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Quantum-CFD

Opportunities

▪ Reduction in memory requirements

𝑂(𝑁𝑔) grid points → 𝑂(log2𝑁𝑔) qubits

▪ Reduction in compute operations

𝑂 𝑁𝑡𝑁𝑔 flops → 𝑂(𝑁𝑡 log2𝑁𝑔) qops

Challenges

▪ Efficient encoding of data into quantum register

▪ Efficient read-out of QoIs from quantum register

▪ Realization of 'fluid dynamics' as quantum circuit

Most 'fluid dynamics' is non-linear and irreversible

Quantum computing is linear and reversible



Different fluid models
12 1 Basics of Hydrodynamics and K inetic Theory

Fig. 1.3 The hierarchy of length and time scales in typical fluid dynamics problems. Depending
on the level of detai ls required, different simulation techniques are suitable

a typical fluid flow problem. I f we stay within the classical mechanics picture, from
small to large, we have (i) the size of the fluid atom or molecule `a, (ii) the mean
free path (distance travelled between two successive collisions) `mfp , (i i i) the typical
scale for gradients in some macroscopic properties ` and (iv) the system size `S.
The typical ordering of these length scales is `a ! `mfp ! ` " `S, as illustrated in
Fig. 1.3.

In the context of fluids, one often refers to microscopic, mesoscopic and
macroscopicdescriptions as depicted in Fig. 1.3. In this book, “microscopic”
denotes a molecular description and “macroscopic” a ful ly continuum picture
with tangible quantities such as fluid velocity and density. M icroscopic
systems are therefore governed by Newton’s dynamics, while the NSE is
the governing equation for a fluid continuum. In between the microscopic
and macroscopicdescription, however, is the “mesoscopic”description which
doesnot track individual molecules. Rather, it tracksdistributionsor represen-

tativecollectionsof molecules. K inetic theory, which wewill come back to in
Sect. 1.3, is the mesoscopic fluid description on which the LBM is based.

☞☞☞☞☞☞☞☞☞☞☞☞☞ Navier-Stokes solver
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In the context of fluids, one often refers to microscopic, mesoscopic and
macroscopicdescriptions as depicted in Fig. 1.3. In this book, “microscopic”
denotes a molecular description and “macroscopic” a ful ly continuum picture
with tangible quantities such as fluid velocity and density. M icroscopic
systems are therefore governed by Newton’s dynamics, while the NSE is
the governing equation for a fluid continuum. In between the microscopic
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☞☞☞☞☞☞☞☞☞☞☞☞☞☞☞☞☞☞☞ Lattice Boltzmann solver
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Kinematic theory based on distribution functions

𝑓 𝒙, 𝒗, 𝑡
kg s3

m6

representing the density of mass in the physical

space (𝒙) and the velocity space (𝒗) at time 𝑡

Boltzmann equation

𝜕𝑓

𝜕𝑡
+ 𝒆 ∙ ∇𝑓 = Ωcoll

Left: DOI: 10.1007/978-3-319-44649-3
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From Boltzmann equation to lattice Boltzmann method

𝜕𝑓

𝜕𝑡
+ 𝒆 ∙ ∇𝑓 = Ω

Discretize in velocity space

𝑓 𝒙, 𝒗, 𝑡

𝒗

3.4 Discretisation in Velocity Space 87
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Fig. 3.4 D3Q15, D3Q19 and D3Q27 velocity sets. Thecube denoted by solid lineshasedge length

2• x. Velocities with length jci j D 1,
p
2,
p
3 are shown in black, darker grey and lighter grey,

respectively. Rest velocity vectors c0 D 0 are not shown. Note that D3Q15 has no
p
2-velocities

and D3Q19 has no
p
3-velocities. See Tables 3.1, 3.4, 3.5 and 3.6 for more details

D3Q27 was disregarded for a long time as it was not considered superior to D3Q19
and requires 40% more memory and computing power. Recently, it was shown [18]
that some truncation terms, the (non-linear) momentum advection corrections, are
not rotationally invariant in D3Q15 and D3Q19, in contrast to D3Q27. This lack of
isotropy may lead to problems whenever non-linear phenomena play an important
role, e.g. in the simulation of high Reynolds number flows [23–25]. Therefore,
D3Q27 is probably the best choice for turbulence modelling, but D3Q19 is usually
a good compromise for laminar flows.
As a sidenote, there also existsa D3Q13 velocity setwhich only workswithin the

framework of multi-relaxation-timeLB (cf. Chap. 10) [26]. D3Q13 is an exampleof
a lattice exhibiting the checkerboard instability [1] previously covered in Sect. 2.1.1.
D3Q13 is the minimal velocity set to simulate the NSE in 3D and can be very
efficiently implemented on GPUs [27].
We now turn our attention to the projection of velocity sets to lower-dimensional

spaces.

