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Abstract

The accuracy of identifying groundwater contamination sources and transport
characteristics (such as quantity, location, and released history) has significantly
influenced remediation strategies, identifications of responsibilities, and budgets for
remediation. There are numerous methods developed for characterizing contamination
sources. However, most methods are available for simplified cases, and their efficiency
and accuracy are under development. The study aims to develop and evaluate cutting-
edge technology, quantum computing (QC), for source-tracking in soil and groundwater
contamination. To achieve the research goal, this study employs traditional groundwater
numerical models (MODFLOW and MT3D) to generate synthetic cases with several
scenarios (such as different numbers or spatial distribution of pollution sources and
precipitations or geological conditions). In addition, both QC and traditional inverse
methods will be employed to estimate the characteristics of pollution sources. Finally,
the study will evaluate the performance of QC on the source tracking with all of the
results. This work 1is the first to introduce the QC for groundwater remediation tasks.
The results are expected to extend the applications in the fields of soil and groundwater
remediation for cases with highly heterogeneous aquifers and complex transport

behavior.
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INVERSE MODEL

SOURCE
SPACE

OBSERVATION
SPACE

¢ (x,0=T"(C((x,0))

Well-posedness

4 s

Non-uniqueness

C,(x,0)

Non-existence

C(x,0)

C(x,0)
Cleat

Instability

S ERFRBGET R 3 AR AR
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(https://en.wikipedia.org/wiki/Nondeterministic Turing machine)
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T 1980 PaulBenioff suggests quantum mechanics could be used for computation.

1981 Term “Quantum Computer” coined by Nobel-winning physicist Richard Feynman.
1985 David Deutsch formulated a blueprint of quantum computers called Quantum Turing Machine.
1992 Deutsch-Jozsa algorithm, one of the first examples of quantum algorithm exponentially faster than any possible deterministic classic algorithm, proposed.

N 1994 shor’s algorithm, which can break widely used encryption forms was proposed.

— 1996  Grover's algorithm, a quantum search algorithm offers a quadratic speedup over classical computers.
2007 D-Wave, a startup announces a quantum computing chip that it claims can solve Sudoku Puzzles.

2008 HHL Algerithm, solving linear systems and provided speedup over classical counterparts.

—2009 Yale, created first solid-state quantum processor, a 2-qubit superconducting chip.

12011 The first commercially available quantum computer is offered by D-Wave Systems.

2012 1QB Information Technologies (1QBit), the first dedicated quantum computing software company is founded.

2013 Google teams up with NASA to fund a lab to try out D-Wave's hardware.

2015 NASA publicly displayed the world’s first fully operational quantum computer, D-Wave Systems.

2016 1BM Research announced it is making quantum computing publicly accessible via cloud.

—#—2017 1BM unveils 17-qubit quantum computer.

N 201 8 Google announces 72-bit quantum chip called Bristlecone.

- 201 9 IBM launches first 2-qubit commercial quantum computer (Q System One). IBM Announces 53-qubit quantum computer.

—#— 2020 Amazon Braket, AWS Cloud Quantum Computing Service launched.

. 2021 Honeywell Quantum Solutions: The System Model H1 became the first Quantum Model achieving 1024 Quantum Volume.

2022 I1BMunveiled 127-qubit Eagle processor. Quantinuum Announces Quantum Volume 4096 Achievement.
We ~ &3 T g B & 2
(Rassool et al., 2023)
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The quantum technology ecosystem in 2

Summary of Quantum Technology Monitor findings

Quantum communications

estimated market size by 2040

Quantum computing $ 10 6 B
- - potential quantum technology market
=d market size by 2040 size by 2040 I
29 20

— Quantum sensing

estimated market size by 2040

Potential economic value from

Scientific progress
quantum computing

1,589 44,155

W ~83FTRW2023FE B EIFHH FRH
(Mckinsey & Company, 2023)
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T B Bt s pane 3 FFANBEEERYNERE S T RN
4o IBM 7 Qiskit & #_Google 1 Cirq % > 7 ‘; ERAELE SN e Al
L REEREY AR L FEF T EM M3 (Quantum Circuit Gate Model)

™z A E 3 3F 5 07 (Adiabatic Quantum Computation Model)? & > & it 4T

= x
oo
'
o @
= ey
&

Rl E

TR enE B g s A Bit)F £ & 5 B4ER (logic gate):h
AR RGERE CABEL AT R AL BB 0-d W EF
Bt ¢ BRGS0 | guEd s B AT |08 ]1> 0 ell-
: 2 [ ’UFI %‘E'E\"ﬁj’;vff%—hr}‘ﬁ@wﬂ_‘ ,?«?['IJ?'E-_
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R4 o B~ & T EAF %53 H Wit = Hadamard 3% » %13 (0>( 3 m((l)))

gim e ((hasugr (0 1)a # s H(EE) + S () i
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FigpER 2202382 31p = 10:09

Operator Gate(s) Matrix

Pauli-X (X)

Pauli-Y (Y)

Pauli-Z (Z)

Hadamard (H)

Phase (S, P)

/8 (T)

T B DR EWE
X

1 0 0 0O
Controlled Not 01 0 0
(CNOT, CX) o 06 1 0
0 0 0
Controlled Z (CZ) o 1 g]
o 0 -1
v 1 0 0 0
SWAP [g T g]
BEAEE o o0 0 1
1 0 (] (1] 0 0 o 4]
Toffoli © 0100 0 0 0
(CCNOT, © 000 1 0 0 o
CCX, TOFF) © 0 0 0 0 0 o 1
0 0 0 L] ] 0 1 )

WA ~Ry £ B4ER G
(https://en.wikipedia.org/wiki/Quantum_logic gate)
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P HO A B RN 0 050 (Q2) 0 B3 130 v B3 B 473 5 AL
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mt”%ﬁ

