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This volume contains the proceedings of the 22nd International Conference on Quantum Physics and
Logic (QPL 2025). The conference was held from 14 to 18 July 2025 in Varna, Bulgaria.

Quantum Physics and Logic is a series of conferences that brings together academic and industry
researchers working on the mathematical foundations of quantum computation, quantum physics, and
related areas. The main focus is on the use of algebraic and categorical structures, formal languages,
type systems, semantic methods, and other mathematical and computer science techniques applicable
to the study of physical systems, physical processes, and their composition. Work applying quantum-
inspired techniques and structures to other fields (such as linguistics, artificial intelligence, and causality)
is also welcome.

The QPL 2025 conference solicited three kinds of submissions: proceedings submissions, non-
proceedings talk submissions, and poster submissions.

Proceedings submissions were papers required to provide sufficient evidence of results of genuine
interest. Authors of accepted proceedings submissions were given the opportunity to present their work
as a talk at the conference, and these papers were included in the proceedings of QPL 2025. No other
types of submissions were considered for inclusion in the proceedings. Non-proceedings talk submis-
sions consisted of a three-page summary, together with a link to a separate published paper or preprint.
Authors of accepted non-proceedings talk submissions were invited to present their work as a talk dur-
ing the conference. Poster submissions consisted of a three-page abstract of (possibly partial) results or
work in progress, and authors of accepted poster submissions were invited to present their work during
the poster session.

These proceedings contain 12 contributed papers selected for publication by the Program Commit-
tee. Papers submitted to QPL undergo a review process managed by members of the Program Commit-
tee (PC). The vast majority of submissions received at least three reviews. The selection of accepted
papers was done through the EasyChair conference management system, following consideration of the
submitted reviews and, where necessary, discussion among the PC members. The review process was
single-blind: the identity of the authors was revealed to the reviewers, but not vice versa. PC members
could invite external experts to serve as subreviewers and participate in discussions of the submissions
they reviewed.

A total of 129 submissions (excluding withdrawals and retractions) were considered for review by
the PC. QPL 2025 had 54 accepted submissions in the non-proceedings talk track and 12 accepted sub-
missions in the proceedings track. Some of the talks were presented during parallel sessions, and a
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selection of talks was presented during plenary sessions. The program also included a poster session
with 29 posters out of all the 57 submissions accepted as posters, and one special session dedicated to
quantum in the context of education. There was also an industry session where industrial sponsors of
QPL 2025 were given the opportunity to present their companies. The industry session consisted of 2
talks—one by Quantinuum and one by NeverLocal, both of them Platinum sponsors.

The QPL 2025 conference featured an award for Best Student Paper. Papers eligible for the award
were those in which all the authors were students at the time of submission. The PC decided to award
the Best Student Paper award for QPL 2025 to Vivien Vandaele (Eviden Quantum Lab and Université de
Lorraine, CNRS, Inria, LORIA) for his paper “Lower T-count with faster algorithms”.

The official website of the conference is https://qpl2025.github.io| and it contains a lot of
relevant information about QPL 2025.

The Program Committee consisted of 56 members: Alastair Abbott, Pablo Arrighi, Miriam Back-
ens, Rui Soares Barbosa, Amin Baumeler, Jessica Bavaresco, Alessandro Bisio, Robert Booth, Cyril
Branciard, Titouan Carette, Ulysse Chabaud, Giulio Chiribella, Bob Coecke, Marcelo Terra Cunha,
Alejandro Diaz-Caro, Ross Duncan, Pierre-Emmanuel Emeriau, Flaminia Giacomini, Stefano Gogioso,
Matty Hoban, Emmanuel Jeandel, Anna Jencov4, Robin Kaarsgaard, Martti Karvonen, Kohei Kishida,
Aleks Kissinger, Ravi Kunjwal, Robin Lorenz, Glaucia Murta, Nuriya Nurgalieva, Ognyan Oreshkov,
Anna Pearson, Simon Perdrix, Nicola Pinzani, Robert Rand, Neil Ross, Mehrnoosh Sadrzadeh, Ana
Belén Sainz, Nitica Sakharwade, Carlo Maria Scandolo, John Selby, Peter Selinger, Sonja Smets, Pawel
Sobocinski, Isar Stubbe, Benoit Valiron, Augustin Vanrietvelde, Vilasini Venkatesh, Renaud Vilmart,
Juliana Kaizer Vizzotto, Quanlong Wang, Julian Wechs, Mirjam Weilenmann, John van de Wetering,
Alexander Wilce, and Margherita Zorzi.

The Organising Committee consisted of six members: James Hefford, Timothée Hoffreumon, Ognyan
Oreshkov (Chair), Eleftherios-Ermis Tselentis, Zixiuan Liu, and Vladimir Zamdzhiev. The conference
also had a dedicated Safety and Inclusion Team overseeing the Code of Conduct, which consisted of
Ravi Kunjwal, Ana Belén Sainz, and Eleftherios-Ermis Tselentis.

The QPL Steering Committee consisted of Bob Coecke, Ana Belén Sainz, and Peter Selinger.

We wish to thank all the members of the PC for their work in selecting the program of QPL 2025.
We also thank all external subreviewers for their help and the authors for their submissions to QPL 2025.
We are grateful to the EPTCS team for their help in preparing the proceedings of the conference. Finally,
we thank the QPL Steering Committee for their support and all the people who have contributed to the
success of QPL 2025.

QPL 2025 received financial support from Quantinuum and NeverLocal, and administrative support
from the Université libre de Bruxelles.

July 2025,

Alejandro Diaz-Caro
Ognyan Oreshkov
Ana Belén Sainz
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Proto-Quipper with Reversing and Control

Peng Fu Kohei Kishida
University of South Carolina, USA University of Illinois Urbana-Champaign, USA
Neil J. Ross Peter Selinger

Dalhousie University, Canada

The quantum programming language Quipper supports circuit operations such as reversing and con-
trolling certain quantum circuits. Additionally, Quipper provides a function called with-computed,
which can be used to program circuits of the form g; f; g". The latter is a common pattern in quantum
circuit design. One benefit of using with-computed, as opposed to constructing the circuit g; f;g" di-
rectly from g, f, and g7, is that it facilitates an important optimization. Namely, if the resulting circuit
is later controlled, only f needs to be controlled; the circuits g and g* need not even be controllable.

In this paper, we formalize a semantics for reversible and controllable circuits, using a dagger
symmetric monoidal category R to interpret reversible circuits, and a new notion we call a control-
lable category N, which encompasses the control and with-computed operations in Quipper. We
extend the language Proto-Quipper with reversing, control and the with-computed operation. Since
not all circuits are reversible and/or controllable, we use a type system with modalities to track re-
versibility and controllability. This generalizes the modality of Fu-Kishida-Ross-Selinger 2023. We
give an abstract categorical semantics, and show that the type system and operational semantics are
sound with respect to this semantics.

1 Introduction

The goal of this paper is to devise a strongly typed, functional programming language that can formally
treat the quantum operations of reversing and control. Many quantum algorithms take essential advantage
of reversing, control, and their associated operation “with-computed”. At the same time, some opera-
tions, such as state preparations and measurements, can make circuits irreversible or uncontrollable. It
is therefore desirable to equip quantum programming languages with a type system that can prevent the
user from trying to reverse the irreversible or to control the uncontrollable. In this paper, we incorporate
reversing, control, and with-computed into the language Proto-Quipper.

Proto-Quipper is a family of programming languages that aims to provide a formal syntax and se-
mantics for various features of the embedded quantum programming language Quipper [12} [13]. Like
Quipper, Proto-Quipper is a quantum circuit description language. When a Proto-Quipper program is
run, it outputs a quantum circuit; this generated circuit can later be executed on a quantum computer.
We refer to these two runtimes as “circuit generation time” and “circuit execution time”, respectively.
There are various errors that programmers can introduce by attempting the impossible—e.g., to duplicate
linear data, to apply circuit operations to a program that is not a circuit, etc.—but since Proto-Quipper
is strongly typed, it can catch such errors at compile time, rather than at circuit generation time or cir-
cuit execution time. Previous research on Proto-Quipper includes providing a syntax and semantics for
circuit boxing [19, 20], supporting recursion [17]], combining linear types and dependent types [6} [10],
and incorporating dynamic lifting [3, (78 [16]]. This paper defines a new variant Proto-Quipper-C, which
extends the type system of Proto-Quipper with reversibility and controllability.
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2 Proto-Quipper with Reversing and Control

1.1 Reversing, control, and with-computed

In Quipper, the controlled function inputs a circuit and returns the controlled version of the circuit.
The reverse function inputs a circuit and returns its adjoint. The program (with_computed g f) first
performs a circuit g, then a circuit f, and finally the adjoint of g.

f g'l' -

The with-computed circuit pattern is very common in quantum computing. For example, Bennett’s
method for constructing reversible classical circuits [[1]] uses this pattern to initialize ancillary qubits
and uncompute them; and the quantum Fourier transform (QFT) addition [4] conjugates a series of
controlled rotation gates by the QFT. This pattern is used so often that Quipper implements the following
optimization: when controlling a quantum circuit g; f;g' generated by the with-computed function, it
suffices to control the circuit f.

In fact, the circuits g and g" need not even be controllable. Thus the left hand side of the above circuit
identity is more general than the right hand side. It is also more efficient, since it uses a smaller number
of controlled gates. Note that in quantum computing, a controlled gate may require substantially more
resources than the non-controlled version. For example, a common way of measuring resources is the
T-count, i.e., the number of T-gates required to implement a gate. While a T'-gate itself has T-count 1, a
controlled 7-gate has a T-count of at least 5.

1.2 Modalities for reversing and control

In Quipper, controlling an uncontrollable circuit or reversing a non-reversible circuit will give rise to
runtime errors. We want to incorporate reversing and control in Proto-Quipper in such a way that erro-
neously controlling or reversing a circuit is detected as a typing error at compile time. We achieve this
by introducing a notion of modality o € {0,1,2}. Here, the modality 2 is associated with circuits that
are both controllable and reversible, for example a Hadamard gate. The modality 1 is associated with
circuits that are reversible but not controllable, for example an initialization gate. (Recall that “reversing”
means taking the adjoint of a circuit, not necessarily the inverse. For a more detailed discussion of this
circuit model, see [13|, Sec. 4.2].) The modality O is associated with circuits that are neither controllable
nor reversible, for example a measurement gate. Note that because all controllable quantum gates are
unitary and therefore reversible, we do not include a modality for circuits that are controllable but not
reversible.

We can use modalities to annotate the type of a circuit. E.g., the values of the type Circy(S,U)
are circuits with input type S, output type U and a modality annotation . One important feature of
modalities is that they are composable. Suppose we want to compose a circuit Cirey (S,U) with a circuit
Circg (U, S'). The resulting circuit will have type Circy,g(S,S’), where a A 8 = min(ce, B). This means
that as long as we know the modalities for the basic gate sets, we can devise a type system to track
the modalities of the circuits constructed from basic gates. Moreover, the reversing, control, and with-
computed operations can be given the following types:
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controlg : Circ,(U,U) — Cirey(SQU,S®U).
reverse : Circy(U,S) — Cirey(S,U), where o > 0.
withComputed : Cirey(U,S) x Cire(S,S) — Cire,(U,U), where a > 0.

Note that withComputed requires its first argument to be at least reversible, and the resulting circuit is
again controllable.

Our modal type system makes it possible to detect errors, like controlling an uncontrollable circuit,
at compile time. In a practical implementation (such as the one available from [3]), it is moreover
possible for the type checker to automatically infer modalities, so that the programmer does not need to
explicitly specify them in the source code. See Appendix [A] for some sample code from our prototype
implementation.

1.3 Related work

The reverse, control and with-computed operations originally appeared in Quipper [[13]], but were lacking
a formal semantics. In our work on Proto-Quipper [7, 8], we gave type systems with modalities for a
feature called dynamic lifting, but not for reversing and control.

Many practical quantum programming languages, such as Qiskit and Cirq also include the concepts
of reversibility and controllability. However, since these languages are imperative, errors of reversibil-
ity or controllability are treated as runtime exceptions [11} [15]. The functional quantum programming
language QWire [18] supports circuit reversal, but not the control and with-computed operations. The
language Silq [2] has type annotations gfree and mfree, which denote classical functions and functions
that do not use measurement, respectively. Silq’s core language supports reversing, and the control oper-
ation is supported by an if-then-else construct. The main difference between Silq and Proto-Quipper is
that Silq is not a circuit description language and does not have a notion of boxed circuits.

We are only aware of one language besides Quipper that has a with-computed operation, namely
ProjectQ [14} 23]. However, ProjectQ is not a strongly-typed language.

1.4 Contributions

In this paper, we formalize a notion of controllable category. We extend the Proto-Quipper type system
of [8] with modalities for reversing and control and define an operational semantics. We provide safety
properties that guarantee that a well-typed program is free of run-time errors. We also give an axiomati-
zation of an abstract categorical model of Proto-Quipper with reversing, control, and the with-computed
operation, and show that the operational semantics is sound for it.

2 Controlling a permutation circuit

In Proto-Quipper, there are two ways to represent the swap operation. One way is by permuting the
logical order of the circuit outputs without using any gates, as in the following diagram.

input ] =x ———— x = output 2

input2=y ——— y=output 1 M
The above circuit is generated by the following Proto-Quipper program.

f : !'(Qubit * Qubit -> Qubit * Qubit)
f input = let (x, y) = input in (y, x)
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The other way is by using an explicit swap gate, as in the following diagram.
input 1 =x x—— y = output 1

2

input2 =y — X = output 2
The corresponding Proto-Quipper program is the following.
g : !'(Qubit * Qubit -> Qubit * Qubit)
g input = let (x, y) = input in Swap x y
These circuits are semantically equivalent: each of them sends (x,y) to (y,x). However, care must be
taken when controlling these circuits, since controlling them naively may produce the following non-
equivalent circuits.

(a) control=¢c —— ¢ (b) control=¢c —e—— ¢
input ] =x ———— x = output 2 input 1 =x x—— y=output 1 3)
input2 =y ——  y=output 1 input2 =y — X = output 2

While the second circuit is correct, the first one is not. Indeed, the first circuit will send input 1
to output 2 independently of the state of the control qubit. This is not the correct behavior, since the
swapping should only take place when the control qubit is in the state |1). When the control qubit is in
the state |0), the functions f and g should both behave like the identity function on Qubit * Qubit.

Therefore, the programming language must be aware not only of the circuit, but also of the implicit
permutation of any qubits performed in the language. If such an operation is controlled, explicit swap
gates must sometimes be inserted. Proto-Quipper-C does this correctly, whereas the original Quipper
implementation did not. In Proto-Quipper-C, controlling circuit (I)) and circuit (2) both result in (3)(b),

not (3)(a).

3 A formal model of reversing, control and with-computed

Before we can define a programming language for building quantum circuits, we must specify what
a quantum circuit is. However, there exist many different classes of circuits; for example, they differ
by what data they can manipulate (only qubits, or also classical bits, and/or more exotic objects like
qutrits), what the built-in gates are (for example, the Clifford+7 gate set, Toffoli+Hadamard, rotations by
arbitrary angles), whether or not qubit initialization and termination is supported, whether measurement
is considered as a gate, and so on. Therefore, rather than tailoring our programming language to a specific
class of circuits, we make both the language and its operational and denotational semantics parametric
on a given class of circuits. This is analogous to making a classical programming language parametric
on some signature of built-in operations. For us, quantum circuits are abstractly given as the morphisms
of monoidal categories with certain properties, which we now specify.

We start from a given symmetric monoidal category M. In practice, the objects of M are typically
generated from wire types such as Bit and Qubit, and the morphisms are quantum circuits generated
from a finite set of gates. In the following, we define what we mean by a reversible subcategory of
M. Recall that a dagger symmetric monoidal category is a symmetric monoidal category equipped with
a contravariant, identity-on-objects, involutive functor such that for all morphism f : A — B, we have
fT:B — A. Moreover, the dagger functor is required to be compatible with the symmetric monoidal
structure [21]].

