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Many theoretical ideas

▶ Quantum algorithmics

Very few known 

algorithms (+need many 

good quality gates & many qubits)

▶ NISQ: Hybrid quantum classical 
programs

– Variational Quantum Eigensolver
and Simulator (VQE, VQS)

– Error mitigation…

2

Bridging the gap

Many hardware 
implementations

▶ Different connectivities

▶ Different gatesets

▶ Different gate qualities/durations

▶ Different readout errors

▶ Different coherence times

▶ Different scalability

▶ Analog vs digital

▶ Adiabatic vs diabatic

?

No
killer app

yet!
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▶ Simulation

efficiently simulating the (imperfect) 
behavior of each platform

▶ Optimization

developing quantum programs in a 
hardware-agnostic way… but suitably 
optimized for target platform

▶ Applications

Focus: Schwinger model energy

with variational algorithms
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Outline
Atos Quantum Learning Machine

a dedicated quantum programming platform

quantum 
libraries

circuit 
optimization

application 
libraries

(fermion-
spin 

transforms,
VQE, 

QAOA…)

hardware/noise models

quantum 
programming

perfect 
simulation

noisy 
simulation

interface to
IBM, Rigetti…

myQLM: “QLM lite”, free!
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On-going PoC with

&

Atos quantum: worldwide…
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BPI project Quantex (with Paris Saclay, CNRS-LORIA, 
CEA-LETI). Quantum programming, hardware-acceleration
for classical simulation of quantum circuits

ANR SoftQPro (with Paris Saclay, CNRS-LORIA, CEA-
LIST). Numerical simulation of high-level quantum 
programming languages.

CIFRE PhD thesis with Supélec/Saclay: numerical
techniques for quantum circuit generation
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… and at home: our collaborations

QUANTERA QuantAlgo (with CNRS-IRIF, CWI-
QuSoft, Cambridge, Univ. of Latvia, Univ. Libre de 
Bruxelles). Machine Learning, exploration of use 
cases.

ANR QuData (with CNRS-IRIF, Paris-Sorbonne, 
CNRS-LABRI). Assessment of industrial use cases.

CIFRE PhD thesis with IRIF: algorithms for 
Quantum Machine Learning.

EU-Flagship project AQTION (with Univ. Innsbruck (Blatt
group), Oxford, ETHZ, Mainz, Fraunhofer, Swansea, 
Toptica). Programming frontend, compilation, industrial use 
cases

Chaire industrielle NASNIQ (with CEA-DRF Quantronics
lab). Computational architecture, noise models

Merlion project Siliquon qubits (with CNRS-Néel, 
Singapore Institute of Quantum Computing). Noise 
simulation of Si Qubits

EU-Flagship PASQUANS Flagship project (with
Institut d’Optique, Univ. Innsbruck (Zoller group), 
ETHZ, Univ Munich, LKB, Univ Strathclyde, Univ 
Ulm, Univ Padova, Univ Heidelberg). 

WP leader of applications

Quantum programming, classical simulation Quantum algorithmics

Quantum hardware
Analog quantum simulation



Simulation
efficiently simulating the (imperfect) behavior 
of each platform
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▶ Textbook quantum circuit:

▶ In theory: exponential speedup (over fast Fourier transform)

▶ Key ingredient of Shor’s factoring algorithm
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The quantum Fourier transform: theory…

computation: apply quantum gates final step: measurementstate preparation

Promise of huge speedups… if “ideal” quantum computer
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… and practice

Hardware constraints

q4

q3
q1

q0

q2

q0

q4

q2

Limited connectivity Limited expressivity

|0〉

|1〉Outside world
(electro-magnetic fields, 

other energy levels, 
unwanted couplings, …)

“only 
CNOT gates”

Larger gate counts Shorter time window

Quantum decoherence

This information is essential to assess quality of final result

how to run 
such a gate:

insert swaps, 
rewrite as 

combination of 
native gates…
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“H”
“CNOT”

“X”

idle qubit

“CNOT”

▶ Modular, hence scalable approach

▶ Can capture large variety of noises (incl. 
spatially correlated, crosstalk, leakage…)
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Discrete modeling of noise

Ideal circuit

Different gate times

Imperfect gate 
application

Environmental noise 
(idle/driven qubits)…

Noisy circuitHardware model

What do the boxes look like?

▶ Caveat: does not capture all 
memory effects
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Textbook noise models…

|1〉

|0〉

Relaxation

0 + |1〉 0 + 𝑒𝑖𝜑 |1〉

Dephasing

Challenge: what is 𝑝𝐹 , 𝑝𝑅 , 𝑝𝐷 … for a given hardware? 
Are there other important types of noise?

