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4Do not be scared!
•We assume no background in 

quantum and minimal background in 
automata theory.
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Outline
4Minimal Quantum Background and Motivation
4Quantum Circuit Verification
4Evaluation
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A 3-Bit Classical State
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Tree as a Quantum State

4A 3-bit quantum state
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Quantum Gate and Tree 
Transformation

4An example of apply X gate (negation) on 
qubit x1.
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Quantum Circuit

4A sequence of quantum gates viewed as tree 
transformations
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Why Quantum Circuit Verification?

4Increasing complexity of circuits 
4Infeasibility of testing due to the probabilistic 

features
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Outline
4Minimal Quantum Background and Motivation
4Quantum Circuit Verification
4Evaluation

10



Classical Hoare triple

4For any predicates P and Q and any program S,

{P} S {Q}

says that if S is started in (a state satisfying) P, 
then it terminates in Q.

PostconditionPrecondition
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Classical Hoare triple

4For any predicates P and Q and any program S,

{P} S {Q}

says that if S is started in (a state satisfying) P, 
then it terminates in Q.

……
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Quantum Circuit Verification

4For any predicates P and Q and any circuit C,

{P} C {Q}

says that if C is started in (a state satisfying) P, 
then it terminates in Q.

……
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Quantum Circuit Verification

{P} C {Q} ……
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Need a symbolic representation of a set of 
quantum states (trees).

From automata theory:
Set of words è Regular language (Finite automata)
Set of trees è Regular tree language (Tree automata)



Overview
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Overview
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P

QP10 ⊆
(via standard TA algorithms)
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Examples: Tree Automata of Only 
One Quantum State

4This TA of the quantum state



4This TA accepts all 3-qubit basis quantum states

4 {| ⟩000 , | ⟩001 , | ⟩010 , | ⟩011 ,
| ⟩100 , | ⟩101 , | ⟩110 , | ⟩111 }
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Examples: Tree Automata 
Encoding of Quantum States



TA as Compact Representation 
of Quantum States

4This TA accepts all 2n basis states.
# of transitions: 3n+1
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Why it can be some compact? Merge shared structures.



Examples of Gate Operations:
X gate on qubit 2.
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Example of Gate Operations:
Z, S, T gates on qubit 1. 
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4Multiply the right subtree of x1 with some 
constant c.



Example of Gate Operations:
Z, S, T gates on qubit 1. 
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4Multiply the right subtree of x1 with some 
constant c.

Other gates? In the paper.

Our framework allows all quantum gates 
supported in conventional quantum computers.



Extension: Symbolic Tree
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A Symbolic Tree (State), s The state after executing C, C(s)

C



Outline
4Minimal Quantum Background and Motivation
4Quantum Circuit Verification in the Hoare-Style
4Evaluation
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4BV, Grover-Sing: 𝑃 = 1
4MCToffoli, Grover-All: 𝑃 ≫ 1

Experiment - Verification
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4Create 𝐶!"# by appending one random gate 
at a random qubit to 𝐶$%&.

4Check if 𝐶!"#≠𝐶$%& by testing them with 
different initial state sets 𝑃.

4Useful in compiler validation

Experiment – Bug Hunting
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Experiment – Bug Hunting

https://github.com/meamy/feynman
https://github.com/cda-tum/qcec 30

https://github.com/meamy/feynman
https://github.com/cda-tum/qcec
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Summary:
• Interesting link between automata and quantum states.
• So far only basic TA has been tried, there are many more possibilities.
• The main reason for efficiency, the compact structure of TA.
• Welcome for more discussions!



State-of-the-Art
We focus on fully automatic approaches:
4Quantum Simulation 
• low coverage

4Quantum Abstraction Interpretation
• over approximation and cannot catch bugs

4Quantum Model Checking
• only work for small examples

4Circuit Equivalence Checking
• inflexible for user custom properties
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Two Approaches for TA Gate 
Operations

4Permutation-based approach:
• Faster, but works for a smaller set of gates.
• Done by directly modifying TA transitions.

4Composition-based approach
• Slower, but complete for universal quantum 

computing.
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X gate operating on qubit 2

4𝐵'! ⋅ 𝑇'! + 𝐵'! ⋅ 𝑇'!
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Projection

Projection

Restriction

Restriction

Binary 
Operation



1. Projection (𝑇'! & 𝑇'!)

35



2. Restriction (𝐵'! ⋅ & 𝐵'! ⋅)

4𝐵'! ⋅ 𝑇'!
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3. Binary Operation (+ & −)

4𝐵'! ⋅ 𝑇'! + 𝐵'! ⋅ 𝑇'!
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4. Constant Multiplication (c ⋅)

4(-1)⋅ 𝑇
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Tree Operations
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4Constant Multiplication
4Restriction
4Binary Operation
4Projection 
• need to say the same left and right subtrees.
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Lift these operations to TA


