
31 MAI & 1er JUIN 2023 • Au Parc Floral, Paris

Un événement organisé par



DE LA RECHERCHE À L’INDUSTRIE

Commissariat à l’énergie atomique et aux énergies alternatives - www.cea.fr

Quantum Software Stack, a Software Science perspective

Christophe Chareton, Sébastien Bardin



05/30/2023Commissariat à l’énergie atomique et aux énergies alternatives Auteur

Goals of this talk

Provide an overview of quantum programming languages and the related software
stack
Understand what is at stake and the underlying scientific challenges
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Quantum computing: our challenge
Algos

Hardware

How?
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Quantum Stack, software and architectural

QUANTUM STACK

Hardware interface & control

Practical algorithms
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Quantum Stack, software and architectural

QUANTUM STACK

Hardware interface & control

Practical algorithms

- effective programming- correct & efficient programs- portable, maintainable
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The hybrid model
A quantum co-processor (QPU), controlled by a classical computer
● classical control flow
● CPU ⇒ QPU : quantum computing requests, sent to the QPU

→structured sequenced of instructions: quantum circuits
● QPU ⇒ CPU: probabilistic computation results (classical information)
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The hybrid model - circuit- circuit generator : input⇒ circuit
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Reminder : the classical software stack (101)
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Reminder : the classical software stack (102)

01001
100
00101
011
11000
101
010 ..

010100
111
101101
110
111011
000
0100 ..

EXECUTABLEOBJECT CODEASSEMBLY CODESOURCE CODE

COMPILE ASSEMBLE LINK RUN

optimize optimizeoptimize
error correction ?



05/30/2023Commissariat à l’énergie atomique et aux énergies alternatives Auteur

Reminder : the classical software stack (state of the art)
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Type checking, sanity checks
Testing, program checking

Certified compilation

Key ingredient :
math inside (logic, semantic)

error correction ?
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Success in the classical world!

TLS 1.3

Sébastien Bardin – KLEE
workshop 2022

Key ingredient :
math inside (logic, semantic)
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Challenge : Quantum Software Stack

▪ How to productively write quantum programs?
▪ How to ensure their quality?
▪ How to compile them efficiently?
▪ How much hardware-agnostic can we be?
▪ How to ensure correctness all along?

Research in Software Science has some
answers insights there

Key ingredient :
math inside (logic, semantic)
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Outline

▪ Context
▪ Quantum programming is tricky
▪ Focus: languages
▪ Focus: testing & validation
▪ Conclusion
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Quantum computing is tricky

…
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Within nodes : Some strange rules:

● unitarity/no cloning
● destructive measure
● restricting set of operations (“unitary”)
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Quantum computing is tricky

…

…

P_0 P_1

P_10 P_11

P_100 P_101 P_110 P_111

P_1110 P_1111

P_11100 P_11101

● Probabilistic
executions

Within nodes : unitary operators
in a complex vector space of dimension 2n

● unitarity/no cloning
● destructive measure
● restricting set of operations (“unitary”)

Some traps to avoid… Eg.:

● ill-formed dynamic circuit building
● unitarity → subcircuit control
● resource requirements
● functionality



12 mars 2021Commissariat à l’énergie atomique et aux énergies alternatives Auteur

● Subcircuit control : a unavoidable features, present
in any algorithm

● Problem : a controlled gate should not modify its
control qubit (unitarity)

● Blind spot. Eg. Qiskit: control extends the register it
applies on.

requires{c= a +b}

Bugs: The case for subcircuit control
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Phase estimation, N&C : ● exponential sequence composition
● -> beware of exponential complexity
● loses any potential quantum

advantage!!
● Interprete Uk as

“a gate simulatingUk”

requires{number_of_gates(Uk)=O(P(n)) }

Bugs : guarantee required resources
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05/30/202318

Traps: unintuitive computation/high risk for bugs
Example of the Quantum Fourier Transform (Qiskit documentation)

Interpretation as a sum of vectorsin a complex vectorial space

Recursive definition

Simulated double loop
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Outline

▪ Context
▪ Quantum programming is tricky
▪ Focus: languages
▪ Focus: testing & validation
▪ Conclusion
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Quantum programming languages: an explosion!

20

Qwire
ProtoQuipperQuipper Sqir

QLC LIQUi|>
Scaffold

qPCF

(Microsoft)

(IBM+ETH)
(Google)

(Microsoft)

(IBM)

So, problem solved ?

