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Outline

* Introduction
* Hoare logic as a showcase of static analysis
* QPL Work (1): Ying's quantum Hoare logic

* QPL Work (2): Quantum Gol for semantics of quantum A-calculus
[H. & Hoshino]

 "Static analysis for hardware-specific, low-level concerns in NISQ"
* QPL Work (3): Quantum Hoare logic for bounding errors [Hung+, POPL'19]
* QPL Work (4): Language-Based Automated Uncomputation [Bichsel+, PLDI'20]

* QPL Work (5): Type System for Qubit Connectivity
[Wakizaka & Igarashi, JSSST Congress '20]

e Towards Quantum IDE
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Trends In
Quantum Programming Language (QPL) Research

Google claimed
quantum
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D-Wave’s Quantum
Annealing Machine
[2011]

IBM Quantum
Experience [2016]

A k 015
Quantum Hoare Logic

[Ying, ACM TOPLAS 2012]

Program logic for correctness of
imperative quantum programs

2010

QWIRE
[Paykin, Rand, Zdancewic,
POPL 2017]

Functional, generates
circuits, Cog-integrated

QCL Quantum lambda

[Omer 2000] calculus [Selinger &
First QPL, Valiron, 2008, 2009]

imperative Functional,

[Bichsel, Baader, Gehr, Vechev,
PLDI 2020]
Functional, automatic

categorical semantics | . uncomputation & a type system
r Quipper Q# for it
quan_‘lt_umd)\-calculus Quantum /O monad [Green, Lumsdaine, Ross, [Svore et al., RWDSL 2018] Y
SiAM 1. Comp. 2004] [Green & Altenkirch, 2009] Selinger, Valion, PLDI 2013] ?gﬁfggﬁ;ﬁ% orative (" Type system for qubit connectivity
Functional, linear Making Haskell a QPL A functional language that P [Wakizaka & Igarashi, JSSST
types for no-cloning { generates quantum circuits | Congress 2020]
’ /Quantum lambda e . ) _ Type system for Selinger’s quantum
[Selinger, MSCS 2004] Hoshino, LICS 2011] L%‘gfg'bij']'”ge“ valion, Wy, POPL2019] | Nconnectivity -
; Categorical Gol ' ,
Eﬁrmal semantics by semagntics for “quantum Another categorical Quantum .Hoare logic adapted 5
peroperators semantics for bounding errors )

\ data, classical control” }




Physical realization

Chance to exercise Theoretically,

advanced PL &

" _ " emerging
there 1S nothing o Py

fundamentally :
seriousl
challenging... (QP Y

semantical
techniques...

D-Wave’s Quantum BM Quantum Google claimed

quantum
supremacy [2019]

Annealing Machine

[2011]
No physical
realization ©
=>» no bothering ‘ e -

details ©

Experience [2016]

A

(Quantum lambda

A N

A A 015

Quantum Hoare Logic

2010

QWIRE

QCL . [Ylng, ACM TOPLAS 2012] [Paykln, Rand, ZdanceWiC,
[Omer 2000] Sallc':ulus2[§8h8ng2ec;§c9 Program logic for correctness of POPL 2017] [Bichsel, Baader, Gehr, Vechev,
flrst QP!_, Fa iron, ' ] imperative quantum programs F-uncjuonal, generates PLDI ?020] .
imperative unctional, r circuits, Cog-integrated Functional, automatic
l f\categorical semantics & uncomputation & a type system
quantum A-calculus = Quipper o for it
(van Tonder Quantum I/O monad [Green, Lumsdaine, Ross, [Svor‘e etal.,, RWDSL 2018] \§
SIAM J. Com,p. 2004] [Green & Altenkirch, 2009] Selinger, Valion, PLDI 2013] ?y Mtl.crosloft, i /” Type system for qubit connectivity
Functional. linear Making Haskell a QPL A functional Ianguage‘tha.t unctional/imperative [Wakizaka & Igarashi, JSSST
ypes for n,o-cloning generates quantum circuits : Congress 2020]
. Quantum lambda L _ ] _ Type system for Selinger’s quantum
Quantum flowchart language calculus [Hasuo & Quantum lambda calculus Logic for qubit error analysis A-calculus that ensures qubit
[Selinger, MSCS 2004] Hoshino, LICS 2011] [Pagani, Selinger, Valion, wungblgl'_e;%al’gzm’ Ying, Hicks, \_ connectivity )
Formal semantics by Categorical Gol POPL 2014] i tum H ]I ic adapted
semantics for “quantum Another categorical Quantum Hoare logic adapte 6
superoperators , ; i for bounding errors
| data, classical control” ) semantics Y.
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IR static analysis @

KRHBIELT

Hoare Logic n = N
K T 1; Computes the
white (n > 0) { | factorial NI
kK := k*n;
* A logical system for program correctness _ n := n-1; Really’? Can J
_ _ } we prove it?
* Derives Hoare triples
- AA?£<B%J .
(“precondi’rion" (ngmm /“postcondition” }
R - B
* Such as
while (n>0)
(k=1 A n=N } k:=k*n; { k = NI }
n:=n-1

