V0.1

Is the future of HPCSE quantum ?

Matthias M°I| | er | -PMP20Z% EHoRIBGD>6 §IR May -iz'jDehct

(OMPUTING

ONTRONIC

e



A 4

uSSzgabTtouluoO

TESIA

MYTHIC uzgﬁ
GOOGLE TPUL
NVIDIA <ieg

GTX &0 @ @ TESLAFSD
NVIDIA NI
o™ m;"e TTANX

DELLXPS630 @

[

1BM BLUE GENE
@g POWER MAC G
@
@ .

995 200y 2005 2019 075 202 <025

% Quantum
TUDelft 22-may-26 M. Meller 2 CFD Lah



uSSzgabTd6UO0

Enabled by changes in the computer technology
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From bits to quantum bits

Classical bit Quantum bit (qubits)

exclusive state Ttor p superposition of gand
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Reading out quantum information
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Superposition
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Entanglement

Product of two qubits (= separable quantum state)

sa ( g | PAHa( O | PO

T ogud | T ogpd | T i | | ppd

Non-separable (= entangled) quantum state

O [ gt [ g [ PHAH [ PO
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Quantum gates Ll the assembly of quantum computers

Example -
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Common pitfalls

anything exponestin)

anything exp:
anything erepd
anything ext
anything a@ S
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Common pitfalls Ll exponentially many readouts

€ qubits -

\\\\\

U N measurements
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Common pitfalls Ll probabilistic successes

Y6 g VT s Vp 13 Opd

% @ Quantum
TUDelft 22-may-26 M. M°Il | er 13 CED | ab



Common pitfalls Ll probabilistic successes

Y gogw VT st Vp 1§  Opo
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Common pitfalls Ll probabilistic successes
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Take -home lessons
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A é i d eapplicafiogs that cannot be solved (efficiently) with classical computers

A é de v algootmms that exploit the strengths of quantum computers (and avoid their limitations)

Aé (most pr ob abworkiowsc that wegeaesigrteadfor classical computers

4 Quantum
TUDelft 22-may-26 M. M°1l 1l er 16 CFD Lab



Application #1: Computational fluid dynamics

10?24 —— D3Q19 7
e TOP500 #1 2005: BlueGene/L (~0.032 PB)
1084 @ TOP500 #1 2015: Tianhe-2 (~1.38 PB)

e TOP500 #1 2025: El Capitan (~5.44 PB)

~
€

Classical memory [GiB]

=
o
N\

Urban wind flow simulation of

Shenzhen city (LBM + LES)

. . . - - - . : DOI: 10.1137/23M1600797
10! 10° 10° 1013 107 \ 104! 10%° 10%°

Number of lattice sites (N)

=
o
o

% @ Quantum
TUDelft 22-may-26 M. M°Il1ler 17 CED | ab


https://doi.org/10.1137/23M1600797

Application #1: Computational fluid dynamics

100 4 — D3Q19

® Quantinuum H2 (~12 logical)
e Google Willow (~20 logical)

» Microsoft + Atom (~28 logical)
801 ¢ IBM(~10 logical)

Number of Logical Qubits

Exploit exponential data
compression in large-scale
direct numerical simulations

T T T ‘ T T T
101 10° 10% 1013 1017 1041 1023 1042
Mumber of lattice sites (M)
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Application #2: Design optimization (not just for CFD)

Generated with airfoiltools.com
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DOI: 10.1088/1742-6596/1519/1/012020

Exploit quadratic speedup of quantum
search algorithms in design optimization
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Boltzmann equation (BE)
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effect of external forces
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free streaming redistribution by collision

distribution function
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From BE to the lattice Boltzmann method (LBM)

> discretize in space and time

&
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LBM

o
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> collision of all "Q at grid point e
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LBM

o

) ¢r1 "Q m “Q(. N Sl/(‘fr‘) SJ/C‘)) “Q(. FI‘) )

> streaming of all "Q along direction g
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LBM

TQ .
T_O mf1Q m
> reflection or bounce-back boundary
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LBM

L 4 \ 4 4 4 \ 4 O O e’ e’ O O : ]
[ ® ® [ ®

repeat O times

Quantum
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Advantages of LBM over other flow models