Definition 3.1. By a reversible subcategory of M, we mean a dagger symmetric monoidal category
R, together with an identity-on-objects, faithful, symmetric (strong) monoidal functor / : R — M. We
usually regard I as an inclusion functor, i.e., we regard R as a subcategory of M.
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A morphism f of R is called unitary if fo f7 =id and f'o f = id. Note that we do not require all
morphisms of R to be unitary. Thus, our notion of reversible morphism means a morphism that has an
adjoint, not necessarily an inverse. The dagger functor provides a semantics for the operation of reversing
a quantum circuit.

In order to capture the notion of control and with-computed, we define a notion of controllable
category N. To motivate the following definition, we should first clarify some use cases. The most
common example of control from quantum computing is the control usually represented by a black dot
“e”. This kind of control “fires” the gate if the control qubit is in state |1), and acts as the identity
otherwise. There are also other ways of controlling a qubit; for example, the white dot “o” fires if the
control qubit is in state |0). A more general kind of control in quantum computing is as follows: Let V,W
be Hilbert spaces, let K be a subspace of V, and let G : W — W be a gate. We define the K-controlled
gate ctrlg(G) : VW = VW by ctrlg(G)(v@w) =v@ G(w) if v € K and ctrlg (G)(v@w) =vew
if v € K+, extended to all other states by linearity. Note that this general notion of control not only
encompasses the black and white dot, but also many other kinds; for example, it is possible to control
a gate on the state |+), to control on multiple qubits and/or classical bits, in which case the subspace K
may or may not be 1-dimensional. Even the trivial control is possible, namely when K = V; in this case
the gate always “fires”.

Working in an abstract monoidal category, we will not talk about subspaces and their orthogonal
complements. Instead, we consider a monoid C of controls, regarded as a discrete monoidal category,
together with a monoidal functor F : C — N. We write K for F(K). The idea is that each K € C specifies
a kind of control on the object K € N.

Definition 3.2. Let R be a dagger symmetric monoidal category. By a controllable category of R,
we mean a dagger symmetric monoidal category N with the same objects as R, and equipped with the
following structure:

(a) Forall A,B €N, a function —e—: R(B,A) x N(A,A) — N(B, B) (also denoted by withComputed)
such that:
ideh=nh
(81:82)*h=g1°(g2%h).
(g1®g2) s (h1 ®hy) = (g19M) ® (g22h2)
(geh)" =gen'

(b) A discrete monoidal category C of controls, together with a monoidal functor mapping K € C to
KeN.

(c) Forall A € N and K € C, a function ctrlg : N(A,A) — N(K ® A,K ® A) such that the following
hold:

ctrlg (ldA ) = idK@A

ctrl(h)
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ctrIA@B(h)

(A®B)®C (A®B)®C

F F

ctrly(ctrlp(h))

A®(B®C) A®(B®C),
(A©B)@C s (A©B)&C
(BoA)®C roa® (BoA)&C.

(d) An identity-on-objects, strict dagger symmetric monoidal functor G : N — R such that
G(g+h) = g:G(h):g"

Remarks.

* The functor G gives an intended interpretation for the with-computed function. It captures the
common quantum computation pattern g; ;g .

 The functor G preserves the equalities of condition @) For example, G(id h) = id; G(h);id" =
G(h). Note that we do not require g+idy = idp, because this would imply g;g" = g;ids;g" =
G(ge+ids) = G(idg) = idp, which is not an assumption we make for R. For similar reasons, we do
not require g (hy;hy) = (goh1);(geha).

To illustrate how the above notions are applicable to quantum computing, we can consider a “stan-
dard model” of these axioms, parameterized by a class of quantum circuits. Suppose the circuits are
generated by some types of wires (for example, Qubit and Bit) and some set of gates. Suppose that
some distinguished subset of the gates are reversible, and a further subset of these are controllable. Also
suppose that the class of circuits is equipped with some primitive control gadgets, for example, a black-
dot and a white-dot control on qubits, and that for each gate, all of its controlled versions are also gates.
The category M consists of all circuits, arranged into a symmetric monoidal category (the symmetric
monoidal structure permits the crossing of wires, but such crossings are not considered to be gates).
Let R be the subcategory of circuits that are made from reversible gates. Finally, the structure of N
is somewhat interesting. The morphisms of N are circuits made from gates of two colors, say red and
green. Each red gate is reversible and each green gate is controllable (and in particular, each control-
lable gate comes in two different colors). All morphisms in N are reversible, and reversing does not
change color. The objects of the monoidal category C are sequences of control gadgets, for example
e o0, and e 0o = Qubit ® Qubit ® Qubit. The control function adds controls to the green gates. The
with-computed function takes any morphism g of R and any morphism f of N, and produces g; f; g,
where g and g" have been colored red. The functor G is the forgetful functor that forgets the colors.

4 A type system for reversing, control and with-computed

In this section, we define the syntax and type system of Proto-Quipper-C, a version of Proto-Quipper
with support for reversing, control and with-computed. We assume that we are given three fixed small
categories M, R, and N as specified in the previous section. The type system and (in later sections) the
operational semantics and categorical semantics are all parameterized by this choice.
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Modalities o, = 2]|/1]0

Types A,B == Unit|W |Bool|!qA|A—yB
| Circy(S,U) |A®B

Parameter Types ~ P,R == Unit|Bool | !4A | Circy(S,U) | P®R

Simple Types S,U = Unit|W|S@U

Terms M,N == cl|x|{|unit|Ax.M|MN|(M,N)|let (x,y)=NinM
| lift M | forceM

| ‘circ(S,C,U) | apply(M,N) | boxyM
| reverseM | controlgM | withComputed M N

Simple Terms a,b £ unit| (a,b)
Contexts r = -|x:AT|L:W,T
Parameter contexts @ = |x:P®.
Label Contexts ) = -|L:WXE
Values v m= c|x|L]unit] Ax.M | (V,V')]|lift M | circ(S,C,U)
Circuits C¢,D < N(SLLIUD | R(SLIUD) | M([S], [U])
Figure 1: The syntax of Proto-Quipper-C
4.1 Syntax

The syntax of Proto-Quipper-C is shown in Figure[l] It is similar to the one specified in [8]], except for
the highlighted terms and types.

Simple types. The letter W ranges over a set of wire types, which in typical applications will be types
that represent a single wire in a circuit, such as Qubit and Bit. Each wire type represents a particular
object of the category M, and tensors of wire types are called simple types. We write [S] to denote the
object corresponding to S in the category M, N, or R (note that they all have the same objects).

Labels. We also assume that £ ranges over a set of labels, which are distinct from variables and are
used as pointers to places in a circuit where a gate can be attached. Unlike variables, labels cannot be
substituted, and they can only have wire types. A simple term is essentially a tuple of labels. We call
a typing context that contains only labels a label context (denoted by X). If X =¢; : Wy,... ¢, : W, we
write [X] for the object corresponding to £ in M, N, or R, i.e., [W] ®...® [W,].

Parameter types. A certain subset of the types are called parameter types. These are the types whose
values can be freely duplicated and discarded, whereas values of simple types are resources. Also, the
values of parameter types are computed at circuit generation time, whereas the values of simple types
are merely tuples of labels, which are placeholders for values that will be computed at circuit execution
time. A typing context that contains only parameter types is a parameter context (denoted by ®). We have
included Bool as a typical example of a parameter type, but in a real language, one would of course have
many more such types (such as Nat, Int, sum types, etc.) For space reasons, we omit a comprehensive
treatment of sum types, including booleans.

Terms. As usual, x ranges over a set of variables. The symbol c is used for constant symbols of the
language, such as True and False for the type Bool, as well as other appropriate constants. The terms of
the lambda calculus are fairly standard. Lift and force are from linear lambda calculus, and are used to
construct and deconstruct a term of type !qA. We will discuss the rest of the terms later.

Modalities. The symbols ¢ and 8 range over modalities, which we take to be numbers in the lattice
2> 1> 0. Here, o = 2 indicates that a circuit is reversible and controllable; &¢ = 1 indicates that a circuit
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P x:Alyx:A var Sl Why (W label ® - unit : Unit unit
Ix:AFqgM:B Do M:A—pB ®IoFg, N:A
lambda app
F}—g Ax.M:A —OaB ‘-I)7F1,F2 l_al/\az/\ﬁ MN : B
Do M:A ) DIl M:A PIoF, N:B |
e lift pair
D liftM 2 14A (IJ,Fl,FQI—al/\az (M7N)ZA®B
ChgM: 1A DI, x:Ay:BFgyM:C P Iy, N:A®B
force let

['Fgnp force M- A D, I',Is Fgna, let (x,y) =NinM:C

C € D*([S],[U]) @,y b M: Cirey(S,U) @,T,F5N:S
: , circ apply
® I, circ(S,C,U) : Circy(S,U) ®,T',T2 Foppny apply(M,N) : U
Tk M: (S —oyU) ['tq M : Cirey(S,S)
box ctrl

"¢ boxs M : Cireg,,(S,U) I' ¢ controlgM : Cire)(K® S, K® S)

®,T| b M: Cire,(U,S) 7>0
Tho M: Cire,(S,U) 7> 0 ®,T5 5 N : Cires (S, S)
T reverseM : Cire,(U,S)  ®T4,T3 g withComputed M N : Circ, (U, U)

wc

Figure 2: The typing rules

is reversible but not necessarily controllable, and & = O indicates a general circuit that may be neither
reversible nor controllable. The modality in the type !4A means that when its value is forced, it may
append a gate that has modality o to the then-current circuit. Similarly, the modality in the type A —oy B
indicates that when its value is applied to an argument, it may append a gate that has modality «.

Circuits. Since Proto-Quipper-C is a circuit description language, we must have some terms in the
language that represent circuits. We write such terms as circ(S,C,U), where C : [S] — [U] is a morphism
in the appropriate circuit category M, R, or N. Note that in this context, category theory is used not as a
denotational semantics (that will be done in Section|[6), but as part of the syntax of the language. This is
effectively the same as adding a constant symbol for every possible circuit. We write Cirey (S,U) for the
type of quantum circuits with inputs S and outputs U (which are simple types), subject to the modality
« as described above. The terms apply and box are used for constructing and deconstructing circuits;
they will be explained in more detail in the section on the operational semantics. We include the terms
reverse M, controlgM, and withComputed M N for reversing, control and the with-computed operation.
The subscript K ranges over the objects of the category C which is part of the given structure of the
control category N. We moreover assume that K is a simple type (rather than just an arbitrary object).

In a practical implementation, programmers will not usually write values of the form circ(S,C,U)
directly. Instead, basic quantum gates such as the Hadamard gate will usually be predefined in a library,
and users will write programs to combine these into larger circuits.

4.2 Typing rules

The typing rules are shown in Figure[2| Typing judgments are of the form I"'t-y, M : A. Here, the modality
« asserts that during the evaluation of the term M, gates of modality o may be appended to the current



P. Fu, K. Kishida, N.J. Ross & P. Selinger 9

circuit. Recall that we write & A B to denote the greatest lower bound, or min(ot, ). To facilitate the
statement of the typing rules, we treat the contexts as unordered lists.

Except for the modalities, the typing rules are similar to the ones in [8]. We make the following
observations about the modalities. Since a value cannot append any gates, it does not change the current
circuit state. Therefore values always have modality 2, i.e., ', V : A. The lambda and lift rules store the
modality o of M in the respective types A —oy B and !4A. Similarly, in the typing rule box, the modalities
B, v jointly determine the modality of the circuit type. Conversely, in the rules app, force, and apply, the
modality in the types A —oq B, !¢A, and Cire,(S,U) affects the modality of the current term. In the rule
circ, we write D* to mean M if @ = 0, and R if o = 1, and N if & = 2. The rev rule requires the circuit
to be reversible, i.e., ¥ must be at least 1. Similarly, the rule ctrl requires a controllable circuit, i.e.,
modality 2. It also requires the circuit to have matching input and output types, i.e., Circ,(S,S) rather
than Circ,(S,U). Finally, the typing rule for with-computed requires the term N to be a controllable
circuit, whereas the term M only needs to be reversible. The resulting term withComputed M N is again
a controllable circuit.

S Operational semantics

In this section, we give an operational semantics of our language. We follow the usual paradigm of
keeping type checking separate from evaluation, i.e., after type checking succeeds, the evaluation is done
on untyped terms. Accordingly, in Section [5.1] we provide evaluation rules for untyped terms (which
could potentially lead to run-time errors). In Section [5.2] we prove that well-typed terms do not cause
runtime errors.

5.1 Evaluation rules

In this section, we will define a big-step, call-by-value operational semantics for Proto-Quipper-C. Like
the syntax and the type system, the operational semantics is parameterized by the triple of categories M,
R, and N. The operational semantics is defined in Figure (3| It is defined on configurations that are triples
(C,X,M), where M is a term, X is a label context, and C : X — [X] is a morphism in M, R or N. We call
the pair (C,X) the circuit state of the configuration. The evaluation of a closed program M begins with
the empty circuit state, i.e., (id;,0).

The app, force, let and pair rules are standard. They do not directly modify the underlying circuit
state.

The box and apply rules use some notations that warrant explaining. If X is a label context, a a simple
term, and S a simple type, we write X - a : S instead of £ -, a : S. In this case, X and S determine each
other uniquely given a. We write ungen(a,X) for the unique S such that X - a : S. Conversely, we write
gen(S) = (a,X) to indicate the generation of a fresh simple term a and a corresponding label context £
such that £ - a : S. There is an obvious interpretation [a] : [£] — [S] as an isomorphism in M, R, or N.

In the box rule, the codomain of D is [X”'] and by the definition of ungen, we have X"/ - b : U. Then

[S] 2, £ b, [U] is a morphism in M, R or N.

In the rev and ctrl rules, the morphism D is reversed/controlled using the reverse/control function
from the category it belongs to. If D is not a morphism in R or N, respectively, then it will cause a
runtime error. The type preservation property (Theorem [5.2) will ensure that there are no such runtime
errors. In the wc rule, we again abuse the notation; if D1 € N, we apply the functor G : N — R before the

[I3%L)

*” operation. It is a runtime error if D; € M or D, ¢ N.
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(C17217M) U’ (C2722>A’x'M/)

(C2,%5,N) | (G5,%3,V) (C,Z,M) || (C,2', lift M')
(C3,%3, [V /x]M') |} (C4,%4,V") (M) | (c" 2" V)
app force
(C1,Z1,MN) |} (C4,24,V") (C,Z,force M) || (C",X",V)
(C727N)‘U(C/72/7(V17V2)) (C7Z7M)‘1L(C,7Z/7Vl)
e

(C,Zlet (x,y) = N in M) I} (C",2",V) (C.Z,(M,N)) I (C". 5" (V1, V)

(C.2,M) | (C", X', lift M") (C1,Z1,M) | (C3, X, circ(S,D,U))
gen(S) = (a,X") (C3,X3,N) | (C3,23,0)
([a], 2", M" a) |} (D,X",b) gen(U) = (b,X)
ungen(b, X"y =U (C',xY) = append(C3,X3,a,D,b,X) ,
b
(C.Z.boxs M) | (C',¥cire(S,[5] o D, U)) (C1.Erapply(M.N) 4 (€ X))
(C,5.M) I (C',¥ circ(S,D,U)) (C,=,M) | (C', ¥/ circ(S,D,U))

rev trl
(C,Z,reverseM) | (C',¥/ circ(U,D",$)) (C,X,controlgM) || (C', X/ circ(K®S,ctrlgD,K®S)) “r

(C, Y, M) |} (C", Y circ(S,D,U))
(C,Z,N) | (C', Y ,circ(U,Dy,U))
(C,Z,withComputed M N) |} (C", X" circ(S,Dy ¢ D5, S))

wc

Figure 3: The operational semantics

In the apply rule, by the definition of configurations, we have Cs : X — [X3], for some object X. We
also have D : [S] — [U]. Moreover, gen(U) = (b,X) implies that X b : U and [b] : [X] — [U]. Let X}
be the unique label context such that £/ - a : S. We assert that X3 can be written in the form X3 = X, X% (it
is a runtime error if the assertion fails). We have [a] : [Z}] — [S]. Note that ([6]" o Do [a]) : [Z5] — [Z].
Let Y =X X/, and let C" : X — [X] be the following composition:

C'=x &[] 5 [0 5] YV gy S gy = ¢ [P ool |

We write (C',X) = append(Cs,Xs3,a,D,b,X) for this operation. With a slight abuse of notation, this
composition is always possible, even when the morphisms belong to different categories. For example,
if D € R and C3 € M, we can apply the functor / : R — M to D before the composition.

