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n 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

Inputs: (1) A black-bax Uy which performs

— |iye'k mod N}, for x co-prime to the | AI O S
2 [log(2 + »-}] qubits initialized 1

(3) L qubits initialized to the state 1.

Outputs: The least integer r = 0 such that x" = 1 (mod N).

Runtime: O{L¥) operations. Succeeds with probability 1)

Procedure:
1 initial state
2 craate suparposition
-1
3 apply Uy n
4 apply inverse Fourier fransform
to the first register
& measura first registar
- ) apply confinued fractions
.

algorithm

Shor-OF (from N & C, p. 232)
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Quantum Stack, software and architectural

Practical algorithms

QUANTUM STACK

Qubit array & fanout :
Leti dedicated quantum process

| e

Control electronics
as Interposer:
FDSOI process

L

Hardware interface & control
Commissariat a I’énergie atomique et aux énergies alternatives Auteur 05/30/2023 _




Quantum Stack, software and architectural

Practical algorithms

QUANTUM STACK

- effective programming
- correct & efficient programs
- portable, maintainable

Qubit array & fanout :
Leti dedicated quantum process

| e

Control electronics
as Interposer:
FDSOI process

L

Hardware interface & control
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The hybrid model
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The hybrid model - circuit

- circuit generator : input = circuit

def gqft_rotations(circuit, n):
"""Performs qft on the first n qubits in circuit (without swaps)

1f n ==
return circuit
n ==1

circuit.h(n)

for qubit in range(n):
circuit.cp(pif2**(n-qubit), qubit, n)

# At the end of our function, Wwe call the same function &

MNexeT JITS (We reduced N oy oneg eariier 11 Lene LOufc e Lofr )

qft_rotations(circuit, n)

inverse(QFT (n))

U2: 1 Ugs 2 .. Ugg
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n Reminder : the classical software stack (101)

SOURCE CODE ASSEMBLY CODE OBJECT CODE EXECUTABLE

COMPILE RUN

o

ASSEMBLE

o

LINK 010100

) | 111
101101

w 110
111011

000

0100

Basic compiler chain is not enough
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n Reminder : the classical software stack (102)

SOURCE CODE ASSEMBLY CODE OBJECT CODE EXECUTABLE
RUN
COMPILE ASSEMBLE LINK 010100
) | 111
101101
o o ) o SN BEE
111011
000
:"’/' 0100
optimize optimize optimize

error correction ?
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Reminder : the classical software stack (state of the art)

Certified compilation

SOURCE CODE ASSEMBLY CODE OBJECT CODE EXECUTABLE

RUN

w =| ]

00101 101101
QQ 011 Qﬂ 110

:;200 - 111011
o o100,
optimize optimize optimize

error correction ?

Type checking, sanity checks
math inside (logic, semantic)

Key ingredient : ]

Testing, program checking
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L

The SMACCMCopter: 18-Month Assessment z

pirate

Site WEB.
Victime

+ The
+ Stability control, mude hold, directional hold, DOS detection.
+ GPS waypoint navigation 80% implemented.
The Rust
.
programm.ng « Air Team prov
+ The system is memory safe.
Language + The system ignores malformed messages.

+ The system ignores non-authenticated messages.
+ All “good" messages received by SMACCMCopter radio will reach the
motor controller.

alm.

TR' 'ST SOF | + Found no security flaws in six weeks with full access to source code.

+ Penetration Testing Expert
The SMACCMCopter is probably ‘the most secure UAV on the planet* .
nitods ™

opllot @
p\h" 013

CE
so\lf aCC“‘

oxﬂ“
]roﬂ‘

v CompCert

Success in the classical world!

Key ingredient :
math inside (logic, semantic)




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

Applications

= How to productively write quantum programs?

Algorjthms

= How to ensure their quality?

