r The Uniyersitg of
&' | Nottingham

QML: A functional quantum
programming language

Jonathan Grattage

sneezy.cs.nott.ac.uk/qml

QML: A functional quantum programming language — p.1/1+



r The Uniyersitg of
&' | Nottingham

What is QML?

A high-level quantum programming language with a structure
familiar to functional programmers, which supports reasoning
and and algorithm design

QML: A functional quantum programming language — p.2/1-



r The Uniyersitg of
&' | Nottingham

What is QML?

A high-level quantum programming language with a structure
familiar to functional programmers, which supports reasoning
and and algorithm design

QML: A functional quantum programming language — p.2/1-



r The Uniyersitg of
&' | Nottingham

What is QML?

A high-level quantum programming language with a structure
familiar to functional programmers, which supports reasoning
and and algorithm design

A functional quantum programming language, LICS 2005
with Thorsten Altenkirch

QML: A functional quantum programming language — p.2/1-



r The Uniyersitg of
&' | Nottingham

What is QML?

A high-level quantum programming language with a structure
familiar to functional programmers, which supports reasoning
and and algorithm design

A functional quantum programming language, LICS 2005
with Thorsten Altenkirch

QML: A functional quantum programming language — p.2/1-



r The Uniyersitg of
&' | Nottingham

What is QML?

A high-level quantum programming language with a structure
familiar to functional programmers, which supports reasoning
and and algorithm design

A functional quantum programming language, LICS 2005

with Thorsten Altenkirch

Project Site: QML@CS.Nott — sneezy.cs.nott.ac.uk/qml
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Quantum Languages

Quantum data, Classical control
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QML Overview

Notion of Finite Quantum Computations (FQC) developed by
analogy with Finite Classical Computations (FCC)
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Classical Case (FCC)

Quantum Case (FQQC)

Finite sets
Cartesian product (x)
Bijections
Functions
Injective functions
Projections

Finite dimensional Hilbert spaces
Tensor product (®)
Unitary operators
Superoperators
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Classical Case (FCC)

Quantum Case (FQQC)

Finite sets
Cartesian product (x)
Bijections
Functions
Injective functions
Projections

Finite dimensional Hilbert spaces
Tensor product (®)
Unitary operators
Superoperators
[sometries
Partial trace
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QML Syntax

c=01|Q2|0®T
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c=01|Q2|0®T

(Variables) z,y,...€ Vars

(Prob.amplitudes) k,t,... € C

(Patterns) p,q =z (x,y)

(Terms) t,bu,e n=x | 29| ()] (¢, u)
let p=1tin u

if t then u else u/

if° ¢t then u else u’

N
false | true | O |k xt|t+ u
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c=01|Q2|0®T

(Variables) z,y,...€ Vars

(Prob.amplitudes) k,t,... € C

(Patterns) p,q =z (x,y)

(Terms) t,bu,e n=x | 29| ()] (¢, u)
let p=1tin u

if t then u else u/

if° ¢t then u else u’

N
false | true | O |k xt|t+ u

EPR State: % X (false, false) + % X (true, true)
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e Projection Function

T € (Q2,92) — Ca Q2 Q2
T (z,y) == @2 |

Or

e Diagonal Function
0 € Q2 — (Q2,92) z:: Q L T Qo
0z = (2,7) 0: Qs | & T Qo
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Control of Decoherence

o m.0€ Qy— Qo

x Qo T (2
0: Qs | I |

¢5 ¢7T1
Q2

e C(lassical Case:

Q2

¢ Quantum Case:
Input = % X false + % x true (equal superposition)

Output = {1} false + {3 }true (probability distribution)

Decoherence! Not the identity function
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More Decoherence

forget mentions x
forget € Qg —0 Qo
forget x = if = then true else true

but doesn’t use it.

Hence, it has to measure it!

Not, using if
not € Qa2 —o Qo
not x = if  then false else true

QML: A functional quantum programming language — p.9/1+



r The Uniyersitg of
&' | Nottingham

if° — Quantum control

QML: A functional quantum programming language — p.10/1¢



r The Uniyersitg of
&' | Nottingham

if° — Quantum control

forget’ € Qg —0 Qo
forget’ x = if° x then true else true

QML: A functional quantum programming language — p.10/1¢



r The Uniyersitg of
&' | Nottingham

if° — Quantum control

forget’ € Qg —0 Qo
forget’ x = if° x then true else true

This program has a type error, because true [ true.

QML: A functional quantum programming language — p.10/1¢



r The Uniyersitg of
&' | Nottingham

if° — Quantum control

forget’ € Qg —0 Qo
forget’ x = if° x then true else true

This program has a type error, because true [ true.

qnot € Qo — Qo
gnot z = if° z then false else true

QML: A functional quantum programming language — p.10/1¢



r The Uniyersitg of
&' | Nottingham

if° — Quantum control

forget’ € Qg —0 Qo
forget’ x = if° x then true else true

This program has a type error, because true [ true.

qnot € Qo — Qo
gnot z = if° z then false else true

This program typechecks, because false L true.

QML: A functional quantum programming language — p.10/1¢



r The Uniyersitg of
&' | Nottingham
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forget’ € Qg —0 Qo
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This program has a type error, because true [ true.
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if° — Quantum control

forget’ € Qg —0 Qo
forget’ x = if° x then true else true

This program has a type error, because true [ true.

qnot € Qo — Qo
gnot z = if° z then false else true

This program typechecks, because false L true.

cnot ¢ © = if° ¢ then (true, qgnot x) else (false, )

Deutsch-Joza Algorithm, Quantum Teleport Algorithm, ...
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Quantum Teleport Algorithm

pled € Qg —o Qy
pZed ¢ = if° z then (—1) X true else false
had € Qa — O,
had z = if° z then (—1) X true + false else true + false
tel € Qg —0 Qo
tel x = let (a,b) = (false, false) + (true, true)
(a',2") = cnot a x
b’ — if o’ then qnot b else b
b — if° had z’ then pZed b’ else b’

in b’
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(t|t) = (false|true) = 0, (true|false) =0
(E]true) =0= <true| > (F\false) =0= <false|6>>,
(0]x) =0=(x|0)

(

(&, ) | (u,u)) = (tu) * (')
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o
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<
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Inner Product & L

t|t) =1, (false|true) =0, (true|false) =0

— —
itrue) =0 = <true| > ( 0 |false) = 0 = (false| 0 ),
%) =0=(x[0)

(&, ) | (u, u')) = (tu) * (#'|u)
Axt+ XN st | u) =N x (tlu) + N* *x (t'|u),
t| kxu+ kK *xu) =rKx*(tlu) + & * (t|u')

<
<
<
<
<
<

(tlu) =7 otherwise
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Summary

Our analysis also highlights the differences between classical and
quantum programming

Other work:
A compiler for QML, in Haskell, that produces (typed) circuits
Extend algebra and normal form beyond pure subset of QML

Higher-order types, composionality proofs, implement using
measurement calculus ...
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Thanks for listening

sneezy.cs.nott.ac.uk/qml

sneezy.cs.nott.ac.uk/qml/weblog

Jonathan Grattage (www.cs.nott.ac.uk/~ jjg)
Thorsten Altenkirch (www.cs.nott.ac.uk/~ txa)
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