0

(© 2013 Information Processing Society of Japan

Vol.2013-MPS-95 No.10
2013/9/26

[10)0 [11)000000000000000000000
gooooooooooboooon

[¥¢) = «|00) 4+ 8 ]01) +~[10) 4+ & |11) . (17)

Oo000o00 a0 pO0 40 6 00O00O0ODOOOODO

a =1+ 4wV 4 WVT)/4, (18)
B =1 4wtV 4 22V | (B3I, (19)
= [ WV SRRV | 6V Sy (20)
§ = [1+ W53V 4 OF2VS 4 9V g, (21)

000bO0bO0obOO0ooOOooo vVvVf=2000000000
O001l+4+w+w? 4w =0w=14w?=—-1w=—-i0
000000000ooDooDonDonDgd a=00 B =00
y=1046=000000000000000000000
OO0 |10)0000000o00o0 2000000000
ooopoopoooooo vf=0,Vf=1,Vf=3000
Joo0ooODODOO0000O0O0Oooooooooobooo
|00),|01),|11) 0000000000 OODOOOO 0,1,3
ooo0DbOoDbOooo

00000000 0 O A0 600000 (I7)OOO
00000000000000000000 [W,)0Ooo
0000000O0bOO0DbO0OOoO0oDOooDooDoOobOooog
000DbO0ooO0oo0oooDoooogon

4. 000OO0O0OOOO0OObOOO0bOOO0

41 0000000D00O0DO0O0DO0
000D00000D000000D0 HOODODOOOO
000000 (00000)000000000 |¢(t)00
0000000D00000D000000000 |¢(t)00
00000000000000

Lol
in S = H () (22)

oo00oO0ooooOoO0o0oooboobOo0oo HOoODOOOOO
goboooooooooooboooooooooboooo
goboooooooooocooboooooboooon

[Vt + A)) = e 2 [i(t) (23)

oooooooooOoOoOOO0OO0OO0OR=1000000O0
uobooooooooooboocoooooooboooo
uoboooooboocooooocoOoboooooboooo
uoboooooboocooooocoOobooooooocooo
uobooooooOooooboooobooOoooooa

42 O00O0OOO0OOOCOOOOCOODOO
00000000 (3)000o0oooooooooon
ooboboOol1oboo0oOoooooOooOooooooobooon



IPSJ SIG Technical Report

OsO00000D0O0C0O00sOO00O0 10000000
oobooooooooooboooooooooobooooo
Ooooooooo ;00000000000000O0
ooo0ooooO0o0no H,OOOOOOOO

H(s) = (1—s)H; + sH; (24)

00000000000000000000000000
00000000000000000000000000
00000000 [3)0

‘¢(h)> — o—i(1=s)H:A—isH A ‘1/}(h—1)> (25)

00000000000000s00<s<1000000
000 s=h/(j+1)(DasO [40000 80000000
000;j=»*00000000000000800000
0000000000 RO1<h<; ;4100000000
000000AD0ODOODOOOOOOOOOOOOOOO0
00000000000000000000000000
000000000000000000DasO [4000
000000000A=10000

000000000000 UM = ei-s)HiA—istH;A
00000000000000000000000000
00000000000000000000000000
00000000000000000000000000
00000000000000000000000000
00000000000000000000000000
00000000000000000000000000
0000000000000000

4.3 000O0OO0OOOODOODODO

goboobbobboobooboobbooboo
ooooooo0ooo ;0000000000000 Hy
gobooboobooboobb sgoboobboob
0000000000000 00o0oOp(s)00ooOoo
goboobbgon

H(s) = (1 —p(s))H;i+p(s)Hy (26)

000000000 0oOooooogd p(o)=0,p(1) =1
cbooboooocbooocbooobooboobooboOoooooao
000000000000 0O0o00Oon p(s) =s00
coboodoooooooobOooboobocoboboOoosooo
p(s) =4(s—0.5)2+0500000.2000 p(s) =520
p(s)=2s—s2000000000000000000000
000MO00p(s)=s03000 p(s) = 4(s—0.5)340.5
ooooooooon

4.4 0O0OOO0OO0OCOODOOOO

goboooooooooooooooOobocooooooo
coboboooo20000000000000O0C000O0

(© 2013 Information Processing Society of Japan

Vol.2013-MPS-95 No.10
2013/9/26

[93) = 5(100) + [01) +]10) + 1), (21)

gogboooboobbooboobooobobooboon
gogbooobobobobuoobooboooobooboon
gooogon

-1 -1 -1 3

00D0D0ID4x4000000000
0000000000 00000D0D0000DDDOOo
000000000 Ugy =e {A—r)HEgggooon
00000000000 00000D000000DD0OO0
000000000000 000000n

