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Is the future of HPCSE quantum?
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Moore's law

Enabled by changes in the computer technology
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Components of a quantum ‘program’
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From bits to quantum bits

Classical bit Quantum bit (qubits)

exclusive state 0 or 1 superposition of |0) and |1)

) = aol0) + a4|1)
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Reading out quantum information

|aol? + |y |? =1
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Superposition

100

ol + -+ |ay|* = 1 000 =
70
001 %
50
40
30
20
10
1 o «hunalul
g&EE
[¥) = a[000) + @1|001) + ; iy :
a,|010) + a3|011) + n qubits can hold a superposition of 2" values in
a,|100) + a<|101) + their amplitudes «; € C; |a;|? is the probability of
ag|110) + a,|111) reading out the i-th basis state upon measurement
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Entanglement

Product of two qubits (= separable quantum state)

1) = (a0l0) + a1 [1)®(Bo|0) + B111))

= apfol00) + apf1]01) + a1 o[10) + a1 f1|11)

Non-separable (= entangled) quantum state

[Y) = ¥00l100) + v41101) + y10110) + ¥1,]11)
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Quantum gates — the assembly of quantum computers

Example .
50
|Y) = CNOT(H®ID)(|0)®[0)) _1[1 170
HI0) = 7 l1 —1] (1) ;‘8
- 20
1 1
[ =50 + =I1) 18
S & T
/ 1 0 0 O0]fo] [o]
‘ O 1 0 O
/ CNOTII0) =, o o 1 (1)=8
0 0 1 0& \_1’_1
|10)  [11)
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Common pitfalls
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Common pitfalls — exponentially large ‘programs’
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n qubits

O(p™) measurements
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Common pitfalls — probabilistic successes
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Common pitfalls — probabilistic successes
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Common pitfalls — probabilistic successes

Umll/)”O) — \/E‘wgoodNO) + V1 — 5|1/)bad>|1>

]
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m 5§=0.9 5§ =0.99 5§ = 0.999
10 0.349 0.904 0.990
100 2.66-107° 0.366 0.905
1,000 1.75-10748 4321075 0.368
10,000 n/a 2.52-107% 452-107°
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Take-home lessons

2n—1 2" -1
.. unitary operations , measurement . 5
10) + Z 0]i) > Z a; i) > [ with probability |«;|

If quantum computing shall become the future of HPCSE we need to ...
= ... identify applications that cannot be solved (efficiently) with classical computers

= ... develop algorithms that exploit the strengths of quantum computers (and avoid their limitations)

= ... (most probably) change the workflows that were designed for classical computers

% @ Quantum
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Application #1: Computational fluid dynamics

Classical memory [GiB]
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® TOP500 #1 2005: BlueGene/L (~0.032 PB)
@ TOP500 #1 2015: Tianhe-2 (~1.38 PB)
@ TOP500 #1 2025: El Capitan (~5.44 PB)

O(NQ)

101 10° 10° 1013 1017 ‘ 1021 1025 10%°
Number of lattice sites (N)

Urban wind flow simulation of

Shenzhen city (LBM + LES)
DOI: 10.1137/23M1600797
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https://doi.org/10.1137/23M1600797

Application #1: Computational fluid dynamics
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computing
me changer?
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Exploit exponential data
compression in large-scale
direct numerical simulations
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Application #2: Design optimization (not just for CFD)
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Boltzmann equation (BE)

olx, t) = ]f(x,v, t) dv

effect of external forces

ou(x, t) = jvf(x, v, t) dv x \

of

— _1cr _ req
free streaming redistribution by collision

distribution function

k 3
f(x,v,t) [ f’;i ]
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From BE to the lattice Boltzmann method (LBM)

of

at

—+v-Vf=Q

— discretize in velocity space

f(x,v,t)

> discretize in space and time

7 .

e e N

. et
6(2; ..... i ® ® @ ® O
13 O ® > o ®
— falxt) = f(x,eq,t) IRERERER
o ® O O o
fa (xi; tn)
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LBM

d
% +e,- Vfa = -Qa' fo?(xi» tn) = fa(xi' tn) + At‘Qa(xi’ tn)

> collision of all f,, at grid point x;

[ L L 4 ¢ L 4 L J [ L ¢ L 4 9
[ L L 4 @ L 4 L J [ L ¢ L 4 4
o—0 —0+——9 L 4 L J > [ L ¢ L 4 4
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LBM

9,
% +e,- Vfa =, fa(xi + e, At, t" + At) = fc;(xi' tn)