(Atos)
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Industrial languages: go fast and take the lead

21

● Hybrid model
● In support of future machines
● Often imperative programming (Python:

Circ, Qiskit, aQASM, ProjectQ)
+ some functional (F#: Q#,LiquiD)

● Good support, quick evolution
● Development of users communities
● Industrial means: large libraries

(IBM+ETH)

(Google)

(Microsoft)
LIQUi|>(Microsoft)

aQASM(Atos)

● iterative ad hoc design rather than minimal principled design
● Very few guarantees on the produced code
● how to ensure good performance?
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Proposition

22

(IBM+ETH)

(Google)

(Microsoft)
LIQUi|>(Microsoft)

aQASM(Atos)

Leverage Programming Language Research
to the Quantum Case
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Quantum programming languages: The Challenges

23

Qwire

ProtoQuipper
Quipper

SqirQLC
Scaffold

qPCF
SOME RECENT ACHIEVEMENTS

● languages with formal verif (Qbricks/CEA-LMF, Sqir/ Univ. of Maryland, QHL/Tsinghua Univ.)
● no-cloning: by design (Qbricks) or linear types (Qwire/Univ. of Pennsylvania, Sqir)
● Well-formedness : dependent types (ProtoQuipper/Dalhousie Univ.), contracts (Qbricks)
● Automated uncomputation (SILQ/ETH Zurich)...
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Outline

▪ Context
▪ Quantum programming is tricky
▪ Focus: languages
▪ Focus: testing & validation
▪ Conclusion
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Standard verification methods fail
Assertion checking? Requires (destructive) measurement

Tests? Requires runs
in exponential
number

Simulation? As far as we don’t need a Quantum
Computer
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Formal verification vs. Standard debug

Testing/Assertion checking Formal verification
tested instance any instance

based on executions/simulations static analysis, no need to execute

bounded parameters scale insensitive

non deterministic programs : statistical
arguments

absolute, mathematical guarantee

Build on best practice of formal verification for the classical caseand tailor them to the quantum case
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Focus : QBRICKS
MAJOR ACHIEVEMENTS

● a core development framework for parametrized
verified quantum programming

● first ever verified implementation of Shor order
finding algorithm (95% proof automation),
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Focus : QBRICKS
C1 C2 ....... Ck COqasm

Circuit combiner deletion
• parralelism
• quantum control Standard IR

Simulator/Quantum
machine

• Proofs
• well-formedness
• ressource requirements
• functional specs

Gate transformation

Simulator/Quantum
machine
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Outline

▪ Context
▪ Quantum programming is tricky
▪ Focus: languages
▪ Focus: testing & validation
▪ Conclusion



05/30/2023Commissariat à l’énergie atomique et aux énergies alternatives Auteur

Take Away

 Build the bridge between Quantum Algo. and Quantum Hardware
 Several challenges ahead
 Software science principles can help

 Leverages lessons from classical case
 Still, push the methods to their edge
 // could have impact on classical software in turn

 Research in progress
Langage semantic &design Genericity vs.specializationLanguage-basedvs side analyzers Tradeoff automation -expressiveness

Quantum software science does matter

- effective programming- correct & efficient programs- portable, maintainable
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Quantum programming and verification : take away

QPL 21 — Christophe Chareton — p. 3

● Quantum computing is tricky
● Standard debugging methods fail
● We promote and develop formal reasoning and static analysis

Qbricks development
● POC for formal verification
● Specs/prototypes and road map for further developments
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● Subcircuit control : a unavoidable features, present
in any algorithm

● Problem : a controlled gate should not modify its
control qubit (unitarity)

● Blind spot. Eg. Qiskit: control extends the register it
applies on.

Bugs: The case for subcircuit control
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requires{c= a +b}
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● Subcircuit control : a unavoidable features, present
in any algorithm

● Problem : a controlled gate should not modify its
control qubit (unitarity).