Example. Since the evaluation rules of Figure [3|are a bit complex, we give an example illustrating their
use. Consider the configuration

(idy, 0, boxglift(Ax.let(a;,ay) = x in apply(circ(S,CNOT,S), (az,a1)))),

where S = Qubit ® Qubit and CNOT : Qubit ® Qubit — Qubit ® Qubit is a morphism in N. Using
the box rule, we first call gen(S), which returns a pair of fresh labels (¢,¢,) and the label context
Y =/, : Qubit, /; : Qubit. Next, using the rules app and let, we evaluate

([(1, )], Z, (Ax.Jet(ay,az) = x in apply(circ(S,CNOT,S), (az,a1)))) (41,£2))
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to
(([(£1,6)]", Z, apply(circ(S,CNOT,S), (£2,41))).

Then by the apply rule, it is evaluated to

([(¢3,£4)] 0o CNOT o [(£, £1) o [(€1,2)]", &', (€3,44)),

where gen(S) returns fresh labels (¢3,¢4) and the label context ¥’ = /3 : Qubit, ¢4 : Qubit. Therefore,
continuing with the box rule, we obtain

(idy, 0, circ(S,[(£3,44)] o [(£3,44)] 0 CNOT o [(£2,£1)] o [(£1,£62)]T,S).

Note that [(¢3,£4)] o [(¢3,44)]" = ids and [(¢2,41)] o [(¢1,£2)]T = ¥ : Qubit ® Qubit — Qubit® Qubit,
where the morphism y comes from the symmetric monoidal structure on N. Thus, the final configuration
is

(idy, 0, circ(S,CNOT 07,S)).

Note that the effect of the morphism 7 is to switch two wires without inserting an explicit swap gate (it is,
for example, the same as the interpretation of the function £ in Section[2)). If we later control the circuit
circ(S,CNOT 07,S), this morphism y will be replaced by a controlled swap gate, just like circuit (b) in
Section 2

5.2 Type preservation

In order to formulate type preservation, we first define a notion of well-typed configuration.

Definition 5.1 (Well-typed configuration). We define a well-typed configuration S ¢ (C,X,M) : A;X' to
mean: There exist B, 7, £ such that C € D ([S],[Z]), Z = (Z",X'), X" Fy M :Aand e = B A Y.
Theorem 5.2 (Type preservation). Suppose St (C1,21,M) : A;X and (C,X1,M) || (C2,X2,V). Then
Stq (C2,%,,V) A Y.

Proof. The proof is by induction on the derivation of (Cy,X;,M) |} (C2,Z,,V). O

6 A categorical semantics for reversing and control

6.1 The abstract model

As before, we assume that the categories M, R, and N are given. These three categories lack the necessary
structures to interpret a programming language. Instead, we will interpret the typing rules in a category
A, whose structure we now describe.

Definition 6.1. A category A is a model for Proto-Quipper-C if it has the following structure.
(a) A is symmetric monoidal closed. We write € : (A — B) ® A — B for the application map.
(b) A has coproducts. Note that the tensor distributes over coproducts, because — ® A is a left adjoint.
(¢) There is an adjunction p b : Set — A where p is a strong monoidal functor.

(d) A isequipped with idempotent commutative strong monads Ty and 7} such that To77 = Ty = T1 Tp.
More specifically, we require the natural maps ngp : ToB — T1ToB and Tonp : ToB — ToTiB to be
isomorphisms. By idempotent monad we mean that ug : T>B — TB is an isomorphism. We write
s : TA® B — T (A ® B) for the strength.
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(e) There are full and faithful embeddings N < A , R — Klr,(A), and M — Kl7,(A). These embed-
ding functors are strong monoidal. Moreover, the following diagram commutes for all S,U € M.

N(S,U) ——— A(S,U)
e LE
R(S,U) —— Klz, (A)(S,U)
o L
M(S,U) — Klg, (A)(S,U),

where E and L are the canonical identity-on-objects functors. Specifically, for any f € A(A,B),

we have E(f) =n"' o f € KIr,(A)(A,B), and for any f : A — T\B € KI,(A), we have L(f) = A ER
18 % 1yr8 ™ 1y,

All models of Proto-Quipper support conditions (a)-(c). Because p : Set — A is a left adjoint and
is strong monoidal, we can deduce that p(X) = p(Y,ex 1) = Yiex P(1) 2 Y ex I. Due to the adjunction
p b, we also have Set(X ,bB) = A(p(X),B) 2 A(Yrex I, B) =[lex A(1,B) = Set(X,A(I,B)). Therefore
by Yoneda’s principle, we have b(B) = A(I,B).

For convenience, we define 7> = id to be the identity monad on A. Then in condition (d)), the monads
Ty, T1, and 7> represent (via their Kleisli categories) general circuits, reversible circuits, and controllable
circuits, respectively. Recall that we write D* for the categories M, R, and N when a =0, 1, and
2, respectively. Condition (E]) ensures that morphisms of simple types in the Kleisli category Klr, (A)
correspond to morphisms in D%,

For any S,U € obj(M), the maps unbox and box are defined by

unbox : DB (S,U) = A(S,TgU) =2 A(1,S — T3U) = b(S —o TpU).
box : bTy (S —o TU) = Set(1,bTy (S —o TgU)) =5 A(I, Tu(S —o TgU)) 5 A(S, Ty pU) = DEB(S,U).
Here, k: A(I,To (S — TgU)) — A(S, Ty ngU) is given by
A(LTo(S — TgU)) = A(1,S —o Ty TgU) — A(1,S —o TyppgU) — A(S, TyrpU),

where the first map comes from the strength. Note that box is the inverse of unbox when o = 2.

Given M, R and N, one can construct a concrete category A satisfying the require properties, using
a generalization of our earlier work on biset enrichment [8]]. For space reasons, we did not include the
construction here, but it can be found in the longer (and slightly outdated) version of this paper at [9]].

6.2 Interpretation

We will interpret the typing rules in the category A. The following is the interpretation for types.

[Qubit] = Qubit
[A®B] = [A]®[B]
[Cirea(S,U)] = pD*([S],[U])
['aA] = pbTy[A]

[A —oq B] = [A] — Tu[B]

We interpret a typing context I" as the tensor of all of its objects (denoted by [I']). Each valid typing
judgment I' - M : A will be interpreted as a morphism [M] : [I'] — Tx[A] in A. The interpretation is
defined by induction on the typing rules. See Appendix [B|for the details.
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6.3 Soundness of operational semantics

We now prove that the operational semantics is sound with respect to the categorical model A. To do so,
we first interpret a well-typed configuration as a morphism in A.

Definition 6.2. Suppose S, (C,Z,M) : A;X is a well-typed configuration, with C € DF([S], [Z]),
=X"Y), 2y M:Aand o = B Ay. We define [(C,Z,M)] : [S] — To([A] ® [E]) as follows:

T3 (IM]S[E])
— 1Ip

81 = Tp(I2]) = Tp([2"]  [£]) (LAl @ [Z]) — Ta([A] ® [Z]),

where the last step uses the strength and the natural isomorphism 757y = T

Theorem 6.3 (Soundness of the evaluation). If Sty (C, X, M) : A;Y and (C,£,M) |} (C',X',V), then
[[(C’ZvM)]] = [[(Clvz‘/’v)]]'

Proof. See Appendix [C] O

We remark that our semantics also satisfies computational adequacy, but in our setting, it is a trivial
consequence of soundness. This is because if V is a value of type Cire(S,U), then V is by definition
a circuit, i.e., a morphism of the appropriate category M, R, or N. Its semantics is essentially itself. It
immediately follows that [V] = [V'] implies V = V’. Since our language is also terminating, adequacy
for any closed term of type Cire(S,U) then follows from soundness.

7 Conclusion

In this paper, we showed how to extend Proto-Quipper with reversing, control, and the with-computed
operation. Our language is parameterized by three categories M, R, and N, which correspond to general
quantum circuits, reversible circuits, and controllable circuits, respectively. We defined a type system
that uses modalities to distinguish the different types of circuits. We provided an operational and a
denotational semantics for the language; the latter takes the form of an abstract categorical model in
which our modalities are represented by monads. We proved that the operational semantics is sound with
respect to the categorical model.

There are many possible directions for future work. For example, in this paper, we only considered
the modalities of reversibility and controllability. But it seems that our construction of the type system
and its categorical semantics would easily generalize from a three element set to an arbitrary poset of
modalities. Introducing additional modalities might be useful for characterizing additional properties of
gates. Although we have made a prototype implementation that includes a type inference algorithm, we
did not formally study its properties. Another challenge for future work is to combine modalities with
dependent types. Although our software implementation does support both modalities and dependent
types, we have not considered a formal semantics for combining them.
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16 Proto-Quipper with Reversing and Control

A Controlling a CCZ gate

Here, we give a basic example of using control and with-computed in the prototype implementation of
Proto-Quipper from [5]. It is well-known that a CCZ gate can be implemented by 7 T-gates with T-depth
one [22]. See the following circuit.

o
o

2222

[S)

& &

HEEEEEE

We can define the above circuit in Proto-Quipper, using its withComputed operator.

my_ccz : Circ(Qubit * Qubit * Qubit, Qubit * Qubit * Qubit)
my_ccz = withComputed box_cnot_circuit box_parallel_T

The function box_parallel_T generates the 7 parallel T gates in the middle of the circuit and the
function box_cnot_circuit generates the initialization gates and the cnot circuits before the parallel T
gates. Their definitions are available in examples/CCZ.dpq in [5].

We can use Proto-Quipper’s control operator to add an an extra control to the CCZ circuit.

ctrl_ccz : Circ(Qubit * (Qubit * Qubit * Qubit), Qubit * (Qubit * Qubit * Qubit))
ctrl_ccz = control my_ccz

This generates the following circuit. We can see that only the T-gates in the middle are controlled.

L=

{1
okl

[
[3H4

=)
S

o

S

o
_‘j
o

If instead, we program the CCZ circuit without using the withComputed operation, we will get an
error when trying to control it. In the program below, my_ccz’ is defined by manual composition, where
cnot_circuit_rev is the reverse version of cnot_circuit.

cnot_circuit_rev :
' (Qubit * Qubit * Qubit * Qubit * Qubit * Qubit * Qubit
-> Qubit * Qubit * Qubit)
cnot_circuit_rev = unbox (reverse (boxCirc cnot_circuit))

my_ccz’ : Circ(Qubit * Qubit * Qubit, Qubit * Qubit * Qubit)
my_ccz’ =
boxCirc $ \input -> cnot_circuit_rev (parallel_T (cnot_circuit input))

-- The following gives rise to a typing error.
ctrl_my_ccz’ : Circ(Qubit * (Qubit * Qubit * Qubit), Qubit * (Qubit * Qubit * Qubit))
ctrl_my_ccz’ = control my_ccz’
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Controlling the circuit my_ccz’ gives rise to a typing error, because according to the semantics
of control, we would have to control all the gates in the circuit my_ccz’, which includes the non-
controllable initialization gates. So in order to control the CCZ circuit that has initialization gates, we
must construct the circuit using the withComputed operation.

B The categorical interpretation of the typing rules

Here, we only give some important cases. The remaining typing rules can be interpreted similarly.

e Case
g M: g (S —oq U)

I'to boxsM : Circg g, (S,U)

We define [boxgM] to be
M] T pbox N0
[T = TapdTe, ([S] — Te, [U]) ——— TapD™ "= ([S], [U])-
* Case

C e D([s], [U])
® , circ(S,C,U) : Cirey(S,U)

Since C : [S] — [U] is a morphism in D%, we define [® I, circ(S,C,U) : Circy(S,U)] as the
following composition, where 1¢ : 1 — D*([S], [U]) such that 1¢(*) = C and discard = p!x,!x €
Set(X,1).

[®] =219, p1 2% pD([S], [U]).-

e Case
['¢ M : Cirey(U,U)

I'F¢ controlgM : Circy(KQU,K®U)

By the induction hypothesis, we have [M] : [I] — TopN([S],[S]). Using the function ctrlg :
N([U],[U]) = N([K] @ [U], [K] ® [U]), we define [controlgM] to be the following.

Top(ctrlg)
e

1 M 7N, ) TapN([K] @ [U], [K] @ [U])

e Case
I'i ko M : Cirey(U,S) y>0
Fz |—ﬁ N : Cil‘CQ(S,S)

[, Fgnp withComputed MN : Cirey (U, U)

Suppose o = 3 =y=2and I'y k-, M : Circ, (U, S). By the induction hypothesis, we have
pGu.so[M] - [I'] = pN([U], [S]) — pR([U], [S]),

[NT - [T2] — pN([ST, [SD)-
Using the function withComputed : R([U], [S]) x N([S], [S]) — N([U], [U]), we define



18

Proto-Quipper with Reversing and Control

[withComputed MN] to be the following.
(PGu so[M]) @[N]
[C1] @[] —————— pR([UI, [S]) ® pN([S], [ST)

p(withComputed)
— > pN([U].[U])
Suppose @« =3 =2, y=1and I'; -, M : Cire; (U, S). By the induction hypothesis, we have
[M] - [T1] — pR([UL, [S]),

[NT - [T2] — pN([ST, [SD)-
We define [withComputed MN] to be the following.

p(withComputed
_—

0] @[] 225, pRr([uT, IsT) @ pN(IS], [81) L pN(U, [U])

The remaining cases (e.g. when a, 8 # 2) are similar.

C Proof of soundness

Theorem C.1 (Soundness of the evaluation). If S ¢ (C,X,M) : A;X and (C,Z,M) || (C',X',V), then
[[(C,Z,M)]] = [[(C/7Z/7V)]]'

The proof is by induction on (C,X,M) |} (C',X',V). We only give the proof for the rules box, apply,

ctrl, and wc, as the remaining rules are routine.

* Case
(C,Z,M) |} (C", X lift M")
gen(S) = (a,X”)
([a]",2",M" a) I (D,2",b)
ungen(b, L") =U

(C,XZ,boxsM) || (C', X/, circ(S,[b] o D,U))

box

Suppose S -, (C,Z,boxsM) : Cirey(S,U); 5. This implies that C € N([S], [Z]] ® [Z5]) and E] -
boxsM : Cireo(S,U). Thus X ko M : 1o(S —2 U), C" € N([S], [Z4]), and g M’ : S —o, U. By the
induction hypothesis, [(C,Z,M)] = [(C",X,liftM")] and [([a]",X",M'a)] = [(D,X",b)]. Thus
we have
c [M]e[X]
[ST= [Z] @ [Z5] —— pTo([S] — [U]) @[]

— 187 S 1o ] 2L g (18] — W) @ [4]

and

10[8] 2 g sy BB, 7 18] —o [UT) @ [S]

% T([S] — [U] @ [S]) 5 To[U]
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[[MH®[[S]]

[Q[S] ———=T([S] — [U]) [S]

2 Ty([S] — [U] @ [S]) 2

— To[U]

—
*
N

T[]

[S] 2 T[="] = T[U].

