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Quantum computing : our challeng
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Quantum programming and formal verification

1. Quantum programming, program specifications and
verification

2. Main challenges

3. A word about our works
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The hybrid model
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Verification : specifications
/\

A specification preamble:

* Input parameters (size, oracle, etc)

* Functional correctness: Inputs-Outputs relation
* Complexity: number of elementary operations
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Verification : specifications
/\

A specification preamble:

* Input parameters (size, oracle, etc)

* Functional correctness: Inputs-Outputs relation
' erations
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Verification : specifications

atft_internal :: -
aft_internal [] = return []
qft_internal [x] = do
hadamard x
return [x]
qft_internal (x:xs) = do
xs' <- gft_internal xs

xs'' =- rotations x xs' (length xs')

®x' =- hadamard x

return (x":xs'")
where
- Auxiliary function used by 'gft'.
rotations :: Qubit -=» [Qubit] -= Int -> Circ [Qubit]
rotations _ [] _ = return []
rotations ¢ (g:gqs) n = do
gqs' <- rotations ¢ gs n
q' <- rGate ((n + 1) - length gs) q controlled” ¢
return (q':qs’

\

A specification preamble:

 Input parameters (size, oracle, etc)

« Functional correctness: Inputs-Outputs relation
« Complexity: number of elementary operations
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Verification : specifications
“_,——""""""-.~,‘

t_interna

iaemaL ) e Specification: the circuit should meet the spec for any
ft_internal [x] value of parameters

hadamard x . . . ..
return [x] ([ ] Quantum programming IS non-intuitive
ft_internmal (x:» i i |
' o GFE int —High risk for bugs!
xs'' =- rotatic
x' =- hadamard
return (x":xs'")
where
- Auxiliary function used by 'gft'.
rotations :: Qubit -=» [Qubit] -= Int -> Circ [Qubit]
rotations _ [] _ = return []
rotations ¢ (g:gqs) n = do
gqs' <- rotations ¢ gs n
q' <- rGate ((n + 1) - length gs) q controlled” ¢
return ':gs’

A specification preamble:

 Input parameters (size, oracle, etc)
« Functional correctness: Inputs-Outputs relation
« Complexity: number of elementary operations
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Verification : specifications
/\

att_Llnterna

i internol 11 - @ Specification: the circuit should meet the spec for any
nft_internal [x] value of parameters

hadamard x . . . ..
return [x] e Quantum programming is non-intuitive
Afit. trranal. (1) —High risk for bugs!

Xs' <= qft_inpe

Functionality
A specification Complexity

e Input parame
P p Well-formedness
* Functional co

« Complexity: number of elementary operations
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Standard debuguing techniques fail...

Potential Drawback
method
Assertion Requires (destructive)
checking ? measurement with highly
superposed states
Final test ? How to pinpoint error
source ?

Simulation ? As far as we don’'t need a
Quantum Computer !
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Static analysis ? A naive example...

]/
y<=07?

X=-y X:=y

Post {0<=x}
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Static analysis ? A naive example...

Test:
y — Casey =0
— Casey =-3
— Casey =27
y<=07?

/\ -What abouty = 17 ?

-What abouty = 128 123 ?
X:=-y X:.==y
Post {0<=x}
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Static analysis ? A naive example...

Test: Static reasoning :
y — Casey =0
— Casey =-3 y <=0 y >0
— Case y =27
y<0ly>0 0 <= x 0 <= x
y<=0? 0<=x
/\ -What abouty = 17 ?
-What about y = 128 123 ?

X=-y X:i=y
}
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Standard debuguing techniques fail...
... the alternative of formal verification

Potential Drawback Testing/Asserti Formal verification
method on checking
Assertion Requires (destructive) executions/si  static analysis, no need to
checking ? measurement with highly mulations execute
superposed states ) —
: . bounded scale insensitive/any
Final test ? How to pinpoint error :
source ? parameters Instance
Simulation ?  As far as we don’t need a statistical absolute, mathematical
Quantum Computer ! arguments guarantee

Build on best practice of formal verification for the classical
case and tailor them to the quantum case
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Standard debuguing techniques fail...
... the alternative of formal verification

Testing/Asserti Formal verification
on checking
executions/si  static analysis, no need to
mulations execute
bounded scale insensitive/any
parameters instance
statistical absolute, mathematical
arguments guarantee

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

I =T

|
08/06/2023 == i



Quantum programming and formal verification

1. Quantum programming, program specifications and verification
2. Main challenges
- co-design object/specifications languages

- symbolic representation for standard programing
features

3. A word about our works
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User-friendly programming languages

The current quantum programming solutions rely on sequential descriptions of elementary quantum
operations, similar to classical assembly programs.