● Blind spot. Eg. Qiskit: control extends the register it
applies on.

requires{c= a +b}

Bugs: The case for subcircuit control

We aim at offering no cloning guarantees +
● language : intuitively

eg. : with control c apply U

● formalization : convenient representation
● compilation: generic interpretation
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Bugs : guarantee required resources

Phase estimation, N&C :
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Phase estimation, N&C :
● exponential sequence composition
● loses any potential quantum

advantage!!
● Interprete Uk as

“a gate simulatingUk”

Bugs : guarantee required resources
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Phase estimation, N&C : ● exponential sequence composition
● -> exponential complexity
● loses any potential quantum

advantage!!
● Interprete Uk as

“a gate simulatingUk”

requires{number_of_gates(Uk)=O(P(n)) }

Bugs : guarantee required resources
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Bugs : functional correctness

An unitary operator over a complex vectorial space of
exponential dimension:

→ Is it (really) a correct encoding of our “real life”
problem?

● Prime factor decomposition (Shor)
● Finding an antecedent through an integer function (Grover)
● Optimization…
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Programming framework: QBRICKS-DSL

● A minimal set of primitive functions
○ elementary gates
○ compositions : parallel/sequence
○ ancilla creation/anihilation

● Circuits as elementary algebraic objects
→ anything concerning qbits and state evolution is
delegated to the specifications

● derived high-level combinators: inversion, control,
qbit permutations, etc

● Functional programming + Why3 embedding● Unitary programs● Circuit as objects → no cloning by construction● Deductive verification→ use of contracts (wellformedness + functional correctness + complexity)
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Specification preamble
• input parameters + preconditions
• post-conditions:

• functional
• complexity

Body
• sequence of quantum operations,
• intermediate system state postconditions

QBRICKS / Demonstration
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Decorated code

Functional programming
parameters -> quantum

circuits

QBRICKS / Demonstration
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Decorated code

Functional programming
parameters -> quantum

circuits

Specifications
• preconditions
• complexity specifications
• functional assertions

QBRICKS / Demonstration
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Proof obligations generation, via Why3 interface

...... ...

QBRICKS / Demonstration
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▪ Interfaces
• calls to SMT-solvers
• interactive proof commands, to help SMT-solvers

▪ Output
• probation against complex case studies (× 6 vs SotA)
• high-level (95%) of automation, proof effort × 1/3 vs SotA

Proof support
QBRICKS / Demonstration
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Quantum memory states

QPL 21 — Christophe Chareton — p. 3

● Classical world:

● Quantum world:

XOR



12 mars 2021Commissariat à l’énergie atomique et aux énergies alternatives Auteur

Quantum memory states

QPL 21 — Christophe Chareton — p. 3

● Classical world:

● Quantum world:
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Quantum measurement

QPL 21 — Christophe Chareton — p. 3

● Destructive

● Probabilistic
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Quantum memory states

QPL 21 — Christophe Chareton — p. 3

● Classical world:

● Quantum world:

+ some strange rules :

● no cloning
● destructive measure
● restricting set of operations (“unitary”)
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Formal verification and classical
debugging : comparison

Testing/Assertion checking Formal verification
tested instance any instance

based on executions/simulations static analysis, no need to execute

bounded parameters scale insensitive

non deterministic programs : statistical
arguments

absolute, mathematical guarantee

Build on best practice of formal verification for the classical caseand tailor them to the quantum case



Bugs : ancilla qubits reallocation
Eg : Create a multiple control gate

● add ancilla qbits
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Bugs : ancilla qubits reallocation
Eg : Create a multiple control gate

● add ancilla qbits
● use them to store control values
● free the ancilla qbits

requires{q[6-8] is uncomputed}
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2022: towards a fully integrated verified programming environment
→ feedbacks

Pre-treatment (static analysis).
Automate
● Resource analysis
● Well-formedness (unitarity)
● functional verification
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2022: towards a fully integrated verified programming environment
→ feedbacks

High-level programming:
→The case for subcircuit control
● Common feature in any reasonable

implementation
● Blind spot at every stage in the dev/verif stack

○ user languages
○ formal analysis/semantics
○ compilation

Pre-treatment (static analysis).
Automate
● Resource analysis
● Well-formedness (unitarity)
● functional verification
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2022: towards a fully integrated verified programming environment
→ feedbacks

Pre-treatment (static analysis).
Automate
● Resource analysis
● Well-formedness (unitarity)
● functional verification

High-level programming:
→The case for subcircuit control
● Common feature in any reasonable

implementation
● Blind spot at every stage in the dev/verif stack

○ user languages
○ formal analysis/semantics
○ compilation

Compilation : distribute over different● architectures● computing modelsProviding guarantees and analysis tools :● functional preservation● resource estimations