1. Update moments and equilibrium distribution functions

o~ P s . : Odm ©ém) O&
' Qh o - h Q ' = = ~
R Y <p o B o
2. Collide g
. . — Yo/, . . . .
Qe ) Qe D) T( Qe ) "Q (o0 )) nonlinear & local ©
3. Stream IdecouDed

Qe YOO YO G(efd) linear & global 4
4. Apply boundary conditions
5. Repeat
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Data encoding

Classical register

Qo6 1[0 |0 | 0 oD
QYD ™ Qo
Quantum register
Do it wrh & ke
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Data encoding

. . 100 4 —— D3Q19
Classical register e Quantinuum H2 (~12 logical)
# Google Willow (~20 logical)
» Microsoft + Atom (~28 logical)
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Qo ][0 ][U ] 0 o) 0 W ) e IBM (~10 logical)
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Sketch of the streaming operation

Our streaming primitive is based on Draper's quantum adder ("Addition on a Quantum Computer"
'98) which is an in-place quantum adder for two integer values that works without auxiliary qubits

I 0 I
@
S8 _—1&43\ 3 1ad— W
~(gB Q% Y (g8 Q°  Pj
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Sketch of the streaming operation

( v ~ © ®
\/ If O~ {plly} then OO g pd
/'\ ] plRui

' Hi#HE p] DO

SV DA

14 I PO

[ 1]
D—
(1]
©

SO 1 & 4

M. Schalkers, MM, Efficient and fail-safe quantum algorithm for the transport equation. JCP 502, 2024

% Quantum
TUDelft 22-may-26 M. M°I| | er 30 CED | ab



Specular reflection / bounce back boundary conditions

For all guantum states 9o eeeedin the first inner layer of an obstacle
1. Place data back into flow domain

. 00 eeeed0——— I P eeeed

2. Change velocity direction

W P eeeed0— 3w p e

. . Obstacle detection
A Quantum comparator

M. Schalkers, MM, Efficient and fail-safe quantum algorithm for the transport equation. JCP 502, 2024
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Three grand challenges in quantum LBM

Complex geometries

Before Collision After Collision

Nz N

“— 00— = <

AN TN

Non-Equilibrium State Near-Equilibrium State

Nonlinear dynamics

Running on NISQ hardware
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Zone-agnostic boundary conditions

Complex geometries

C. Georgescu, MM, Efficient implementation of complex geometries in quantum lattice Boltzmann methods. In preparation
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Before Collision After Collision I | near non I | near

A AN

7z /1\ Q (P 1)Q 10 (

Non-Equilibrium State Near-Equilibrium State
A ignore collision O collisionless QLBM
A ignore nonlinear term O linearized QLBM
Nonlinear dynamics A approximate nonlinear term O QLBM
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Surrogate quantum circults

Learn a low-depth, unitary approximation of the BGK operator that mimics its physical properties

Parametrized SQC Ansatz

Encoding .

%)

S T B
)
E<
j(

Quantum
1 State
Readout

___________________________________________ .
[ A ———

00;

50,

Classical Gradient Descent

M. Lacatus, MM, Surrogate quantum circuit design for the lattice Boltzmann collision operator, IINME 127(4):e70286, 2026
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Mass conservation Discrete velocity | Velocity basis state
Q i ST T T
) \% JOm6h Q go pfit T T T P
Q Tip ST TT @I T
0 pht TP MW
Q mh p P AT
Enforced weakly in the loss function o o ST @ p
Q pip FUp @
Scale invariance - . -
Q ph p P p M@
m_éQ) _ém(Dh _ 1 Q ph p P MAEP

The remaining 7 basis states are unused and are assigned to the Tt velocity
state, effectively contributing to the population "Q), to ensure mass conservation
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Physical properties of the BGK operator for D ,Qq

Dgequi vari ance

D.Q,l attice iIis invariantgunder the di hedr
i .e., the full symmetwdy group of a squat
rot atandinsr @af | ec:t i on

$ [@h hn AA A ih i]