Moreover, [(C,X,boxsM)] =

157 Sz @ 1m0 229, o] — [UT) @ (4]

2% pM([S], [U]) ® [Z5]

157 1] PR o is] — [T @ [5]

box
== pM([S], [U]) ® [£3].
So we just need to show

§[M'] pbox

1 2R s (IS —o [U]) 2225 pM(IS], [UT) = 1 222 pM

M([S], [U]).
In other words, we need to show [b] o D = box(S6[M']). It suffices to show they are equal in A.
This is true by definition of box and ().
* Case
(CI,ZI,M) U (Cz,Zz,CirC(S,D,U))
(C27227N) ‘U’ (C37Z37a)
gen(U) = (b,Z4)
(Claz’S) = append(C3,Z3,a,D,b,Z4)
(C1721>app|Y(M’N)) U (CI>257b)

Suppose S’ Fo (C1,Z1,apply(M,N)) : U; X/, where £; = (£, X)), C1 € R([S],[E'] @ [X]), " Fo
apply(M,N) : U, £/ bo M : Cire;(S,U) and £J b N : S and X7 = (X{,X)),Z, = (X1,%), X3 =
(Z),Y'). By the induction hypothesis, we know that [(Cy,X,M)] = [(C2,Z2,circ(S,D,U))] and
[[(Cz,Zz,N)]] = [[(C3,Z3,a)ﬂ. Thus

apply

ST T([E @ [ @ [2])
DOEEIED, 7 (rpN(IS]L [U]) @ [25] @ [21])
1% [Ty (pN([S]. [U]) © [4]  [£])
= To(pN([S]. [U]) @ [Z4] © [£])

To(plpR[Z7][Z'])

[s7 B([5] @ [£]) = To(pN([S], [U]) @ [Z] ® [£])
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and

157 < no([=p) @ [2]) 2PEED, 7 ony [s] o [27])

& (S @ [£]) = To([S] @ [Z])

51 R(Izy] @ [2]) 20 7S] 9 [2]).
We want to show that [(Cy,X;,apply(M,N))] = [(C’,Xs,b)], where
(C',Xs) = append(C3,X3,a,D,b,¥,) is the following morphism in M. So X5 = (£4,Y).
51 (51011 L5,
G(D)®[X]
e

[ST®[Z]
o] Y2eEL 5102,

Since M — Klz,(A) and N — A, the corresponding morphism in A is
1515 1o ) MM, nysje )
Ty (D[ T ([p]T e[

We have RHS =

151 (125 o [2]) 2D, 7151 @ [271) 2B, 7yup e 12)
and LHS =
ST T[] @ [Z] @ [2])
DRI, 73 (ropN(IS], [U]) @ TS @ [£1])
I 1o (pN(ISIL [UD) @ Ti[ST © [2]) 2% T3 (pN([IS], [0 @ [S] @ [])
fnbor BIED, 1y(ph(IS] — [UD) @ [S] @ [£1])

Ty (force®[S]®[Z']) T()(([[S]] N [[U]]) ® [[S]] ® [[Z’]]) TO(L[[EI]])) To([[U]] ® [[Z/]])

[5'] = To([=5] @ [£'])
Rt BEED, TpN(S WD @ Tilsl @ [X])
% 1Ty (pN([S], [U]) @ [S] © [£])
Ty (unbox @[S]®[Z']) To(pp([S] — [U]) @ [S] @ [Z])

To (force®[S]®[Z']) To(([[s]] e IIU]]) ® IIS]] ® [[Z/]]) w To([[U]] ® IIZI]])




P. Fu, K. Kishida, N.J. Ross & P. Selinger 21

[[Sl]] £3_> TO([[Z/N]] Q [[Z/]D To(plp®[a]®[ZT)

To(unbox @ [S]R[Z'])

To(pN([SI, [UD) @ [S]® [ZT)
To(ph([S] — [UD) @ [ST& [ZT)

To(([S] — [U]) @ [S] @ [£]) 2B, (U] o [2]).

To(forcex[S|R[Z'])

So we just need to show
[s] 2 [U]
12 [8] 2 pN([s], [U]) @ [s] 222, s
force® B, (18] — [U]) @ [8] 5 [U].

o([S] — W e[s]

This is true because LHS =
1@ [s] 22 2BL (5] — ) @ [s] 5 [U]

and RHS =

p(Scurry(D))R[S]

I10[s] - po([ST — [UD) 2 [S]

— ([S] — [UD) @ [S] = [U]

force® [[S]]

and we have forceo pd =

e Case
(C,2,M) | (C", X" circ(U,D,U))

(C,X,controlgM) || (C", X" circ(K®U,ctrlgkD,K@U))

— Suppose C: [S] = [E']®[E'] eN, L= (X",X') and " -, M : Cire, (U, U). By the induction
hypothesis and type preservation (Theorem [5.2), we have

ctrl

[(Cc,z,M)] = [(C",¥,circ(U,D,U))]

and S+, (C', Y circ(U,D,U)) : Cire,(U,U) : ¥/, where F; circ(U,D,U) : Cirep(U,U) and

" =% So ,
IIS]] £> IIZN]] ® [[Z/H M]a[X]

PN([U].[U]) ® [£]
—[5] S 19 [] 2255 pN([U), [V]) @ [£].
The above equality implies the following.

151 S 2o =] PEEL pN(u], [v]) 2 [2]

2L N(IK] @ [U], [K] © [U]) © [2]
= [s] S 10 [z]) 222 oN([u], [U]) @ [2]

A0, N(IK] @ [U], [K] @ [U])  [£].
Thus [(C,Z, controlgM)] = [(C', Y ,circ(K @ U, ctrlg (D), K@ U))].
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— Now suppose £ = (£".X), C € M([S],[E'] ® [E]) and £" 1 M : Cirea(U,U). By the
induction hypothesis, we have [(C,Z,M)] = [(C',X" ,circ(U,D,U))], i.e.,

181 S To([2] o []) 2PED, 7 7y pN([0], [U]) © [2])

B 1y (pN(W, [U])  [£'])
= 5] S e [z]) 2B, 7 oN(u], [U]) © [2]).

Note that X" = ¥/. The above equality implies the following.

151 S To(i=" @ [£]) 2L, 7z pN (o1, [0D) o [£])

5 To(pN([U], [U]) @ [2'])
DADEED, 1N (K] @ V], [K) @ [V]) @ [£'])
22D, BN, WD @ [E])
To(pN([K]® [U], [K] @ [U]) ® [Z]).
By the naturality of the strength s, we have

[(C,%,controlgM)] = [(C", X" ,circ(K® U, ctrligkD,K 2 U))].

=51 S B [=])

To(p(ctrlig)R[ET)

e Case
(C,2,M) | (C",Zy,circ(U,Dy,S"))

(C',X1,N) | (C", %y, circ(S', Dy, S"))
(C,Z,withComputed M N) || (C",X;,circ(U,D; D,,U))
- Suppose £ = (X],X7,X), C € N([S], [Z] ® [Z5] ® [X']), Z{ F2 N : Cirey(§',S") and X5
M : Cire; (U,S’). By the induction hypothesis, we have
[(C.2,M)] = [(C',%,circ(U,Dy,5))]

and [(C",X1,N)] = [(C",X,,circ(S',D;,S"))]. Thus we have

wc

18] S e o 2] PEEEEL rul s e ] e [2]

plp®[E]®[X]
_

=] S 1] 2] PR([ULL[S] @[] ©[X]

and
157 S 25 o [=] 2EL pN (s, [ST) @ [2]

" 1 p
— 151 S e ] 225 NS, ST @ [21]
We want to show [(C,X, withComputed M N)| = [(C”, X2, circ(U,D; «Dy,U))], i.e.,
[51 S [ o [54] @ [£] 2222

PR([U], [8]) @ pN([S], [S]) ® [x] Zerempeed OB, N (o, [u]) @ [2]

=181 & 1o [z 22 Nl v o (2],

This is the case by the induction hypotheses and withComputedo(1p, ® 1p,) = 1p,ep,-
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We present a complete set of rewrite rules for n-qutrit Clifford circuits where n is any non-negative
integer. This is the first completeness result for any fragment of quantum circuits in odd prime
dimensions. We first generalize Selinger’s normal form for n-qubit Clifford circuits to the qutrit
setting. Then, we present a rewrite system by which any Clifford circuit can be reduced to this normal
form. We then simplify the rewrite rules in this procedure to a small natural set of rules, giving a
clean presentation of the group of qutrit Clifford unitaries in terms of generators and relations.

1 Introduction

Most research on quantum computing has focused on qubits, two-dimensional quantum systems. In
recent years, research on qudit quantum computing, where the fundamental state space has a higher di-
mension than two, has witnessed a surge in interest and activity [10, 14, 15, 16, 26, 30, 32, 35]. Qudits
offer richer algebraic structures that result in unique error correction capabilities [8, 33], lower overhead
magic state distillation [9, 29], stronger quantum correlations [7, 13], and improvements to various quan-
tum algorithms [6, 27]. On the physical side, most realizations of qubits naturally have higher energy
states so they could readily encode qudits. This allows for greater information density, but comes at the
cost of increased difficulty in system control [5, 17, 23, 30, 36, 37, 38].

In this paper, we focus on qutrits, the three-dimensional quantum systems. Qutrits strike a balance
between enabling the benefits of working with higher-dimensional systems, while not being too compli-
cated to prevent hardware implementations. In particular, we study the group of qutrit Clifford unitaries,
the unitaries that normalize the qutrit analogue of the Pauli group. As for qubits, the qutrit Clifford group
plays a crucial role in the stabilizer formalism for ternary quantum systems, serving as the backbone for
designing fault-tolerant quantum gates and protocols [2, 3, 12, 15, 18].

Using a small set of generators for the qutrit Clifford group—the Hadamard, S and CZ gates—we
find a simple set of relations that suffice to prove all equalities between Clifford circuits. That is, we
prove that the rule set in Figure 1 is complete. This is the first completeness result for a non-trivial
quantum circuit fragment for higher-dimensional qudits. Our proof strategy is generic and is intended to
generalize to qudits of higher dimensions.
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Figure 1: A complete set of rewrite rules for n-qutrit Clifford circuits. Note that o, S’, SWAP, CX, XC,
and the CZ acting on the first and third qutrits are derived generators defined in Figure 5. Let g be a
gate and m be a natural number. g™ denotes m copies of g gate. In addition to these circuit relations,
we assume the standard spatial relations which allow us to commute gates acting on disjoint subsets of
qutrits. In the remainder of this paper, we use ‘relations’ and ‘(rewrite) rules’ interchangeably.

A complete graphical calculus for qutrit linear maps in the stabilizer fragment exists using the ZX-
calculus [28, 34]. However, ZX-diagrams represent general linear maps, not just unitaries. Hence, this
completeness result does not restrict to the unitary Clifford group in any straightforward way. In general,
a completeness result through a graphical calculus for all linear maps of a certain type does not seem to
easily imply a method of deriving a calculus for just the unitaries. Consider for instance that a complete
ZX-calculus for universal qubit linear maps was found in 2017 [19, 25], but it was not until 2022 that
a complete calculus of universal quantum circuits appeared and it used very different methods [11].
Moreover, there is no complete calculus for, for instance, Toffoli-Hadamard circuits, even though there
is one for the corresponding set of linear maps [4].

One way to prove completeness for a fragment of quantum circuits (i.e., a collection of unitary oper-
ators) is to define a unique normal form for each unitary and to show that every circuit can be rewritten
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to this normal form. This is how the completeness result for qubit Clifford circuits was established
in [24, 31]. Our proof follows along similar lines, but with significant complications due to the increased
system dimension and the additional degrees of freedom. At a high level, we can view the normal form
proposed by [31] as encoding the stabilizer tableau of a Clifford unitary. Each part of the normal form
determines the image of Pauli generators under the action of this Clifford unitary. To prove complete-
ness, we need to show that when a Clifford circuit is in normal form and it is composed with a Clifford
generator (i.e., a Hadamard, S, or CZ gate), the resulting circuit can be rewritten into a new normal form.
This process, that we call Clifford normalization, is sketched in Figure 2. Then our problem is reduced
to finding rewrite rules to push Clifford generators through each part of the normal form in a systematic
manner.

g N Rewrite o Rewrite N/

— — Rules Rules — —

Figure 2: N is a Clifford circuit in normal form. g is either an H or § gate acting on some qutrit, or a CZ
gate acting on two adjacent qutrits. After pushing g through each part of N, the normal form is updated
to N'.

The problem in generalizing this to qutrits is that the choice of each normal form component, what we
call a normal box, is not unique, but has some degrees of freedom. Different choices result in different
‘dirty gates’ appearing when we push a generator through a normal box. Figure 3 shows a concrete
example. Making a wrong choice might produce dirty gates that cannot be properly pushed through
the subsequent normal boxes. In the worst case, the Clifford normalization will not terminate. Another
complication is that there are many more combinations of normal boxes and generators to check due to
the increased dimension. All of this means that in the qubit case, the design space was small enough
for a brute-force approach to succeed in finding a suitable way to construct the normal boxes, but with
qutrits, the significantly larger design space makes such an approach much more challenging.

@ dw|— = —#]- ® —S|—An]- = —{An|—(S|—Z|—

Figure 3: (a) shows a single-qutrit normal box called Ag,, which in this particular case is equal to H>.
(b) shows a box relation, where an S gate is pushed through Ag, and produces dirty gates S and Z2. H>
and Z? denote two copies of Hadamard and Pauli Z gates respectively.

Instead, we identify additional symmetries that each normal box must satisfy, which then guarantee
that dirty gates have the desired form for most of the box relations. This restricts the design space and
allows us to verify on a higher level that our normal boxes have the right properties for the Clifford
normalization to terminate (see Appendix E for the details). With the correct definitions of the normal
boxes in hand, we can then write down all the relations needed to push the generators through the normal
boxes, what we call the box relations. In Appendix C, we present the 380 box relations, which together
are complete for multi-qutrit Clifford circuits.

The second major component of this work is to reduce the 380 box relations to a much smaller, more
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canonical set of rewrite rules. In the supplement [22], we prove that the 18 gate relations presented
in Figure 1 imply these 380 box relations. In order to present these rules in the nicest possible fashion,
we use some derived generators that are defined in Figure 5.

Overall, Figure 1 consists of natural and intuitive rules regarding the order of generators, commuta-
tions of generators, and properties of the SWAP gate. The only exception to this is (C4), which can be
understood as describing an Euler decomposition of the Hadamard gate. Up to a global phase, it can be
reframed with some rewriting to H = S?(HS*H~')(S’)?, meaning H can be decomposed into a Z-, X-
and then another Z-rotation. Note that the derived generator S’ = H>SH? in Figure 5 has no qubit coun-
terpart, but it is a Z rotation that we can use together with S to define the Pauli Z gate, Z = (S')S. See
also the discussion in Section 1.1 of [22]. The commutation of S and S’ in (C5) is the only single-qutrit
rule that has no qubit counterpart.

Generalizing from qutrits to qupits, where each wire carries a p-dimensional quantum system for an
odd prime p, we can construct a version of Figure 1 with sound equations for qupit Clifford operators.
Although proving that such a generalized rule set is complete still requires substantial work, Figure 1
presents a natural framework for understanding gate interactions. This, in turn, offers a promising path
toward extending the qutrit Clifford completeness to other odd prime dimensions.

The rest of the paper is organized as follows. In Section 2, we introduce the basic concepts and
conventions that will be used throughout this paper. In Section 3, we define normal forms and prove that
every multi-qutrit Clifford circuit admits a unique normal form. In Section 4, we describe how to rewrite
any Clifford circuit to this normal form, based on which we find a complete set of rewrite rules for qutrit
Clifford circuits. We end with some final remarks and open questions in Section 5.

2 Preliminaries

We are interested in matrices, which we sometimes call operators, or gates. We write quantum circuits
from left to right, which is in the opposite order of writing the matrix multiplication.