𝑝𝑅
𝑝𝐷

see e.g. Nielsen & Chuang

|1〉

|0〉

Bit flip

𝑝𝐹
|1〉

|0〉 𝑝𝐹
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▶ Characterize noise processes:

“process tomography”

▶ Two complementary strategies:

12

… and more ‘ab initio’ approaches: tomography 

Experiment (phenomenology)

– Quantum process tomography: 
assume known state preparation & 
measure (aka SPAM) (!)

– Gateset tomography: consistent 
handling of SPAM error

Advantage: phenomenological 
(“black box”) approach

Numerics (microscopic model)

– Write Hamiltonian model for 
given operation

– Solve Schrödinger/master 
equation for all inputs

Advantage: inputs are usually 
experimentally accessible 
(microscopic) parameters. 

Merkel et al / Blume-Kohout et al 2013

noisy 
gate

prepare 
(enough)

input 
states

measure 
(enough) 

observables
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Ideal circuit simulation

▶ Quantum state: 

– pure state |𝜓⟩

– generically: 𝟐𝒏

complex numbers

▶ Gates:

– unitary operators 𝑼

acting on subsets of 
qubits

▶ Simulation:

𝜓𝑓 = 𝑈𝑀…𝑈1|𝜓𝑖〉
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Ideal vs Noisy quantum computation

Noisy simulation

▶ Quantum state: 

– mixed state 𝜌 = σ𝑖 𝑝𝑖|𝜓𝑖⟩⟨𝜓𝑖|

– generically: 𝟐𝒏 × 𝟐𝒏

complex numbers

▶ Gates:

– linear, “CPTP” maps 𝓔 𝝆
(completely positive, trace 
preserving)

▶ Simulation:

𝜌𝑓 = ℰ𝑀 ∘ ⋯∘ ℰ1(𝜌𝑖)

Memory footprint
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“Brute-force” simulation

▶ Store 2𝑛 amplitude vector:

𝜓 =෍
𝑏1..𝑏𝑁

𝑎𝑏1..𝑏𝑁|𝑏1. . 𝑏𝑁⟩

▶ Up to 40-41 qubits
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Ideal circuit simulation
Unitary evolution 𝜓𝑓 = 𝑈𝑀…𝑈1|𝜓𝑖〉

Matrix product states (and tensor networks)

▶ MPS representation (4 qbits):

▶ “Bond dimension” and entanglement relation

▶ Can simulate >40 qubits

Stabilizer simulation

▶ Only “Clifford” gates: can represent state 
with 𝑂 𝑛2 cost

▶ Can simulate >1000 qubits

▶ Extensions for “Clifford+T”…

𝑎𝑏1𝑏2𝑏3𝑏4 =

Gottesman & Knill

see e.g
Schollwöck ‘10,
Orus ‘14

Tensor-network contraction

▶ Space-time network (here: 2 qbits + 3 gates)

▶ Challenge: find fast contraction order

qb1      qb2     qb3     qb4

qb1    

qb2
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Noisy simulation

Density-matrix evolution:

▶ Use e.g ‘Kraus’ representation

𝜌𝑓 = σ𝑘𝑀
𝐸𝑘𝑀

𝑀
… σ𝑘1

𝐸𝑘1
1
𝝆𝐸𝑘1

1 †
…𝐸𝑘𝑀

𝑀 †

▶ ~OK for <20 qubits

Stochastic sampling:

▶ 𝜌𝑓 ≈
1

𝑁
σ𝑖=1..𝑁 |𝜓𝑖⟩⟨𝜓𝑖|

▶ Can use ideal circuit simulator to 
compute each “trajectory” |𝜓𝑖⟩

▶ Can simulate many more qubits

Matrix product operators 

(and tensor networks)

▶ MPO representation (4 qbits):
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Near-Clifford simulation

▶ Decompose    ℰ(𝑗) = σ𝑖 𝑞𝑖
(𝑗)
𝑆𝑖

with 𝑆𝑖 stabilizer channel

▶ Sample resulting sum over stabilizer 
channels

Bennink et al



Optimization
developing quantum programs in a hardware-
agnostic way… 
but suitably optimized for a target platform
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▶ Fourier transform on IBM’s 14-qbit Melbourne chip

Need to insert SWAPs + use only CNOTs

▶ Two different optimization metrics:
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Example 1: Compilation of a Quantum Fourier Transform