45 00000000000

000 |¢,) 000000000 HOOH; = I —
l;) (b DOODODODDO [¢) 00000000000
000000 VfOOOOO

[¢5) = @|00) + B10) +~[10) + 4 [11), (29)

000000000000 B0 ~0 600000000
00000000 (18)-(21) 0000000000
0000000 [¢,) 000000000 H;0O0O0OO
ooooooog

1—a®2 —af —ay —ad
—af  1-p* By B
Hy = ) (30)
—ay Py 1=y =90
—ad =B -y 1-62

00000000000000000000000000
00000 Vf=200000a=0,3=0,y=16=0
000000000000 [Yy,) 000000000 Hy
ooooooo0Ooooo.

1 00 0\ <« |00
01 0 0| «Jon
Hy = (31)
00 0 0| «10
00 0 1) «|11)

000D000000000000D00O000000000
|10) 00000 100000000 |00),]01),|11) 000
0000000000000000000 [¢)00000
0000000000000000000 |10) 0 100%0
00000000 D0OO0O0D0OOn0o
00000000 Upg=e ®&OH, ggoOooOoooo



IPSJ SIG Technical Report

coboboooooobooboooooooboooooooo
cobobooooooooobooooooooooooo
coboobobooooobocooboooooooOooooooo
ooooooooooooobooboooogoooooon
cooooooobobobOboOooooooooboooon
cooboooobooooboooboooooooooonon

4.6 OD00O0O0O0OO0OOOOOOOO
00o00o0ooooDoDooooooooooooovi=2

0000000a=0,=0,y=1,§=00000000
g0o0o0o00o0o0o0o0o0oo0ooooooooooo
O0o0o0oo0oooo0ooooooooooooooo
H;, 0000000000000 HyOOOOOOOOO
0000000 sO000000000D000D0000 p(s)
O0o0o0ooooooooooao

p(s) — 1

§§z§_1> (32)

3+ p(s)

1 3+p(s) p(s)—1

—— p(s) =1 3+ p(s)

H(S) =1 p(s) =1 p(s)—1
p(s) =1  p(s) —1

p(s) — 1
p(s) — 1
3 — 3p(s)
p(s) — 1

000000000 ooO0o0oUno |H=-M|=0000

0000000000 A0DDO0000D00D0000040
0000 \os.000000000

1
Am&4:LL§UiV1—%@}+®@F} (33)

00000000000000000000000 s
000000001000 p(s) =s03000 p(s) =
4(s—05)P3+050000000. 0000000000
00000000000000000000000000
0000O0s=05000000000000000000
00000000000000003000000000
00000000000000003000000100
00000000000000000000000000
00000000000000000000000000
ooooo

47 DOOO0ODOOODOOOOOOODO
gobodoobodoobb s=00000000000
oo0400000000000O0DOCOOOO

N = 1. Zlo0+1D) —00)+[10) —]o0)+]on)
=1 Sl

\/E ’ \/5 ’ (34)
A =0 100+[01)+]10)+]11)
= . ) .

cobooooooooooO0odooo0 s=10000000
ooooo4000000000000000000

A=1:100),[10),11),
A=0:]10).

(35)

0000000 s=00000000000000000
00000000000000000000000000
000 (J00) +]01) + |10) +[11))/20 000000000

(© 2013 Information Processing Society of Japan

Vol.2013-MPS-95 No.10
2013/9/26

goooooobooooooocooooooobooooo
goooooobooooobooooooooooboooo
00 (population) O0OOOO0OOOOOOODOODOOOO
gooooooboooooboooooooooboooo
gobooobooooooooooooodgoogn s=1
oOoo0oOoUOoODoOD IyooOooOooooooo
gooooooboooooboooooooooboooo
goboooooooooboooobodono

s=0 - s=1

(36)
GroundState : —lOOH‘Ol);UO)HlD - |10).

ggbooobooobbooboobuooboooboon
ggbooopoboooboobbooboooo

5. bbuooobbuooobbooobboo
googo

51 000000000000000000
0000000000000020000000000
00400000000 jo0)dj01yd(10)011) 00000
00000000000000000000