Let m € N. We write I, for the m x m identity matrix, dropping the subscript m when the dimension
is clear from the context. An n-qutrit operator is a 3" x 3" matrix. We say that an n-qutrit operator U is a
scalar, if it is a scalar multiple of the identity operator, i.e., U = AI, for some A € C. For simplicity, we
write U = A in such a case. In what follows, we use ‘scalar’ and ‘phase’ interchangeably.

2.1 Clifford Groups and Circuits

We fix @ = e2*/3 and — = e 2"/% as our primitive third and sixth roots of unity respectively.

Definition 2.1. The single-qutrit Pauli X and Z gates are defined as follows

0 0 1 1 0 0
X=11 0 O and Z=10 o O
010 0 0 w?

For any m € N, we write Z,, = {0,1,...,m — 1} equipped with the standard addition modulo m.
Definition 2.2. For n € N, the n-qutrit Pauli group P, is defined as

Pp={0P @ ®P,; c € Z3 and P; = X%Z7b for some aj,bj € Z3}.

We now define the Clifford group, which will be the focus of this paper. As Definition 2.3 states, the
n-qutrit Clifford group is the normalizer of the Pauli group in the 3" x 3" unitary group U (3").
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Definition 2.3. For n € N, the n-qutrit Clifford group C, is defined as
C,={UclU(3"); UPU" € P, forall P € P,}.

Definition 2.4. The single-qutrit H and S gates and the two-qutrit CZ gate are defined as follows

1 1 1 1 o 0 0
H=— o 0’|, S=|0 o 0|, and CZ=diag(1,1,1,1,0,0%* 1,0* ).
0 —w 2
1 oo o 0 0 1

It can be verified by direct calculation that H,S € C; and CZ € C,. The H gate is also known as the
Hadamard gate, while the CZ gate is also known as the controlled-Z gate. We chose the global phase in
the H and S gates to make our results simpler to state.

Note that Definition 2.3 considers all possible global phases ¢'* as being Clifford, where & € R. This
makes the group uncountably infinite, but H, S and CZ as matrices have entries in the ring Z[1/3, o] and
hence can only represent a subset of these phases. In what follows, we restrict our attention to the subset
of Clifford operators that can be represented as matrices over Z[1 /3, ®]. As a result, Appendix B.1 shows
that the global phases can only be powers of —®. In Proposition 3.9, we show that —w, H, S, and CZ
generate C,,.

It is clear from Definition 2.3, that P, C C,. In fact, Z and X can be expressed using H and S as
Z = SH?S?H? and X = HZH?. Note that when we write in text form, a juxtaposition of gates means we
do the usual matrix multiplication. Since the matrices of Z, S, and CZ gates are diagonal, we sometimes
refer to them as diagonal gates.

We can also denote Clifford operators using the diagrammatic language of quantum circuits. Figure 4
shows the circuit representation of the H, S, and CZ gates (as well as that of the identity).

—

= ow= 5 = 5 -

Figure 4: Circuit notation for the one- and two-qutrit Clifford generators.

Next, we introduce derived generators that are summarized in Figure 5. They are useful for defining
the Clifford normal forms in Section 3, designing the normal boxes in Appendix E, deriving box relations
in Appendix C, and carrying out the relation reduction in the supplement [22]. One can think of them as
circuit shorthands over the generators —m, H, S, and CZ gates. —1 (D1) and w (D2) are used to simplify
the expression of box relations. As opposed to the qubit H gate, the qutrit H gate is of order 4, H* = 1.
Up to the global phase —1, H? acts as a ‘negation’, H?|x) = |—x). Here, the negation is taken modulo
3, so that |[0) — |0), |1) — |2), and |2) — |1). We then see that S’ (D3) is also a diagonal gate, and as a
matrix §’ = diag(®, 1, ®).

CX (D7) is short for a controlled-NOT gate. The control and target of a CX gate are on the top and
bottom qutrit wires, respectively. Let x,y € Z3. CX|x,y) = |x,x+y), where the addition is taken in Zj3
and hence modulo 3. A XC gate (D8) has an opposite control-target arrangement.

We assume that the multi-qutrit (derived) generators only act on adjacent qutrits and we call them
local gates. This is without loss of generality, as gates on non-adjacent qutrits can be equivalently
expressed using SWAP gates. In Figure 5, we write a gate G acting on two non-adjacent qutrits as a
circuit shorthand for a local gate surrounded by SWAP gates. (D9), (D10), and (D11) are called the
remote CZ, CX, and XC gates.
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Figure 5: Circuit notation for the derived Clifford generators.

Finally, we introduce the notation conventions used in the rest of this paper. For a circuit C € C,, its
global phase A € C is placed at the end of the circuit, as shown in Figure 6.(a). Let m € N. In Figure 6.(b),
we write C™ to denote the m-fold composition of C with itself.

Figure 6: Notation conventions.

Remark 2.5. Instead of viewing each C,, as a separate group, we could consider the collection of all these
groups as a single groupoid: a category where every morphism is an isomorphism. In this category,
the objects are N, corresponding to the number of qutrits. This then has a monoidal structure given
by a® b :=a+ b on objects a,b € N. In this groupoid, we get the standard coherence isomorphism
(feid)o(id®g) = (id®g) o (f ®id), allowing us to commute arbitrary gates acting on disjoint sets
of qutrits. Throughout the paper, we will assume this property without further comment, as was done
in [31].

2.2 C(lifford Conjugation on the Pauli Group

By definition, a Clifford operator C € C, maps any Pauli operator P € P, to another Pauli operator,
CPC' € P,. This conjugation operation is denoted as C e P = CPC", and we refer to it as the Clifford C’s
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action on the Pauli operator P. Let Q = Ce P. Then CP = QC, and we can interpret this as ‘pushing P
through C gives us Q’. It will be useful to introduce a circuit shorthand for this.

Definition 2.6. Let C € C, and P,Q € P, withQ=CeP. Write P=P|®...QP,and Q=01 ®...®Q,
for P;,Q; € Py. Then the conjugation relation Q = C e P is denoted as

P — — 0O
P—Ct— O

Pni 7Qn

Following this convention, Appendix D summarizes the actions of H, S, X, Z, CZ, and SWAP gates
on Pauli operators.

Lemma 2.7. Let C € C,, the action of C on P, is a group automorphism of P, and it fixes scalars.

Proof. Itis sufficient to show that for all P,Q € P,,, Ce(PQ) = C(PQ)C" = (CPC")(CQC") = (CeP)(Ce
Q). Forall A € C, since Ce A = CACT = ACC" = A, this automorphism fixes scalars. O

Proposition 2.8. Letr C € C,. If Ce P =P for all P € P, then C is a scalar (i.e. proportional to the
identity).

Proof. Any complex 3 x 3 matrix can be written in the form Z?:] ¢jPj, ¢; € C, P; € {XZ>; a,b € Zs}.
It follows that P, spans the vector space formed by 3" x 3" complex matrices. Since C e P = P for all
P € P,, CeM =CMC' = M for all operators M. Hence CM = MC means C must commute with all
matrices. Then C must be a scalar. O

Corollary 2.9. Let Cy,C, € C,. Suppose for all P € P,, CieP =CyeP. Then C; = A5, A € C.

Proof. For all P € P,, CiPC] = CoPC]. This implies that CC{PC[C, = P. Take U = CjC}, then
U' = (C,C))" =C|C,. Hence UPUT = P for all P € P,,. By Proposition 2.8, U = A, for some 4 € C. It
follows that C; = AC,. This completes the proof. O

It is well-known that a Clifford unitary C is fully determined by its action on Pauli operators. Since
the Clifford conjugation is a group homomorphism, it suffices to know C acts on a set of Pauli generators.
In Definition 2.10, we use B, to denote a collection of Pauli operators that has a Pauli Z or X acting on a
single qutrit, and identities everywhere else. I3, generates P, and it is used in the remainder of this paper.

Definition 2.10. Let n € N. ZU) denotes the n-qutrit Pauli operator P =P, ®---Q P, with P = Z if { = j,
and P, = I otherwise. We write XV) for the analogous n-qutrit Pauli operator by substituting Z with X in
the above definition. B,, = {X(j),Z(j); 1 <j<n}

Thus, for 1 < j <nand P(j), Q(j) € P, knowing PU) =CeZ) and Q(j) =CeXxU) fully determines C
(up to a global phase). The collection of these 2n maps is often called the stabilizer tableau of C [1, 21].
This notion will become useful for designing the multi-qutrit Clifford normal form.

When n = 1, the stabilizer tableau is a 3 x 2 matrix over Z3. Figure 7 shows how to encode a
single-qutrit Clifford operator C = SHSH using a tableau. Let P,Q € P; be the images of Z and X in C
respectively. They are encoded by the first and second columns of the tableau. The first row encodes the
w-exponent in the phase of P and Q. The second and third rows denote the participation of Z and X in
P and Q, respectively. This notation can be generalized to encode an n-qutrit Clifford operator using a
(2n+1) x 2n matrix over Zj.
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Figure 7: According to Appendix D, we can track the Pauli evolution in C = SHSH and find the images
of Z and X. Since Z is mapped to @>X? and X is mapped to w>X>Z, we can construct a 3 x 2 stabilizer
tableau for C.

Remark 2.11. By Lemma 2.7, Clifford conjugation on Paulis is a group automorphism. Hence, P\/)
and QU) inherit the commuting and non-commuting relations from Z\9) and X\9). That is, PY)QU) =

3 A Normal Form for Multi-Qutrit Clifford Circuits

Similar to the qubit Clifford normal form defined in [24, 31], our normal form for a qutrit Clifford circuit
C € C, is based on uniquely representing its stabilizer tableau, and hence uniquely representing this
operator. First, we provide intuitions for designing such a normal form. Then, we lay out the technical
details of constructing this normal form.

Intuitions It will be helpful to think of this normal form as synthesizing the inverse of C, and we will
refer to this as the inverse synthesis. Suppose C~! has a stabilizer tableau, for 1 < j <n,

PYU) =c ezl oV =clex, (1)

We want to find a Clifford circuit in normal form N such that

NepPW) =7, Ne QW =xU), )

Putting (1) and (2) together, (3) shows that (NC*I) e P = P for all P € P,. By Proposition 2.8,
NC~! = A, for some A € C. Hence, N = AC. Then we find the normal form of C, up to some global
phase.

NePU) = NC ezl — Z(j), N.Q(J') —NC 'exW) :X(j), 1<j<n. (3)

In a nutshell, we carry out the inverse synthesis by induction. Firstly, from (1), we have
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Next, find a circuit 7 in normal form that sends P to Z(") and Q(”) to X", We then have

zm | et pa) | 7o)

(T(n)cfl) eZ(n) — 7(n)

7(n)

— =

x| et oW o

71

(T(n)cfl) e x( — x(m)

x ()

31

This implies that 7Y C~! acts as an identity on the last qutrit, so we can treat it as a Clifford operator
acting on the first n — 1 qutrits. For this ‘smaller’ circuit, repeat the same procedure and find a circuit
T=1) in normal form such that 7("*~)T(C~1 acts as an identity on the last two qutrits. By iteratively
concatenating TU), from j=nto j=1,weobtain N = 7O ...7(=1Mm),

Z00 et e | P e | P“” X“”\ Hetl

7(n=1)

x(n—1)

One can think of the inverse synthesis as simplifying the stabilizer tableau by performing Gaussian
elimination on its bottom 21 x 2n matrix. As a simple example, when n = 1 and C = (SHSH)~!, the
inverse synthesis reduces the stabilizer tableau of C~! to an all-zero row followed by an identity matrix.

N
NN o NN

Q D = X

| Zz | X
ol 0 0
zZ| 1 0
X| 0 1

Technical Details Our goal is to map the Pauli generators to the desired outcomes by using some
elementary building blocks, which we call normal boxes. To obtain a unique normal form, we need to
identify some notion of uniqueness when designing these boxes. In total, there are six fypes of normal
boxes. They are labelled as A, B, C, D, E, and F, as shown in Figure 8. Each type of normal box has
different variants, and each variant is labelled by the subscript of the box.

Definition 3.1. For K € {A,B,C,D,E, F}, we call a normal box of type K a K normal box. We use K;. to
denote a variant of the K normal box, where k can be any allowed indices in the first column of Figure 8.

In the second column of Figure 8, we specify the required action of each normal box on some
Paulis. Take B normal boxes as an example. The specification of other normal boxes can be understood
analogously. For a,b € Zs3, By, maps X°Z” ® Z to Z®1. The uniqueness of these required actions
determines the uniqueness of each B,;, box. However, this action does not specify a full stabilizer tableau,
so it is not sufficient to determine which unitary we should use for each of these boxes. Different choices
of implementation might result in different designs of the normal form. Making the ‘wrong’ choice might
make it more difficult to establish the multi-qutrit Clifford completeness.

In the third column of Figure 8, we identify additional actions that some normal boxes should have
on Paulis. This takes advantage of the underlying mechanics of our normal form and further restricts the
design space. In Appendix E, we discuss in detail how these restrictions come into play.
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Allowed indices Required action on Pauli operators Additional action on Pauli operators
(a,b) € Z3 x 23\ {(0,0)} Xzt —|Aw— Z /
xazb — — Z wabx2a22b+a271 — — X
(a,b) S Z3 X Z3 By, By
z — — I X — — 1

beZs o’z z X X

(a,b) € Z3 x Zs xzi — — 1 z — — 1
Dy, Dy,
Xzt — | xz I — — z

foralli € Z3

beZs x7zb X Z V4
be s o'xz —F|—x7 z z

foralli € Z3

Figure 8: There are six types of normal boxes. The colour of each box (red or green) specifies whether it
belongs to the Z-part or the X-part of the normal form.

Figure 9 demonstrates a concrete implementation of each normal box. Most of the constructions here
are given parametrically, using the index of each box. This feature plays an important role in simplifying
the search for box relations, as discussed in Section 4 and appendices C and E. Also note that the normal
box construction uses some circuit shorthands defined in Figure 6. In Appendix A, Figures 15 and 16
illustrate the individual construction of each normal box using H, S, CZ, SWAP, and XC gates. Figure 17
presents the complete stabilizer tableaus for these boxes.

Using these normal boxes, we now define the normal form for n-qutrit Clifford circuits.

Definition 3.2. For A, B, C, D, E, and F normal boxes defined in Figure 9:
* An n-qutrit Clifford circuit is Z-normal if it is of the form in Figure 10a.
* An n-qutrit Clifford circuit is X-normal if it is of the form in Figure 10b.

Definition 3.3. An n-qutrit Clifford circuit is normal if it is of the form in Figure 11.

Remark 3.4. When n =1, a normal form is composed of only A, C, E, and F boxes. A generic construc-
tion of NU is given in Figure 47.

Now that we have the normal form, we need to show that it is universal, meaning it can represent an
arbitrary Clifford circuit, and unique, meaning that each Clifford unitary is uniquely represented by one
specific instantiation of this normal form. For universality, by Corollary 2.9, it suffices to show that we
can represent an arbitrary automorphism of P, by a normal form.

Let ¢ be an automorphism of P,. We claim that one can construct a Z-normal circuit L and an X-
normal circuit M such that (ML)~ acts as ¢ ~! on Z") and X ). To obtain a normal form for ¢, it suffices
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(a) The Z-normal circuit. (b) The X-normal circuit.

Figure 10: The Z- and X-normal circuits are used to build the normal form for an n-qutrit Clifford circuit.

Ln—=1) M0=1)
N [Po= e [ ] ) | : : : : (o)

Figure 11: The structure of a normal form: we alternate layers of Z- and X-normal circuits, with each
subsequent layer acting on one fewer qutrit. Here ¢ € Z¢ defines the global phase. Note that we can view
this normal form as being defined inductively, with the n-qutrit normal form adding a layer of Z- and
X-normal circuits to the left of an existing (n — 1)-qutrit normal form.

to construct L and M and then to recursively iterate this procedure with the updated automorphism ¢’ =
¢(ML)~!. The proofs of these statements are analogous to those for the qubit case in [24, 31], so
we postpone them to Appendix B.2 (the only substantial difference is that instead of Paulis Z and X
anticommuting with each other, they now ‘-anticommute’: ZX = wXZ).