(1) 42 3 & + s & (Superconducting loops):

i’? f;{ ’ ?‘ - lg sb 1__/,\ F FE #mm']d‘ LV /n

*(é*uﬁﬂ+ﬂ‘%ﬁ*”ﬁﬁﬁ*)mﬁﬁiiﬁ@’ﬂ
SR A H5 LS K AEWR
R SNETEHCRrY SRR SOy SR st $1 0 S

3) #

f

£

% (Josephson junction):& {7 7. &+ 4p i
B ¢

¥ ol EI%‘ W ,{\:

= #2 ;% (Schrodinger equation)4r 3% (2)i& {7

y - 5.9, 4 & + = ¥ Z s = L oA % stk 4t "
BEFRLL I M- AT S EF AR AN AE

1_

i~/

i £)2 €+ B |Pv)R o
%8 (Grant, 2020) °

(2)

4.

5 e A (Qubit)d A A H =5 Fp T f#
¥ & & I #a# 3] (Popkin, 2016) » 4 %] &

Sl

BB T A LA R4S P e

BAT EHE B A T T
2o gl pFie B¢ chn g RS 0F
et X

4

I ATEP A 2EAME T R (non-linear inductance) » 7 ET T AR

B g)e & 2P F Google £ IBM

4 (Trapped ions): I * % H S BZH-#-F T 4T (P = F E * &£ 43)F &

1R
F_k
|
lwb (¥

IonQ ¥ Honeywell °

—+ Zk(Silicon quantum dots) 1 * =

BEHEITY BT I LE "L’]%—‘l » 1f
MK
ﬂﬁﬂ’ﬁoﬁ.ﬁpﬁ’]&;g&.ﬁ%f#ﬁ%?ﬁé &% d
g3 H B kR chE > F b R
IBM ¥7 Intel -

’\

e LTSI

(4) 3 € & =~ (Topological qubits) = 1 *

(topological protection) |+ i & = eg &
yl

2%
R4

F

ez dpEy ¢ anB b (s 2 R

LGEALL RSN T P o i TS LA
AT RF QA A LR A D

e Hgp K .f‘#f#,"l 5 ¢k A g2
P N T
& ;2 7 g3 (Tunneling effect)
RAEFE . PR U LA X
3 2 é{i ARERY o KL 2T

# >+ (quasi-particle) iz £ i35

T LR BT REF 7 B E

&, worldline) & pF 3 ¢ 3 4p 2 4%

s A& 24 i (braids)dp #2530 17 5 BHERM - Fp EF A Pl ies £
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ie 18 7

(5) &

¥®¥ RA R
Poood g ot g
° Ig #* &gcz, BB 'Eﬁ’ I
Paramagnetic Resonance):& {7 3§ B~
PR e A

A bit of the action

A

R F 5 ¥

% W7 QDTI (Quantum Diamond Technologies Inc)

b g pEF

ne o
Tk A B

P

FH —

i3
B

1 2023#87 31p + =

BT ¢ FIREFEE i Fpt i B g { 8T tdp
i s B RIRF P R R & o 7 5 Bell Lab & Microsoft>
wE T AN IR AIFE -
% 4% (Diamond vacancies) - (nitrogen-vacancy, NV) & ¥ B~ & 5
i & IR % wﬁ?? Bote® K LR ek e At f e
Bo BRI FLAFHREL I EME Y (FE

%+ # * EPR (Electron

e FREATHRITHES

In the race to build a quantum computer, companies are pursuing many types of quantum bits, or qubits, each with its own strengths and weaknesses.

Current

Capacitors

Inductor

«——Microwaves

Superconducting loops
A resistance-free current
oscillates back and forth around
acircuit loop. Aninjected
microwave signal excites the
current into super-

position states.

Longevity (seconds)
0.00005

Electron

Trapped ions

Electrically charged atoms, or
ions, have quantum energies
that depend on the location of
electrons. Tuned lasers cool
and trap the ions, and put them
in superposition states.

Microwaves

i

Silicon quantum dots
These “artificial atoms™ are
made by adding an electron to
a small piece of pure silicon.
Microwaves control the
electron’s quantum state.

Topological qubits
Quasiparticles can be seenin
the behavior of electrons
channeled through semi-
conductor structures.Their
braided paths can encode
quantum information.

Electron

Vacancy—;

Laser

Diamond vacancies

A nitrogen atom and a vacancy
add an electron to a diamond
lattice. Its quantum spin state,
along with those of nearby
carbon nuclei, can be
controlled with light.

Logic success rate
99.4%

Number entangled

9

Company support

Google, IBM, Quantum Circuits

© Pros
Fast working. Build on existing
semiconductor industry.

© Cons

Collapse easily and must be
kept cold.

ionQ

Very stable. Highest achieved
gate fidelities.

Slow operation. Many lasers
are needed.

Intel

Stable. Build on existing
semiconductor industry.

Only a few entangled. Must be
kept cold.

Microsoft, Bell Labs

Greatly reduce errors.

Existence not yet confirmed.

Quantum Diamond Technologies

Can operate at room
temperature.

Difficult to entangle.

Note: Longevity is the record coherence time for a single qubit superposition state, logic success rate is the highest reported gate fidelity for logic operations on two qubits, and number entangled
is the maximum number of qubits entangled and capable of performing two-qubit operations.