BGK o p ecroartnourtwe sa lglr o@lpe ment s

mi 2 L, am(Q) !, N
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Construction of the SQC

Axial entanglement Diagonal entanglement

WLT QELCTZSCUCL ST T6 02 4sing XX & ZZ entangling layers
v (6 Q—.
= ) OEI (}\Q(D?,,é(,,>
Y (¢
A Q—.
) OEI (AQ(D o a,,)

M. Lacatus, MM, Surrogate quantum circuit design for the lattice Boltzmann collision operator, IINME 127(4):e70286, 2026
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Training of the SQC

M. Lacatus, MM, Surrogate quantum circuit design for the lattice Boltzmann collision operator, IINME 127(4):e70286, 2026

R«(6,)

R,(0,)

R,(6,)

R,(6,)

R,(6,)

R,(8,)

=R,(6)[{R®,)

L - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - L

M
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Training of the SQC

Rx(el) = RZ(BQ)

R,(8,) == Rz(8,)

R,(6)) M R,(8,)

R,(8,)

R,(8,)

piail e Il Ml gy

1077

(MSE)test

1079

\d \d \s o by} Q
/ﬂ/ .F\‘ QJ',L/L ?j.*j‘ ;ﬂ/ .F“

v‘
IR

Entangling Layer(s)

lm X-7

(MSE)vaIidation

103 —— 5 blocks
- == 15 blocks
104y e 25 blocks
1071 0 .
oy S = .
"M':":'
10_9_ 'ﬂ::::ﬂ.\
10-11 ' - | |
0.0 0.5 1.0 1.5 2.0

Training Step (x10°)

M. Lacatus, MM, Surrogate quantum circuit design for the lattice Boltzmann collision operator, IINME 127(4):e70286, 2026
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Velocity magnitude Abs. error between exact and SQC operator
1.0 ‘ - 1.0 0.00090
/11T 0.04
0.81 0.8 0.00075
- 0.03
0.00060
0.6 \\ | 0.6 —
- \ £l = El
3 \ 0.02 — = 0.00045 4
0.4 0.4 —
= 0.00030
' , ' : 0.01
A \\\ ﬂ 02 0.00015
“%0 02 o4 o5 08 10 % %0 02 04 06 o8 1.0 00000
x/L x/L

Taylor -Green vortex decay: 64x64 grid, Re=50

M. Lacatus, MM, Surrogate quantum circuit design for the lattice Boltzmann collision operator, IINME 127(4):e70286, 2026
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Application of the SQC

Velocity magnitude Abs. error between exact and SQC operator

1.0
0.0400 0 0.0045
0.0300 0.6 0.0030
=]
0.0200 0.4
0.0015
0.0100 0.2
0.0 0.0000

0.00 025 050 0.75 1.00
x/L x/L
Lid -driven cavity: 64x64 grid, Re=50

y/L

M. Lacatus, MM, Surrogate quantum circuit design for the lattice Boltzmann collision operator, IINME 127(4):e70286, 2026
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Application of the SQC

[ u, BGK o u, SQC u, BGK = u, SQC
1.0 1.0
0.751 10.75
0.81 0.8
0.501 10.50
0.6 0.6
s 0.251 10.25 E < o
=~ 0.00] 0.00 04 04
S ~ 3&-3 :;m
—0.25- - —0.25 0.21 0.2
—0.50- L —0.50 0.0 0.0
—0.75+ -—0.75
—0.21 L] 0.2
00 02 04 06 0.8 1.0 00 02 04 06 08 1.0
xz/L ory/L xz/L ory/L

Taylor -Green vortex decay

Lid driven cavity

M. Lacatus, MM, Surrogate quantum circuit design for the lattice Boltzmann collision operator, IINME 127(4):e70286, 2026
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Application of the SQC

0.00035
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jf'; ] 13
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M. Lacatus, MM, Surrogate quant
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Nonlinearity through measurement