Lemma 3.5. For n > 1, let P be an n-qutrit Pauli operator and P ¢ {I, I, *I}. Then there exists a
unique Z-normal circuit L such that LeP=7ZQ1®--- Q1.

Lemma 3.6. For n > 1, let Q be an n-qutrit Pauli operator and (Z@1®---R1)Q = 0Q(ZRIR---R1).
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Then there exists a unique X -normal circuit M suchthat Me Q =1®---QIR®X.
Lemma 3.7. Every X-normal circuit M satisfies Mo (ZRI®---QIQ) =1IR1Q - QIR Z.

Lemma 3.8. For n > 1, let P,Q be n-qutrit Pauli operators such that PQ = @WQP. Then there exist
unique circuits M and L, where M is X-normal and L is Z-normal such that ( ML)eP =1®--- QIR Z
and (ML) e Q=1® - QI®X.

Proposition 3.9. Let ¢ : P, — P, be an automorphism of the Pauli group such that ¢ fixes scalars. Then
there exists a Clifford circuit C in normal form such that for all P € P,, Ce P = ¢(P). Moreover, the
normal form C is unique up to a scalar (—®)', t € Zg.

By the existence statement of Proposition 3.9, every automorphism of the Pauli group can be repre-
sented as a circuit over —®@, H, S, and CZ. Hence, all of these automorphisms can be implemented by
a Clifford circuit. Conversely, as discussed in Section 2, every Clifford operator is an automorphism of
the Pauli group. Hence, Proposition 3.9 establishes that every Clifford operator admits a unique normal
form. This also proves that C, is generated by —w, H, S, and CZ. Moreover, since there is a bijection
between Clifford operators and the normal forms, we can count the number of n-qutrit normal forms to
compute the cardinality of C,. The proof of Corollary 3.10 can be found in Appendix B.3.

Corollary 3.10. |C,| = 6-TT"_, 3(9% — 1)9%.

4 A Complete Set of Relations for Multi-Qutrit Clifford Circuits

Here, we show how to derive a complete set of rewrite rules for multi-qutrit Clifford circuits by proving
that any such circuit can be rewritten into its unique normal form. We call this the Clifford normalization
process, and it proceeds as follows. Let C € C, be a circuit composed of gates gi,...,8,. Append it on
the right with the normal form of the identity circuit (N;). Starting from the right-most gate g,,, iteratively
‘push’ each gate of C into the normal form, updating it at each step (e.g., from N; to N’). This process
continues until all gates have been absorbed into the updated normal form N. Below, we sketch a simple
example, while Figure 45 in Appendix E provides a detailed illustration of this process.

N117 Nlif

ot N | == | W

Overview In (4) and (5), we present the normal form of the identity operator. Since C, is generated by
—m, H, S and CZ, it suffices to show how a normal form absorbs these gates and is updated to a new
normal form. Locally, this reduces to demonstrating how to push a Clifford gate through each of the
normal boxes specified in Figure 9. We call each such instance a box relation.

Figure 12.(a) gives an abstract illustration of pushing through a normal box, which results in an
updated normal box M’ and residual dirty gates, denoted as dir, appearing after M’. M’ is uniquely
determined by g and M. Lemmas E.2 and E.3 provide examples of finding M’ and discuss this process
in details. dir denotes a Clifford circuit, and it is determined by g, M, and M’ collectively. Figure 12.(b)
shows a concrete example of pushing an H gate through a B box.

In total, there are 380 box relations, which are summarized in Appendix C. These relations cover
every possible case of pushing through a normal box, making them sufficient to normalize any Clifford
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Figure 12: An abstract and concrete example of pushing a gate through a normal box M.

operator. Combined with Proposition 3.9, any two Clifford circuits that are equal as linear maps can
be rewritten into the same normal form using these box relations. This shows that the box relations are
complete for the multi-qutrit Clifford group. In [22], we further prove that these relations can be derived
from the 18 gate relations listed in Figure 1. Together with the generating set {—®,H,S,CZ} and the
derived generators in Figure 5, this provides a compact and canonical presentation of the Clifford group
by generators and relations.

Technical details We need to show that the Clifford normalization terminates, and when this happens,
there are no more gates left on the right-hand side of the normal form. Figure 13 provides a schematic
summary of what a normal form could look like during the normalization process. It accounts for all
possible cases when pushing through a normal box.

Definition 4.1. We say that a circuit is in clean normal form if it is of the form in Figure 11. A circuit
is in dirty normal form if it is of the form in Figure 13, which has the structure of a normal form, but
with any number of additional Clifford gates allowed in all the designated spots, subject to the following
rules.

* H gates can be present at any wire labelled @;
« S gates can be present at any wire labelled D, @, ®, or @;
* X gates can be present at any wire labelled @;
« Z gates can be present at any wire labelled @), ®, @, or®;

« CZ gates can be present at any pair of adjacent wires, provided that the top wire is labelled (D, @),
or @, and the bottom wire is labelled (.

In the context of a dirty normal form, we will refer to the normal boxes as clean, and all the other H, S,
X, Z, and CZ gates as dirty.

-D
-D
-
-©
-D

Ne=D |

l 299989

<D i o @A
Dy,

-® i " @B R ]

Figure 13: An example of an n-qutrit dirty normal form. Here, N"*~1) is in dirty normal form subject to
the same constraints as N
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Note that at some locations, for instance those labelled by @, a Pauli X or Z gate is allowed to appear
in the dirty normal form. However, an H gate is not allowed at @), even though it is used to construct
Pauli gates (see Figure 5). The annotation in Figure 13 emphasizes that there can be no solitary H gates
at the locations labelled by @, ®, @), or &), It is, however, possible for an H gate to appear as ‘a part of’
other Clifford gates. The same convention applies to the S gate.

The placement of dirty gates is restricted by which gates can be properly absorbed by each normal
box, as this ultimately determines whether Clifford normalization will terminate. Figures 52 to 54 sum-
marize the allowed Clifford operators that may precede the B, C, D, E, and F boxes. Accordingly, the
third column of Figure 8 identifies the additional symmetry each normal box must satisfy to ensure dirty
gates always have the expected shape. By manually inspecting the box relations in Appendix C, we can
confirm that all dirty gates follow the pattern described in Definition 4.1.

Lemma 4.2. Any dirty normal form can be converted to its normal form by applying the box relations
in Appendix C, in the left-to-right direction, a finite number of times.

Proof. We adapt the proof of Lemma 5.4 in [24]. By Definition 4.1, dirty gates always appear before
clean ones. Hence, if a dirty gate remains in the circuit, it must occur immediately before a clean normal
box. The left-hand side of the rewrite rules in Appendix C contains all cases of a dirty gate occurring
immediately before a clean normal box. Thus, so long as there are dirty gates in the circuit, one of the
rules in Appendix C can be applied. Moreover, every application of a rule maps a dirty normal form to a
dirty normal form (for this it is important to check that the residual dirty gates in our relations satisfy the
constraints outlined in Definition 4.1).

We now show that this process ends in finitely many rewrites. For this, we assign, to each dirty
normal form, a sequence of nonnegative integer numbers. Assume that a dirty normal form has ¢ clean

gates (i.e. normal boxes), numbered 1,...,¢ from left to right. Define s = (sy,...,s;) where s; is the
number of dirty gates that occur before the i-th clean gate. A left-to-right application of one of the
box relations at the clean gate i decreases s; and leaves sy, ...,s;_| invariant so that s decreases in the

lexicographic order. The length of the sequence of clean gates is not guaranteed to remain constant
through the normalization process, but it is bounded above by the maximum possible number of clean
gates. For a normal form on n qutrits, this bound is given by ¥, 2(i+ 1) = n? + 3n. Therefore, this
procedure terminates after finitely many rewrites. O

Proposition 4.3. Consider a Clifford circuit C € C,, expressed in terms of the generators —®, H, S, and
CZ gates. Any such circuit can be converted to its normal form by using the box relations in Appendix C,
together with the equations:

- g L
= = Boo Doy 4
] |

Proof. For 1 <k < n,let Nj, be the normal form of the k-qutrit identity operator. First note that

— — C

Ho lEo - L] Mo |
Boo Doy : (5)
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Indeed, the identity circuit can be converted to this normal form by applying (4) a finite number
times. Appending the given Clifford circuit C on the right with the normal form in (5), we obtain a dirty
normal form, which can be converted to its normal form by Lemma 4.2. 0

Together, Propositions 3.9 and 4.3 show that qutrit Clifford operators are presented by the generators
—wm, H, S, and CZ, the derived generators defined in Figure 5, the normal boxes given in Figure 9, as
well as the 380 box relations listed in Appendix C. This presentation is highly redundant, so we provide
a reduced set of relations as listed in Figure 1. This rule set remains complete for multi-qutrit Clifford
circuits, but it offers a more intuitive framework for us to understand the qutrit Clifford gate interactions.

Theorem 4.4. The 18 rewrite rules listed in Figure 1 are complete for qutrit Clifford circuits.

Proof. 1t suffices to show that these 18 relations imply the 380 box relations. Proofs can be found in the
supplement to this paper [22]. O

5 Conclusion

Generalizing from qubits to qudits, we present the first completeness result for the multi-qudit Clifford
group. We consider the case when d = 3, and generalize the methods from [24, 31] to the qutrit setting.
This is done in three steps. First, we define a normal form and show that every qutrit Clifford circuit can
be uniquely written in this form. Then, we show how each Clifford circuit can be reduced to this normal
form and find a set of 380 box relations that suffice for this process. Finally, we prove that these box
relations can be reduced to the 18 gate relations in Figure 1. This complete set of rewrite rules offers a
clear and intuitive framework for understanding the qutrit Clifford gate interactions.

Notably, our generalization of the normal form from the qubit setting is far from obvious. In [24, 31],
the design space of the normal form is small enough that a working decomposition of the normal form
could be found through brute force. In the qutrit case, however, the increased degrees of freedom make
this approach significantly more tedious and labour-intensive. We therefore adapt the previous techniques
to account for the subtleties of qutrit arithmetic and operations. This involves identifying additional
symmetries that the normal form should satisfy, leading to a more canonical choice of normal form
components.

Several open questions remain, the first of which concerns whether the reduced rule set presented in
Figure 1 is minimal. We can show that all the single-qutrit Clifford relations except for (C5), the S-S’
commutation rule, are necessary. Thus, (C1) to (C5) are nearly minimal. However, we are not aware
of any arguments for the multi-qutrit Clifford relations. (C6) to (C18) appear quite natural, making it
difficult to determine which, if any, could be eliminated. Alternatively, a more compact rule set might
be achievable by using rotation operators as the generators for the qutrit Clifford group. Building on
these considerations, we plan to generalize the framework developed in this paper to Clifford circuits in
other odd prime dimensions. This will require more general techniques for constructing normal forms,
supported by software tools for deriving, reducing, and verifying relations.
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A Complementary Definitions

Here we provide complementary definitions that are helpful for discussing our results.

By putting Definitions 3.2 and 3.3 together, Figure 14 shows the normal form of an n-qutrit Clifford circuit
when expanding the Z- and X-normal circuits in Figure 10. Figures 15 and 16 describe the individual construction
of each normal box in terms of H, S, CZ, and XC gates.

According to Section 2.2, we can describe the automorphism of each normal box by its actions on the Pauli
generators. That is, consider a normal box M and a Pauli generator P, MPM' = Q, for some Pauli Q. For our
purposes, it is also convenient to describe M’s inverse conjugation on Pauli generators: M'PM = (', for some
Pauli Q'

For all normal boxes, Figure 9 provides a high-level overview of their constructions using parameterized defi-
nitions. Figures 15 and 16 provide a microscopic picture of their constructions. Based on these two perspectives,
Figure 17 summarizes important behaviours of normal boxes. The action of A, C, E, and F boxes on P; are de-
scribed by their actions on Paulis X and Z, where we write the (pre)image of X above the qutrit wire, and that of
Z below it. Based on the generic parameterized constructions of B and D boxes, it suffices to specify the automor-
phism of By, Bo1, Doo, Do1, and Dy,. Also note that Dgy = Bgg and Dgy; = BaOl‘

Dg‘
Dy,
D, No=1 |
D&

[c]
]

Figure 14: A close-up view of the normal form of an n-qutrit Clifford circuit. N**~1) has the same structure as the
circuit before it, but on one fewer qutrit.
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Figure 17: The actions of A, C, E, and F boxes on P; are described by their actions on the single-qutrit
Pauli generators X and Z. (a,b) € Z3 x Z3\ {(0,0)} and ¢ € Zs. The actions of B, Bo1, Doy, Do1, and
Dy, on P, are described by their actions on the two-qutrit Pauli generators X ® I, I® X, Z® 1, and IQ Z.
For each Pauli generator, we display both their images and preimages within a normal box. These will
be useful for finding all box relations.
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B Complementary Proofs

Here, we provide detailed proofs of the results presented in Section 3. Let A € C. AT denotes the complex
conjugate of A. When u, 7, and v are elements of a ring R, we write u =, 7 if u is congruent to T modulo
v. Thatis, u — © = rv, for some r € R. We write u %, 7 otherwise.

B.1 Scalars of C,

We start by showing that all Clifford scalars are of the form (—)’, for ¢ € Zg. This becomes useful
for finding the cardinality of C,, as shown in Corollary 3.10. To this end, we first show that the phases
(complex numbers of unit norm) that belong to the ring Z[1/3, ®| are exactly the complex numbers of
the form (—)’, for t € Ze. Since the complex numbers of this form all belong to Z[1/3, ®], we only
need to show that if an element of Z[1/3, @] has norm 1, then it is of the required form.

LemmaB.1. Leta,b € Z. Ifa#3 0, b #3 0, and a %3 b, then a> — ab+ b =9 3.

Proof. Since a #3 0, b #3 0, and a #3 b, we have either a =3 1 and b =32, or a =3 2 and b =3 1.
Regardless, we then have
a+b=30 and ab=;2.

The above implies that
(a+b)*=90 and 3ab=o6.

Indeed, if a + b = 3¢ for some integer ¢, then (a + b)?> = 9¢?; and similarly, if ab = 2 + 3¢, then 3ab =
6+ 9£. Hence, we get

a® —ab+b* = a® 4 2ab + b* —3ab = (a+b)* —3ab =9 0 — 6 =9 3,
as desired. [
Proposition B.2. Let x € Z[1/3, o]. If ||x|| = 1, then x = (—w)', fort € Zs.

Proof. Letx € Z[1/3, ®]. Then x can be written as x = (a+ wb) /3, for some integers a, b, and k, with
k > 0 and k minimal. Since ||x|| = 1, we then have x"x = 1, and thus,

(a+ wb)'(a+ wb) = 3%*. (6)
Since @' = w? = —1 — @, we can rewrite (6) as
3% = (a+ wb)'(a+ 0b) = a* + wab + ' ab + b* = a* —ab+b*. (7)

If kK =0, then (7) becomes a* —ab+b* = 1, whose only solutions are a = +1 and b =0, a = 0 and
b= =1, and a = +1 and b = F1. These six solutions correspond exactly to x = (—)’, for t € Ze.

To complete the proof, we now show that there are no solutions to (7) with & > 1. It suffices to show
that £ > 1 implies a #3 0, b #3 0, and a #3 b. Indeed, if this is the case, then Lemma B.1 shows that
a® — ab + b?* is not congruent to 0 modulo 9, which contradicts (7), since 3% =g O0whenk>1.Ifk> 1,
then a #3 0 or b #3 0, since both a and b being divisible by 3 would contradict the minimality of k. But
if a =3 0, then (7) implies that b? =50, so that b =3 0. Similarly, if b =3 0, then a =3 0. Therefore, it
must be the case that both a #%3 0 and b #3 0. Finally, since neither a nor b is congruent to 0 modulo 3,
a =3 b would imply

P —ab+b*=31—-1+1=51,

which contradicts (7). Thus we must also have a #;3 b. ]
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Corollary B.3. Let U,V € C, and U,V act identically on P,. ThenV = (—)'U, t € Zg.