High-Level

Languages Hardware
. .. # agnostic
= How to compile them efficiently?
Compilation
= How much hardware-agnostic can we be? Intermediate A
Representation (ASM)
= How to ensure correctness all along? Cgﬁ;?s
Hardware
Research in Software Science has some
answers insights there v
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Context

Quantum programming is tricky

Focus: languages

Focus: testing & validation

Conclusion
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Bugs: The case for subcircuit control

Commissariat a I'énergie atomique et aux énergies alternatives

Auteur

qcl = QuantumCircuit(a)
custom = gcl.to_pgate().control{b)

qr = QuantumRegister{c)
qc2 = QuantumCircuit(gr)
qc2.append({custom, qzr)
qc2.draw()

g9
q9:
q9:

q9;

g9a




Bugs : guarantee required resources

Phase estimation, N&C :

0) 1 H T 10)
0) < H s 0)
0) —H | t 0)
0) 1 H — 0)

B
e

T
11
S
N
s
£

I

UQD 1 UQIHr22
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Traps: unintuitive computation/high risk for bug

Example of the Quantum Fourier Transform (Qiskit documentation)

qft_rotations(circuit, n}:
s 2 rst n qubits in circuit (without swaps)

ifn==
return circuit
n -=1

circuit.h{n)
for qubit i
circuit. Congd =qubit), qubit, n)

the same function again on
&

guced n by one earlier in the function)

Commissariat a I'énergie atomique et aux énergies alternatives Auteur 12 mars 2021 _

de

# At the end of our function, we call

0




Context

Quantum programming is tricky

Focus: languages

Focus: testing & validation

Conclusion

Commissariat a I'énergie atomique et aux énergies alternatives Auteur 12 mars 2021 _



Quantum programming languages: an explosion!

Q# 3 SILQ

(Microsoft)

Cl r q (IBM+ETH)

(Google)
Qe QYL

Scaffold

. ProtoQuipper
Quipper Sqir

So, problem solved ?

Commissariat a I'énergie atomique et aux énergies alternatives Auteur 12 mars 2021



u Industrial languages: go fast and take the lead

@ e Hybrid model

e In support of future machines

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

e Often imperative programming (Python:

~ ProjectQ
a@ASM

(IBM+ETH)

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

. J

Cqu

(Google)

Good support, quick evolution

. J
e Development of users communities
: e Industrial means: large libraries
(M3 LLR J

Commissariat a I'énergie atomique et aux énergies alternatives

(Microsoft)
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g Proposition

ProjectQ

(IBM+ETH)

Cqu

(Google) .

Leverage Programming Language Research

to the Quantum Case

39z

Commissariat a I'énergie atomique et aux énergies alternatives
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E Quantum programming languages: The Challenges

Scaffold

Qwire

-

QLC

\_

SOME RECENT ACHIEVEMENTS

languages with formal verif (Qbricks/CEA-LMF, Sqir/ Univ. of Maryland, QHL/Tsinghua Univ.)  F
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)...

Commissariat a I'énergie atomique et aux énergies alternatives Auteur
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Context

Quantum programming is tricky

Focus: languages

Focus: testing & validation

Conclusion
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E Standard verification methods fail

Assertion checking?

Requires (destructive) measurement

Tests? Requires runs |
in exponential ” T
o I“HH‘ ’“l”h th“ll H”
Simulation? As far as we don’t need a Quantum

Computer

Commissariat a I'énergie atomique et aux énergies alternatives

Auteur




E 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 absolute, mathematical guarantee
arguments

\

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

J

Commissariat a I'énergie atomique et aux énergies alternatives

Auteur 12 mars 2021 _



Focus : QBRICKS

MAJOR ACHIEVEMENTS )

° a core development framework for parametrized
verified quantum programming
Y first ever Verified implementation of Shor order Christophe Chareton’*™, Sébastien Bardin?, Frangois Bobot?,

Valentin Perrelle?, and Benoit Valiron®

\ finding algorithm (95% prOOf a Utomation ) 5 J ! LMF, CentraleSupélec, Université Paris-Saclay, Gif-sur-Yvette, France

firstname.lastname@lri.fr

1.)