A

Hasuo (NII) s
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Hoare Logic

* A derivation (“proof”) is repeated application of syntactic derivation
rules =2 automated proof check & proof search

(Assign) (Assign) a From tOp tO W
bottom...
ok - *((n-1)1)= *((n-1)1)= *(n!)=N!
( k*n*((n-1))=N! } o {k ((n 1)!)-N!} { K*((n-1))=N! } n:=n-1{ k*(n!)=N! }

An-1=0 An-120 An-120 (SeqC/c\wzs)O a Validity of rule application is
k(nl)=N! checked (mostly) syntactically,
e o kn*((n-1))=N! "\ k:=k*n; K*(n!)=NI _ ( y) sy _ y
 ken¥((n-1)1)=N! A n-1=0 n:=n-1 A n=0 symbolically, mechanically

AN-1=0 (Conseq) a

k*(n!)=N! q
( An=0 ) k:=k*n; ( k*(n!)=N! )
A n>0 n:=n-1 ANn=0
k=1 A n=N (While) 2
. *(n)=N|I
- ey =n Y Vhile (50) - g =Ny Ki(nl)=N!
k*(nl) = N! ( i ) ) k:=k*n; A n=0 ANz0 A ﬁ(n>0)
ANn=0 ’ =
A nz0 n:=n-1

=N!
A =(n>0) = k=N! (Conseq) a
while (n>0)
( k=1 A n=N } k:=k*n; ( k = N! }
n:=n-1 TDesired }

HESUG N conclusion




Outline

* Introduction

* Hoare logic as a showcase of static analysis
* Program correctness, semantically
e Syntactic derivation rules (proof system) in Hoare logic
* Soundness (meta-)theorem, summary

* QPL Work (1): Ying's quantum Hoare logic

Hasuo (NII)
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Program Correctness, Semantically

n := N; Claim: After the execution,
k = 1; k= N!
wh1 le (n > @) {
K := Kk*n
n :'= Nn- 1 : DifﬁCU"’Y:
} No idea how many iterations

Computes the factorial
N! Idea: Properties preserved

before/after the loop
(loop invariant)

Hasuo (NII) 11
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Program Correctness, Semantically

Idea: Properties preserved

E L I:\Llf before/after the loop
wh1.’1e in > 0) { (loop invariant)
K := k*n;
n := n-1; k i
} v 1 N
4 N N-1
v N* (N-1) N-2
R T A
v N* (N-1)%. .. %2 1
v N*(N-1)%. .. *2*1 0

Hasuo (NII) 12
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Program Correctness, MMSD
Semantically

Before the Ioop© Lem. 1
k * (n!) = N! is indeed a loop invariant.

0 L7 That is: if true at©, then true at .
while (n > 0) {
k = k*n; Proof:
) n :=n-1; Kolds MNold aNd Knews Nnew : values of k, n before/after the
loop Then:
After the loop 8
(Asmp.©) Kotd * (nota !) = N!
Loop invariant: (Aim) Knew * (Mnew!) = NI

Now:
kK*(n!) =N! . o
S — —— = (Kold * nowa) * ( (Noia = 1)) [By def. of Knews Nnewl

= Kold * (Notd !)
= N! [By asmp.©]

1
Hasuo (NII) 13
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Program Correctness, MMSD
Semantically

Before the Ioop@ Lem. 1
k * (n!) = N! is indeed a loop invariant.

S L That is: if true at©, then true at .
while (n > 0) {

k := k*n;

n := n-1;
} Lem. 2

k * (n!) = Nl is true, before the loop, at©.
After the loop g

Loop invariant: Proof:

% Obvious from n =N, k =1. O
k * (n!) = NI

Hasuo (NII) 14



ERATo

Program Correctness, MMSD
Semantically

Before the Ioop@ Lem. 1
k * (n!) = N!'is indeed a loop invariant.

E s That is: if true at©, then true at €.
while (n > 0) {

k := k*n;

n := n-1;
} Lem. 2

k * (n!) = N!'is true, before the loop, at©.
After the loop &

Loop invariant: Proof of correctness:

K*(nl) = N! ByLem 1&2, «*(@)-=N holds
. before/during/after the loop.
When out of the loop we have n=0; this

forces k = N O
Hasuo (NII) 15




Outline

* Introduction

* Hoare logic as a showcase of static analysis
* Program correctness, semantically
e Syntactic derivation rules (proof system) in Hoare logic
* Soundness (meta-)theorem, summary

* QPL Work (1): Ying's quantum Hoare logic

Hasuo (NII)
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Hoare Logic n 1= N
k T 1; Computes the
while (n > ©) { | factorial NI
k := k*n;
* A logical system for program correctness 1SS USE: Really? Can J
_ _ } we prove it?
* Derives Hoare triples
“precondition” .o __postcondition”
* Such as
while (n>0)
( k=1 A n=N ) k:=k*n; ( k = NI )
n:=n-1

Hasuo (NII) 17



Hoare Logic: (Syntactic) Derivation Rules @

{AAb} Pi{A} Whio
1 e
(Assign) {A} whilebPi{AA-b)

