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Three Non-Intuitive Phenomena

Superposition

▶ There is a form of parallelism which has nothing to do
with uncertainty.

▶ The number of coefficients is exponential in the number
of wires.

Entanglement

States like(
0,

1√
2
,
1√
2
, 0

)
cannot be decomposed
through the tensor prod-
uct.

Negative Interference

▶ Coefficients can be negative.
▶ There is a phenomenon of cancellation

which is not there in probabilistic
computing.
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Quantum Computing is Hard

▶ Current quantum architectures can handle only a very
limited number of qubits.

▶ We are still in the so-called NISQ era.
▶ Quantum advantage is not there yet, despite the

breakthrough theoretical advances.
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Quantum Computing is Hard

▶ Current quantum architectures can handle only a very
limited number of qubits.

▶ We are still in the so-called NISQ era.
▶ Quantum advantage is not there yet, despite the
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Quantum Programming Languages
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Microarchitecture
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Classical Hardware

Boolean Circuits

High-Level Languages

Quantum Hardware

Quantum Circuits
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▶ How could we construct quantum high-level programs?
▶ How could we compile an high-level program down to a

mixed architecture?
▶ How to take advantage of the presence of quantum

circuits, and of the computation power they provide?
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Quantum Data and Classical Control

Classical
Control

Quantum

Store

Create a New Qubit

Observe the Value of a Qubit



Quantum Data and Classical Control

Classical
Control

Quantum

Store

Create a New Qubit

Observe the Value of a Qubit



Quantum Data and Classical Control

Classical
Control

Quantum

Store

Observe the Value of a Qubit

Create a New Qubit



Quantum Data and Classical Control

Classical
Control

Quantum

Store

Apply a

Transform
Unitary

Create a New Qubit

Observe the Value of a Qubit



A
SU

RV
E

Y



A Multitude of Idioms

▶ Functional Languages
▶ Imperative Languages
▶ Logic Programming Languages
▶ Quantum Constraint Programming Languages
▶ . . .



From QRAM. . .

α0|0⟩+ α1|1⟩

...

create

apply H

measure



. . . to Reality
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▶ Programs are classical, and are meant
to build a quantum circuit, which is
then executed by a quantum
architecture, or simulated.

▶ Examples are Qiskit, Cirq, or Quipper.
▶ This is by far the most popular way to

program quantum architectures.
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QPV: Why and How
Rewards

▶ Testing quantum programs can be very expensive!
▶ Certain properties are arguably of paramount importance, like resource

consumption.

Challenges
▶ The underlying computational model is simply different, and arguably more

complicated.
▶ Besides the usual exponential blowup (there are Θ(2n) states of size n), there

is another one coming from superposition.
▶ Most quantum algorithms are only approximately correct, and many of them

are meant to be run on noisy hardware.
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Part IV

Quantum Resource Analysis

▶ Deriving bounds on the amount of resources a quantum
program needs.

▶ Given the limitations of current quantum hardware, this
makes a lot of sense.

▶ This is an active research area, still in its infancy.



Part IV

Quantum Resource Analysis

▶ Deriving bounds on the amount of resources a quantum
program needs.

▶ Given the limitations of current quantum hardware, this
makes a lot of sense.

▶ This is an active research area, still in its infancy.



Implicit Computational Complexity

▶ This refers to machine-free characterizations of complexity
classes which are based on logic or programming languages.

▶ In classical computing, this gave rise to characterizations
of many complexity classes, like P, NP, PSPACE, etc.



Implicit Computational Complexity

▶ This refers to machine-free characterizations of complexity
classes which are based on logic or programming languages.

▶ In classical computing, this gave rise to characterizations
of many complexity classes, like P, NP, PSPACE, etc.



Implicit Computational Complexity

▶ This refers to machine-free characterizations of complexity
classes which are based on logic or programming languages.

▶ In classical computing, this gave rise to characterizations
of many complexity classes, like P, NP, PSPACE, etc.