Wi -~

0

+ R g

(Popkin, 2016)
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- R EITRAMANED

(Ivancova et al., 2020)

SE RS fi it
Cirq Python ¢ A]r§ 22 ¥ + (Noise Intermediate Scale Quantum, NISQ)#2 5% # B
Clioffords.ji Julia Cliofford & + % ¥ 4%.;% 48 eh Julia 30 5% &
Dimod Python D-wave * %5\ 75
Dwave-system Python D-wave /i &€ + % "% API
Fermilib Python * Rl R ok + & F R %e(Fermionic quantum simulation)
Forest Python *OUER BT e E F T AR & (Hybird) 42 50
OpenFermion Python o plEE R ok + 2 F T #(Fermionic quantum simulation)
ProjectQ Python, C++ | FIRE + TR A2\
PyzX Python £+ T B 4255 4 ¢0 Python & 3%
QGL ji Julia EF RPN E G Julia gt 2
Qbsolv C QUBO(Quadratic Unconstrained Binary Optimization) . 3¢ &
Qiskit Python, C++ | Google £ + & % * 42.5%
Qiskit.js JavaScript Google & + 7T e JavaScript 5% &
Qrack C++ 2L GPUEEF T %
Quantum Fog Python B 3 #7% & (Bayesian network) i % £ Python ;% B
Quantum++ Python, C++ | £ F T e CHan ' B
Qubiter Python, C++ | & 3 % B 42354 45 <9 Python & ;% &
Quirk JavaScript £+ T B 42745 ¢ JavaScript S0 5% B
Reference-qvm Python o 3+ T %o Python & 5% B
ScaffCC C++, Cliofford & + 7 B.A42;\ 45
Objective C,
LLVM
Strawberry Fields | Python £+ BT RENG
XACC C++ HEREF DB B AT g E % fﬁ_
XACCVQF C++ * 3t g 4§ F $F Hx(Variational Quantum Eigensolver) s CVACC % #




FEEEF A Tl £+ 4 5P 3 4 (Superposition) ~ £
(Entanglement)£? £ + + #(Quantum Interference) % I % i& {7 F AL ad® - &

it 4r " (Hidary and Hidary, 2021) :

3

DB+ P H I 27 2 E S 2 2 TH: fé_—? o B A AT
A e Ao Rl o H ¥

:j-l,i‘ Eﬁfl —?‘: Lﬁ ’_‘iﬂi:f & 1 !llé‘-p‘fé_l,:‘% O”!if'mJ‘
’ yﬁ?“”‘**f"]“}?ri— s I A BT K R o

Q)EFpr @ ifph B3 e e FATRT0,8 7] 0

+ fp4e 17 5L 2 (Classical Bit)p vt > @iz~ &5 0fc 1 & A i
@ﬁ#tié“#uv%JFWWQ’ﬁzg;ﬁnk%&aﬂuélk%
F e ATdce@WLz oo
|W) = cos O |0) + sin Be'? |1) (3)
POE Qs SR m&fﬂtl“ﬁx’ i 12 % >t Bloch sphere & F ez

= (sinfBcosg, sinfsing, cosf) % 7+ £ F =~k i > 4rW L = #5571 o

CEEFTIETEE

\“‘b

H
a=

*
fifs o A BRES ARG B F LA Coupler 5 ) :
FEY - Bk V- B §RFRPOAFERLE IR .
£ SEEE L SRR EF SN ST SR
o5 T R E D DN RN L IFE 2 RIF R AR s
REFET R RERHERF LA A @ DR H e dpF B
BRODEE7NTFIAE A R0 DI F @ 25 5 B 5 A AT
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mass — =23 MeV/c*

=1.275 GeVlic®

charge = 2/3 213
spin = 112 2
up charm
— —
=4.8 MeV/c? =05 MeV/c?
wn .
z -1/3 -1/3
g 112 112
8 down strange
0.511 MeV/c? 105.7 MeV/c*
-1 -1
112 8 112 a
electron muon
n <2.2 eVic? <0.17 MeV/c*
= o 0
S LW
& electron muon
- neutrino neutrino

mg=+ % =>"“Spin-up”

=173.07 GeVic?

2/3

€

12

top
—
=418 GeV/c®

-1/3

o

12

bottom
—

1.777 GeVic®

-1

e

112

tau
<15.5 MeV/c?

0

tau
neutrino

f

ie

iR 0202387 31p + = 10:09

0 =126 GeV/c?

0

. H
Higgs
boson

Q
c
(@]
=

photon

91.2 GeVic?

0

1

Z boson

80.4 GeV/c?

+1

W boson

GAUGE BOSONS

IR B A (k3
(https://en.wikipedia.org/wiki/Standard_Model)

Spin Quantum Number (m)

m indicates the orientation of the electron spin

Electron

m

S

N =

=> “Spin-down”

ChemistrylLearner.com

W-t- ~E3p%FAW

(https://www.chemistrylearner.com/)
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@ Qubit Superposition @

North \o

‘Two States
10
1=0

Result
Oorl

-
L0/

LASER

%%’’’
¢ o o o

o 4

Bothin QUBITS can be Reading in Both QUBITS
Two QUBITS i State by any Di: p States are Revealed

WLtz ~EBF Ao pleahph §
(VectorMine/Shutterstock.com)

Histogram
50 47278%
a5
40

Measurement probability (%)
N
a

5 3467%  3735% 3162% 37712%  3.638%  3491% 3723%  3308%  3223% 3284%  3625%  3625% 3TU% 343% 3528%

0000 0001 0010 0011 0100 0101 0110 0111 1000 1001 1010 1011 1100 1101 1110 1111

Computational basis states

MLz &3 R dss o

(Alexiades Armenakas and Baker, 2021)
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A HERILE B F i 2 OT R S M T fER ¢ Rk
J&(Scaling) o 1 £ F A X A E A kS Oki’ 1afaffl 28 F =i F[0
11~[00] ~[10]2[1 1]® fife i >n £ F =~ Rl F 26k i - 2 2 7 4cW L =2 2 &
AT A E cxfht 2T F\T"F%%ﬁﬁ‘?%%mﬂb PoEs 5’*9{7&_}%@;‘2&&1’- e
BEPF >  fiB AR e g <~ EF R (Russoetal.,2018) - Google { »+ 2019 & -+ 7
(Arute et al., 2019) &AL p FEF T E a4 ° QAP v AP E TN ¥ A
2023 & = 7 (Morvan et al., 2023) e+ £ F § Poi - fyP 38 B AAg R T G 47