{Ala/x1} x:=a {A}

{Ap{c) {clrpr.{(B? AsA’” (A PLB) B'=B
(SeqComp) (Conseq)

{A)P:P2{B)} {A)YpP{B)

{AAb )} Pi{B} {AA-b} P>{B}
(If)
{A} if bthen Py else P2 {B}

Hasuo (NII) 18



ERATOo
MMSD

Hoare Logic

* A derivation (“proof”) is repeated application of syntactic derivation
rules =2 automated proof check & proof search

(Assign) (Assign) a From tOp tO W
bottom...
ok - *((n-1)1)= *((n-1)1)= *(n!)=N!
( k*n*((n-1))=N! } o {k ((n 1)!)-N!} { K*((n-1))=N! } n:=n-1{ k*(n!)=N! }

An-1=0 An-120 An-120 (SeqC/c\wzs)O a Validity of rule application is
k(nl)=N! checked (mostly) syntactically,
e o kn*((n-1))=N! "\ k:=k*n; K*(n!)=NI _ ( y) sy _ y
 ken¥((n-1)1)=N! A n-1=0 n:=n-1 A n=0 symbolically, mechanically

AN-1=0 (Conseq) a

k*(n!)=N! q
( An=0 ) k:=k*n; ( k*(n!)=N! )
A n>0 n:=n-1 ANn=0
k=1 A n=N (While) 2
. *(n)=N|I
- ey =n Y Vhile (50) - g =Ny Ki(nl)=N!
k*(nl) = N! ( i ) ) k:=k*n; A n=0 ANz0 A ﬁ(n>0)
ANn=0 ’ =
A nz0 n:=n-1

=N!
A =(n>0) = k=N! (Conseq) a
while (n>0)
( k=1 A n=N } k:=k*n; ( k = N! }
n:=n-1 TDesired }

SESNNL) conclusion 19
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* Introduction

* Hoare logic as a showcase of static analysis
* Program correctness, semantically
e Syntactic derivation rules (proof system) in Hoare logic
* Soundness (meta-)theorem, summary

* QPL Work (1): Ying's quantum Hoare logic

Hasuo (NII)
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Are These Rules “Correct”?

* For example:

How to read:

Assumptions (top) (ASSign)

are true { Ala/x] ) X.=d ( A }

=» Concl.

(bottom) is true Name of the rule

assertion A,
with x replaced with a

(No asmp. for this rule)

* “To have A after x:=a, we need to have Ala/x] before”
* Examples:

{y=2) x:=y {x=2} {x-1=2} x:=x-1 {x=2}

Hasuo (NII) 21
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Semantics (Meaning) and Correctness @

* Def. A memory state is a function o : Var — Z

- Def. Program semantics [P]: MSt — MSt U {1}

Is a transformation of memory states, defined inductively on the
construction of a program P

[if bthen P; else P3| :
[x :=a] : o — o|x— [a]o] . {[[Plla' if [b]o is true
[P;; Ps] : o — [P2]([Pi]o) [Pz]o if [b]o is false

[while b P] : o —
* Def. A Hoare triple {A}P{B} is true if,

for any memory state o that satisfies A,
| P]o satisfies B
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MMSD

Soundness (Meta-)Theorem

(Assign) (Assign)

* Thm. In each rule application (f ‘LS"’ i TN (it SR GHi el LRS! G

(SeqComp)

( )

of Hoare logic, if the premises o ()i (0"
are true, then the conclusion

K*(n)=NI e o e
is true { nmon )} kmem L)
k:]/\n:N while (N>0) L kean=NI (Wh“e)k‘(n!)=N!
o L") e Lo ) e
* Cor. (Soundness) {rnmn ) e Lrem )
Every Hoare triple that is e

derived in Hoare logic is true

Hasuo (NII) 23



(Assign) (Assign)

{k' *(n-1))= NI} { *((n 1)) N} {k(( n-1))=N! } nnnnn ( ::‘:gm}
H L n . S { m NI } nnnnn {k‘( 1)=N! } e '
oare Logic: Summary e
fen Lot} (R ) e
* As an example of R
static analysis techniques...

* Points
» Static (& dynamic):
reasoning about programs without executing them

* Reasoning about infinitely many input values all at once
(N can be any integer)

* Syntactic, mechanizable. Potential automation
* The goal can be other than correctness (as we’ll see)

* Symbol manipulation
=> need meta-theory (soundness etc.) to make sense of it

Hasuo (NII) 24
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Outline

* Introduction
* Hoare logic as a showcase of static analysis
* QPL Work (1): Ying's quantum Hoare logic

* QPL Work (2): Quantum Gol for semantics of quantum A-calculus
[H. & Hoshino]

 "Static analysis for hardware-specific, low-level concerns in NISQ"
* QPL Work (3): Quantum Hoare logic for bounding errors [Hung+, POPL'19]
* QPL Work (4): Language-Based Automated Uncomputation [Bichsel+, PLDI'20]