Proof. For all P € P, since UPUT = VPV, (VIU)P(U'V) = (VIV)P(VTV) = P. By Proposition 2.8,
VU = A, for some A € C. Recall that C, = (H,S,CZ). By direct computation, H, S, and CZ are
unitaries over Z[1/3, w]. This implies that U,V € C, are unitaries over Z[1/3, w]. Hence A € Z[1/3, w]
and AAT = 1. By Proposition B.2, A € {(—w)’; t € Zg}. Based on the relation (C4) in Figure I,
(HS?)? = —. Hence, C, must contain all powers of —. This completes the proof. 0

B.2 Proofs of Lemmas 3.5, 3.6, 3.7, 3.8, and Proposition 3.9

Following the conventions in Section 2.2, we use C e P to denote the conjugation of a Clifford C € C,, on
a Pauli P € P,. Let Q = CeP. We say that in C, Q is the image of P and P is the preimage of Q. Since
C is unitary, we can also take the inverse of the circuit to get CT ¢ Q = CTQC = P.

Definition B.4. Let P,Q € P, and PQ = ®QP. Then we say P w-anticommutes with Q.

Lemma 3.5. For n > 1, let P be an n-qutrit Pauli operator and P ¢ {I, I, @*I}. Then there exists a
unique Z-normal circuit L such that LeP=7ZQI1®--- Q1.

Proof. By Definition 2.2, an n-qutrit Pauli operator P has the form P = 0“®'’;_, P}, P; = X zbi, for
aj,bj,c € Z3. Since P ¢ {I,®I,®*I}, there exists m € N and 1 < m < n such that P,, is not an identity.
Let m be the largest such index, then

P=(0P)®@ QP RI®-- @ = (0 X"Z"") @@ (X"ZP)@I®--- 1. (8)

Next, we show how to construct a unique Z-normal circuit L based on (8) and the unique normal
box actions specified in the second column of Figure 8. Starting from qutrit wire m, A, 5, is uniquely
determined by B, = X Z". As a result, this A box maps X% Z? to Z. Consequently, B,, , 5, , iS
uniquely determined by P, ® Z =X am-17bn-1 @ 7 Then, this B box maps P,—1 ®Z to Z® 1. Continue
this process by concatenating B normal boxes upward, until reaching the top two qutrit wires, where
By, p, is uniquely determined by 0P ® Z = 0°X @zbr @ Z. As aresult, 0P, ® Z is mapped to @°Z® 1.
Finally, C, is uniquely determined by w°Z, and it maps w°Z to Z. This gives us a Z-normal circuit L that
is displayed below. It is uniquely determined by Pand Le P =ZQI®--- Q1.

C
W°P, o'z e}z

7 | Baib
P I
: 7 :
P> I
7 | Bay ab
Png ——— : I .
Bam, b
P —{ g I
1 1
1 1

Given a Z-normal circuit L, we can read off its preimage of Z® I ® --- ® I by reading the indices of
each normal box in L from right to left.
Lemma 3.6. Forn > 1, let Q be an n-qutrit Pauli operator and (ZQI®---Q1)Q =0Q(ZRI®---RI).
Then there exists a unique X -normal circuit M such that M e Q =1®--- QIR X.
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Proof. By Definition 2.2, an n-qutrit Pauli operator Q has the form Q = o° ®?:1 0,0/ =X aj7b;  for
aj,bj,c€Zs. Since (Z®I® -0 =00(ZRIR---®I), Q1 =XZ', for some i € Z3. Then

0=0180® & (00, = (XZ)® (X?Z")® - @ (0 X"Z"™). ©)

Next, we show how to construct a unique X -normal circuit M based on (9) and the unique normal box
actions specified in the second column of Figure 8. Starting from qutrit wires 1 and 2, Dy, 5, is uniquely
determined by Q| ® 0, = (XZ') ® (X“2Z"*). As a result, this D box maps (XZ') ® Qs to I ® (XZ).
Consequently, D,, , is uniquely determined by (XZ') ® Q3 = (XZ') ® (X*3Z"3). Again, this D box
maps (XZ') ® Q3 to I ® (XZ'). Continue this process by concatenating D normal boxes downward,
until reaching the bottom two qutrit wires, where D, ;. is uniquely determined by (XZ") @ 0°Q, =
(XZ') @ (0°X4Zbr). Thus, (XZ') ® @°Q, is mapped to I ® (w°XZ) by this last D box. Then, E; is
uniquely determined by XZ', and it maps @°XZ' to w°X. Finally, F, is uniquely determined by ®°X, and
it maps w°X to X. This gives us an X-normal circuit M that is displayed below. It is uniquely determined
byQandMeQ=IR---RIRX.

01 — I
0, | Do by | x7i ;
05 Duyby | x7i ;
O4 Pas| x7i I

. ]
0.1 X2 1
w0, S X2 [p O x

Given an X-normal circuit M, we can read off its preimage of / ® --- ® I ® X by reading the indices
of each normal box in M from right to left.

Lemma 3.7. Every X-normal circuit M satisfies Mo (ZQI®--- QIR =1R1®--- QIR Z.

Proof. This follows from the additional actions of D, E, and F boxes on certain Pauli operators (see the
third column of Figure 8). In particular, every D box maps Z® 1 to I ® Z, every E and F box maps Z to
Z. It is visualized below.

7 — I
Dy 7
I — I
D[l Z
1 I
Dy
. . ]
I z .
D | 7z Z

Intuitively, an X-normal circuit M propagates a Pauli Z from the top wire to the bottom wire.
Lemma 3.8. For n > 1, let P,Q be n-qutrit Pauli operators such that PQ = @WQP. Then there exist
unique circuits M and L, where M is X-normal and L is Z-normal such that ( ML)eP =1®--- QIR Z
and (ML) Q=1® - QI®X.
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Proof. Since PQ = wQP, P ¢ {I, I, ®*I}. By Lemma 3.5, there exists a unique Z-normal circuit L such
that LeP=Z®I®---®1. Moreover, (Le P)(Le Q) =Le(PQ)=Le(®QP)= w(LeQ)(LeP). Hence
(ZRI®---RI)(LeQ)=w(LeQ)(Z®I®---®I). By Lemma 3.6, there exists a unique X -normal circuit
M suchthat Me(LeQ)=1®---®I®X. By Lemma3.7, Me(LeP)=1®---®1®Z. It follows that

MLeP=1® --®RI®Z, MLeQ=I® - RI%X. (10)

This proves the existence of the desired Z-normal circuit L and X-normal circuit M. Now suppose
towards contradiction that there exist another Z-normal circuit L' and X -normal circuit M’ satisfying (10).
Since M'e (L'eP)=1®---®I®Z, Lemma 3.7 implies that L' e P =Z ® [ --- ® I. By the uniqueness of
the Z-normal circuit in Lemma 3.5, L=L'. Then M’ e (L' e Q) =M'e(LeQ)=1®---®1®X. By the
uniqueness of the X-normal circuit in Lemma 3.6, M’ = M. O

Proposition 3.9. Let ¢ : P, — P, be an automorphism of the Pauli group such that ¢ fixes scalars. Then
there exists a Clifford circuit C in normal form such that for all P € P,, Ce P = ¢(P). Moreover, the
normal form C is unique up to a scalar (—)', t € Zg.

Proof. We proceed by induction on n. When n = 0, the Pauli operators are scalars of the form @', ¢ € Z3.
In this case, ¢ is the identity. Setting C = 1, uniqueness up to scalar follows from the fact that when
n = 0, the Clifford operators are scalars of the form (—)’,t € Zg.

Now suppose that our claim is true for n — 1 and consider the case of n. First we prove existence.
Since ¢ is bijective, there exist P,Q € P, such that ¢(P) =I®---®I®Z and ¢(Q) =I®---RIRX.
Thatis, P=¢ '(I®---®I®Z)and 0= ¢ '(I®@ - ®I®X). Then PQ = ¢ '(I®...®I®ZX).
Since I ®...®IR®Z w-anticommutes with I ® ... IR X, PO = wQP. By Lemma 3.8, there exist a
unique X-circuit M and a unique Z-circuit L such that MLeP=1®...1R®Z = ¢(P) and MLe Q =
I®..0IX =¢(Q). Let ¢' : P, — P, be a new automorphism and ¢’ fixes scalars.

¢'(U) =9 (ML) eU), (1)
ThenI®---®IR®Zand [ ®---RI®X are fixed points of ¢’, since for T € {X,Z},

I RIRT)=¢ (ML) 'e(I®--QIXT))
=¢ (ML) 'e(ML)eT)=¢(T)=1®---RIRT.

For any R € P,_1, since R® I commutes with /® - - ®I®Zand [®---RI® X, ¢'(R® ) commutes
with ¢'(I® - - RI®Z)=1®---QI®Z and ¢'(I®---RI®X)=1®---®@I®X. This implies that
¢'(Rx1)=S®I for some S € P,_1. Then there exists an automorphism ¢” : P,_; — P,_; such that
¢"(R) =S. Since ¢’ fixes [® - @I Zand Q- RIRX,

o' =9"®l. (12)

By the induction hypothesis, for all R € P,,_1, there exists C' € C,_1 in normal form such that

C'eR=¢"(R), (13)
Then C = (C' ® I)ML is in normal form. Next, we show that CeU = ¢(U) for all U € P,. By (11),

(ML) ' eU =¢"'9'(U). (14)
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By taking the inverse of both sides of (14), we have

ML= (¢""9")""=9¢" 9. (15)
It follows that

ColU = ((CoNML)eU L2L (C'@1)e (¢'"' (9(U))) L2 (C' @D e (9" 1) (9(U)) 2L 9(U).

To prove uniqueness, suppose towards contradiction that D € C, is another Clifford circuit in normal
form such that DeU = ¢(U) for all U € P,. By induction, D = (D' @ I)M'L’, where M’ is an X-
normal circuit, L' is a Z-normal circuit, and D’ is a normal Clifford circuit on n — 1 qutrits. Since
DeP=¢(P)=10---®IRZ, (DR (ML))eP=1%---®1®Z. Then

M'L)eP=D) eI -2122)=D"'2Ne(I®--0I0Z) =12--- QI Z.

Similarly, De Q = ®---®I® X implies that (M'L') e Q =1 ®---®1®X. By the uniqueness of the
X- and Z-normal circuits in Lemma 3.8, M’ = M and L' = L. By induction hypothesis, C' = D', up to
(—)',t € Zg. Thus, the same is true for C and D. This completes the proof. O

B.3 Proof of Corollary 3.10
Corollary 3.10. |C,| = 6-TT}_, 3(9F — 1)9*.
Proof. By the uniqueness of the normal form and the correspondence established in Proposition 3.9, it

is sufficient to count the total number of distinct normal forms. Up to scalar, consider the normal form
of an arbitrary n-qutrit Clifford operator:

By induction, our problem is reduced to counting different ways of constructing L") and M),

* For L™, according to Figure 9, there are 8 choices for an A box and 3 choices for a C box. For B
boxes, we can start concatenating them upward from any qutrit wire. According to Figure 10a, we
proceed by cases.

In one extreme case: The ladder of B boxes starts from the bottom qutrit wire, as shown below.
There are n— 1 B boxes in L. According to Figure 9, there are 9 choices for a B box. Since
each choice of a normal box is independent of each other, there are 8- 3 - 9n=1) — 24.9(n-1)
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distinct L™ when it expands over all n qutrits.

1

2

c]-

jn—l

n—1

n

Bj,

m
14i]

In the other extreme case: The ladder of B boxes starts from the top qutrit wire, as shown below.
There is no B box in L™. Since each choice of a normal box is independent of each other,
there are 8 - 3 = 24 distinct L) when it expands over 1 qutrit.

!

In all other remaining cases: The ladder of B boxes starts from qutrit wire k, 1 < k < n. In the
illustration below, there are (k— 1) B boxes in L. Reasoning analogously as before, there
are 8-3-9%=1 = 24.9%=1) distinct L when it expands over k qutrits.

Ji—1

Considering all cases of concatenating B boxes in L, the number of distinct L") is

n—1 n—1
Y (2495 =24-) 9¢=3
k=0 k=0

(9" —1).

« For M), we consider all possible ways of concatenating D, E, and F boxes. According to Fig-
ure 9, there are 3 choices for £ and F boxes respectively. For each D box, there are 9 choices.
According to Figure 10b, there are n — 1 D boxes in M. Since each choice of a normal box is
independent of each other, there are 3-3-9("~1) = 9.9("=1) — 9" djstinct M.

Since the choice of L") and M™ is independent of each other, there are (3- (9" —1))-9" =3.9(9" — 1)
distinct MWLM, By Corollary 3.10, there are exactly 6 scalars in C,. According to the normal form
outlined in Figure 11, we can calculate the total number of distinct N:

6-J3(9F—1)9".
k=1

Since they are in one-to-one correspondence with the elements of the n-qutrit Clifford group, this com-

pletes the proof.

O]
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C A Complete Set of Box Relations

In Sections 3 and 4, we define a normal form for C, and show how to normalize an arbitrary n-qutrit
Clifford operator. Then, our problem of finding a complete set of Clifford relations reduces to finding a
complete set of rewrite rules such that we can push all possible dirty gates through the normal boxes of
Figure 9. Since we only need to consider the cases where multi-qutrit (derived) generators acting on ad-
jacent qutrits, each box relation involves at most three qutrits. Therefore, the 2 zero-qutrit phase relations
in Appendix C.1, the 34 single-qutrit box relations in Appendix C.2, the 173 two-qutrit box relations in
Appendix C.3, and the 171 three-qutrit box relations in Appendix C.4 together form a complete set of
box relations for C,,.

C.1 Zero-Qutrit Box Relations

For n = 0, all Pauli operators are phases. By Corollary B.3, the Clifford operators are phases of the form
(—w)',t € Zg. Let —1 = (—)? and @ = (—)*, then (16) gives the complete set of box relations of Co.

(-1)?*=1, @*=1. (16)

In Appendices C.2 to C.4, we express box relations parametrically. This reveals some redundancy in
the box relations, allowing for more efficient relation reduction in the supplement [22]. This is also an
effective approach for streamlining the derivation of multiple box relations at once.

C.2 Single-Qutrit Box Relations

:

A,

b
b
b

P o) ambeli)
- fEEl TS o) arbeli)

=

Figure 18: Pushing H through an A box.

=
g
I

Figure 19: Pushing S through an A box, b € Z3.
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(1) (2)

@ - -
(3)

Figure 20: Pushing S, Z, or X through a C box, b € Z3.

Bl = Bal- Azl B = Bz}

(1) (2)

Figure 21: Pushing S or Z through an E box, b € Z3.

& - Fal-

Figure 22: Pushing Z through an F box, b € Zs.

C.3 Two-Qutrit Box Relations

- Aoe Aoc [
= cze

@

= By - @

S —
——————————— Aot H H

Figure 23: Pushing CZ through an A box, ¢ € {1,2}, b € Z3.



Li, S. M., Mosca, M., Ross, N. J., van de Wetering, J., Zhao, Y.

Boo
— An

Bo1
— Ag1

By
——{an |

Bip
——{an |

By
— Ao

Byo
— Az

Boi
— A2

By
——an} |

By
——{Anf |

By
— A

Ao

L2

Aoz

L2
An | i {eH{w s}

z

Ao s —] i
Ay 82

- @

Figure 25: Pushing CZ through Ay, and a B box, b € Z3.
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A |— A | @

2
I ) e e e Kl e ]

A [— A s

— S X2

?)

o ——
-

Figure 26: Pushing CZ through Ay, and a B box, b,d € Zs.

