
Introduction to Quantum Programming
and Semantics

Week 1: Semantics, quantum circuits
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Semantics

Are these two programs the same?

P = (if 1 = 1 then F else G)

Q = (if 1 = 0 then F else F)

▶ Different syntax
▶ Different operationally
▶ But denote same algorithm JPK = JQK = JFK
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Denotational semantics

programs mathematical objects
J−K

F

G •
•

▶ Operational: remember implementation details (efficiency)
▶ Denotational: see what program does conceptually (correctness)

Motivation:
▶ Ground programmer’s unspoken intuitions
▶ Justify/refute/suggest program transformations
▶ Understand programming through mathematics
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Quantum technology
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Quantum ecosystem
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Programming quantum computers

▶ What if P,Q executables instead of source code? Black box.
But can still analyse information flow

▶ Empirical method: know how quantum theory works, but why?
▶ Cannot copy or delete, how to handle recursion?

▶ Investigate semantics to design good programming language
▶ “Semantics = programming language”
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Need for abstraction
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Need for abstraction: Microsoft Q#
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Need for abstraction: IBM Qiskit
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Need for abstraction: Quipper
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Need for abstraction
8-bit adder, dimension ∼ 21764
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?
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Ways to look at computation

▶ function {0,1}m {0,1}n

▶ truth table / m-by-n matrix with entries in {0,1}
▶ Boolean circuit

AND, OR, and NOT are universal (as are other gate sets)
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Reversible computation

▶ function is bijective
▶ matrix is invertible
▶ circuit of CCNOT gates

CCNOT is universal
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Quantum computation

▶ linear function C2m C2n

▶ unitary m-by-n matrix of complex numbers
▶ quantum circuit of CCNOT and H gates

CCNOT and H are approximately universal

H =
1√
2

(
1 1
1 −1

)

16 / 21



Quantum computation

▶ linear function C2m C2n

▶ unitary m-by-n matrix of complex numbers
▶ quantum circuit of CCNOT and H gates

CCNOT and H are approximately universal

H =
1√
2

(
1 1
1 −1

)

16 / 21



Phase kickback
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Quantum lock

U =


1 0 0 0
0 1 0 0
0 0 −1 0
0 0 0 1


U|key⟩ = −|key⟩

In PennyLane:
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Correct key
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Incorrect key
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Summary

▶ Denotational semantics preserves structure: not implementation
▶ Good programming language flows from semantics:

“form follows function”
▶ Quantum computation: circuit vs matrix vs linear function
▶ Example: phase kickback
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