* QPL Work (5): Type System for Qubit Connectivity
[Wakizaka & Igarashi, JSSST Congress '20]

e Towards Quantum IDE

Hasuo (NII) 25
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Quantum Hoare Logic [ving, AcM TOPLAS 2012]

Target programming language

* Natural extension of Hoare logic
S:=skip|g:=0|g:=Uqg| Sy;S, | measure M[g] : S

* Target language: imperative | while M[7] — 1 do S
e Variables =» quantum variables

* Assignment
=> application of unitary gate

* If-branch = branching by measurement

* Assertions: use projections
e Classical: x=y+ 1, 3y. (x=2y), X >V, ...
« Quantum: a self-adjoint operator Psuchthat 0 L P L I

 Semantics: (as expected)
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MMSD

Quantum Hoare Logic [ving, AcM TOPLAS 2012]

 Derivation rules mirror classical ones

(Aziom Skip) {P}Skip{P) {P}S{Q}  {Q}S:{R)

(Rule Sequential Composition)

(Aziom Initialization) (1) If type(q) = Boolean, then
{P}Sn{Q} for all m
(>, M}, P, M,,}measure M[g] : S{Q}

{1004 (0| P[0)4 (0] + |1)4 (0| P|0)4 (1] }q := O{ P} (Rule Measurement)

(Rule Loop Partial) ; ;
| {M{ PM,y + M]QM, }while M[g] = 1 do S{P}
{ )" In)q(0[P[0)g(nl}q := 0{P}

n=—oo

PC P {P}5{Q} QEQ

(Rule Order) {P}S{Q}

(Axziom Unitary Transformation) {UTPUG := Ug{ P}

e Case study: correctness of the Grover search algorithm
“after execution, a solution is found with at least this much probability”

Hasuo (NII) 27
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Outline

* Introduction
* Hoare logic as a showcase of static analysis
* QPL Work (1): Ying's quantum Hoare logic

* QPL Work (2): Quantum Gol for semantics of quantum A-calculus
[H. & Hoshino]

 "Static analysis for hardware-specific, low-level concerns in NISQ"
* QPL Work (3): Quantum Hoare logic for bounding errors [Hung+, POPL'19]
* QPL Work (4): Language-Based Automated Uncomputation [Bichsel+, PLDI'20]

* QPL Work (5): Type System for Qubit Connectivity
[Wakizaka & Igarashi, JSSST Congress '20]

e Towards Quantum IDE
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Quantum Geometry of Interaction MMSD
[H. & Hoshino, LICS’11 & Ann. Pure Appl. Logic '17]

* Semantics of higher-order functional QPL

Quantum teleportation: A% corr (Bellmeasure ( cmp, , (2, EPR)))
where EPR := U (cmp, , (new|q) (|- neWjo)(o|)) . 2-gbit TypeS from linear IOgiC for
Bellmeasure := M P et (BT, p?*PIY) = meas? (Uyw) in

enhanced resource analysis

Let (B, q™") = measip in (bo. (b1.q)) (qubits cannot be used twice

: 3-gbit — bit X (bit K gbit .
corr = \pPitR(bitkabit) o4 (boi®, ybitgqbit> =1 in let (b?fit, gt = y i‘n o - nO-Clonlng)
match by with ( '
ZOT — match b; with (wOT — Unoq | wlT — Up1q)
| 2 — match by with (wg — Uioq | w] — Ur1q))

: bit X (bit X gbit) —o gbit

* "Quantum data, classical control”—much like other QPLs

e Semantics of higher-order functional languages is challenging already in
classical settings (A-calculus, domain theory, categorical semantics, ...)



ERATo

Quantum Geometry of Interaction MMSD
[H. & Hoshino, LICS’11 & Ann. Pure Appl. Logic '17]

* Tool: geometry of interaction (Gol) [Girard 19871
* Higher-order computation interpreted MN

by first-order interaction

[ What's the value of x?

. ] ] ] What's the value of f2? W A
» Categorical axiomatization by =
. . Xis 2 A Thenf2is (2 + 1)
traced monoidal categories ~ /%= %
[Abramsky, Haghverdi, Scott 2002] &

DB » fe-£)0d1 .

* Different base categories for different effects
(nondeterminism, probability, quantum). The essence is the same

Hasuo (NII) 30
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Outline

* Introduction
* Hoare logic as a showcase of static analysis
* QPL Work (1): Ying's quantum Hoare logic

* QPL Work (2): Quantum Gol for semantics of quantum A-calculus
[H. & Hoshino]

 "Static analysis for hardware-specific, low-level concerns in NISQ"
* QPL Work (3): Quantum Hoare logic for bounding errors [Hung+, POPL'19]
* QPL Work (4): Language-Based Automated Uncomputation [Bichsel+, PLDI'20]

* QPL Work (5): Type System for Qubit Connectivity
[Wakizaka & Igarashi, JSSST Congress '20]

e Towards Quantum IDE
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Static Analysis: MMSD
Towards Low-Level Concerns

 Static analysis: reasoning about programs without execution

» Goals: correctness (in Hoare logic, ...),

Security (non-interference [Sabelfeld & Myers ‘03], differential privacy [Barthe+ ‘14], ...),
complexity analysis [Hofmann’00], ...