£ty £ 0 vy 24 £ 3 F #(Quantum Supremacy)pF it F] K o
d A BT B R A B 0 B BN T E kB AR At R lF B R

% °Souzaetal. (2022) & * D-wave F i i3 Bk end-E & % ~Mally (2018) ~
Golden and Mally (2021) BI4|* & T -Kiidk $2 05 2 K& S¥eana # > 7 JEEF -
ng\";"&rm‘l.m Oﬂ‘llF% it i "fl'lz—ﬂ,tm‘::\'% jz‘!'*‘LE'f@?%/\fﬁZ;L

Ay Lf
P B o RN RS R Gk B AR Y A RF R DT .
(a) k* (b) k¥

12.5

10.0

7.5

5.0

2.5

(c) kK~ | (d) K

12.5

10.0

7.5

5.0

2.5

0 5 10 5 10
Wte - FI AKX E Ky B2 RirE@ED)F G5 (& d)
(Mally et al., 2019)
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31, FPIERZEHI21EF0 (4£H)
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3.2. MODFLOW -3¢

MODFLOW(Modular three-dimensional groundwater flow model) = # & & 4

% #7(US Geological Survey, USGS) p 1988-F A= % E cnficmfic;\ » 2 P w R * B R
iZoehip ToRHEEV 2 - - MODFLOW i * 5 ' A 4 /% (block-centered finite-difference
approach) ffi#= & 5 3L Jf A Fph chp T fJ\ H o Ae@ A o H RjEos g B Rk
EH T G w418 582 (strongly implicit procedure, SIP) ~ 5 3% i 5§ £43 2 (slice-
successive over relaxation, SSOR) % Ff % + #= - & /2 II(precondltloned conjugate-
gradient2, PCG2)% $ #8 > 2 c ¥'it &3 ¥ f-k R AR R T » T g TR
Mo~ SRR EIE Wl R EREE o

Columns
1 2 3 4 5 B 7 g8 9

1oooooonoq

204...----,

V%70 4 0 e e % %78 e

4------.-,/

Rows

5 0/80,/0,/0/8/® 8,0 7t A

1 :‘3 g «* . ® a ® . * - - .. '_ ) ..

2 (35 '-. .I .
@ .
% 3 My /ﬁcg

4 e . _I o 4 -

5 P..".‘ .'.". .....‘ “.... .“I‘.. "‘-“I ..‘.“I ..‘.: ....‘. L]

Arg
EXPLANATION
—=== Aquifer boundary

L] Active cell
@) Inactive cell

Ar;  Dimension of cell along the row direction—
Subscript indicates the number of the column

Acs  Dimension of cell along the column direction—
Subscript indicates the number of the row

Avi. Dimension of cell along the vertical direction—
Subscript (k) indicates the number of the layer

W+ ~ MODFLOW &3t 3 -k& & 37 L W
(McDonald and Harbaugh, 2005)
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MODFLOW # & — &gt (cell)2- -k = = Frad i 9 v 3k 2 5 38 ~ 2Ha i i

2E e S e iE- A2 FokA o B LB g(modules)“r e a2 %s—
fe ¥ (packages) & &7 & fAk 2 B R IE T OREHECY R 0 Bl4e 2K EE(CHD) -
a(RIV) ~ % (EVY) & 2% p (LAK) % i5 2 - MODFLOW#Z5¢ # 2 -k & 7] ;V?
PRI S
(1) = & 7 -k & (Confined Aquifer);
(2) 22 & 7 -k & (Unconfined Aquifer);
(3) = B-2Lx & 7 -k & (Confined/Unconfined Aquifer » Constant Transmissivity);
(4) = B-2L< & 7 -k & (Confined/Unconfined Aquifer - Variable Transmissivity);
(5) 7 "k & Al (1)+X £ & K (semi-confining layer);
(6) 7 "k & A% (2)+E < & & (semi-confining layer);
(7) 7 "k & 35 (3)+2 = & k& (semi-confining layer) ;
(8) 7 "k & Als% (4)+X £ & K (semi-confining layer) -
gt 2 *=(Darcy ‘s Law) > MODFLOW &in#8 e & 2T » # = M Tk
g 2 AR et (4)Hr o

a(K dh)_l_a(K dh)_l_a(K dh) W_Sah A
ox\ *dx/  ay\ Ydy/ odz\ *dz T )
BP Ko~ Ky ~ K™ Bl 2n & A phervk 4 B GE[LT-1]
hz &4 -KEE[L] + WX JR(source) % (Sink) 7 «hid £ & SSE_# F L et fE -k
(specific storage) [L1] s t B & pFRF[T] -
3.3. MT3D-MS#H-3¢
MT3D-MS(Modular Transport 3-Dimensional Multi-Species Model) = # WUSGS#7
Ba 2 fiole it 2 & B Hcs MT3D2 7 4 f&(Multi Species) s *  (Zheng and Wang,
1999) - MT3D-MSi# * #5 izt 47> 423" (advection-dispersion equation, ADE) 45 i %
%’Tm@ﬁﬁ 75 0 B2 AN e (B) Ao

o ack N aCk

at PPt

d 6Ck d k k k k rk
:a_Xi GD”O_XI _a_XieViC +qus_qu —)\19(: —)\zpr (5)