» streaming of all f,, along direction e,

L 4 4 [ L ¢ L 4 4
L 4 4 [ L ¢ L 4 4
L 4 4 > o——@ o0 —90
L 4 4 [ L ¢ 4 4
@ @ ® @ ® @ L
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LBM

0f,
a_:+ea'vfa=ﬂa

» reflection or bounce-back boundary

L L 4 > L _ O\
L / L 4
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LBM

L 4 \ 4 4 4 \ 4 ® ¢ O O O [ 4
® ® ® [ ®

repeat N, times
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Advantages of LBM over other flow models

1. Update moments and equilibrium distribution functions

1 eq u-e, (uU-ey)? u-u
= , u=- ey, = 1+ + —
Q zafa Qzafa a fa WocQ( 2 2¢4 2c%

Cs

2. Collide
fa (xi, t") = fo(x;, t™) — % (fa(xir t™) — fo (%, t")) nonlinear & local ©
3. Stream t decoupled (%
for(x; + Cu ALt + AL) = 7 (x;, t™) linear & global 4
4. Apply boundary conditions
5. Repeat

% @ Quantum
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Data encoding

Classical register 7
6
fIN,] [Nx][Ny] N, =9,N, = N, = 8

5
fladlillyl = foCeivp) A
3

Quantum register
2
1V)®|x)R V), n, = [log, 9] =4,n, =n, =3 i

W=D YarledlD) Ve [falii) a
a,l,

[01234567]
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TUDelft 22-May-26 M. Mbller 27 CED Lab



Data encoding

! : 100 1 — D3Q19
Classical register e Quantinuum H2 (~12 logical)
# Google Willow (~20 logical)
Microsoft + Atom (~28 logical)
f[N ][N] N — 9 N. = — 80 e IBM (~10 logical)

1% X % ) EEX In
2
=
Cr

. e 60

Flalilll = fuleiv) g @

9
5

. g 40
Quantum register E
=

20 A

exponential data compression
D_
) = 2 Yaijlead D))y Vaij % \/fa(xi» ) 1! 105 10° 102 107 102 105 102
a,l, Number of lattice sites (N)
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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

|b) o |b)

QFT j\ "+b' QFTT

L([0) + €00201]1)) | 4| 2(|0) + 003201 1))

la + b)

@)
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Sketch of the streaming operation

If ve{1,58}then |x) - |x + 1)

QFT

|+1|

QFTT—— |x 1)

M. Schalkers, MM, Efficient and fail-safe quantum algorithm for the transport equation. JCP 502, 2024
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Specular reflection / bounce back boundary conditions

For all quantum states |x v ??7?7?) in the first inner layer of an obstacle
1. Place data back into flow domain

CCCC[+1]
. lxv 22?2y — S |x + 1 7727)
o
2. Change velocity direction
) i Perm
|x +1 27?77y —> |x+ 1 27277127
. . Obstacle detection

= 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

] @ Quantum
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Collision a la Bhatnagar-Gross-Krook (BGK)

Before Collision After Collision llnear nonllneal’

A AN

/l\ /1\ fa = (1_w)fa+wWaQ<

Non-Equilibrium State Near-Equilibrium State

= ignore collision — collisionless QLBM
= ignore nonlinear term — linearized QLBM
Nonlinear dynamics = approximate nonlinear term - QLBM

% @ Quantum
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Surrogate quantum circuits

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

Parametrized SQC Ansatz

Encoding .

%)

L

-

=

D

2

<

R

\—r/

[ A ———

00;

“756,

Quantum
State
Readout

fa Classical Gradient Descent

A

fa

M. Lacatus, MM, Surrogate quantum circuit design for the lattice Boltzmann collision operator, IINME 127(4):e70286, 2026
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Physical properties of the BGK operator for D,Q,

Mass conservation

) = %me), b= fo

(04

Enforced weakly in the loss function

Scale invariance

Q(A'fa) =A'Q(fa); A>0

Discrete velocity | Velocity basis state
fo (0,0) 10000)
fi (1,0) 10001)
f2 0,1 10010)
f3 (—1,0) |0100)
fa (0,—1) |1000)
fs (1,1) |0011)
fe (-1,1) |0110)
f7 (-1,-1) |1100)
fs (1,-1) |1001)

The remaining 7 basis states are unused and are assigned to the (0,0) velocity
state, effectively contributing to the population f,, to ensure mass conservation

]
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Physical properties of the BGK operator for D,Q,

D equivariance

D,Qgq lattice is invariant under the dihedral group Dg,
i.e., the full symmetry group of a square (r = 90°
rotation and s is a reflection):

Dg = [I,7,7%,13,s,75,7%5,735]