* For quantum programs?

* Execution is costly = static analysis makes even bigger sense
* Can be seen as generalization of classical simulation

 Hardware constraints (such as in NISQ)
=» a number of new goals of static analysis
(error estimate, uncomputation, qubit connectivity, ...)

e “Static analysis for hardware-specific, low-level concerns in NISQ”

Hasuo (NII) 32



Physical realization

Chance to exercise Theoretically,

advanced PL &

emerging
= let’s take “details”
seriously

there is nothing
fundamentally
challenging...

semantical
techniques...

(QP

Google claimed
quantum
supremacy [2019]

D-Wave’s Quantum
Annealing Machine
[2011]

BM Quantum
Experience [2016]

No physical
realization
=> no bothering
details ©

A

(Quantum lambda
calculus [Selinger &
Valiron, 2008, 2009]
Functional,

{\categorical semantics
y =

Quantum 1I/0 monad

A N

015

2010

QWIRE
[Paykin, Rand, Zdancewic,
POPL 2017]

Functional, generates
circuits, Cog-integrated

Quantum Hoare Logic

[Ying, ACM TOPLAS 2012]
Program logic for correctness of
imperative quantum programs

T

Quipper Q#
[Green, Lumsdaine, Ross, [Svore et al., RWDSL 2018]

Selinger, Valion, PLDI 2013] by Microsoft,

QCL
[Omer 2000]
First QPL,

imperative

[Bichsel, Baader, Gehr, Vechey,
PLDI 2020]

Functional, automatic
uncomputation & a type system
for it

quantum A-calculus
[van Tonder,

| \
Type system for qubit connectivity

SIAM J. Comp. 2004]

[Green & Altenkirch, 2009]

functional/imperative

Functional, linear Making Haskell a QPL

A functional language that
generates quantum circuits

[Wakizaka & Igarashi, JSSST
Congress 2020]

types for no-cloning, J

Quantum lambda = ) ) ) Type system for Selinger’'s quantum
Quantum flowchart language calculus [Hasuo & Quantum lambda calculus Logic for qubit error analysis M-calculus that ensures qubit
(Selinger, MSCS 2004] Hoshino, LICS 2011] [Pagani, Selinger, Valion, \[/'V"“r‘fb';:_e;%al'gz*‘“’ Ying, Hicks, K connectivity 1
Formal semantics by Categorical Gol POPL 2014] i tum H ]I ic adapted
semantics for “quantum Another categorical Quantum Hoare logic adapte 33
Superoperators . : for bounding errors
\ data, classical control” ) semantics y
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MMSD

Outline

* Introduction
* Hoare logic as a showcase of static analysis
* QPL Work (1): Ying's quantum Hoare logic

* QPL Work (2): Quantum Gol for semantics of quantum A-calculus
[H. & Hoshino]

 "Static analysis for hardware-specific, low-level concerns in NISQ"
* QPL Work (3): Quantum Hoare logic for bounding errors [Hung+, POPL'19]
* QPL Work (4): Language-Based Automated Uncomputation [Bichsel+, PLDI'20]

* QPL Work (5): Type System for Qubit Connectivity
[Wakizaka & Igarashi, JSSST Congress '20]

e Towards Quantum IDE
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Quantum Hoare Logic for Bounding Errors {"*"
[Hung, Hietala, Zhu, Ying, Hicks, Wu, POPL'19]

* Target language:
Ying's imperative quantum QPL + noisy unitary gates

Applies U with prob. 1-p; applies ® with prob. p (error)
[ :=p.0 Ulglllp = (1 = p)UpU™ + p &(p)

P = skip | q:=10) | aigpsb Ulq] | E,E |

case M[q] = m — Py, end | while M[g] = 1 do P; done
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Quantum Hoare Logic for Bounding Errors {"*"
[Hung, Hietala, Zhu, Ying, Hicks, Wu, POPL'19]

* The logic extends Ying's quantum Hoare logic with

“error bounding judgments”
If the current quantum state p satisfies tr(Qp) = A,

D th the t dist bet
(Q, /‘l) |_ P S 61 ) en the trace distance between

the result of the noisy program P and
that of the ideal program P
is at most € (the actual def. involves ancillas)

e Derivation rules are introduced,
such as

QLA FPi<er  (QuA)FPy<e  {01}P1{Q:)
(Q1,4) F (}71;}3;) <€ t+e

(Sequence)
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Quantum Hoare Logic for Bounding Errors {"*"
[Hung, Hietala, Zhu, Ying, Hicks, Wu, POPL 19]

* They also show that, for the base case (noisy unitary gate),
error bounds can be computed by solving suitable SDP

Let & and &’ be superoperators over H. By extending Watrous [2009], we show that [|E - &[|p, 2
can be efficiently computed by the following semidefinite program (SDP):

max tr(J(®)W) (6.5)
s.t. W < Iy ®p, tr(Qp) > A, (6.6)
p € D(H), W is a positive semidefinite operator over H ® H, (6.7)

where ® = & — &’ and J(®) is the Choi-Jamiolkowski representation of .