He i B F[Cr i 4 fhkenik B[ML-3lp, 5 3 W A B e/t 88 % & [MLS];CK
é%ﬁ@wﬁzw%§1Mtﬁpug&f@i%gﬂi?%wgs%ﬁmmg«hgﬁﬁw@
F N R IR R R [TY,CE 5 =i ERML®q, 5 8 A T vk i F 5 80,
ML E B F kR

—‘,E! v M'E,{IEDIJ"; '4:?}\ T ‘lif'i\“ (6)

D Vi + vy + Vi + D* 6
o — + ar— + ot —
XX L |V| T |V| T |V| ( a)
v2 v2 v2
Dyy = 0 =2 + Qp = + oy —= + D*
AT R T (b
v2 V2 v2
DZZ=0(L||+0(T||+0(T||+D* (6c)
v,V
Dyy = Dy = (ay, — aT)% (6d)
vaZ
Dy, =Dy = (O( - O(T) | | (63)
VzUy
Dy = DZy = (a — o) —— V] (60)

H P ap 5 %% u §7 (longitudinal Dispersivity, L) ; ar & # # £ £z (Transverse
Dispersivity, L) s vy ~ vy ~ v, 2 2 gt dg R A E 5|V = vy tvy+v, 2R E
(LT 5 D" % #Ac tadie(L°T)

MT3D-MS ¥ ¢ % j 2 e s F 8% > B 9 s oigin 10 = RN & A it 4o (7))
i+ % 8 v g (linear Sorption):

C = ch (7a)

Freundlich isotherm:

C= K:C® (7b)
Freundlich isotherm:
o K,SC

T1+K,.C (7¢)

Chmantis ek B 5 Kgi A 47 % #&[L3MY];Ks 5 Freundlich ¥ #[(LM7Y)?;a %
Freundlich 45 #[-] ; Ki% Langmuir ¥ #[L’M']# S % #-ut ¢ ik & -
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ALER BERIIVFEEERE S zwwérﬂml fEnsedcflL = - LA

AR TR FILE Kb DR & R TR R SR AR
g H zjcﬁxﬁ:w FRG 7 7 2 3 Ffeasible solutlon space) c TR FERET

FRRE B> AL 7 * MOFDFLOWE MT3D A Bkt 555 o 1138 (7 Wl & 38 0
BB R A R o R S R IR R R B LRI TRE AR 0 TR
d g 3 Bc(4rRMSE) T B H S S HRPI S S F L B o FHIRPEpS %%
FenZ B 2o R B QARAT2L $8AFERIRRIPE - 21 (ER*
SRV B 2 W 4 L R 4% 2 (gradient search) ~ I R S 4 F Sl

s

(Boltzmann probablllty distribution) 2 2 en7 R 3413 304 AT S0 & o

R EE oJ{THEZEE]

i

X [

_| MoDFLOW
MT3D

it

\
/

A

h 4

& TR R

T

h 4

— e A ER

F 3

,IE

TE ,ElJ

W=~ 22 0@* BRIV F R PET RRE kL 1 TR



341 HRIEF2

¥R & 2 £ A % 2 (method of steepest decent) 22 5g #8530 F & B 4 ek
£ BT RAcHW N o B EHEEE A RFEREWOFE L PP FIEFR D e
FTABMHBEIE R A G o TRIEF R G AMOFEAY LWL TP RS
BB E OB EFER S ] o PRIEF F oS LA b TG 0 e
ho B % HEH BLE 0 R A & f2(local optimal) ¥ 2 B o i3 A 2 EE 2B A
i f%(global optimal) -

Initial

Weight I Gradient
Cost \ 'II/
)
1
l

Incremental
Step \

1

]

1

I

1

)
/ /

Minimum Cost
Derivative of Cost /

>
>

Weight
Bt~ HFRIEFZT LW
(O’ Reilly library)

342, HEE PF Sk

FIFHARY TUTEIEE A F TR S E o BT RIS TSR
(inferiorsolution) : & % sLiEF A ¥ fEH & > BIFLZ THL TR, - A1 5]
A %% & % % 30 #ic(Boltzmann probability function) t:e4 iz s w8 2 HL v 20 2
= 7384058 (8) (Arabnia et al., 2020)

P(AT,T) = exp (%Af) (8)

P PAT,T)E A AL > 0<P<1 > Af% § %22 iiTfami @ > Ts ¢
Tﬁﬁ&o%%ﬁﬁﬁiﬁﬁﬁﬁﬁmﬁf%W%ﬂ%m*i%m’ﬂﬂﬂﬁﬁ
BTedic® [ frB X3S r i o A1 (TR % anfigmi¥ Vg2 a
BHRITRL E AR L B AR P ¥ RS s K Ap dAx] %ﬂ%&%%
GELB R G s E o
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35. BBV IFEZINAE

R BT L E R AR BT S R o A R AR R AT
TPl P RSB L - BE R SET(X) o P S ficd] T S 18
Q? L ek (annealing strategy) ® & i cnSdic > & 7 A7 4R R (Ty) ~ 4 ok R & (Te) »

i R(LEHEFa - BFLVERIFFEY GRS E Ui E

(|n|t|al configuration)£2 # 44 & e p S0 B (@ o A T A 4R 18 0 TSP E ARIT i
]-);1 1?' E] 1}»@‘ \,l-,jg(”g o g ‘}’\ mB ’FL \Jlﬁtlﬁ ”}/\-%f-}”\@ —'3—':’ E] ’}’%‘:}'&T—E ’ ﬁ_ﬁ_ﬂ'[‘ﬁ;f—; %ﬁ;
TN o FARF RIFELfEL T fF 0 BN T EBH ] o B pricA 2 E
- B AROR 1L B ehpt e T Pt B Q) E L HE o BkP > R <P
R FfE F 2R %y «c piEF BEINETAEER  PRGFEEER
(Cooling Process) & T/ /& i3 % ok 8 & o

