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Qubit quantum computing

Symmetric monoidal category of finite dimensional Hilbert spaces

States

Operations

Sequential composition

Parallel composition

Vectors in 2n dimensional complex 
Hilbert space

Linear maps

Matrix multiplication

Tensor product
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where



Qubit ZX calculus

You can draw any quantum circuit 
using just these two types of spiders.

{     ,       }
Universality:

These suffice to represent 
any linear map

on any number of qubits.



Completeness:
You can prove any equalities of qubit 
linear maps using just these 8 rules.

Qubit ZX calculus



=

Formulation Development Completeness Applications

2007 2017 - 18 Present

Quantum Circuit Optimization

=

Measurement-Based Quantum ComputingDifferentiation for Quantum Machine Learning

Hamiltonian ExponentiationSpin-network diagrams

Counting and satisfiability

Toffoli+Hadamardis good for sums is good for linear optics

QAOA Blind Quantum Computation
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Why continuous-variable quantum computation?

• Native simulation of Bosonic systems / quantum field theories

• Quantum error correction with Bosonic codes

• Scalable hardware implementation
• On photonics, superconducting and trapped-ions platforms
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Qubit Qudit Qumode
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space
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CVQC – Orthogonal bases

Position basis    𝑥 𝑥∈ℝ

Momentum basis      𝑝 𝑝∈ℝ

Fock basis          𝑛 𝑛∈ℕ



CVQC – Orthogonal bases

Position Momentum

Fock

Fourier transform

Hermite transform Hermite transform
+ diagonal unitary
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ZX calculus – Rules 2



ZX calculus – Rules 3



Operators



Gaussian gates  –  single mode

Displacement

Squeezing

Rotation



Gaussian gates  –  two modes 

Controlled-X

Controlled-phase

Beam splitter



Non-Gaussian gates

Cubic phase

Kerr

Cross-Kerr
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ZX Gaussian fragment:

Universal CV gate set:  Gaussian gates + 1 non-Gaussian gate
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Completeness via translation
Graphical symplectic algebra  –  (Booth, Carette, Comfort 2024)

GSA rules:



Completeness via translation

Invertible translation functor



Completeness via translation
All GSA rules are derivable



Completeness via translation
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Encoding a qubit in an oscillator  –  finite squeezing

where Δ is the width of the Gaussian
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GKP Encoder

Mixed-dimensional Z spider sends



Logical operators by pushing-through-the-encoder

Example:  𝜋
2

  Z rotation (or S gate) 



General GKP encoder



Error detection and correction

Syndrome measurement circuit:



Error detection and correction

error



Error detection and correction

error
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Gaussian boson sampling

• Non-universal model of quantum computation

• Samples from #P-hard problem

• Experimental demonstrations of quantum advantage

We prove hardness of gaussian boson sampling diagrammatically



Gaussian boson sampling

where                     -  hafnian function 
                                  -  interferometer matrix
                                  -  squeezing parameters



Perfect matchings of graphs

Hafnian is the (weighted) sum of perfect matchings of a graph
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Perfect matchings using W-node

Proof is by induction



Gaussian boson sampling

An example 4-mode Gaussian boson sampling circuit
Figure taken from: https://strawberryfields.ai/photonics/demos/run_gaussian_boson_sampling.html

https://strawberryfields.ai/photonics/demos/run_gaussian_boson_sampling.html


Gaussian boson sampling

An example 4-mode interferometer 



Gaussian boson sampling

Interferometer normal form
(de Felice et. al 2022), (Bonchi et. al. 2014) 

=



Normal form for Gaussian boson sampling
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Normal form for Gaussian boson sampling



Sampling amplitude
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Generalized ZX calculus to infinite dimensions

• With continuous and discrete generators

• Complete for the Gaussian fragment

Graphical analysis of

• GKP quantum error correction

• Gaussian Boson sampling
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Future work

ZX-based algorithms for
• Compiling and circuit optimization
• Classical simulation
• MBQC with hybrid-CV cluster states

Completeness
• Gaussian completeness for the Fock-W fragment
• Completeness for the approximately universal fragment

Quantum error correction
• Pauli-webs and floquetification for GKP
• Multi-mode GKP code and concatenated GKP code
• Cat codes and binomial codes
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