|UoU" — Pllp,x < €
(Q. 1) F(q :=p,0 Ulq]) < pe

(Unitary)



. . ERATO
Quantum Hoare Logic for Bounding Errors {"*"
[Hung, Hietala, Zhu, Ying, Hicks, Wu, POPL 19]

* Examples:

quantum Bernoulli factory (QBF) Fault-tolerant QBF
ENCODE, CORRECT:
— — 3-qubit repetition code
OBF = q; = [1); g5 := |1); QBF =q: = 1) g2 = 11y AubTeR
. while M[q,] = 1 do
Whlle M[qz] =1 dO q1 := [0); gz = |0);
= [0): = [0): 7, = ENC_ODE[ql]; 3, := ENCODE[g,);
g1 = [0); g2 = |0) R
C]l :Ep\f,(b\’ V[‘]l], qZ :Ep\’.(b\’ V[q2]9 q, == CORRECT([q,];
o G =100 VIG,):
d1, 92 =py. oy U[ql’ q2] done, g, := CORRECTI[q,];
- Classical computation ?%;;;Elcf[f[%ﬁ]z]q ~ CORRECT[G,
(symbolic reasoning + SDP) g1 = DECODEF,]; ¢» = DECODE[G, ]
done

(1,0) - OBF < 4ey + 2e;; | O(p)

if p = py = py Classical computation
(symbolic reasoning + SDP)
where

—

ev = pvll®y — Vo Vi, and ey = py @y — U o U, (I,0) - OBF < e + 26 | O(p?)
A ifp=py=py

“For p s.t. tr(lp) = 0”
=> no constraint
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Outline

* Introduction
* Hoare logic as a showcase of static analysis
* QPL Work (1): Ying's quantum Hoare logic

* QPL Work (2): Quantum Gol for semantics of quantum A-calculus
[H. & Hoshino]

 "Static analysis for hardware-specific, low-level concerns in NISQ"
* QPL Work (3): Quantum Hoare logic for bounding errors [Hung+, POPL'19]
* QPL Work (4): Language-Based Automated Uncomputation [Bichsel+, PLDI'20]

* QPL Work (5): Type System for Qubit Connectivity
[Wakizaka & Igarashi, JSSST Congress '20]

e Towards Quantum IDE
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Language-Based Automated Uncomputation
[Bichsel, Baader, Gehr, Vechev, PLDI'20]

* Physical qubits are scarce = ancilla qubits should be reused

ancilla |0) —— —e |0) —
Reuse?

e But old ancilla shouldn’t be projected out
(affects other qubits in entanglement) M
* = Uncomputation!

* Make operations on ancilla qubits reversible, and
* Apply their inverse to recover |0)

Hasuo (NII)
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Language-Based Automated Uncomputation ™"

[Bichsel, Baader, Gehr, Vechev, PLDI'20]

e Goal: free (quantum) programmers
from tedious task of writing
uncomputation code...

* by automatic uncomputation

* Detect reversible operations
on ancilla qubits, and

* [nsert uncomputation code

cTri := 0:int[rrbar];
for j in [0..rrbar) {
for k in [j+1..rrbar) {

1
2
3
4 if ee[taul[j]][taulk]]
e s | <
6 cTri += 1;

7

! Silq

Code in Silq [Bichsel+ ‘20]. Hasuo (NI
Uncomputation is implicit and automatic

cTri <- foldM (\cTri j -> do
let tau_j = tau ! j
eed <- qinit (intMap_replicate rr False)
- computing eed = ee[taulj]]
(taub,ee,eed) <- all_FetchE tau_j ee eed
cTri <- foldM (\cTri k -> do
let tau_k = tau ! k
eedd_k <- ginit False
- eedd_k=eed[tau[k]]=ee[tau[j]][tau[k]]
(tauc, eed, eedd_k) <- gqram_fetch qram tau_k eed eedd_k
- using eedd_k as ctrl
cTri <- increment cTri “controlled’ eedd_k .&&. (eew ! j)
&&. (eew ! k)
- uncomputing eedd_k
(tauc, eed, eedd_k) <- gqram_fetch qram tau_k eed eedd_k
gterm False eedd_k
return cTri)
cTri [j+1..rrbar-1]
- uncomputing eed
(taub,ee,eed) <- all_FetchE tau_j ee eed
gterm (intMap_replicate rr False) eed
return cTri)
cTri [0..rrbar-1]

Explicit uncomputation in Quipper ,,
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Outline

* Introduction
* Hoare logic as a showcase of static analysis
* QPL Work (1): Ying's quantum Hoare logic

* QPL Work (2): Quantum Gol for semantics of quantum A-calculus
[H. & Hoshino]

 "Static analysis for hardware-specific, low-level concerns in NISQ"
* QPL Work (3): Quantum Hoare logic for bounding errors [Hung+, POPL'19]
* QPL Work (4): Language-Based Automated Uncomputation [Bichsel+, PLDI'20]

