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These results benefitted of funding or developments from:
project ATOM (DGAC/SafranTech No 2018-39), PRACE (20th Call Project Access FULLEST),
EXCELLERAT (H2020 823691), EPEEC (H2020 801051) and GENCI (A0122A06074).
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Can we use quantum computing for our applications or new applications ?

Look at quantum from an HPC expert with
a skeptic point of

Main concerns :

- How to program ?
Can we estimate ressources ?
Can we optimise ?

Can we trust the results ?
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Discretization

Discretize space (using a lattice), such
that f(x,t) becomes a vector f(t)

|

Mapping

Transform your PDE to haveiitin
one of the following forms

PAN

&

Schrodinger’s
equation
My PDE can be turned into
Schrddinger’s equation

!

Hamiltonian
Simulation

Solve the problem with
Hamiltonian simulation
techniques

9

p

Linear system

Solving my PDE comes
down to solving a linear
system of equations

!

HHL

Solve the problem using
the Harrow, Hassidim,
Lloyd (HHL) algorithm
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Quantum algorithms solving the Schrodinger
equation are called Hamiltonian simulation
algorithms.
Schrodinger’s equation is a natural approach for
quantum computing and easily identifiable in
classical computing
*1st foray into Quantum algorithms:
hamiltonian simulation of the wave

equation with dirichlet boundary
conditions




Wave equation
Find ¢ : ([0,1], R") — R such that

0? 0?
ﬁ¢(xa t) — ﬁgb()@ t)

' with Dirichlet boundary conditions

0 0
B_X¢(O, t) — 8_X¢(1, t) = 0.

A. Suau, G. Staffelbach, and H. Calandra. 2021. Practical Quantum
Computing: Solving the Wave Equation Using a Quantum Approach. ACM
Transactions on Quantum Computing. https://doi.org/10.1145/3430030
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Absolute error
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Classical solver

—— Quantum simulator

—— absolute error




Estimating the viability of the quantum solver and ressources requirements
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Number of discretisation points Ny Precision € T

lower is better
* For the 1D solver, 100+ qubit would already be an important step ..

» But here we are talking about perfect qubits ...

+ Single precision would require 10”8 gates ... with as many possibilities of error.
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Take aways :

We can solve the problem

But it can be very costly and here we are
estimating perfect hardware

Compilation of the quantum circuit is very
slow (> 1h )

How do we optimise ?
How do we debug ?
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Profiling in classical HPC
1.Benchmark the program.

2.1solate portions of the program that takes
a significant amount of resources

3. Improve the isolated portions.

4.Come back to step 1. until desired
performance is obtained.
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main
100.00%
(0.00%)

100.00%
(0.00%)

1x

0.39%
255

0.39%
(0.00%)
1x

99.23% /0.39%
65535 /' 255X

100.00%
(100.00%)
66045 x

Existing approaches in classical computing provide
a quick and simple view of the call graph and the
usage of ressources

Qprof : highly modular cross framework and fast
profiling.

Adrien Suau, Gabriel Staffelbach, and Aida Todri-
Sanial. 2022. Qprof: A gprof-Inspired Quantum
Profiler. ACM Transactions on Quantum
Computing. https://doi.org/10.1145/3529398
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gaths: A Python 3 library of Hamiltonian simulation
implementations

https://cerfacs.qitlab.io/qaths/

The qaths library aims at implementing various
Hamiltonian Simulation algorithms with the help of gat,
the Atos Python library for quantum computing.

N


https://cerfacs.gitlab.io/qaths/

SGaa T

evolve_1d_dirichlet
100.00%

(0.00%)
1x

/ 605328 x 302664 x 453996 x

wvolve_1d_dirichlet_no_repetition_no_time_adjustment

(0.00%)
151332

(0.00%)

simulate_using trotter
(000%) 3.44% 29.96% 1.04%
151332 907992 x 302664 x 1815984 x

simulate_signed_integer_weighted_hamiltonian
100.00%

(0.00%)

