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Programming Abstractions
for Quantum Computing



Identify abstractions
for solutions 
to quantum computing problems.

☑ New, different, unintuitive computing environment

☑ Abstractions could speed up development of 
useful algorithms and optimizations  

☑ Influence state-of-the-art systems



Quantum Computing 101
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Measurement

|1⟩ meas |1⟩

|0⟩ meas |0⟩



© 2018 Galois, Inc.13 © 2019 Galois, Inc.13

Measurement

1/
√2

|0 +⟩ 1/
√2

|1 )⟩ meas {
with 
probability 
1/2

with 
probability 
1/2

|0⟩

|1⟩



© 2018 Galois, Inc.14 © 2019 Galois, Inc.14

Entanglement

1/
√2

|00⟩
+1/

√2
|11 )⟩



© 2018 Galois, Inc.15 © 2019 Galois, Inc.15

Entanglement

1/
√2

|0 +⟩ 1/
√2

|1 )⟩

1/
√2

|0 +⟩ 1/
√2

|1 )⟩
meas {

with 
probability 
1/2

with 
probability 
1/2

|0⟩

|1⟩

|0⟩

|1⟩

1/
√2

|00⟩
+1/

√2
|11 )⟩



© 2018 Galois, Inc.16 © 2019 Galois, Inc.16

Unitary Matrices

U
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Unitary Operations: NOT=X=(   )0 1
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Sources of Abstractions

1) Physics
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3) Multi-variable qubits
4) Multi-basis measurement
5) Pulses
6) Programming language theory

● Data structures
● Control flow

7) Expert intuition
● Classical oracles
1)Probabilistic operations

8) Semantics
● Quantum CPOs
● ZX-calculus
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Physics Abstraction
No-Cloning
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No cloning:
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No cloning:

Yes duplication:
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QPL: Substructural types

Towards a Quantum Programming Language. Selinger, 2004
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Quantum λ calculus

Quantum Lambda Calculus. Selinger and Valiron, 2009
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Quantum λ calculus

Quantum Lambda Calculus. Selinger and Valiron, 2009
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Quipper: Circuit generation

Quipper: A Scalable Quantum Programming Language. Green, Lundsdane, Ross, Selinger, and Valiron, 2013



Dependent Types

or

Control Flow
 ?



PL Abstraction
Dependent Types
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Quantum Data Types

Quipper: A Scalable Quantum Programming Language. Green, Lundsdane, Ross, Selinger, and Valiron, 2013
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Quantum Data Types
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Quantum Data Types
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– Present in most mainstream languages

Quipper: A Scalable Quantum Programming Language. Green, Lundsdane, Ross, Selinger, and Valiron, 2013
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Quantum Data Types

● Qubits, finite tuples of qubits
● Lists of qubits

– Introduced in Quipper
– Present in most mainstream languages

● Polymorphic lists, trees, algebraic data 
types

Quipper: A Scalable Quantum Programming Language. Green, Lundsdane, Ross, Selinger, and Valiron, 2013
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Classically Dependent
Quantum Types

QWIRE: A Core Language for Quantum Circuits. Paykin, Rand, Zdancewic, 2017
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Classically Dependent
Quantum Types

https://github.com/inQWIRE/QWIRE
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Classically Dependent
Quantum Types

https://github.com/inQWIRE/QWIRE
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Shape-Dependent
Quantum Types

Proto-Quipper-D. Fu and Selinger.
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QQTT?
(Quantum Quantitative Type Theory)
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Equality??

Algebraic Effects, Linearity, and Quantum Programming Languages. Staton 2015.   
A HoTT Quantum Equational Theory. Paykin and Zdancewic, 2019.
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HoTT

A HoTT Quantum Equational Theory. Paykin and Zdancewic, 2019.
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HoTT

A HoTT Quantum Equational Theory. Paykin and Zdancewic, 2019.

● Higher Inductive Types (HITs) use paths to 
encode equivalence relations or groupoids
– Groupoid: category where all morphisms are 

invertible

● Path induction holds of HITs
– i.e. prove theorems with just base case refl
– Simplify proofs about groupoids

● Unitaries form a groupoid
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HoTT Quantum λ Calculus

A HoTT Quantum Equational Theory. Paykin and Zdancewic, 2019.
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HoTT Quantum λ Calculus

A HoTT Quantum Equational Theory. Paykin and Zdancewic, 2019.
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QQTT?



© 2018 Galois, Inc.75 © 2019 Galois, Inc.75

QQTT?

● Quantum λ calculus = deep embedding in 
HoTT (univalence + groupoid quotients)
– Would axioms be better in Cubical TT?



© 2018 Galois, Inc.76 © 2019 Galois, Inc.76

QQTT?

● Quantum λ calculus = deep embedding in 
HoTT (univalence + groupoid quotients)
– Would axioms be better in Cubical TT?

● Quantitative HoTT?



© 2018 Galois, Inc.77 © 2019 Galois, Inc.77

QQTT?

● Quantum λ calculus = deep embedding in 
HoTT (univalence + groupoid quotients)
– Would axioms be better in Cubical TT?

● Quantitative HoTT?
● Quantum λ calculus = shallow embedding 

in QHoTT? 



Technology Abstraction
Classical Communication
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Computer
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The QRAM Model
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PL Abstraction
Control Flow
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Yes classical control

if meas(                )=1 
then ... else ... 
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Yes classical control

if meas(                )=1 
then ... else ... 

No* quantum control

if                 = 
then ... else ... 

|1⟩
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Quantum unitary control

if                 = 
then U else V 

|1⟩

V U

X X
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Quantum if, take 1

QML: Quantum data and control. Altenkirch and Grattage, 2005
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Quantum if, take q

QML: Quantum data and control. Altenkirch and Grattage, 2005
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Quantum if, take q

QML: Quantum data and control. Altenkirch and Grattage, 2005
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Pattern-matching isomorphisms

From Symmetric Pattern-Matching to Quantum Control. Sabry, Valiron, Vizzotto, 2018.
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Quantum if, take 2

Alternation in Quantum Programming: From Superposition of 
Data to Superposition of Programs. Ying, Yu, and Feng, 2014.
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Quantum if, take 2

Alternation in Quantum Programming: From Superposition of 
Data to Superposition of Programs. Ying, Yu, and Feng, 2014.
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Alternation not compositional

Quantum Alternation: Prospects and Problems. Badescu and Panangaden, 2015



Takeaways



Physics

➔ No-cloning
➔ Reversible
➔ Superposition
➔ Measurement

Computing
Technology

➔ Circuit model
➔ Classical

communication

Algorithms

➔ Classical oracles
➔ Amplification

PL Theory

➔ Data structures
➔ Control flow

Sources of Abstractions

1) Physics
2) No cloning
3) Multi-variable qubits
4) Multi-basis measurement
5) Pulses
6) Programming language theory

● Data structures
● Control flow

7) Expert intuition
● Classical oracles
1)Probabilistic operations

8) Semantics
● Quantum CPOs
● ZX-calculus

Semantics

➔ Quantum CPOs
➔ String diagrams



How to motivate engineers?

How to proceed when the 
abstractions you have are 

unsatisfactory?
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