* QPL Work (5): Type System for Qubit Connectivity
[Wakizaka & Igarashi, JSSST Congress '20]

e Towards Quantum IDE
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Type System for Qubit Connectivity \MSD
[Wakizaka & Igarashi, BA&AY 7 b7 = 7 EF& 2020]
* Approaches to physical qubits
Scalability Qubit Qubit Gate operation Players
connectivity lifetime time
Superconducting X X Google, IBM,
(c. 50 qubits) (adjacent only) (c. 50-100 ps) (c. 10-50 ns)
Trapped ion X Honeywell,
(fully connected) (> 1000 s) (c. 3-50 ps) IonQ,

* Some issues are physical, but others are logical
= QPL research can help the latter

Hasuo (NII)
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Type System for Qubit Connectivity MMSD
[Wakizaka & Igarashi, HAXY 7 ™) = 7 & F& 2020]

* Qubit connectivity: , %% é . e
binary gates (such as CNOT) can be N o - | T
applied only to connected qubits - B Lo

 Different hardware has different coupling graphs 0) —H] 7—{H]

* An issue quantum programmers should q
take care of

* Or better: automated qubit connectivity analysis D)=

* “Does the given program adhere to qubit connectivity Coupling graph for

constraints?” (this work) IBM gx2

* Automatic qubit allocation and swapping

g4
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Type System for Qubit Connectivity
[Wakizaka & Igarashi, HA& Y 7 k™ = 7 & F=x 2020]

* Approach: a type system
“if a program is typable then it doesn’t go wrong”

* The user annotates types, including the qubit allocation information
 CNOT is typable only if there is suitable qubit connectivity

I and j must be connected in
the connectivity graph I

1,7 :qidx eI 1~ g7 €l
I' - cnot[i, 5] : Qi) ® Q(j) = Qi) ® Q(j)

I-th quantum register

Hasuo (NII)
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Type System for Qubit Connectivity MMSD

[Wakizaka & Igarashi, BZA&A Y 7 b™) = 7 EFE& 2020]
Typing

FI t:qidx el

: . oo L-UNit T-MEAS
* Typing rules. Features: [F O cunit T moasli]: Q) = bt PAS
FI 1,7 :qidx el i~>j€el
. 4} T-CNot
* Target language: Ik enotfi,j] - Q(1)' @ Q)" = Q)" & Q()'
I i _ FT xz:T' el 1 <7 T<T Too:Ti-M: Ty k[ =T
functional, higher-order. E.g. e T-Var T T AR
let f = A\j1,7J2, 73, Ja. AA_Ag.A\21, T2, 23, 4. PvEM:T 5" T I N:T,y FIi+ 1 k21 :
T+ ToF MN T, T-Arp
let (x1,72) = g j1 j2 _ (x1,22) in PR A e
Vot {es.24) = g s s _ {zs,24) in PEM:T,  TEDS" T oo o PEM:T, TETS'T oo o
3,T4) =g J3 Ja _ (T3, T4 TFinl M : T, & T UM M'Finr M : T, @" 15 o

($171727$37I4>

TWFP:Ti®"Ts Toyx:Th =M :Ts To,y:ToF N :T5 k>1 FIy+1s
'y + T2 Fmatch P with (z+— M |y+— N): T;
NFEM:Ty o N T k < min{|T1|, |T>|} o
L1+ T2 (M,N):Ti @ T
TWEM:T, T, Io,x:Ty,y:To - N :T5 Kk>1 FIy+1

in

T-MATCH

f i o iz ia ((j1,J2)41 ~ J2) — (A_.cnot) q1 2 ¢3 qa

T-PAIRCONS

* Based on linear logic

T-PAIRDEST

* CNOT requires connectivity Ti+ T2k let (r,9) = M in N : T
. . w-Fl,fZTl—)WTQF)\IZTl.]\JZTl—)wTQ F27f:T1—>wT2l_N:T3 |—W~F1+F2 .
« Dependent product ITi. T (i) o T+ T letrec [ = Az T M in N T e
for gidx abstraction e T-Com A= EEL TconvAre
“for anv aidx i” T,i:qidxk M:T ‘ Pk M:1li:qidxT  j:qidx €T
( _ ¥4 _ ) _ T N qidx M T qrand L ADs T+ M [j/iT T-Qarr
* Qubit connectivity constraints K ) Lo graph™ b M T T CAne

as types ' (gr)aph(”).M :.Ha :.graph(”).,T |
(which can further be abstracted) —— PFM:lla:graph™. T Diriqids,..iniqidx b K 0

TFM (iv,....in)K : [(i1, ... in)K/a]T
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Type System for Qubit Connectivity MMSD
[Wakizaka & Igarashi, HAXY 7 ™) = 7 & F& 2020]

e Correctness theorems “if a program is typable then it doesn’t go wrong”
« Thm. (Progress) If a program M is typable ( C + [¢, M] :T"), then

M is either a value, or M has a reduction C'+ [¢, M| —, [¢', M']

Special programs for output of A computation step in A-calculus
computation (constants, functions, ...)

e Thm. (preservation) Types are preserved along reduction

Ckly,M): T and [, M] =, W', M'] imply CF [, M]:T.
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(Assign) (Assign)