3510 ik

AL GER S ol R ERAREL o 50 P s AL % R

B¢ BB E ER Copsfi s B B 0 @ * 53§93 L ( Root Mean Square Error,
RMSE) #5 B #2742 12 )k B Cog ¥ 68 4 % [ > 4078 (9)

N (Cest — Cops)?
RMSE = 21_1( es;\I obs) (9)
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352 ¥ ViFE gk

v

LB EIFEFRE IR ATY #F pythoni (FAENEIER » ¥ U CPU A
i7-12700H (2.3GHz)2. 3 * 7 %34 17 2 4RIV iF B2 o L7848 % > F B Sl
THRAF BT RA L F@UFE RIS BIEE AP PERL T R
59 F uim.naﬁﬁMEf%ﬁ*%éfw&a“g_&%ox?\@ahwﬁ%**ﬂiﬁz
EAWEAT BV AR RL R Fal e b F AT o o FHE FINE 7

oo sim i PR AT HEKE - A% Q%ﬁiﬁltﬂ?ub % Pe 3 & P (Walid
Ben-Ameur, 2004) :

Lt

N
X

LA B R FHB 0 4 4R F G > ~ (Walid Ben-Ameur, 2004) -
2. & P Kirkpatrick(1983)i£:% » aie 4 3°0.82 0.92. FF #if § » B 73 & 30
05> e @ MR 5 iZpES %m 7o
3. 5% %4af i (L) P Dougherty and Marryott(1991):& 2% » #-H % 2 4L X %
Hoip B2 1007 -
RRAGEEE AL TR Y 2 IV FE SR Ak - B P AR R TS 13RS
B MOERK 50003 FEFRELZ0775- FRIVERRPGFLIF PR
BT EE R RPFT IR o

(s
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22 SRR i L Fek gk

LS e Fp

57 % sE R (L) 1000 10073 A % #c
A 438 B (Th) 13

B4R R (Tr) 0.003

%8 ¥ () 0.775

Bk g FOVE R M E R E R Wi

3.6. g = % 3 TP LIT

v

SO AR R EPA TN AT TR * TR A (Kernel Density
Estimation, KDE) $ ##F » 4ol = + — #757 o ¥ & & %5 % B 5 #ic(Probability
Distribution Function, PDF):& {7 5 ¥ } e % % B35 o g% PDF 5 2§ i A 0
& #(Normal Distribution Function) % 7+ » H 438 (10) #7577 :
—d2

h\/Eezhz (10)
H¥ h%d g (Bandwidth) » A1 iv? X T @ effErRAR AR 5452
R R BER PR o S AR b Blende p i F K- %t PDF> F 7 e hdE i
SRR REY ot - B B PDF € dpte o BB B E BN ET T LREE
A FETMERGOBERR o

P(x) =

- function

Scatter plot | ‘ ' Density map

Inverse kernel
function

(o]

M=+~ - KDEfREBFTHYAZ S L7 LW
(Wang et al., 2019)



3.7. iégkﬁﬁ&

)

ETIS

ek R 3@ E PR EFIHALIET 4 SN EF RRMFPEIE S
BEFFZHR R A DB FE 2 A NS F T A R F Y 2 (Quantum
Approximate Optimization Algorithm, QAOA) » £ = =t & ¥ & = - & & i* (Quadratic
Unconstrained Binary Optimization, QUBO) o d ** D-wave = & #7#k it g + i3 %
% % QUBO % @.i,\& s FIP AL TP ELEE T L o D-wave chE 33U F
@i RBRIEENY 0 LR P P TE 2 AP &) a2 § 47 £ (ground
state of an Ising model Hamiltonian) » & % $03] 5 %7 %4 32 % Sedfcit & e

BE A F BRI ’“Mﬁ,@a— s kAR =—1 R +104 FprER

B F AWl Lo A RN RS RS TR e RRER S E B

fire e B A 247 A QL

H(o) = ZO'JUO'] +Zh o; (11D)
ij

NPT AR A BT T frtea F o R T TGRS 0 B IEF A

B *\’#F‘ﬁﬁ‘ﬂ F p Ay anfp 3 #5002 ¢k IR end-(External Field) v * o = %

BAlBRAp T (% RR i p i £ B ERAOBEFE 2 )L iv¥ 555 a0 4pg

'?Gilfi’cjifé&(’\]m“']‘%ﬁsaxi%m (R oM T BRI EAS A Fap
G (REBE)LTEARRE o d At iER F A A BEF EAF S F L F
(pairs)_'rh—% ’\:?‘J';E-: ERTEr YN T IO L E o o = R % & Fp o ERCR- N s

v
g;ﬂ 6 hm“’] Ij"%ig—mgéﬁ é%r{, Z\/ pE] K"’@’K?#B}lﬁoﬂ%/\j
i» &+ Tf'.;b‘;:"?i' TIIRF P & P AT RS T "P%‘Rii"m‘gh?f[f% °