— How to hold the « big picture » ?
— Unavoidable side reasoning in a « formal » setting
— formal interpretation language on top of the
object programming language ?

— The need for programming features/primitives ...
— High-levelled, as far as possible
— With intuitive procedural meaning and/but ...
— ... Formally interpretable

— ... and for characteizing this « formally »

Formal reasoning is natural !
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Co-designing object language/proof engine

— Path-sums for Grover diffusor :

| k() 1) gxen — € |2

1
|x>comp e (22712]/ EBVZn

| diffusor | (qreg qr, qreg aux)
circ gr, aux ->
with conjugated (H(qr)) {
with conjugated (X(qr)) {

User friendly programming features

I/
Tractable formal representation




Symbolic representations, the case of subcircuit
control

— Modular reasoning only for sequence/parallelism — assembly code

— Any higher-level consideration requires adaptation : eg. Subcircuit control
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Symbolic representations, the case of subcircui
control
— Modular reasoning only for sequence/parallelism — assembly code

— Any higher-level consideration requires adaptation : eg. Subcircuit control

Density operator

T ey Bgoey e T ey Bp
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gy [0) |0}y +

[)o?(|e)rsle)1)) = P i S i Tune formal representation in view
Lk of programming interpretation
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Symbolic representations, the case of
measurement

Standard interpretation as matrices :

— Cumbersome
— Requires higher-order reasoning

x = ||
|z) & MAT(A) - |e}z| MAT(A)!
= [IMAT(A) - £ MAT(A) - 2|1
|z) Lo MAT(A - -B) - |z)}z| - MAT(A - —B)t

= [MAT(B) - MAT(A) - zYMAT(B) - MAT(A) - z{'

Meas Meas,, I)|:_¢-|-Meas':”
tr( MBLLS‘,—,.MEES m -‘-H‘l)

Meas,, = 3;; (MAT(ID)* e |;);|' ® MAT(ID)®*)
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Symbolic representations, the case of
measurement Low-level High-level

Standard interpretation as matrices :

B ERE TR BRE A RRRE Processes processes
BB
—) dEnE
EaEE e
B
— Cumbersome
— Requires higher-order reasoning
Continuous Discrete
& = |zX| Deterministic Probabilistic
|z) & MAT(A) - |z)z|- MAT(A)' Unitary Non-unitary
= |[MAT(A) - xXMAT(A) - 2|t
g = | U N ) i
L ul|=2lclel & B3] =
Soir[24]
CogQ[53]
PyZx[27]
Meas,, = ¥, (MAT(ID)‘S" oiXil' ® MAT(ID)@*) gziiz}
SOP[1]
SOP[46]

OBricks[10]




Quantum programming and formal verification

1. Quantum programming, program specifications and verification

2. Main challenges

3. A word about our works
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Qbricks core : achievements

MAJOR ACHIEVEMENTS
° a core development framework for parametrized
verified quantum programming
e first ever verified implementation of Shor order
finding algorithm (95% proof automation),
Case studies: compared complexity
Lines of (Code + Specifications)
- i , . .
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ﬂ
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Compared proof effort for shared case studies

Lines of specifications + Interactive commands

Qwicks Sqir QHL
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Toward a formally verified stack : first prototype

Imbricks code for gft(k)

» 7 lines of codes

» 13 lines of specifications
* Functional specs :

» Performance specs : Size < cek?
» Well-formedness

Il aft || (greg qr)
circ qr ->
for g in range(len(gr)) {
H{qr[q]}
for 1 in range(grg+1..-1]) { to
with control qr[i+1] (RZ(1i-g, qrl[ql})

return

W 38 [postcondition]

v L] o [postcondition]

]
]
& B a2pply H2s
&
-]

®g, Alt-Ergo 2.2.0

¥ ‘- replace result (sequence (place (repeat_ .

¥ L | 1 [equality hypothesis]

12 interactive
commands
guide the proof

. Mathematical

|
I

Imbricks ——

—

= theorems library
ma |

Standard Ogasm IR
for instances of k :

Lines of code

IBM simulator

Si

mulation

time

/

—> QOgasm ——> Si
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Toward a formally verified stack : first prototype

Imbricks code for gft(k)

» 7 lines of codes

» 13 lines of specificajs
* Functional specs

» Performance spe Standard Ogasm IR
* Well-formedness for instances of k :

—- k —

— o g
08/06/2023

= Mathematical >
= theorems library

Imbricks ——




Any question ?

Christophe Chareton

Christophe.chareton@cea.fr