Connectivity map:

𝐴∗: 1712.04722, SABRE: 1809.02573

Gate count CNOT depth

1 SWAP=3 CNOTs, 1 C-PH=2 CNOTs
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▶ Start compiled Quantum Fourier (here 4 qubits)

▶ Use commutation patterns to reduce total idling time

▶ Minimization via (classical) simulated annealing
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Example 2: Minimization of the total idling time

total 
idling 
time

annealing steps



Applications
with near-term processors
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▶ Overcome

– short coherence times

▶ Split work between

– quantum processor

– classical optimizer

▶ Goal:

– find lowest eigenenergy of
Hamiltonian 𝐻𝑇
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Variational quantum algorithms

quantum 
processor

classical 
optimizer

classical 
parameters

Ԧ𝜃

energy evaluation

𝐸
𝜃
=

⟨𝜓
𝜃
𝐻𝑇 𝜓𝜃

⟩

|𝜓𝜽⟩
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▶ Quantum chemistry (“VQE”)

– Many small molecules (H2, LiH, …)

– Well-known variational states: unitary coupled cluster (UCC), etc.

▶ Combinatorial optimization (“QAOA”)

– Special ansatz inspired from quantum annealing

▶ Focus: Variational quantum algorithms for quantum field theory?

– Lattice QCD: a gauge theory plagued by Monte-Carlo sign problem in 
interesting regimes (hot quark-gluon plasma, neutron stars…)

– Here, take Schwinger model (1+1-dim QED) as proxy for lattice QCD physics

21

Applications of variational quantum algorithms
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▶ (Kogut-Susskind) fermions… in spin/qbit-based quantum computer?

– Jordan-Wigner transformation

▶ infinite gauge degrees of freedom… in finite-dim quantum computer?

– Use Gauss law to eliminate gauge d.o.f -> traded for exotic long-range 
spin-spin interactions

▶ Final Hamiltonian:

𝐻𝑇 =෍

𝑗

𝜎𝑗
+𝜎𝑗+1

− + ℎ. 𝑐 + 𝑚
2
෍

𝑗

− 𝑗𝜎𝑗
𝑧 + 𝑔

4
෍

𝑗

෍

𝑙≤𝑗

𝜎𝑙
𝑧 + − 𝑙

2

with mass 𝑚, coupling 𝑔
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Challenge I:
translate problem to quantum computer language
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▶ Experimental result (Nions=8):
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Challenge II: Experimental realization and simulation

▶ Our simulation (Nions=8)

Kokail’19
Satya Bade @Atos

See also: digital computation with 4 ions (Martinez et al, Nature ’16), 5 SC qubits (Klco et al PRA ’18), …
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▶ Noisy simulations with varying noise levels

– Dephasing noise (Lindblad equation)

24

Going beyond: impact of noise

dephasing 
noise level 𝛾

exact GS 
energy

VQS energy



Demonstration
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A Noisy Quantum Fourier Transform
on the Atos Quantum Learning Machine 
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▶ Key ingredient of quantum factoring algorithms (“Shor algorithm”)

▶ From time to frequency:

▶ Best known classical algorithm: Fast Fourier Transform

Number of operations: ∼ 𝑷 𝐥𝐨𝐠𝑷 for a signal of size 𝑃

▶ Quantum Fourier Transform (QFT):

𝐥𝐨𝐠𝑷 𝐥𝐨𝐠𝑷 operations: exponential speedup!

𝑃 = 32 = 25 time points

Fourier 
spectrum

Signal
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▶ Hands-on tutorial this afternoon 
(3:30pm) with Jean-Christophe
Jaskula

– make sure you have 
downloaded the myQLM
docker

▶ Menu:

– write and run quantum
programs

– varational minimization using 
quantum circuits

48

Conclusion

quantum 
libraries

circuit 
optimization

application 
libraries

(fermion-
spin 

transforms,
VQE, 

QAOA…)

hardware/noise models

quantum 
programming

perfect 
simulation

noisy 
simulation

interface to
IBM, Rigetti…

myQLM: “QLM lite”, free!
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Speed comparison

QLM: qat.linalg simulator
IBM POWER8 benchmark data from
www.ibm.com/blogs/research/2018/05/quantum-circuits

QLM vs IBM Qiskit simulator
Perfect simulation 
‘Quantum volume’ benchmark circuit

QLM vs Google cirq simulator
Perfect + noisy simulation
H+CNOT circuit

QLM: qat.linalg and qat.noisy
(deterministic-vectorized) simulator


