A ZX re-writing system for surface code lattice surgery
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Surface codes with lattice surgery are currently the leading proposal for the large-scale quan-
tum error correction needed for fault tolerant quantum computing. Whereas quantum computa-
tion is usually based on the application of unitary operators (or gates) alongside measurement,
lattice surgery uses logical fusion and splitting operations that are inherently non-unitary. The
fusion (merge) operation in particular takes two logical qubits as input, and outputs one logical
qubit. This operation clearly involves an inherent loss of (quantum) information. Such opera-
tions are not primitives in the usual circuit representation of quantum gates, making the design
and verification of lattice surgery patterns a hard task in the absence of better representational
tools. Previous work has shown that the operations of lattice surgery map to collections of
generators of the ZX calculus, leading to the idea that ZX should become the language of
choice for lattice surgery procedures. In this work we give the formal semantics and re-write
system for such collections of ZX diagrams that correspond to lattice surgery procedures. This
has been achieved by first considering the spectrum of an operator, defined as a set of density
operators or CPTP maps. Re-writes are then defined both individually between elements in
a spectrum, and as spectra of the re-writes themselves. We finish by giving the conditions
under which these rewrites are complete. The move towards a complete language for lattice
surgery offers a coherent mechanism to reason about about surface codes. It also forms part
of a new model of quantum computing based on probabilistic operations and the ZX calculus,
termed Pauli Fusion. These results will broaden the tool-set available to all those working on
the algorithms and foundations of computation as performed using quantum systems.

1 Introduction

Surface codes encode one logical qubit in multiple physical qubits for the purposes of error cor-
rection. Lattice surgery is a proposed model for working with these objects logically [8]. The
basic operations correspond to taking lattices representing qubits and fusing/splitting them. This
is manifestly non-unitary: quantum information is lost during the merge, when two qubits become
one. As a consequence, merging is probabilistic. When two codes merge together one surface may
be 7 out of phase with the other (i.e an opposite basis element) and so must be corrected.

The ZX calculus [2]][3] is a language for expressing qubit quantum mechanics and has found
success in this being complete for pure [10], Clifford [1]], and Clifford+T quantum mechanics [9, 4].
Previous work has shown a close connection between lattice surgery operations and ZX generators
[6]. In this present work we consider an extension of the ZX calculus to work directly with the
probabilistic biproducts of lattice surgery and to re-write such diagrams. This question has been
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2 ZX re-writing for lattice surgery

approached before in [7], but with mixed results with respect to designing an axiom and rewrite
system due to there being numerous possible probabilistic phases. For lattice surgery, however,
the only probabilistic elements are m phases. Such operations are represented by Pauli Fusion
diagrams [5]. We present here axioms for Clifford operations in lattice surgery that are ‘lifted’
from standard ZX axioms. These axioms are complete, giving an intuitive and user-friendly design
and verification language for lattice surgery.

This is an extended abstract for poster submission.

2 LS-PF: probabilistic ZX diagrams for lattice surgery

In [6] we see that lattice surgery procedures correspond to either single ZX diagrams or, in the
particular case of the merge operations, one of two ZX diagrams:

A

We encapsulate this notion in LS-PF diagrams, which are diagrams with a possible 7 phase e.g.
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These diagrams naturally give rise to sets or spectrums of ZX diagrams that are composed of
all the possible outcome diagrams which are obtained by mapping the probabilistic labels into B.
For example:
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A diagram is a representation of CPTP maps, and its spectrum is of Kraus operators.

3 Re-writing LS-PF diagrams

The generalised axioms give a structure such that by assigning a binary number to a; and b; in all
combinations one obtains all possible rewrites where there are ‘complications’ to the standard ZX
re-write from a possible 7 element. In general there could be any countable number of a w-node of
a particular colour interfering with a rewrite but as 7-nodes of different colours can pass each other
unaltered and m-nodes of the same colour either cancel or leave only one 7 phase, depending on
there being an even or an odd number, one can see diagrammatically one need only consider two
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cases for each node colour: one node or none. With this in mind the LS-PF generalised Clifford
ZX axioms are as follows:

LS-PF Spidering LS-PF Basis cloning

o5 HE)—o
&-@®
®

LS-PF Hadamard definition
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LS-PF First bi-algebra rule
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We can prove that these axioms inherit the completeness of the Clifford ZX axioms to form the
set of Clifford LS-PF axiom:s.



ZX re-writing for lattice surgery

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

M. Backens. The zx-calculus is complete for stabilizer quantum mechanics. NewJournal of Physics,
2014.

B. Coecke and R. Duncan. Interacting quantum observables: Categorical algebra and diagrammatics.
New Journal of Physics, 2011.

B. Coecke and A. Kissinger. Picturing Quantum Processes: A first course in quantum theory and
diagrammatic reasoning. Cambridge University Press, 2017.

Wang Q. Coecke B. ZX-Rules for 2-Qubit Clifford+T Quantum Circuits. Lecture Notes in Computer
Science, vol 11106. Springer, 2018.

Niel de Beaudrap, Ross Duncan, Dominic Horsman, and Simon Perdrix. Pauli fusion: a computational
model to realise quantum transformations from zx terms. Submitted to QPLI19, 2019.

Niel de Beaudrap and Dominic Horsman. The zx calculus is a language for surface code lattice surgery.
arXiv preprint arXiv:1704.08670, 2017.

Ross Duncan and Simon Perdrix. Rewriting measurement-based quantum computations with gener-
alised flow. In International Colloquium on Automata, Languages, and Programming, pages 285-296.
Springer, 2010.

C. Horsman, A. G Fowler, S. Devitt, and R. Van Meter. Surface code quantum computing by lattice
surgery. New Journal of Physics, 14(12):123011, 2012.

Emmanuel Jeandel, Simon Perdrix, and Renaud Vilmart. A Complete Axiomatisation of the ZX-
Calculus for Clifford+T Quantum Mechanics. In The 33rd Annual ACM/IEEE Symposium on Logic in
Computer Science, LICS 2018, Proceedings of the 33rd Annual ACM/IEEE Symposium on Logic in
Computer Science, pages 559-568, Oxford, United Kingdom, July 2018.

Kang Feng Ng and Quanlong Wang. A universal completion of the zx-calculus. arXiv preprint
arXiv:1706.09877, 2017.



	Introduction
	LS-PF: probabilistic ZX diagrams for lattice surgery
	Re-writing LS-PF diagrams