FRET EFRTNRARE FREHEOH IR L2007 o AR RR
R AR %E(Blnary Problem) » 4% #-4 = = B 14 * (Formulate) & & 3 #
A& QUBO A - i (62 A A MR N AR AL R E T B
o de@l= 4w T3 QUBO # Al H(xy) = 0.5X, + X; — 3X; + 5X5 — XoX; +
XoXy — 7X,X3 + 2XoX5 2 # #2554 (Network Graph) » & -+ % + R (Chimera
Graph)° B 4N o A e ¥ (Embeding) T B 539 B hf S
7o fﬁﬁ * F = Tl L 4= 40(t=0) 5 £ 5% & (Energy Configuration) »  s:
B bl 17 48 58 B (O<I<T) © 2 F $13 B % % 7 #73& (7 B-$%(Sampling) » & I P~4%
FERER2HE MG RAEE > S FAPFRF e 2 o BRI (ET) -
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W=tz 223K EEFFp R AECFRI DR -
WMo e g ARIMNG I ERE(F el BHlAe Thd WS AP )
M BETERTH s - p B » R gk § o (Schmitt et al., 2022)

formulate problem
into Ising or QUBO
madel

b 4

represent model
as a qubil graph
network

A 4

embed graph
in hardware
structure

b 4

specify parameters,
incl. annealing time

and sampling
strategy
Y | resample when necessary
_
perlorm unpack results of
quantum ——-- | 1zrdware siructure
annealing to get output
t=20 0<t<T
= .
= [¢éa) >
E 1) s
o ]
o
configuration configuration configuration

UERSEIE A8 S A e
(Au-Yeung et al., 2023)
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W= L= - QUBO ¥ 2 R b i 7k
38. QUBO I i3

4 3.6 J ;,:mmi s :E‘Q }‘@’# :{i mﬁ*/ @ iR AE F;B'EE s F.I‘UE%-F\:E%E@TL ;
QUBO R 452578 » # = &K 45V (11) -

H = argmin(xTQx) = argmin(z QjiXiX;) (11D)

HY THRPIE X 5EFRFIL S Q5d 2 TR ATHRE ) ficed o

4 x, = (1+0i) RO w R L EF RN PN e (12)

2
1 1
H = y Z Qijoi0; + > z Qjjo; | + z Qijo; | + const (12)
[ i
ALIERFAFEF T RPGFF GRS T S '%1" 23 g

+ % "3 i MODFLOW # MT3D - £ * % - B iifdl 7 5
faf o R E AN EREMRY F USRS ERMSER (& E 3T 0%
A E AN A r P E 2 RMSE 60 B S 0 B3 5
Pehggcod AL TR EF TR 2TE L SRR PRFER
P AR RN E i B3 D eenE fé‘r(Pendlng)EﬁF'&*K%ét)‘F 5o
R i TEE TQ?F‘?F&“")%: SR nH i X ERFRTG S EF I
G- B0 AL NP EAAYT ARG K
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¥ 1a | TS N EE N R
# X
(1)

1‘:1‘: 2N QUBO## 3 D-wave 2000Q:iE X & 4%,
LS 4
E g1
K
(2)

i:f g QUBO# 3 D-wave 2000Q:E X & 4%,

Wt ~+221®3 T REFEF QL FRHRS AR

e

N

BOEELNM Y FRE AL TR R BRI R S T Q) AR LT
A RREF T RE S OERFRY o BB I EFTRRT
MODFLOW £ MT3D - % & #- #-3] e £ 4 (Finite Difference Method, FDM) 4 4
ik =2 QUBO #:3] > P w i & 5 lpkcAs > A2 4 28 & it ( Practical
Differential Equation Constrained Combinatorial Optimization, PDECCO)(Chandra,
2013) ~ £ + s 4% & /% (Quantum Linear Systems Algorithms, QLSA)(Bharadwaj and
Sreenivasan, 2023) & 42 %~ #c(hyperparameters)( Criado and Spannowsky, 2022) % = ;% o
iF 2R B AR python £ 2 0 R I3 % A7 0 QLSA #1472 Hci i
e fi f3 B cnPDE o d 3t A1 {74 % &9 MODFLOW 2 MT3D ¢ 3 #& % %#c &
{4 1% 4% 1 PDECCO it (7§ 4% -

PDECCO 71 QUBO 75 5% 43¢ (13) :

{=c"Wc+wTc+ constant (13)
H o

W = (EB~'A — D) (F — EB~'C)~"(F — EB~'C)~'(EB'A — D) (14)
wT = 2(NT — h)(F — EB~'C)"(EB~"A — D) (15)
N = (F— EB~1C)~1(b, — EB~'h,) (16)
constant = NTN — 2NTh, + hlu,) (17)

He¢ A SNy XN.B 5Ny X NipiC 5 Niyg X Nop 5D 5 Noy X NoSE 5 Ny X Ny 3
F %N, XN, ; F—EB™1C% N, X N, °



1N (18)2 b~ > 425 b F AR * FDM ddc 2 £ 4 558 4e58(19) o

hiy1;—2h;; +h;_y; hjj;1 —2h;;+h; ;4
.. ! = 19
. [( 5 ¥ T 0 (19)

T
Bk X dhe? Y dhd 5 4 Bt @ 2@ R (52 1,2345)iE % h=10 + i)
(& 8 21,22,23,24,25)~ + ](& 2 10,15,20) 27 = (& 2 6,11,16):F & £ i+ ¥ 5 h=0>

521 7,8,9,12,13,14,17,18 £ 19 2k i= 4 4 ] 5% (19) i it 8 5 4845 2 4o 3% (20)

1 0 0 0 0 0 0 0 0 0 0 0 Zi -
o -4 1 0 1 0 0 0 0 o0 0of?™ 0
0o 1 -4 1 0 1 0 0 0 0 0 of hs 0
0o 0 1 -40 0 1 0 0 0 0 ofh 0
o1 0 0 1 -4 0 1 0 0 0 of M 0
0 0 1 0 1 —4 1 0 1 0 0 0ffhsz | | o 20)
0 0 0 1 0 1 -4 0 0 1 0 oOffhmha]||O
O 0 0 0 1 0 0 -4 1 0 0 0| ho —10
0 0 0 O 0 1 0 1 -4 1 0 0|l hig —10
o0 0 0 0 0 1 0 1 —4 0 0| hyp —10
00 0 0 0 0 0 0 0 0 1 0|hes 100
o o 0 0 0 0 0 0 0 0 o0 U, -10-
right
-0 0 07
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0 0 0
e x A |0], A0 O
ik PR it T A 0 A= 0 C 0 0
0 0 0
0 0 0
0 0 0
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O 0 0 0 0 0 0 0 O0-
-4 1 0 1 0 0 0 0 0
1 -4 1. 0 1 0 0 0 0
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()] ’ CzhiT » Uin=[hy, hg, ho, 12, hy3, Ryg, Rz, Ryg, hig]”