BGK operator commutes with all group elements:

Qoo fy) =00°Q(fy,) Vo €Dg

% @ Quantum
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Construction of the SQC

No entanglement Axial entanglement Diagonal entanglement

Single-qubit rotation layers
R.(6)®* . ( i0
Ising,, = exp
R,(6)®*
10
Ising,, = exp (— > O'Z®O'Z>

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

R,(0,) = R;(6,)

R.(6,) == R;(6,)

=R,(6)[{R®,)

Ry(8,) M Rz(6,)

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

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

\ViL\Yi

acatus . ogate antum-Circuit-Design-for the Lattice Boltzmann-Collision-Operator.-arXiv: 2504 @Gantum
M. Moller 39 CFD Lab
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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

o by} N
& ¢ &

\a \s \d
O N
&g

P

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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Application of the SQC

Velocity magnitude Abs. error between exact and SQC operator
1.0 ‘ - 1.0 0.00090
/I 0.04
0.81 = 0.8 0.00075
' 0.03
. 0.00060 _
0.6 \ Wi 0.6 —
= 1 [ = ~ i
= L 0.02 = = 0.00045 7
0.4 0.4 —
J 0.00030
: 0.01
2=
e 02 0.00015
0.0 - - - 0.00
00 02 04 06 08 1.0 0 03 04 06 08 1g “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 08 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

| Alu]]

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

B e Index 1
< 0.00030/ S S S — 0
Y 1
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W 0.000101 é/ ' —f— >
N : // p % — -
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0 2 & | .
//: 4. ________ - ________ l . ________ . ________ . ________ . ______ = 10
* ‘ ' ¥ ¥ W ¥
L] - . - *o 11
Lid driven cavity: Time eVolut] » 4f— /) . 19
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M. Lacatus, MM, Surrogate quant
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Nonlinearity through measurement

= f, Vis nonlinear in u

— £

Population Index ¢ =0

Population Index i =3

Population Index i =6

0.444 1
wey, , (wey)? uu
W, 0 (1 + CSZ + Zcé ch) 0.442
O 0.440]
=
<
T : S 04384,
= flinjs Jinear in u =
2011
u-eg =
Wq 0 (1 + c2 ) £ 0.107
S
@ 0,091
= £, %is computed by a unitary £
%
1 £ 0.0277
U(G)) \/_—Za falea> 0.0276
P v
0.0275 A
0.0274 -

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

eq - . . / cq /‘ﬂin /'>£‘(|
= f, isnonlinearinu | B | . | |
Population Index i =0 Population Index i =1 Population Index i =2
0.444
2 0.13 0.13
we,  (uwey) u-u
W, 0 (1 + > + 2 T2 0.442
foF; 2cy 2cg B |
D 0.12 0.12
= flinjs linearin u o o R
fa Population Index i =3 Population Index i =4 Population Index i =5

Measurement introduces nonlinearity
0.10 ¥

W, 0 (1 + u'e“)

cs

0.09 1 faeq — Zanﬂlsz + 2 Z ER(UaBU;g) fﬁf5
B 5,2

= f-%is computed by a unitary
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M. Lacatus, MM, Surrogate quantum circuit design for the lattice Boltzmann collision operator, IINME 127(4):e70286, 2026
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Running on NISQ hardware

Sim
initialization
QPU | 1QM Crystal | 1QM Crystal IQM20
20 54
Qubit count 20 54 .
1Q fidelity 99.92% 99.93% 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
s -
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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% : > R:227,CZ: 87
2Q fidelity 99.51% 99.5%
Q-volume 32 64 IQMb54
CLOPS 2600 2550
Q-score 15 24 O—> R:228,CZ: 85
]
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QPU [ 1QM Crystal | QM Crystal

20 54

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

» R:441,CZ:. 179

IQM20

]
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Running on NISQ hardware

Sim
3 timesteps
QPU | IQM Crystal | 1QM Crystal IQM20
20 54
Qubit count 20 54
1Q fidelity 99.92% 99.93% >1 ORO' 055, C2: 270
2Q fidelity 99.51% 99.5%
Q-volume 32 64 IQMb54
CLOPS 2600 2550
Q-score 15 24 » R:647, CZ: 260
%
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Running on NISQ hardware

5 timesteps

QPU [ 1QM Crystal | QM Crystal
20 54
Qubit count 20 54
1Q fidelity 99.92% 99.93% O > ) > ¢ > R: 1085, CZ: 442
2Q fidelity 99.51% 99.5%
CLOPS 2600 2550
Q-score 15 24 (0, ) y » ) » R:1061, CZ: 435
“] Quantum
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Running on NISQ hardware