A "Q is nonlinear in ¢

— £

Population Index ¢ =0

Population Index i =3

Population Index i =6

0.444 1
L’) ! (p ﬂ m m) 0.442
O 0.4401
=
L o ) r>c 0.438 1.
A "Q islinear in¢ 5
2011
(o Oe B
U (p £ 0.107
g
o
@ 0,091
A "Q is computed by a unitary 3
%
3 _ . £ 0.0277
Yg \/—_B 2V, Q’i" a 0.0276 {
0.0275 A
0.0274 A

0.00 0.03 0.05 0.08 0.10

0.13 1

0.12 1

0.11 4

0.10 1

0.09 1

0.025

0.020

o f lin —
i

Population Index i=1

Population Index i =4

Population Index i =7

0.00 0.03 0.05 0.08 0.10

[ul

fit
2

Population Index i =2

0.131

0.12 1

Population Index i =5

0.040 1

0.035 1

0.030

Population Index i =8

0.0277 1

0.0276 A

0.02751

0.0274 1

0.00 0.03 0.05 0.08 0.10

M. Lacatus, MM, Surrogate quantum circuit design for the lattice Boltzmann collision operator, IINME 127(4):e70286, 2026
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Nonlinearity through measurement

A "Q is nonlinear in ¢

o (p M G2 0#)

A "Q islinear in ¢

o (o ®)

A "Q is computed by a unitary

0.11

0.10

Post-collision Population Value

M. Lacatus, MM, Surrogate quantum circuit design for the lattice Boltzmann collision operator, IINME 127(4):e70286, 2026
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Population Index i =0 Population Index i =1 Population Index i =2
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Measurement introduces nonlinearity
| 3
Q Y | @ ¢ e(Y Y ) [QQ
~ Popu R hdex i =8
~ >,
| ET AAOC . |
T 171 ETAAQ
- G TOZTO
0.0274
0.00 0.03 0.05 0.08 0.10 0.00 0.03 0.05 0.08 0.10 0.00 0.03 0.05 0.8 0.10
[ul
Quantum

CFD Lab



Running on NISQ hardware

Sim
Initialization
oP U IOMCrystal | 1QM Crystal IQM20
20 54
Qubit count 20 54 _
10 fidelity 99.929% 99.930% O R:1, CZ: 0, shots: 100.000, trials: 6
2Q fidelity 99.51% 99.5%
Q-volume 32 64 IQM54
CLOPS 2600 2550
Q-score 15 24 O R: 1, CZ: 0, shots: 100.000, trials: 6
%
TUDelft 22-may-26 M. M°I| | er

47

Quantum
CFD Lab



Running on NISQ hardware

Sim
m 1 timestep
QPU | IQM Crystal | 1QM Crystal IQM20
20 54
Qubit count 20 54
1Q fidelity 99.92% 99.93% O—» R:227,CZ:87
2Q fidelity 99.51% 99.5%
Q-volume 32 64 |Q|\/|54
CLOPS 2600 2550
Q-score 15 24 O—> R:228,CZ: 85
]
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QPU | IQM Crystal | 1QM Crystal

20 o4

Qubit count 20 54
1Q fidelity 99.92% 99.93%
2Q fidelity 99.51% 99.5%
Q-volume 32 64
CLOPS 2600 2550
Q-score 15 24

Running on NISQ hardware

2 timesteps

111i

» R:444,CZ: 176

IQM20

» R:441,CzZ:. 179

O

]
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Running on NISQ hardware

Sim
3 timesteps
QPU | IQM Crystal | 1QM Crystal IQM20
20 o4
Qubit count 20 54
I » R:655, CZ: 270
1Q fidelity 99.92% 99.93% 011.< 100
2Q fidelity 99.51% 99.5%
Q-volume 32 64 IQM54
CLOPS 2600 2550
Q-score 15 24 » R:647,CZ: 260
“]
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QPU | IQM Crystal | 1QM Crystal

20 o4

Qubit count 20 54
1Q fidelity 99.92% 99.93%
2Q fidelity 99.51% 99.5%
Q-volume 32 64
CLOPS 2600 2550
Q-score 15 24