An Automated Deductive Verification Framework
for Circuit-building Quantum Programs

2 CEA, LIST, Université Paris-Saclay, Palaiseau, France
firstname.lastnamefcea.fr

Case studies: compared complexity

Lines of (COdE + Speciﬁcalions) Abstract. While recent progress in quantum hardware open the door
for significant speedup in certain key areas, quantum algorithms are still
QFT _jmmm hard to implement right, and the validation of such guantim programs

e is a challenge. In this paper we propose QBRICKS, a formal verification

Shor-OF environment for cirenit-building quantum programs, featuring both para-

0 200 A00 600 800 1000 1200 1400 metric specifications and a high degree of proof automation. We propose
a logical framework based on first-order logie, and develop the main tool
® Exclusive m Non-exclusive we rely upon for achieving the automation of proofs of quantum specifi-
cation: PPS, a parametrie extengion of the recently developed path sum
Compared proof effort for shared case studies semantics. To back-up our claims, we implement and verify parametric
versions of several famous and non-trivial guantum algorithms, including
Lines of Speciﬁcations + Interactive commands the quantum parts of Shor’s integer factoring, quantum phase estimation

_— — =DJ (QPE) and Grover's search.

= QFT
OPE Keywords: deductive verification, quantum programming, quantum circuits

B Grover

Qhricks Sqir QHL &  Why3
embedding

Circuit o Blciiel il SMT solvers
Semantics AIGAIL Freof
— obligations * Commands

Commissariat a I'énergie atomique et aux énergies alternatives Auteur 05/30/2023 _



Focus : QBRICKS

C1 —_— Czﬁ

Circuit combiner deletion
* parralelism
* quantum control

qreg qr
circ gr -»
for q in range(len(qr)) {
H(gr[q])
for 1 in range(qrig+l..-1]) {
with contrel qr[i+1] (RZ{i-q, qr[q]))
return

* Proofs

+ well-formedness
* ressource requirements
functional specs

6

v § replace resull o

2
-

r L[ 0 [postcondition]

¥ 2pply H2S
¥ L 1[equality hypothesis]
¥, Alt-Ergo 2.2.0

0000

Commissariat a I’énergie atomique et aux énergies alternatives

—> Gy —> COqasm

Gate transformation

) Standard IR

A

Simulator/Quantum
machine

Auteur

05/30/2023 R



Context

Quantum programming is tricky

Focus: languages

Focus: testing & validation

Conclusion
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Leverages lessons from classical case

Still, push the methods to their edge

Several challenges ahead

Software science principles can help

Quantum software science does matter

Build the bridge between Quantum Algo. and Quantum Hardware

- effective programming
- correct & efficient programs
- portable, maintainable

// could have impact on classical software in turn

Research in progress

Langage semantic &
design

Commissariat a I'énergie atomique et aux énergies alternatives

Language-based
vs side analyzers

Tradeoff automation -
expressiveness

Auteur

High-Level
Languages

v

Compilation

Y

Intermediate
Representation (ASM)
|
Y
QuBits
Controls

Genericity vs.
specialization
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Back to basic

SOURCE CODE ASSEMBLY CODE OBJECT CODE EXECUTABLE
RUN
COMPILE ASSEMBLE H: LINK 010100
e — e — 01001
= = 0T ) | 111
—_— —_— 00101 101101
e T e oo || oo |0
:;200 |_ 111011
000
:"’/'r 0100
optimize optimize optimize

Type checking, sanity checks
/2 = i Certified compilation

Testing, program checking
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nBack to basic

SOURCE ASSEMBLY OBJECT EXECUTA

bF(H 00

ComvPICODE ASSEMBL
) d

— 111
/ a RUN
e 11101
000
o010 0100 . Q

Sébastien Bardin - ENS RehbabBRARY 2021
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nBack to basic

SOURCE ASSEMBLY OBJECT EXECUTA
ComvpPICODE b%o100

EEEEE 111
o =

101101

RUN

11101
000
0100 .