Cf. proof tree in Hoare logic ey fromwy  (rema ) o voany

(((((((((

W Gt Sar il Gt
Type System for Qubit Connectivity .. <— -« -
[Wakizaka & Igarashi, HAY 7 b 7R%E4£2020] 5 oo
 Usage (note that this is static) Type derivation
* A programmer writes a program M with type annotation tree

(amounts to writing a type derivation tree)

* Type checker returns no type error

(i.e. all derivation steps adhere to rules)
= the programmer is sure that there will be
no runtime error that is due to qubit connectivity

Crp,M:T

e Future work

* Type checking (“does the user-specified qubit allocation respect connectivity?”)
= type inference

(automatic search for type derivation trees,
l.e. automated qubit allocation)

 Accommodating qubit reallocation (costly but sometimes inevitable)
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Outline

* Introduction
* Hoare logic as a showcase of static analysis
* QPL Work (1): Ying's quantum Hoare logic

* QPL Work (2): Quantum Gol for semantics of quantum A-calculus
[H. & Hoshino]

 "Static analysis for hardware-specific, low-level concerns in NISQ"
* QPL Work (3): Quantum Hoare logic for bounding errors [Hung+, POPL'19]
* QPL Work (4): Language-Based Automated Uncomputation [Bichsel+, PLDI'20]

* QPL Work (5): Type System for Qubit Connectivity
[Wakizaka & Igarashi, JSSST Congress '20]

» « Towards Quantum IDE
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[Omer 2000]
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Static Analysis in the Quantum Age

 Static analysis: reasoning about programs without execution

* Goals, conventionally:
correcthess (in Hoare logic, ...),
security (non-interference [Sabelfeld & Myers ‘03], differential privacy [Barthe+ ‘14], ...),
complexity analysis [Hofmann'00], ...

* For quantum programs?

* Execution is costly and probabilistic
—=>» static analysis makes even bigger sense

* Can be seen as generalization of classical simulation

e “Static analysis for hardware-specific, low-level concerns in NISQ”
* Error estimate [Hung+, POPL19]
* Automated uncomputation [Bichsel+, PLDI’20]
* Qubit connectivity [Wakizaka & Igarashi, JSSST Congress ‘20]
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Static Analysis and Quantum Software NG
Actual Quantum
execution computation

Information Respecting connectivity, C_IaSSICa_I CIaSSICaI
obtained using types to generate : simultation com putation
graph-theoretic constraints Logical error Precise result
Automated qubit estimate but for single input

Syntactic tYIOe-Ch_ecking and allocation For an infinite family

rule-based code insertion of input. The bound

[Bichsel+ PLDI’20] may not be sharp, and

Automated it'’s rather costly (SDP)

[Hung+, POPL'19]

uncomputation

Type-based qubit
connectivity check . and much more!

Syntactic type-checking
[Wakizaka & Igarashi ‘20]

Computational
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Towards Quantum IDE MMSD
(Integrated Development Environment)

e Support quantum programmers to write correct and efficient code

* Conventional IDE functionalities:

syntax highlighting, code completion, refactoring, version control,
debugging support, code search, ...

For managing a big codebase...
* Not relevant to quantum programs (yet)

- - . " * Works f rams as well
« + quantum-specific functionalities: orks for guantum programs as w wikipedia

error estimate, automated uncomputation, automated qubit allocation, ...

* More semantical consideration is needed
=> static analysis, logical and type-theoretic techniques from the PL community

e Spare quantum trials & errors by classical static reasoning
* Choice/design of a QPL is important
(structured programming [Dijkstra] => better logical support)

GNU Emacs, an extensible editor =
that is commonly used as an IDE on
Unix-like systems
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Towards Quantum IDE MMSD
(Integrated Development Environment)

* To the PL community:
it’s time to “get our hands dirty”

* Researchers prefer fundamental challenges
(logical correctness, soundness and completeness meta-theorems, ...)

* In comparison, low-level concerns in NISQ may seem to be minor Dynamic analysis
* but they can really benefit from static analysis techniques (testing) is costly!
* Theoreticians diving into applications

* Need to dive in
— nobody formulates a clean theoretical problem for you

* Matching practical needs and theoretical seeds
— fun and rewarding

* (in our ERATO project:
category theorists in automated driving safety)

EqRel ERel

\”/
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TEEHYNESTINVE LT ERATO
s=E —EB (NI, i.hasuo@acm.org) MMSD

Summary -3 L

 Static analysis: reasoning about programs without executing it
e “Static analysis for hardware-specific, low-level concerns in NISQ”
e Execution is costly and probabilistic = dynamic analysis (testing) is hard
* Hardware limitation (NISQ) = a lot of low-level concerns deouon | Suertum
* Examples: =
logical error bounds Hungs 19, M
automatic uncomputation (sichsel+ 20,
connectivity check (wakizaka & Igarashi 20], ... P |

Quantum IDE for correct and efficient code, with the help of static analysis

* To PL people: QPL is a gold mine. Let’s dive in!
To others: involve (open-minded) PL people in your quantum software project!
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