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Quantum Programming Language

Classical Computation Quantum Computation
Bits 00...0, 00...1, ... 11...1 Qubits %]00...0) 4+, ]00...1) 4 ...
+C¥2n_1‘11...1>
Program = (computable) function Unitary + Measurement

Copy & Discard Linear Type (X copy & discard)




Quantum Programming Language

Linear Types Quantum Computation

4 Copy

let y := U(X);
let z := V(X);
return (y, z)

<P No-cloning theorem

4 Discarding

Principle of implicit
measurement

<+




Example: No discarding?

Given:
and(q;, ¢, ¢3) = (g1, ¢ g3 DB (g A )
1000) 1000)
|_)
1110) [111)
Goal:
and3(q;, g» @) = (G @ G G AGAG3)

111y = |1111)






00
X, V, Z
fn and3 (x: gbit, y: gbit, z: gbit) — gbit[4] { |
let x, y, tmp = and(x, vy, |0>); X, vV, Z, |0)
let tmp, z, ret = and(tmp, z, |0>);
let x, vy, tmp = and(x, vy, tmp); l
// Now, tmp 1s 0. X, V, Zy XAV

// So, measuring 1t does nothing.
measure(tmp) ;

// tmp 1s now out of scope.
return [x, v, z, ret]

¥



X,y,z, tmp, ret
@ @ ©

fn and3 (x: gbit, y: gbit, z: gbit) — gbit[4] { 1
let x, vy, tmp = and(x, vy, |0>);
let tmp, z, ret = and(tmp, z, |0>); h 7, XNY, ‘O>
let x, vy, tmp = and(x, y, tmp); T
// Now, tmp 1s O.
// So, measuring 1t does nothing.
measure (tmp) ;
// tmp 1s now out of scope.
return [x, v, z, ret]

¥
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X,y,z, tmp, ret
@ @ ©

fn and3 (x: gbit, y: gbit, z: gbit) — gbit[4] { |
let x, vy, tmp = and(x, vy, |0>);
let tmp, z, ret = and(tmp, z, |0>);
let x, vy, tmp = and(x, vy, tmp); h !
// Now, tmp 1s 0.
// So, measuring 1t does nothing.

7, XAV, XAYAZ

measure(tmp) ; )
// tmp 1s now out of scope. )
return [x, v, z, ret] ; (X/\)’)@(X/\Y)s

: XAVYAZ



X,y,z, tmp, ret
@ @ ©

fn and3 (x: gbit, y: gbit, z: gbit) — gbit[4] { L
let x, vy, tmp = and(x, vy, |0>);
let tmp, z, ret and(tmp, z, |0>);
let x, vy, tmp = and(x, vy, tmp); h !
// Now, tmp 1s O.
// So, measuring 1t does nothing.
measure (tmp) ; !
// tmp 1s now out of scope.
return [x, v, z, ret] 75 10),

} XAYANZ

7, XAY, XAVYAZ



X,y,Zz, tmp, ret
fn and3 (x: gbit, y: gbit, z: gbit) — qbaitl4]l { oo

let x, vy, tmp = and(x, vy, |0>);
))
let tmp, z, ret = and(tmp, z, |0>); , 10), XAYAZ

let x, vy, tmp = and(x, ' tmp); measure

// Now, tmp 1s O. + forget (bit)
// So, measuring 1t does nothing.

/7, XNANYAZ

// tmp 1s now out of scope.
return [x, v, z, ret]

}



fn and3 (x: gbit, y: gbit, z: gbit) — gbit[4] {
let x, vy, tmp = and(x, vy, |0>);
let tmp, z, ret = and(tmp, z, |0>);
let x, vy, tmp = and(x, y, tmp);
// Now, tmp 1s O.
// So, measuring 1t does nothing.
measure(tmp) ;
// tmp 1s now out of scope.
return [x, v, z, ret]
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fn and3 (x: gbit, y: gbit, z: gbit) — gbit[4] {
let x, vy, tmp = and(x, vy, |0>);
let tmp, z, ret and(tmp, z, |[0>);
let x, vy, tmp = and(x, vy, tmp);
// Now tmp 1s 0.
assert(tmp = [0>);
// So, we should be able to forget 1t