WRITTEN

ASSE i in -
MBL:Y, Baydin - ENS RebaEBRARY 2021 ST

Commissariat a I’énergie atomique et aux énergies alternatives




nBack to basic

SOURCE ASSEMBLY OBJECT EXECUTA

bﬁb100

111

CovPICOPE

s

101101
L5 Run
11101
000
+ 0100.
INLINE
ASSEMBLY WRITTEN

ASSE i in -
MBL:Y, Baydin - ENS RebaEBRARY 2021 ST

Commissariat a I’énergie atomique et aux énergies alternatives




u Quantum programming and verification : take away

® Quantum computing is tricky
e 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

QPL 21 — Christophe Chareton — p. 3 universite ; 2
| Commissariat a I'énergie atomique et aux énergies alternatives Wr FhmEAceA 12 mars 202




Bugs: The case for subcircuit control

Commissariat a I'énergie atomique et aux énergies alternatives

Auteur

qcl = QuantumCircuit(a)
custom = gcl.to_pgate().control{b)

qr = QuantumRegister{c)
qc2 = QuantumCircuit(gr)
qc2.append{custom, qr)
gc2.draw()

g9
q9:
q9:

q9;

g9a




Bugs: The case for subcircuit control

nel = DuantumCirocuitray
def qft_rotations(circuit, n):
"""Performs qft on the first n qubits in circ
if n ==
return circuit
n -=1
circuit.h(n)
for qubit in range(n):
circuit.cp(pif2**(n-qubit), qubit, n)
# At the end of our Ffunction, we call the sar
# the next qubits (we reduced n by one earlic

qft_rotations(circuit, n)

q9:

q9;

Commissariat a I'énergie atomique et aux énergies alternatives AR ‘ 10) H{H] T



Bugs: The case for subcircuit control

qcl = QuantumCircuit(a)
custom = gcl.to_pgate().control{b)

qr = QuantumRegister{c)
qc2 = QuantumCircuit(gr)
qc2.append{custom, qr)
gc2.draw()
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Bugs : guarantee required resources

Phase estimation, N&C :

0) - H] +—0)
0) < H| . 0)
0) —H| . 0)
0) —{H — 0)
vy —u*Bu? QuZE - Ju2 £ |u)

Commissariat a I'énergie atomique et aux énergies alternatives Auteur




Bugs : guarantee required resources

Phase estimation, N&C :

o) {H - —1—10)

—— 0)

10

S
I
S“RENRE

' o)

UQD 1 UQIHr22
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Bugs : guarantee required resources

Phase estimation, N&C :

0) 4 H +—|0)
0) 4 H $ 0)
0) —H | t 0)
0) - H H—

B
e

T
11
S
N
s
B
£

UQD 1 UQIHr22
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Bugs : functional correctness

— .|apPu| —
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Programming framework:
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m QBRICKS / Demonstration

Algorithm: Quantum phase estimation

Outputs: An n-bit approximation &, to ¢,.

(2) an eigenstate |u) of U with eigenvalue ¢?™¥=

qubits initialized to |0).

Inputs: (1) A black box wich performs a controlled-U/7 operation, for integer j,
,and (3)t=n+ |—log (2 + ;—E)]

Runtime: O(t?) operations and one call to controlled-U7 black box. Succeeds
with probability at least 1 —e.

Procedure:
L [0} |w)
1 2'—1
2 - == )k
\/2_3 J=0
1 *—1
3. — == iU )
\/z_t J=0
1 2t—1
= _.Zﬁijm‘ V4
3 J)|u)
V2t 3=0
4. — |@u)|u)
5. — @y

initial state

create superposition

apply black box

result of black box

apply inverse Fourier transform

measure first register

Commissariat a I'énergie atomique et aux énergies alternatives

Specification preamble

input parameters + preconditions
post-conditions:

* functional

* complexity

Body
sequence of quantum operations,
intermediate system state postconditions

Auteur




QBRICKS / Demonstration

Decorated code

let function apply_black_box] (circ:circuit)(k n:int)
(ghost y:matrix complex)(ghost theta:complex)

Functional programming
parameters -> quantum
circuits

Commissariat a I'énergie atomique et aux énergies alternatives Auteur 12 mars 2021 _



QBRICKS / Demonstration

Decorated code

let function apply_black_box](circ:circuit)(k n:int)
(ghost y:matrix complex)(ghost theta:complex

requires{n=k+width circ}
requires{real_ theta} . .
requires{® < k < n} Functional programming
requires{is_a ket 1 y (n-k)} parameters -> quantum
requires{eigen circ y (real_to_ang theta)} circuits

ensures{width result = n}
ensures{ancillas result =0}

ensures{size result<=n+k*size circ} Specifications
ensures{path_sem result (kron (ket k 0)y) = ° preconditions
(kron (pow_inv_sqrt_2 k *.. ket_sum (n_bvs k) N complexity specifications