453996 x
1.06%
An o r op il
- @55 18.76% 6.70% 23.09% | 11.55%
E e - s 4237296 x 1513320 605328 x | 302664 x
907992 x ‘\GDSSZEX 302664 x 1815984 x
oracle_dirichlet2_1d_wave_equation CCPH . . o . .
e o Detailed view of the execution of the circuit.
302664 1815984 x
airioox| X tsissae gosonsx | aviooix Qprof takes as input the characteristics of the hardware provided by IBM/etc ..
i, 200 | SGHE | | 1w Does not provide sampling execution but a simulation of the execution of the circuit => almost
(0.00%) 605328 0.00%: 302664
sk S B instantaneous
compare_const Oracles are costly (95.5% of the overall gate budget).
2.07% 1.37% 25.45% 34.64%
9987912 9987912x (0.00%) 907992 R . 3 .
vEit Addition is the most costly operation overall (nearly 70% of the overall gate budget).
wgule 0.24% 0.75% 1-;”7%' 24.70% 0.21% 0.10%
(0.00%) 1210656 126513552x | (0.00%) 5750616x | 6658608 3320304
9987912 9987912
o97ERsix ooiTors 81508 Insights with Qprof :
oostors | (Loih) 0I5 | 1o0eane m"z’;‘; Replacing Draper’s adder by an arithmetic-based adder (improved T-count and overall gate count).
173729136 9987912x 5750616 x
L s e 505;57‘;?2;\-\\3?2’8'3;‘;’;x Hand-optimised the oracle implementations.

CCNOT CNOT

36.25% 3.39%

(36.25%) (3:39%)
185835696 108656376
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Readout Error (%) ibmq_guadalupe Readout Error (%)

Compiling the circuit
checks : 0]

-8

Hardware native S | o
‘ quantum gates 2- o_ _° 10
7 Respect topology T Bt
' Optimisations : 4- 12
l Total number of qubits 5+ o
E and gates - L u
Total number of I s

3 specificgates (T/CX) . i . R

H error rate (%) [Avg. = 0.029] CNOT error rate (%) [Avg. = 1.059]
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Readout Error (%) ibmq_guada|upe Readout Error (%) |
1 1

Optimisation is . .
topology aware but " e

. | :
not hardware aware: O0-"-0 0-O ? o [
- T1 , T2 2] ; @) Lo

decoherence times
- Error rates ;

-Measurement error ¢ | z

rateS 7 E i -15

| ! | | 1 |
000 189 379 379 189 000

(«2}

H error rate (%) [Avg. = 0.029] CNOT error rate (%) [Avg. = 1.059]
0.020 0.025 0.030 0.035 0.040 08 12 16 20
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q0(Qo)
q1(Q1)
q2(Q2)
q3(Q3)
qa(Q4)

qo( Qo)

L J

q1(Q1) —o

SPA

q2(Q2) <

N

SPA

and adds swap gates to

q3(Q3) —o

-
1/

ensure the algorithm can be

qa(Qa) <

N
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SABRE algorithm checks the
connectivity between qubits
executed
?S)Shu Li, I'?tttgé ﬁgglgoéa}%:lél|‘r|1‘g|;4tt[)1/%;QQL%}Sgllgg&nogzgroblem for NISQ-Era Quantum Devices. (ASPLOS




Heuristic cost function: Introduce hardware related information

D—ais+ac+a,r INtO the cost heuristic and introduce the

‘ bridge gate to give more freedom to the
optimizer

The Bridge gate
S. Niu, A. Suau, G. Staffelbach and A. Todri-Sanial, "A Hardware-Aware Heuristic for the

Qubit Mapping Problem in the NISQ Era," in IEEE TQC, vol. 1, pp. 1-14, 2020, doi:
10.1109/TQE.2020.3026544.
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State preparation Quantum state tomography . . .
+ . Use simple circuit to evaluate
ai | L T | | i .
[0} 1Ry (O) R (D)HHRL (B)RS, ()=~ A computational error
< C

Perfect simulator - 20000 shots Noisy simulator - ibm_lagos calibrations - 20000 shots

mn 4n/3  5m/3 0 w3 2n/3 n n 4m/3  5m/3 0 W3 2n/3 n
- " - 200 ‘ 1.00
0.99 0.99
0.98 0.98
|  afa N | T g 007 097
....................... . o
0.95 0.95
0.94 0.94

n a3 Sw3 0 w3 2wz n n 4w3 5W3 0 w3 2w3 n

Vector Field Visualization of Single-Qubit State Tomography, Suau et al.

https://arxiv.org/pdf/2205.02483 '



https://arxiv.org/pdf/2205.02483

State preparation Quantum state tomography . . .
. Use simple circuit to evaluate
10) Ry ()R- (D) RL (B)—R) ()=~ i+ computational error
__'. C
IBM Lagos hardware - 20000 shots - 0 delay Noisy simulator - ibm_lagos calibrations - 20000 shots
L 4m/3  51/3 0 w3 23 1 1 4m/3  5m/3 0 w3  2r/3 L1
t 0.95

0.94

mn 4an/3  5m/3 0 w3 2n/3 n




Takeaways

From an HPC perspective the technology is very interesting but needs to be manipulated
carefully

Some inpactful resultats already here but an ever evolving landscape

Hamiltonian simulations are not the only way to tackle the problem