Running on NISQ hardware

5 timesteps

O » > » 4

o— » » >

» R:1085, CZ: 442

IQM54

» R: 1061, CZ: 435

]
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Running on NISQ hardware

Sim
m 4 timesteps
QPU | IQM Crystal | 1QM Crystal IQM20
20 o4
Qubit count 20 54
I » R: 865, CZ: 357
1Q fidelity 99.92% 99.93%
2Q fidelity 99.51% 99.5%
Q-volume 32 64 IQM54
CLOPS 2600 2550
Q-score 15 24 » R:855,CZ: 349
]
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Quantum -enhanced design optimization

//‘Qx”\ a0 -
+
¥( _ 70 - naca0415
| | 5 B0 ——naca2415
N E 50 °
o ——F | 7 :n 40 =r=nacad415
I R R S e N o
E 30 - nacac415
T = 20
T 1 =~ 10 === nacad4l15s
ﬂ I I I I I I |
0 2 4 ] 8 10 12 14
attack angle/”
DOI: 10.1088/1742-6596/1519/1/012020
S — Exploit quadratic speedup of quantum
- 1\‘\ 0 . . - - -
— search algorithms in design optimization
Generated with airfoiltools.com
]
TUDelft 22-may-26 M. M°Il | er 53

Quantum
CFD Lab


http://airfoiltools.com/airfoil/naca4digit
https://doi.org/10.1088/1742-6596/1519/1/012020
https://doi.org/10.1088/1742-6596/1519/1/012020
https://doi.org/10.1088/1742-6596/1519/1/012020

Quantum -enhanced design optimization

C. Georgescu, MM, Quantum Search in Superposed Quantum Lattice Gas Automata and Lattice Boltzmann Systems, arXiv: 2510.14062
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Quantum -enhanced design optimization

N

C. Georgescu, MM, Quantum Search in Superposed Quantum Lattice Gas Automata and Lattice Boltzmann Systems, arXiv: 2510.14062
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Quantum -enhanced design optimization

Collide

Stream

BC

C. Georgescu, MM, Quantum Search in Superposed Quantum Lattice Gas Automata and Lattice Boltzmann Systems, arXiv: 2510.14062
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Quantum -enhanced design optimization

?Fzlzw2 g z T r L {ffinding algorithm
Finds optimal configuration with /O queries (0 queries classically) © quadratic speedup

DA @ T ® T DA
She IC, H IC, [--1 ICy [ Collide [ Stream [ BC, H{ BC, [--{BCy[— § «
| J | ]\ J
| | |
overlaps in fully in overlaps in
parallel parallel parallel

C. Georgescu, MM, Quantum Search in Superposed Quantum Lattice Gas Automata and Lattice Boltzmann Systems, arXiv: 2510.14062
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End-to-end implementation

Goal: Find the initial configuration for which the relative density in the right half-plane is largest

4 Quantum
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End-to-end implementation

m = m = N

Quantum

6
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End-to-end implementation

N

®
P —
[
®

Quantum

i
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End-to-end implementation

Our quantum-search QLBM algorithm measures state

P Ewith probability 1 on ideal and noise simulators.

2

ED -

l l - | .

5 Quantum
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Take -home lessons, continued

NJtTZouifcortéSrZoclijTtbhblu66TEgéSrgrcl griocozgrSIit][ -
A é i d eapplicafiogs that cannot be solved efficiently with classical computers

A é de v algootmms that exploit the strengths of quantum computers (and avoid their limitations)

Aé (most pr ob abworkiows that wegealesigrieafor classical computers

Application: large -scale direct numerical simulation of fluid dynamics
Algorithm: quantum lattice Boltzmann method
Workflow: guantum -accelerated design optimization workflow

N~

Aprtel LbTgFSofl tTeSTrudgrZoiufcortcecl griocozgrTs.

] @ Quantum
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Physics -informed neural networks (PINNS)

weights

AD:

Compute Loss

L = Lppg + LBc + Lic
Lrprl= (E( 0t
Lec = (Haq — glon)? + (Oniloq — Ongloa)®
Lic = (dla,ty — gla,to)?