(fun x -> black_box_coeff theta x *.. (bv_to_ket x)) k) y)}

e functional assertions

:Isequence (create superposition k n) (black box circ k y theta)l

Commissariat a I'énergie atomique et aux énergies alternatives Auteur 12 mars 2021 _



ﬂ QBRICKS / Demonstration

14

Proof obligations generation, via Why3 ¢

v [ vC apply_black_box [VC for apply_black_box]
v :i— split_wvc
» [/ 0 [precondition]
» [ 1 [precondition]
» [ 2 [precondition]

90000

» L[ 36 [precondition]
» [ [ 37 [postcondition]

Soc

‘ N 38 [postcondition]

» [ [ vC phase_estimation [VC for phase_estimation]
» [ [ VC pe_measure [VC for pe_measure]

» L[ VC best_appr [VC for best_appr]

» [ [ vC delta IVC for deltal

29000

Commissariat a I'énergie atomique et aux énergies alternatives

interface

let function apply_black_box (circ:circuit)(k n:int)

(ghost y:matrix complex)(ghost theta:complex)
requires{n=k+width circ}
requires{real_ theta}
requires{® < k < n}
requires{is_a_ket_1 y (n-k)}
requires{eigen circ y (real_to_ang theta)}

ensures{width result = n}
ensures{ancillas result =0}
ensures{size result<=n+k*size circ}

ensures{path_sem result (kron (ket k 0)y) =
(kron (pow_inv_sqrt_2 k *.. ket_sum (n_bvs k)
(fun x -> black box coeff theta x *.. (bv _to ket x)) k) y)}

= sequence (create_superposition k h) (black_box circ k y theta)

756 goal VC apply black box :

757
758
759
766
76]]
762

763

path sem result (kronecker (ket k @) y)
= kronecker

(pow inv sqrt 2 k

*.. ket_sum_1 (n_bvs k)

(fun (x:bitvec) -> black box coeff theta x *.. bv_to ket x) k

Auteur




m QBRICKS / Demonstration

Proof support

* Interfaces
* calls to SMT-solvers
* interactive proof commands, to help SMT-solvers

= OQutput
» probation against complex case studies (x 6 vs SotA)
* high-level (95%) of automation, proof effort x 1/3 vs SotA

Q

v N 38 [postcondition] '

v ‘ﬂh replace result (sequence (place (repeat_ ...
v [/ 0 [postcondition]

"- apply H25
v [ [ 1 [equality hypothesis]
8 Alt-Ergo 2.2.0

0000

Commissariat a I'énergie atomique et aux énergies alternatives

000000000000

v &5 gpe.miw

¥ | Phase_estim

» [ [ vC black_box_coeff [VC for black_box_coeff]

» [ [ vC cascade_cont_pow [VC for cascade_cont_pow]

» [ [ vC apply_black_box [VC for apply_black_box]

» [ [ vC phase_estimation [VC for phase_estimation]

» L[ VC pe_measure [VC for pe_measure]

» [ ] vC best_appr [VC for best_appr]

» [ ] vC delta [VC for delta]

» [ ] vC geom_sum_rewrite [VC for geom_sum_rewrite]
| VC geom_sum_bound [VC for geom_sum_bound]

»
L vC gpe_meas [VC for gpe_meas]

| 2
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°Z88 Quantum memory states
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°Z88 Quantum memory states

QPL 21 — Christophe Chareton — p. 3 université

PARIS-5ACLAY
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u 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 absolute, mathematical guarantee
arguments