𝑓𝛼 𝒙, 𝑡 = 𝑓 𝒙, 𝒄𝛼 , 𝑡

Discretize in space and time

𝑓𝛼 𝒙𝑖 , 𝑡
𝑛



The lattice Boltzmann method

𝜕𝑓𝛼
𝜕𝑡

+ 𝒄𝜶 ∙ ∇𝑓𝛼 = Ω𝛼

Collision of all 𝑓𝛼 at grid point 𝒙𝑖

𝑓𝛼
∗ 𝒙𝑖 , 𝑡

𝑛 = 𝑓𝛼 𝒙𝑖 , 𝑡
𝑛 + ∆𝑡Ω𝛼(𝒙𝑖 , 𝑡

𝑛)



The lattice Boltzmann method

𝜕𝑓𝛼
𝜕𝑡

+ 𝒄𝜶 ∙ ∇𝑓𝛼 = Ω𝛼

Streaming of all 𝑓𝛼 along direction 𝒄𝛼

𝑓𝛼 𝒙𝑖 + 𝒄𝛼∆𝑡, 𝑡
𝑛 + ∆𝑡 = 𝑓𝛼

∗ 𝒙𝑖 , 𝑡
𝑛



The lattice Boltzmann method

𝜕𝑓𝛼
𝜕𝑡

+ 𝒄𝜶 ∙ ∇𝑓𝛼 = Ω𝛼

Reflection or bounce-back boundary



The lattice Boltzmann method

init collision streaming BC readout

repeat 𝑁𝑡 times



The quantum lattice Boltzmann method

𝑓1

𝑓2

𝑓3

𝑓4

𝑓1 𝑓2

𝑓3

𝑓4

Amplitude based encoding


𝛼
𝑓𝛼ȁ ۧ𝛼 ȁ ۧ𝑥 ȁ ۧ𝑦

☞ Collisionless (=streaming) QLBM

with correct boundary treatment

☞ Quantum momentum exchange

method to read-out forces

☞ Proved that collision cannot be

implemented as unitary operator



☞ Proved that streaming cannot be

implemented as unitary operator

The quantum lattice Boltzmann method

𝑓1

𝑓2

𝑓3

𝑓4

𝑓1 𝑓2 𝑓3 𝑓4
Basis state encoding

ȁ ۧ1111 + ȁ ۧ1101 + ȁ ۧ0001 ȁ ۧ𝑥 ȁ ۧ𝑦
+

+

☞ Proposed novel space-time encoding ("extended basis

state encoding") that enables the implementation of

streaming and collision as efficient quantum circuits



Space-time QLBM

streaming



Space-time QLBM

streaming collision



Space-time QLBM

streaming collision



Our QLBM variants

Amplitude-based encoding Space-time encoding

#qubits 𝑂 log2𝑁𝑔 𝑂 𝑁𝑡
2 + log2𝑁𝑔

∗)

qops streaming 𝑂 𝑁𝑡 log2𝑁𝑔
2



𝑡=0

𝑁𝑡

log2 𝑁𝑡 − 𝑡

qops collision n/a 20𝑁𝑡
∗∗)

Complexity analysis for 𝐷2𝑄4

*) upper bound 4𝑁𝑔 + log2𝑁𝑔
**) factor depends on the concrete implementation



Memory footprint: amplitude-based encoding

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

1.E+05

1.E+06

1.E+07

1.E+08

1.E+09

1.E+10

1.E+11

1.E+12

1.E+13

1.E+14

10 100 1000 10000

D2Q4

D2Q9

D3Q19

D3Q27

Q-D2Qm

Q-D3Qm

grid resolution 𝑁

# 'unknows'

80-100 qubits

𝑚𝑁2

𝑚𝑁3

log2𝑁
𝑑



Memory footprint: space-time encoding
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The QLBM software package

pip install qlbm

Building on top of Qiskit, 

Tket and Qulacs simulator



The QLBM software package

{ "lattice": 
{ "dim": 

{ "x": 16, 
"y": 16 }, 

"velocities": 
{  "x": 4,

"y": 4 } 
},

"geometry": [
{ "x": [9, 12], 
"y": [9, 12], 
"boundary": "bounceback" },

{ "x": [9, 12], 
"y": [3, 6], 
"boundary": "specular" }

]
}

High-level specification High-level circuits

Resource estimation

Simulation

Hardware optimized executable circuit

Performance benchmarking



The QLBM software package

lattice = CollisionlessLattice(
{ "lattice": 

{ "dim": {"x": 16, "y": 16}, 
"velocities": {"x": 4, "y": 4} 

},
"geometry": [

{ "x": [9, 12], 
"y": [9, 12], 
"boundary": "bounceback" },

{ "x": [9, 12], 
"y": [3, 6], 
"boundary": "specular" },

]})



The QLBM software package
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"y": [3, 6], 
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cfg = SimulationConfig(…)
cfg.prepare_for_simulation()

runner = QiskitRunner(cfg, lattice)
runner.run(NUM_STEPS, NUM_SHOTS)
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SpaceTimeLattice

QulacsRunner



Conclusions

▪ QLBM end-to-end implementation: initialization

+ streaming + collision + BC + QoI read-out

▪ Open-source QLBM software framework v0.0.5 

released earlier this week

1st International Conference on

Applied Quantum Methods

in Computational Science and Engineering 

October 8-10, 2025, Aachen

Thank you!   ありがとう
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