) - £(®)*

Y

IOptimizer Updates Parameters

iInputs

outputs

derivatives of outputs w.r.t.
to physical variables

]
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Quantum physics -informed neural networks (QPINNS)

Variational Layer

Variational Layer

Variational Layer

Ao DY

outputs

]
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Ao DY

I pomwpres I TR (010) | By 6112) | R (0113) f
. Y %o . i 1
embedding © weights l :
\i‘ Ry (0121) —{ By (6122) — R (0123) —D :
Y % () [ | :
Ny . (0131) | R, (0120) - R (0120) S—y
— Y %) f
i— Ry (0141) - Ry(6142) — R2(6143) -
—Y % (&) [ T
s 3 r N\ [
0) —
0) —
Embedding Variational Layer Variational Layer Variational Layer
0) — - -
|O> _k J _\ J_k
iInputs outputs

]
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Quantum physics -informed neural networks (QPINNS)

’0> _r N\ e \ A X
0) — A
Embedding Variational Layer Variational Layer Variational Layer S
0) — A
|0> _L J \ . . J /7<
\ )\ ;
Y Y
basis coefficients
(o} {® (9)} "Wakg) ® 0 (W)

h

Quantum

<
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Our approach: Trainable embedding (TE -QPINNS)

0L 1 \ i \
101 g 'c;'ﬁ..'.'.?:,{.:.,.:..'..'_.:'..ﬁ.'..:..:..:.Z..'.T.T.'...:.:..:..:...'...'. = 0(:\‘
107 — = 0.7 I- \ ~
2 1072 % = ) Ny, 4
(@) = - = s 4 3
= 103} S 06| el :
10—4 = Vein ~ e -“.’. .“:};"’i‘ \3‘:’
10~5 B | | | — a—— 0.5 | | | '\
0 20 40 60 80 100 0 0.2 04 06 0.8 1
Iteration &
Reference = = = Chebyshev =:-=:- Tower-Chebyshev =-=- TE-QPINN

=R A

%0(0) CAOARBD O %o(®W) ¢ ROAB) (O %o(() & . .(Q)K

S. Berger et al., Trainable embedding quantum physics informed neural networks for solving nonlinear PDEs, Sci. Rep. 15 (2025)
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TE-! - "wwbTUZZ6LggTCcST802z] gzabTyg

Tower Chebyshev 4 Qublts u(t, T)ref. — UTower Cheb. (¢, T)] exact solution
1
0.8 .
0.6
0.4
‘0 3 0.2 : :
0
0 S
TE—QPINN 4 Qubits u(t x)ref — UTE-QPINN (t, )]
1 .
0.8
¥ - | 0.6
0.4 0 0.2 0.4 0.6 0.8
0.2 t
0 0.5 0

S. Berger et al., Trainable embedding quantum physics informed neural networks for solving nonlinear PDEs, Sci. Rep. 15 (2025)
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TE-! - "wwbTUZZ6LggTCcST802z] gzabTyg

basis functions

Tower Chebyshev 4 Qubits [t % )set. — Urower Cheb. (L, Z)]
1 1
0.5 0.8 ‘21
50 0 5 0 — 33 ;
—-0.5 0.2 —2
—1 —1 —1 0 —4
0 0.5 0 (}3
TE—QPINN 4 Qubits |(1‘</ﬁ B ek, = UTE-QPINN (/ l)‘
1 1 1 1 4 1
N 0.8 g 1
80 0 3 0 04 0 0
0.2 -1
' -2 1
-1 —1 —1 0 -1
0 (35.5 0 ()/3 0 0.5

S. Berger et al., Trainable embedding quantum physics informed neural networks for solving nonlinear PDEs, Sci. Rep. 15 (2025)
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TE-1 - "wwbTUZZ8

Tower Chebyshev 4 Qubits [t @) eet,

—

0 80

_q = 1
0 0.5 0

t
TE-QPINN 4 Qubits

1 1 1
B = io B
=1 =] i |

0 0.5
t

S. Berger et al., Trainable embedding quantum physics informed neural networks for solving nonlinear PDEs, Sci. Rep. 15 (2025)

— UTower Cheb. (t« :E>‘

1

0.8
- N
0.4
0.2
0

0.5
t

|u(t, )ret. — uTE-QPINN(E, T)|

1
0.8
0.6
0.4
0.2
0

oOoLggTCS
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