\

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

J

Commissariat a I'énergie atomique et aux énergies alternatives

Auteur 12 mars 2021 _



Bugs : ancilla qubits reallocation

Eg : Create a multiple control gate do

01

qop —§—
g1 —e—
q: —e—

gz —o—

gs
gs I




Bugs : ancilla qubits reallocation

Eg : Create a multiple control gate

qop —§—
g1 —e—
q: —e—

gz —o—

gs
gs I

do

qi1

qz

ds

da

ds

0
=




Bugs : ancilla qubits reallocation

Eg : Create a multiple control gate

qop —§—

g1 —e—

q: —e—

gz —o—

gs
gs I




Bugs : ancilla qubits reallocation

Eg : Create a multiple control gate

do G
ai o
(o ——0— q:z 3

g —a— #]

qz; —i— qa

gs

gz —i—
gs
gs I




2022: towards a fully integrated verified programming environment

— feedbacks

et gft ( n:int) :circuit
requires{o<n}

begtn
let c = ref (n_skip n)
n for q = 6 to n-1 do
tnvartant{width ic = n}

tnvariant{range Ic = q}
Anvarlant(forall x y 1, 8ea L < n -
is_ket lc x y L = if 0<= 1 < q then y  else x 1}

invariant{forall x y. ang_tnd !c x nd_tsum(fun k ->
(ind_tsum (fun 1 -> x 1 * y k * power 2 (n-1 - 1+k)) k n))® @) /./ n}

begtn
Tet cl = ref (m_skip n)
tn for 1 = qv1 to n-1 do
invariant{width icl = n}

tnvariant{range Icl = 0}

tnvartant{forall x y 1. @<= 1 < n ->

asts ket 1cl x y 1 = x 1}

invariant{forall x y. ang_ind ‘cl x

nd_tsum (fun L -> x 1% x

s lerzt (@) (L -as) n);

lace_hadanard (q) n -- tcl;
forall x y 1. 0<= L <n ->

basts_ket Icl x y L = if { = q then y 0 else x 1};
rall x y. ang_tnd 1cl x y =

(ind_tsum (fun 1 > x Ly 1+9) an) /./ 0}
ci= tc -+ 1cg

ys
q * power 2 (n- 1 -1+ @)) (@+1) 1) /./n}

6 * power 2 (n-1 -

done;
return (1)
ensures(width resul
ensures{range resu\
ensures{forall x -> basis_ket result x y L = y 1}
chsures(forall x y. ang.tnd resu\( Xy = (ind_tsun(fun k ->
y k * power 2 (n-1 - 1+k)) k n))8 n) /./ n}

(ind_tsum (fun 1 ->

Pre-treatment (static analysis).
Automate

e Resource analysis
Well-formedness (unitarity)

functional verification

Auteur
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— feedbacks

if @<= 1 < g then y 1 else x 1

cxy=(ind_tsun(fun k ->
X U+ yk* power 2 (n-1 - 1+k)) k n))e @) /./ n}

Xy =
1* xq* power 2 (n- 1 -1+ q)) (q+1) 1) /./n}

n >
if L= qtheny o else x 1};

nd 1clx y
U->x1*ye*power 2 (n-1-1+0) qn) /./ n};

txyt=yi}
m(fun k

is_ket resul
= (ind_tsur ->
power - 14k)) k m)8 ) /./ n}

2 (n-1

Pre-treatment (static analysis).
Automate
[ J

Resource analysis
Well-formedness (unitarity)
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— feedbacks

if @<= 1 < q then y 1 else x 1

_ind lc x y = (ind_tsum(fun k ->
>x 1*yk*power 2 (n-1 - 1+k)) k m)0 @) /./ n}

wer 2 (n- 1 -1+ q)) (q+1) 1) /./n}
wer 2 (n-1 - 1+ @) q n) /./ n};

basis_ket result x y 1=y i}
Xy = (ind_tsun(fun k ->
power 2 (n-1 - 1+k)) k n))o n) /./ n}

Pre-treatment (static analysis).
Automate

e Resource analysis
e Well-formedness (unitarity)
e functional verification

Commissariat a I'énergie atomique et aux énergies alternatives

2022: towards a fully integrated verified programming environment

Auteur

Compilation : distribute over different

Providing guarantees and analysis tools :
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High-level programming:
—The case for subcircuit control
e Common feature in any reasonable
implementation
e Blind spot at every stage in the dev/verif stack
o user languages
o formal analysis/semantics

e architectures
e computing models

e functional preservation
® resource estimations
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