// and reuse 1n the later computation.
forget (tmp) ;
return [x, v, z, retl]
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fn and3 (x: gbit, y: gbit, z: gbit) — gbit[4] {
let x, vy, tmp = and(x, vy, [0>);
let tmp, z, ret and(tmp, z, |[0>);
let x, y, tmp = and(x, vy, tmp);
// Now tmp 1s 0.
assert(tmp = [0>);
// So, we should be able to forget 1t

// and reuse 1n the later computation.
forget (tmp) ;
return [x, v, z, retl]

}
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fn and3 (x: gbit, y: gbit, z: gbit) — gbit[4] {
let x, vy, tmp = and(x, vy, |0>);
let tmp, z, ret = and(tmp, z, |[0>);
//
// Compller detects that "tmp 1s foregotten.
//
// Compller infers a way to disentangle tmp’
// without having any effect on the other qubits.
//

return [x, vy, z, ret] Automatic

}

Uncomputation
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Automatic Uncomputation

4 Uncomputation: A way to drop resources “safely”
4 Automatic Uncomputation let x, y, tmp = and(x, y, tmp);
1. Detect drop

2. Check easily "'uncompute-able™?

3. Do uncomputation or give up
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Automatic Uncomputation

4 Uncomputation: A way to drop resources “safely”
4 Automatic Uncomputation
1. Detect drop

2. Check easily "'uncompute-able™?

. X, y still there? let x, vy, tmp = and(x, y, tmp);

Tt

. Lift of classical computation?

3. Do uncomputation or give up
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ldea: Type System for Automatic Uncomputation

4 Special type #T: “droppable T~
and’(x: gbit, y: gbit) -> (gbit, gbit, #gbit)

4 Allows drops only until x, y change
Affine Type < #1

IN

Linear Type

Use lifetime o in Rust @
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Our Work: Type System for Automatic Uncomputation

4+ #* 1. "1 droppable until & + &* T: "Immutable reference until «”

and’(x: &* gbit, y: &* gbit) -> #* gbit

4 Allows drops only until a ends

VAN

Affine Type #* T < Linear Type

a = static =  #*1 = affine
a=empty = #*T =linear
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Our Work: Type System for Automatic Uncomputation

4+ #* 1. "1 droppable until & + &* T: "Immutable reference until «”

and’(x: &* gbit, y: &* gbit) -> #* gbit

4 Allows drops only until a ends

VAN
IN

Affine Type #* T Linear Type

Automatic Uncomputation
= Rust + affine type with lifetime #* T




Two Operational Semantics

4 Simulation Semantics

. Nalve semantics on quantum
& classical memory

. Circuit compilation

fn forget<'a == 0>(x : #'a gbit) {
// forgets X
return ()

h
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Two Operational Semantics

4 Simulation Semantics

. Nalve semantics on quantum
& classical memory

. Circuit compilation

Program

Si
mu,ation Sem .
WM Quantum & Classical
Rybrid system




Two Operational Semantics

4 Simulation Semantics 4 Uncomputation Semantics

. Naive semantics on quantum . Program = circuit graphs
& classical memory

. Pebble game on graph
= execution

. Circuit compilation

Program

Si
mu,ation Sem .
WM Quantum & Classical
Rybrid system




Two Operational Semantics

4 Simulation Semantics 4 Uncomputation Semantics

. Naive semantics on quantum . Program = circuit graphs
& classical memory

. Pebble game on graph

. Circuit compilation — execution

Program Uncomputation Semantics Circuit Graph

Sim _
ation s . ole 9275 S
W Quantum & Classical = “\

Hybrid system quantum gates




Related Work

4 Type system for Automatic Uncomputation

Silg [Bichsel et al. PLDI '20] Qurts (Our Language)
Rust + #9T

X

Type system

Implementation

v
v

fn forget<'a == O0>(x : #'a gbit) {
/] forgets X
return ()

}

Lifetime

forget

|4



Summary of Contribution

4+ New type system for Automatic Uncomputation
. Rust + #* T (affine type with lifetime)
. Many examples

4 Two semantics
. Proved equivalence of the two semantics

. Uncomputation semantics uses pebble games
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