‘¢K°>>:: %H00>*%|01>**\10>*¥I11H (37)

00000000000000000000000000
00000000000000000000000000
00000000000000000000000000
00000000000000000000000000
ooooo
00000000000000Vf=20000000
00000000000000000000000000
0000000 Hy0Oa=0,=0,y=1,6=00000
30000000000000000000000000
000 (10)000000000 2%000000000
0000000000000000Vf=0,1,30000
00000000000000000000000000
00000000000000000000000000
00000000000000000000000000
0000000000000
0000300000000000000 (34)0000
0000000000 [p®)0000o0o00o0oooon
s=h/90900000000000

‘¢m>:(ﬂmU@plﬂmUuw¢w» (38)

000000000 (25)00000000®o0000
00D040000000000000000000000
0000000000000000000 (10000000
00000000000000000000000000
00000000000000000000000000
00000000000000000000000000



IPSJ SIG Technical Report

1
3_ e P D
= 08 |
= 10)
M 0.7 |
o
O 06 |
S
Q 0.5 |
5

04 H

% Linear
> 0.3 |
@ o2 ..,
2 o |joo)Jor+ o)+ |00),|01),[11)
(@) 2 - © o

0 .

0 0.2 0.4 0.6 0.8 1

S

O 1 Observation probabilities P(") of four state vectors as a
parameter of step parameter s by adiabatic quantum com-

putation with Vf = 2.

000.00000000009000000000000
0000000s=9/9(h=9)0000000000 [10)
000000000000000.

5.2 00000000000000000
00000000000000000000000000
00000000000000000000000000
00000000000000000000000000
Os=h/90000000000 PMODOOODOO 10
00000000 100010030000000000
0000000000.0000000 (100000000
0009.6%00000. 000000000000000
[»©)000000000090000000000000
0000000 [¢®)000000000 |10) 0 99.6%0
000000000000000000 s=238/9(h =28)
000000000 (1000 99.6%0000000000
000000000000000 s=100000000
00000000000000000000000000
00000000000000000000400000
00000000000000000000000000
000000008000 00000000000000
0 [¢y®)0000000000000000000000
00000000000000 100000

00000000000 p(s)=s00000000000
000000000000 100000000000000
00 (0y0 8.271%000000000000000000
000200000000 p(s) =520 p(s) =2s—520
00000000000 |0) 00000 81.05%081.05%0
00000000000000000000000000
oooo

(© 2013 Information Processing Society of Japan

Vol.2013-MPS-95 No.10
2013/9/26

6. 0OOO

ggooboooooobbooooobboooooboboo
O0Das0 4000000000000 OOOOOO0O
0000 100%0000000000000000000
go3bgbobobobobobuobobbobobon
0000000000000100%0000000000
gogboobobobbuooboobuooboboooboon
000000000000002000 VvV2fO000000
gogboobobobobuooboobooooboooboon
0AD00O0O000ODOOOOO0O00  jO00DO0000000
gogbooobooboooobooo

ggod

[1] S.P. Jordan: Fast Quantum Algorithm for Numerical
Gradient Estimation Phys. Rev. Lett., Vol.950 050501
(2005).

[2] E. Farhi, J. Goldstone, S. Gutmann, and M. Sipser:
Quantum Computation by Adiabatic Evolution, quant-
ph/0001106 (2000).

[3] T. Hogg: Adiabatic Quantum Computing for Random
Satisfiability Problems, quant-ph/0206059 (2002).

[4] S. Das, R. Kobes, and G. Kunstter: Adiabatic Quan-
tum Computation and Deutsch’s Algorithm, quant-
ph/0111032 (2001).

p] OO0 O0O:00000000000DO0O0OO0OO0O,000
0000000, Vol.2012, No.P20120011, pp.1-6 (2012).

[6] S.Nakayama and G. Peng: Study on Adiabatic Quantum
Computation in Deutsch-Jozsa Problem, SNPD 2012, Ky-
oto, Japan Vol.5D (2012).

[7] E. Bernstein and U. Vazirani: Quantum complexity the-
ory, SIAM Journal on Computing, Vol. 26, No.5, pp.
1411-1473 (1997)

[8] S. Nakayama, G. Peng, and I. limura: Study on Quan-
tum Parallel Processing by Adiabatic Quantum Compu-
tation in Bernstein-Vazirani Problem0 PDCAT2012, Bei-
jing, China, pp.678-682 (2012).