1
0
rd = [hleftl hright]T
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39. E3FEZE
M&BMaQMOEﬁaﬁiﬁ—;ﬁ?ﬁé%%mMQﬁm:*ﬁu%’
PRE R PR RS T NRT A AN RERHAER S EFINVE

(Quantum Annealer) ~ 5§ +* & + (Analog Quantum)# > £ + ,.‘»u(Unlversal Quantum) °
é*éiﬁkﬁis*”&&ﬂﬁg’%%&zﬁzfﬁ%?%ﬁ»wuﬁﬁﬂ

P SRR EE 5 aj:}i%ﬁ—'ﬁﬁ #:&—HQ \ﬁﬁﬁ/zaﬁr&l =R A EG

He D-Wave 2 23 % - FMILE 3 T I F LB ORG 4 LP
wEFENF ’f"i‘_fﬁf:»';?%-—"ﬁ PR BB R4 283 T % 5 Advantage™
Hd Az 5,000 BEF mAfrles o FFL7 Qilimanjaro £ F FAHEREd ¥ R K
}?n A %35 % ¢« (Barcelona Supercomputer Center) ~ = % 578+ & (University
of Barcelona) fr¢ R % i £~ 32# 7 #7 (Institute of High-Energy Physics) k74 =
P dRAGERANRKEL I ANET T DRI RT L EER
ko P AR E R € AVaQusH2020 *F g F 3V F i & S8 K o p AT
2 # NEC (Nippon Electric Company Limited) 7 P R F L pprfed + 2 & >
Hpenp»d2 333V Barg % R* 7 22021 & 12 7 7 p & D-wave & %>

(24

#2022 £9 7 8Pt 30000 8F = ASHRIRVE S L pHE L

=Ry

d 24 * D-wave ﬁ?ﬁ%#ﬁ‘?é‘h?}i BiEE 7000 % 4 0 FptAL T EHR
* AWS (Amazon Web Server) Z =4 ¥ = Braket PRF% 12 4/ £ D-wave > 2 4 & 4o =
LSRR M R TER T O BRI ERERFEF T RFE AR AR o
AL A EZEF T % e D-Wave2000Q 52— Ed4p s 1,000 & F a4 2

E+iIVE oBraket 2 - 23 F A AWS JRIE H P ik L AE Y
AR E B~ 0 AR T AR A RKPIEE R oR R R R 2

o Braket 72
* o st RIRrRUT 2 B o AR B 0 Braket #% % pytohn ¥ * i
Jupyter Notebook I g i * é‘; ™ jﬁ e~ B3 2 E 4E B o Jupyter
Notebook p “ﬁ% AR RE g1 £ ¢ > ¥ %3 Amazon Braket SDK 4B i¢ * Jﬁ“
MU R iR g R R S ﬁﬁﬁoifﬁu%kﬁ%@&ﬁﬁﬁ—&’%ﬁﬁﬁ
BTG A B P REFTPEANHFT o



W= L= ~IBM*2020&6% ##+%- SF*E3FT%IBMQ

(IBM Research)

Amazon Braket x Amazon Braket » Notebooks
hbosrd Notebooks

Notebooks @ Fitter by ' B A

lob: Name : amazon-braket | X Clear filters

Task
Name Instance Creation time Status
amazon-braket Jan 10, 2023 03:07 © Inservic

gorithm library New ml.£3.medium A
wiki70170 (uTc)

& new Unified Settings [

W= -+-= ~i#&* AWS p 2= Jupyter i& §
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A1 IFR T X7 " 16T = % T Iavgi o # cnplip| 2 o H P P ek B SERF
R I S A %“mr" ARERF f s o ML IEATR Y BOR S BT Ak 2 o
H ¢ gyl gk T R4 R ﬁ044 R dE e P E_ 5050 > B d 5000

PRET,803F &2 Ko 7 2y FHRER LRk B EGE 12m/d>
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AEGITIRE F A R ok R A K 0 RER] S (28,10.0) 0 3 4F R

60kg/dz ToER 5% © 5k E A dePF R s AR R P 3R S 2 B kg R o

SOREFALRENFEIER ) AL TR TS LBEEX Y FLRERCE
FAREQITEF G Sl FRAArA e o T AeB4AL ) g 0 I HHE Y
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4.2, 3 is = %
421 HBFEILER

ALIFRANEPEE R E16E R Y > TEIERKE  HBEA T 4o
Bl= L Aorn o 5% )" RMSES 7P i B jeacldd L od 379 chg B
£ (ADE § W B R M) Tid]l > W= 4 5 E R BY Bon i3
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(2.4,10.4) (4.0, 6.0)
(3.2,9.2) (3.6, 6.0)
(2.8,10.4) (3.6, 5.6)
(3.6,10.0) (4.0, 6.4)
(4.0,10.8) (3.6,5.2)
28 21
29 23
28 22
7% F £ £ [ke/d] 60 28 26 25
28 41
27 36
29 26




28 25
26 27
27 32
29 30
26 29
0 1
0 0
0 1
0 0
1 0
0 0

A~ £ [m?] 2.5 0
2 0
0 0
0 0
0 0
0 0
0 0

T 35 RMSE[mg/L] 5.56 6.32 8.18
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