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Why ...

... design a quantum programming language?

Better intuitive understanding of quantum
algorithms.

Simplify the design of guantum programs.

Develop formal reasoning principles for
guantum programs.

Understanding the computational aspect of
guantum physics.
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QML

QML: a rst order functional quantum
programming language for nite types

Reversible and irreversible quantum programs
Quantum data and control

Operational semantics: quantum circuits
Denotational semantics: superoperators
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Classicalcomputationson nite types

Quantum mechanics is time-reversible. ..

... hence quantum computation is based on reversible
operations.

However: Newtonian mechanics, Maxwellian
electrodynamics are also time-reversible. ..

... hence classical computation should be based on
reversible operations.
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Given nite sets A (input) and B (output):




Classicalcomputation (FCC)

Given nite sets A (input) and B (output):

a nite set of initial heaps H,

an initial heap

a nite set of garbage states G,
abijectiony A H B GG,
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Extensionalequality

A classical computation H G o¢
Induces a function u A — B by
A dalk 'B G
A 'B

U

We say that two computations are
extensionall y equiv alent, if they give rise to
the same function.
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Extensionalequality ...

Theorem:

u B ug U

Theorem: Any function f A — B on nite
sets A B can be realized by a computation.
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2. FInite quantum computation

1. Finite classical computation

3. QML basics
4. Compiling QML
5. Conclusions and further work
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Pure quantum values

A pure quantum value over a nite set A s
given by by a vector represented as

® A— C

with unit norm:






QDbits

Qbits are represented as Q@ C which
we write as

_|_
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Qbits

Qbits are represented as Q@ C which

we write as
_|_
Exambles of Qbits
_I_
H — ==
va va
H — =
va va
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Tensorproducts

Tensor product = product of bases:

C ®C C

Eg.Q Q9 C
Examples of Q9 ® QO

EPR b —

Na V-
H H .
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Reversible quantum operations

Reversible operations on pure guantum
values are represented by unitary operators.

id
Eg. @ @

) )

where +
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Reversible guantum operations.. .

Example: H (@ Q

H

||
||
s
||
||

On nite-dimensional spaces:
Unitary = norm-preserving isomorphism
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Quantum computations(FQC)
Given nite sets A (input) and B (output):

a nite set H, the base of the space of initial

heaps,

a heap initialisation vector

H — C,

a nite set G, the base of the space of

garbage states,

a unitary operator ¢ AR H ey B ® G.
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Extensionalequality?

... IS a bit more subtle.

There Is no (sensible) operator on vector
spaces replacing B G — B.

Indeed: Forgetting part of a pure state
results in a mix ed state.
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Density matrizes

Mixed states can be represented by density
matrizes A A

Eigenvalues represent probabillities

System Is Iin state  with prob.

Eigenvalues have to be positive and their sum
(the trace) Is .
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Superoperators

Morphisms on density matrizes are called
superoperators, these are linear maps, which
are

. completely positive, and
- trace preserving
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Superoperators

Morphisms on density matrizes are called
superoperators, these are linear maps, which

are
. completely positive, and
- trace preserving

Every unitary operator ¢ gives rise to a
superoperator o¢.
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Superoperators...
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Superoperators...

There Is an operator
B ® G super B

called partial trace.

Eg Q ® Q super Q iS
represented by a matrix.
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Extensionalequality

A gquantum computation FQC A B gives
rise to a superoperator U A e B

A & H 'B® G

A 'B

U

We say that two computations are
extensionall y equiv alent, if they give rise to
the same superoperator.



Extensionalequalit_

ug U




Extensionalequality ...

Theorem:

u B ug U

Theorem (?). Every superoperator
F A gpe B (0On nite dimensional Hilbert
spaces) comes from a quantum computation.
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nite sets nite dimensional Hilbert space

cartesian product ( ) tensor product ( )

bijections unitary operators

functions superoperators

QUOXIC Feb 05 — p.32/4



Classicalvs quantum

classical ( ) guantum ( Q )
nite sets nite dimensional Hilbert space:
cartesian product ( ) tensor product ( )
bijections unitary operators
functions superoperators
Injective functions ( )
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classical ( ) guantum ( Q )
nite sets nite dimensional Hilbert space:
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Classicalvs quantum

classical ( )

guantum ( Q )

nite sets
cartesian product ( )
bijections
functions
Injective functions ( )

projections

nite dimensional Hilbert space:
tensor product ( )
unitary operators
superoperators

Isometries ( Q )
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Classicalvs quantum

classical ( )

guantum ( Q )

nite sets
cartesian product ( )
bijections
functions
Injective functions ( )

projections

nite dimensional Hilbert space:
tensor product ( )
unitary operators
superoperators
Isometries ( Q )

partial trace
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0, quantum
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Input:

0, quantum
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:




T 0, quantum

9

9
input: — ik —
output: - il

Decoherence!

:
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Control of decoheence

QML Is based on strict linear logic
Contraction is implicit and realized by ¢ .

Weakening Is explicit and leads to
decoherence.



3. QML

1. Finite classical computation
2. Finite quantum computation

4. Conclusions and further work
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QML overview...

Typing judg ements
programs
strict programs
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QML overview...

Typing judg ements
programs
strict programs

Semantics

FQC FQC
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& on contexts
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Another sourceof decoheence

f mentions

f
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Another sourceof decoheence

f mentions

f
i

but doesn't use It.
Hence, it has to measure it!









P-elim

QUOXIC Feb 05 — p.43/4!









B-elim decoheence-free










f
i

This program has a type error, because

Ji
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f
i

This program has a type error, because

Ji

This program typechecks, because
1



4. Conclusions

1. Finite classical computation
2. Finite quantum computation
3. QML
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Conclusions

Our semantic ideas proved useful when
designing a guantum programming language,
analogous concepts are modelled by the
same syntactic constructs.

Our analysis also highlights the differences
between classical and guantum
programming.

Quantum programming introduces the
problem of control of decoherence, which we
address by making forgetting variables
explicit and by having different if-then-else
constructs.
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Thank you for your attention.

Draft papers, available from
[/www.cs.nott.a c. uk/” tx a/p ubl/

A functional guantum programming language
with J.Grattage

Structuring Quantum Effects: Superoperator s as Arrows
with J.Vizzotto and A.Sabry

A compiler for a functional quantum programming languadg
with J.Grattage

QML: Quantum data and contr ol with J.Grattage
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