Sim
m 4 timesteps
QPU [ 1QM Crystal | QM Crystal IQM20
20 54
Qubit count 20 54
— » R:865, CZ: 357
1Q fidelity 99.92% 99.93%
2Q fidelity 99.51% 99.5%
Q-volume 32 64 IQMb54
CLOPS 2600 2550
Q-score 15 24 » R:855, CZ: 349
]
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Quantum-enhanced design optimization

-] Ca
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i i

lift-to-drag coefficient
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Quantum-enhanced design optimization

M)

I

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

7))

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

|0)

Collide

Stream

BC

Pt

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

|M)

|0)

Durr-Hgyer minimum-finding algorithm

Finds optimal configuration with vN queries (N queries classically) — quadratic speedup

® ®
T T
c, H 1c, f--1 1cu H coliide H stream H Bc, H BC, F--1 BC\, F—
| J
| |
overlaps in fully in overlaps in
parallel parallel parallel

| M)

Iy

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

x > 0.5

] @ Quantum
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End-to-end implementation

rm-» m - N

9

Quantum
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End-to-end implementation

L IN

- ~ ®

] @ Quantum
TUDelft 22-May-26 M. Mdller 60 CFD Lab



End-to-end implementation

Our quantum-search QLBM algorithm measures state

|11) with probability 1 on ideal and noise simulators.

= .

l l - | .
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Take-home lessons, continued

If quantum computing shall become the future of HPCSE we need to ...
= ... identify applications that cannot be solved efficiently with classical computers

= ... develop algorithms that exploit the strengths of quantum computers (and avoid their limitations)

= ... (most probably) change the workflows that were designed for classical computers

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

Is this enough to make quantum the future of HPCSE? We will see ...

% @ Quantum
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Physics-informed neural networks (PINNSs)

weights
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Quantum physics-informed neural networks (QPINNSs)

Variational Layer

Variational Layer

Variational Layer

Ao DY

outputs
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Quantum physics-informed neural networks (QPINNSs)

’
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Quantum physics-informed neural networks (QPINNSs)

Embedding

Variational Layer

Variational Layer

Variational Layer

Ao D

basis

i (X)}

|
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Our approach: Trainable embedding (TE-QPINNS)

—

)
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S. Berger et al., Trainable embedding quantum physics informed neural networks for solving nonlinear PDEs, Sci. Rep. 15 (2025)
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TE-QPINNSs applied to Burger's equation

Tower Chebyshev 4 Qublts u(t, T)ref. — UTower Cheb. (¢, T)] exact solution
1
0.8 .
0.6
0.4
—0 5 P . .
0
o 3
TE—QPINN 4 Qubits t x)ref — UTE-QPINN (t :L')l
1 .
0.8
o - | 0.6
0.4 0 02 04 06 0.8
0.2 i
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-QPINNSs applied to Burger's equation

Tower Chebyshev 4 Qubits

1
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—1 —]
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S. Berger et al., Trainable embedding quantum physics informed neural networks for solving nonlinear PDEs, Sci. Rep. 15 (2025)
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TE-QPINNSs applied to Burger's equation

Tower Chebyshev 4 Qubits [t % )set. — Urower Cheb. (L, Z)]
|
1 1 Ll -
e 0.8 1051
0.6
0 o 0 0.4
—U.0 0.2 _
N - =1 = . 0 1071 |
0 (}O 0 (%.o " e T P ST
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) i i 10—3 — | I | | I
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S. Berger et al., Trainable embedding quantum physics informed neural networks for solving nonlinear PDEs, Sci. Rep. 15 (2025)
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TE-QPINNSs applied to incompressible NSE

Umag., TE-QPINN
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S. Berger et al., Trainable embedding quantum physics informed neural networks for solving nonlinear PDEs, Sci. Rep. 15 (2025)
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TE-QPINNSs applied to linear elasticity

TE-QPINN Reference (IGA)
101 r~————_ — Reference (IGA)
- = QPINN
0.8 -
- 85 0 van Mises
= ~ stress =
0.4
0.2
0.0 |— ==
o 02 a4 o.: o8 10 e Error u (TE-QPINN - Ref) 0.0000 Lo Error v (TE-QPINN - Ref)
0.0072
. -0.0018
Error in
+—0.0036
uandv =
10-2 4 0.6 1
r—0.0054
S 0.0000
r—0.0072 0.4
103 4 & LOSS -0.0024
" -0.0090
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T T T T T -0.0072
0 5000 10000 15000 20000 0.0 T T T T
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