λ
-C

A
LC

U
LU

S



Implicit Computational Complexity

▶ This refers to machine-free characterizations of complexity
classes which are based on logic or programming languages.

▶ In classical computing, this gave rise to characterizations
of many complexity classes, like P, NP, PSPACE, etc.

FU
N

C
T

IO
N

A
LG

E
B

R
A

S



Implicit Computational Complexity

▶ This refers to machine-free characterizations of complexity
classes which are based on logic or programming languages.

▶ In classical computing, this gave rise to characterizations
of many complexity classes, like P, NP, PSPACE, etc.

Q
U

A
N

T
U

M
C

O
N

T
R

O
L



Expectation Transformers

▶ A well-studied generalization of Dijkstra’s predicate
transformers.

▶ It enables quantitative reasoning about the expectated
value of random variables (e.g., the cost) of randomized
programs.
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Resource Analysis in QCDLs

Deriving Bounds on the Size
of the Produced Circuits

Bounds Should be Parametric on the Input

▶ Deriving size bounds on just one circuit is a trivial
problem.

▶ Parametric bounds, instead, allows us to derive, e.g., the
maximal problem size achievable with a given amount
of qubits.

How are Circuits Actually Built?
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The Essence of Quipper

From Proto-Quipper . . .

Terms M,N ::= λxA.M | ℓ | boxT M | (ℓ⃗, C, r⃗) | apply(M,N) | · · ·
Types A,B ::= Bit | Qubit | A ⊸ B | Circ(T, U) | List A | · · ·

A value encapsulating
a circuit C

Extends the current
circuit with some new

gates

Type of circuits with input
T and output U

. . . to Proto-Quipper-RA

Terms M,N ::= λxA.M | ℓ | boxT M | (ℓ⃗, C, r⃗) | apply(M,N) | · · ·
Types A,B ::= Bit | Qubit | A ⊸I

T B | CircI(T, U) | Listi≤IA | · · ·

Circuits have a size.Functions produce effects.
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Term and type

Term Variables
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A parametric
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Proto-Quipper-RA:
Abstract Resource Operators

I ::= I ⊕ J | I ⊛ J | · · ·

Size of parallel
composition

Size of
sequential
composition

Θ;Γ1;Q1 ⊢ M : A; I Θ;Γ2, x : A;Q2 ⊢ N : B; J
Θ;Γ1,Γ2;Q1, Q2 ⊢ let x = M in N : A; (I ⊕#(Γ2;Q2))⊛ J
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CN

#(Γ2;Q2)
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Global vs. Local Metrics

Gate Count

▶ The total number of gates in the underlying circuit.
▶ Sometimes, you are interested in counting only certain

gates (like binary gates, or swaps).

Width

▶ The maximum
amount of wires
active along the
evaluation of the circuit.

▶ Variations thereof
(e.g., only counting
qubits).

Depth

▶ The number of parallel evaluation
steps.

▶ This is inherently local, and requires
base types to be labeled with an index
term I.
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Main Result
Key Definitions

▶ A resource metric is a function from circuits to natural numbers capturing a
given notion of size.

▶ A resource metric interpretation provides an interpretation of to the
operators ⊕,⊛, e, . . .

▶ A resource metric interpretation t is coherent with a resource metric µ if it
satisfies a mild set of inequalities involving both t and µ.

Correctness
Any instance of Proto-Quipper-RA induced by a resource metric interpretation
which is coherent with µ derives judgments which are semantically sound with re-
spect to µ.
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Wrapping-Up
Take Home Messages

▶ Quantum computing shows great promise but faces challenges like
decoherence, noise, and limited qubits.

▶ The task of deriving resource bounds for Quantum Circuit Description
Languages (QCDLs) and for Quipper in particular turns out to be feasible,
with the help of types.

Ongoing Work
▶ We can give an adequate monadic denotational semantics to the introduced

type system, which systematizes the task of dealing with circuit metrics, and
suggests new ones.

Thank you! Questions?
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