I I S
Bmi = Bo - @?

T
B B = B,

T i S ] Tas
L —— 5
= 0]

- ] s —x? ,

Figure 27: Pushing CZ through A,, and a B box, b,d € Zs3.
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L i D T

-~

I rIEaEyE

Figure 28: Pushing H ® I through a B box.
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5 |8 [b |8

N o I 51
5]

- s

2

— - _
—HEE T {5
— T _

—wHEE T e
—-

— _ ], X

- _
- T AR

Figure 31: Pushing / ® X through a B box, a € {1,2}, b € Z3.
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— _ -
- T A —
—- _
- T S

Figure 32: Pushing / ® Z through a B box, (a,b) € Z3 x Z3\ {(0,0)}.

@ —fal+—
—07_40—
@ _ |
[
@ _ =

Figure 33: Pushing CZ through a C box.
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Figure 35:

7] |

(-?)

= Dy pt1

—
= 7D2,b+24@

Pushing I ® S through a D box, b € Z3.
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Dap = Dap =

Figure 36: Pushing S® I or Z® I through a D box, a,b € Z3.

Dy = Do pio

Dy, = Dy pio . -

RN N

T S PO = il e e 1
2b - 2,b+2 @
- T

Figure 37: Pushing CZ through a D box, b € Z3.

C.4 Three-Qutrit Box Relations

Figure 38: Pushing CZ ® I through two B boxes—B followed by another B box, b € Zs.

—e
— Boo — Boo
Boo Boo
—— | Boi —— | Boi
Boo Boo
— Bpz — By
Boo Byo
— By — By
- -
Boo By
— 5
—— | Bw — | Bw
- s ) o
Boo Bo1 ral
— S
L [
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Boo — Boo
Bo1 Bo1
By — Boy
Boi Bo1
— By — By
Boi Boi
— By — By
- T it
By Byo <1
L 1 LS|
By, By,

B 7] B gy S ) B ey 7 B
)

Figure 39: Pushing CZ ® I through two B boxes—By; followed by another B box, b € Zs3.

—1 | 300: _ 1| Boo

Boa - ] B -

— | 301: _ | By,

Bo - ] B -

— | 302: _ | By

Bo - ] B o

ek =

Boa - By -

- — s
o ]

e = B o

Bo Boo

- — w

Figure 40: Pushing CZ ® I through two B boxes—By; followed by another B box, b € Z3.
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- Booi — Bz
[ | | = _ [ H2 S . 2
By o By o - ®
- B
- B()li — Boo
M = AR s
By o By o - >
- B ) T
— 3027 — By
1 - e 7 ] Sy N
> " i 0
- .
o = s o
- R 7
T —
Bya B 412
T s

) S A 7] G

Figure 41: Pushing CZ ® I through two B boxes—Bj,, followed by another B box, b,d € Zs;.

—— | Boo —— | Bo
By, By
— By —
By, By,
—_— Boa —_—
By, By,
—— |Biua
Bop By p12
By, By pht1

Figure 42: Pushing CZ ® I through two B boxes—Bj;, followed by another B box, b,d € Z3.
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Boo Boo
_
=1 4] ] —e—{#] H—
Bab Bab
I
L = L] H H H H

Figure 43: Pushing CZ through a B box, (a,b) € Z3 x Z3\ {(0,0)}.

Dog
Dy | —
Diq
Doq
Dog
Dyq4
Dy -
Doy
Doq
Dy
Dyq

Dogq

L
Do p+2
- IR
Diq4
L
Do 11
=

L
] il
Dy
Do 12
s
| Dy pi2 |
Digt2
R
— S2
Dy pyq
1 | H3 SZ
D412
—L_ 7]
Dy,
Do g+1
- oy
Dspi2
— — H? s H
Dy 11 Dﬁ
— 7]
—
| D) p11 | - . .

D3 a1 4@

Figure 44: Pushing I ® CZ through two D boxes, b,d € Zs3.
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D Actions of the Clifford Generators

According to Section 2.2, we can describe a (derived) Clifford generator by its conjugation on the Pauli
generators. That is, let C € C,, and P € B,, CPC" = Q, for some Q € P,. For our purposes, it is also
convenient to describe their inverse conjugation on the Pauli generators: C'PC = (', for some Q' € P,,.

Definition D.1. H, S, X, and Z can be described by their actions on X and Z.

Definition D.2. CZ and SWAP can be described by their actions on X @1, ZQ L, IQ X, and [ R Z.

X —eo— X 7 —e— 7 ] —eo— 7 ] —eo— ]
] —eo— 7 ] —eo— ] X —eo— X 7 —e— 7
X —e— X 72 —e— |
72 —e— ] X —e— X
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E Designing the Normal Boxes

The multi-qutrit Clifford normal form introduced in Section 3 generalizes the normal forms designed
for qubit Clifford operators [24, 31]. We adopt a similar methodology and leverage the underlying
mechanics of the normal form to handle the increased degrees of freedom for qutrits. Note that the
choice of normal boxes is neither unique nor arbitrary. Some choices are much nicer for the Clifford
normalization, because they produce simpler residual dirty gates. In this section, we outline the key
ideas behind the design of these normal boxes, paving the way for generalizing multi-qutrit Clifford
completeness to other odd prime dimensions.

Recall that C, is the collection of n-qutrit Clifford operators generated by —®, H, S, and CZ gates
through matrix multiplication and tensor product. Let A = {—w,H (j),S(-’),CZ(i’i+l); 1<j<n 1<i<
n—1}, where —w, H (j), S(j), and CZ“*1) denote the n-qutrit unitary operators:

—®=(—w)- L, Inisthe 3" x 3" identity matrix.

n
HU) — ®Cé> C,=Hif¢=j, Cy=I otherwise.
=1

n
SU) — ®C£7 C,=Sif¢=j, Cy=IL otherwise.
=1

czit1) — Li-1t @ CZR Ly-i-1.

Every element of A is called a syllable. We use A* to denote the set of all words formed by the
syllables in 4. These words are composed in diagrammatic order. For 1 <k <m, ift W=A;...A,,
with A, € A, we call W a Clifford word over A, and note that W € A*. Let [A;] denote the matrix
representation of Ag. Then the word W can be interpreted as a unitary in C, by multiplying [A,] in the
reverse order of the syllable composition,

[W] = [A1 ... Au] = [Au] - [A1]-

To normalize W, we first append it on the right with the normal form of the identity operator, as given
in (5). Figures 13 and 45 show that Clifford normalization is reduced to one of the two cases: pushing
an H or S gate into a Clifford normal form; or pushing a CZ gate into a Clifford normal form. Locally, it
suffices to know how to push a Clifford gate through each of the normal boxes specified in Figure 9.

Based on Figures 9 and 14, Figures 52 to 54 summarize the ‘allowed’ Clifford operators before B, C,
D, E, and F boxes. This, on the other hand, introduces the dirty gate restrictions when pushing through a
normal box. To ensure the Clifford normalization will eventually terminate, we need to account for these
restrictions when designing the normal boxes.

As discussed in Section 4, after pushing a Clifford operator g through a normal box M, the updated
normal box M’ is uniquely determined by M and g. This is due to the unique box actions specified in the
second column of Figure 8. M’ is followed by a sequence of Clifford gates, referred to as the residual
dirty gates, dir, and it is determined by g, M, and M’ collectively. More generally, when M is a certain
combination of normal boxes, Procedure E.1 provides a recipe for finding dir by tracking the Clifford
conjugation on the Pauli generators.

Procedure E.1. Letn € Nand g € C,. Let M be some combination of normal boxes and M’ be the updated
normal boxes after pushing g through M. Based on the dirty normal form illustrated in Figure 13, n can
be either 1, 2, or 3, depending on the choice of M. We can find the residual dirty gates dir as follows.
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W Ny, O w
Boo

- — — Aol

(def)
Boo
Box [ Box Box . [.1
Ap— N, A A Ny —

Relations m=1 1 | Relations Relations ! 2 i |

Box N . [ Box
_— A | Nyt —_— N,

Relations || ! i " L Relations "

Figure 45: W =A;...A,, is a Clifford word composed of m syllables. Each syllable is either a single-
qutrit H or § gate, or a two-qutrit CZ gate acting on adjacent qutrits. After pushing A,, into the normal
form of the n-qutrit identity operator, Ny, this normal form is updated to a new normal form N;. Then,
Ap,—1 is pushed into Ny and so on and so forth. The normalization process reduces to pushing each
Clifford syllable Ay, into the updated Clifford normal form.

8§ |: | M|: = M| dir| (17

PEgEME}T_P{EM’fdirET
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2. Find the image of P in M'. Let it be Q.

]

3. Then the automorphism of dir is given by Q and T.

2| sl |7

Next, we discuss the design principles behind the specific implementation of the normal boxes in
Figure 9. In Appendix E.1, we consider the case of normalizing a single-qutrit Clifford operator, which
boils down to pushing an H or S gate through the A, C, E, and F boxes. In Appendix E.2, we consider
the case of normalizing a multi-qutrit Clifford operator, which boils down to pushing an H, S or CZ
gate through the A, B, C, and D boxes. In both cases, our choice of normal boxes satisfy the dirty gate
restrictions outlined in Figures 52 to 54.

E.1 Designing the Single-Qutrit Normal Boxes

In Section 3, we introduce four types of single-qutrit normal boxes. Figure 46 summarizes their unique
actions on Pauli operators. These properties completely determine all of the boxes, except for the A
boxes. In particular, since a Cj, box maps X to X and @w”Z to Z, it must be a power of X gates. Since
an Ej, box maps XZ” to X and Z to Z, it must be a power of S gates. For all i € Z3, since an F, box
maps w’XZ! to XZ' and Z to Z, it maps ®”X to X. Hence, an Fj, box must be a power of Z gates. By
Definition D.1,C, = X b, E, = St and = 7?5 which gives us the construction of C, E, and F boxes in
Figure 9.

Based on this, Figure 47 presents a generic construction of a single-qutrit Clifford normal form N,
and Figure 48 summarizes the dirty gate restrictions when pushing an H or § gate through N.

We thus see that A boxes must be able to handle arbitrary dirty gates at the input, and the residual dirty
gates must not contain solitary H gates—these can only be absorbed by the subsequent normal boxes if
they appear as part of a Pauli X or Z gate. Therefore, to find A boxes that are suitable for normalization,
we need to consider the case when pushing an H or S gate through A,,. The updated A box is uniquely
determined by the tuple (a,b,g), g € {H,S}.

Lemma E.2. For all (a,b) € Z3 x 73\ {(0,0)}, there exist dir, di € Cy such that

Proof. By the uniqueness of normal form and the required action of A boxes in Figure 46, it suffices to
find the preimage of X“Z” under the action of H and S gates.

HT (XaZb)H _ (HTXQH) (HTZbH) Definition D.1 Z,aXb Definition D.1 C()iabszia.
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Allowed indices

Required action on Pauli operators

67

Additional action on Pauli operators

(a,b) S Z3 X Z3 \ {(0,0)}

beZls

beZs

b€Z3

xazb A z

o’z Cp z

xzb Ep X

T

w’X7! Fp X7

foralli € Zs

Figure 46: Single-qutrit normal boxes and their unique actions on Pauli operators. The second column
shows the required actions. The third column shows the additional actions that we choose to simplify the

normalization process.

XC SV
I Il

ZZM

= A |—{C—5]

[
B} (-0

Figure 47: For (a,b) € Z3 x Z3\ {(0,0)}, ¢,v,u € Z3, and t € Zg, a generic construction of the normal
form of a single-qutrit Clifford operator. This is based on the close-up view of the Clifford normal form
in Figure 14 and the discussion above.

Input Dirty Gates { , }

Aab

Allowed Dirty Gates { , , }

e
[Ce]

ml-

(Ev]

EINE] | B}

Figure 48: Dirty gate restrictions when pushing an H or S gate through a single-qutrit normal form.

Hence, after pushing H gate through an A, box, the updated A box must be of the form A; _,.

azb
wfabszfa X7 A 7 =

|
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Definition D.1

ST(x92")S = (STXS)(57ZS) (xz™h--(xz7h)z"

, Finiti . —a(a—1) —a(a—1
Definition D.1 w(fXaZ_aZb _ w%xazb—a.

Hence, after pushing an S gate through an A, box, the updated A box must be of the form A, ;.

wfa(afl)/ZxazbfaZ

b
o-ala—1)/2azb-a X2 faabz = | ooevrxazi-a —{Ag ] dir |-

Combining Lemma E.2 and procedure E.1 as well as the choice of A boxes in Figure 9, we can
find all single-qutrit A box relations. They are demonstrated in Figures 18 and 19. The dirty gates after
pushing an H or § through an A box satisfy the restrictions outlined in Figure 48.

Putting everything together, Figure 49 demonstrates how to normalize a single-qutrit Clifford oper-
ator W, as shown below. We begin by appending W on the right with the normal form of the identity
operator given in (4). Then we iteratively push every Clifford gate through the normal form, by applying
the rules in Appendix C.2.

AWk = Hu{sHu sk == (-0?)

E.2 Designing the Two-Qutrit Normal Boxes

It is much more involved in finding the appropriate constraints for designing the two-qutrit normal boxes.
In Figure 8, we introduce two types of such boxes, whose distinct actions on Pauli operators are summa-
rized in Figure 50. Both actions defined for the D box are essential to ensure the normal form behaves
correctly. For the B box, however, the second action is identified as a desirable property, as we will ex-
plain later. Note that, in all cases, we specify at most two Pauli actions per box. As a result, the stabilizer
tableaus are underspecified, leaving a large design space for the normal boxes. To make it more tractable,
we introduce a few guiding principles.

Recall that in Figure 46, an A, box sends X%Zb to Z. This is the same as the Pauli evolution
happening on the top input wire of B boxes. To not reinvent the wheel, it is desirable to construct B
boxes using A boxes. Moreover, the required action of B and D boxes on Pauli operators is almost
vertically symmetric of each other. Ideally, we would like to design D boxes based on how we design B
boxes. For example, we also want to use A boxes to construct D boxes.

Finally, among all possible box relations, Figure 51 shows the most complicated case where a CZ is
pushed through two consecutive B or D boxes. In each case, there are 81 box relations. It is desirable to
choose appropriate B and D boxes such that the dirty gates in each one of the 162 box relations are as
simple as possible.

As before, we can uniquely determine the updated B and D boxes after pushing a CZ through them.
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Figure 19
Figure 20.(1)
Figure 21.(1)

Figure 18

Figure 19

Figure 18
Figure 20.(3)
Figure 20.(1)
Figure 21.(2)
Figure 21.(1)
Figure 21.(2)

Figure 21.(1)
Figure 22
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Figure 49: Normalize a single-qutrit Clifford operator. Each orange dashed box highlights the subcircuit

where a box relation is applied.

Lemma E.3. Fora,b,c,d € Z3 and dir € Cs,

Bcd

Ba,b+2c‘

Bc,d+2a

Da,h+2c‘

dir

Dc,d+2a

dir

(18)

19)
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Allowed indices Required action on Pauli operators Additional action on Pauli operators

xazb — — Z wabx2a22b+a2—l — — X

<a7b) € Z3 X Z3 Bap Bup
z — — 1 X — — 1
xzi — 1 z — — 1

a,b) € 73 x 7. Dap _ Dy
(#5) €25 xZs Xizb — | XZ I — — Z

for alli € Zs

Figure 50: Two-qutrit normal boxes and their unique actions on Pauli operators. The second column
shows the required actions. The third column shows the additional actions that we choose to simplify the
normalization process.

Figure 51: For all a,b,c,d € Z3, push a CZ through two consecutive B or D boxes.

Proof. To determine the updated indices of the B boxes in the righthand side of (18), it suffices to find
the preimage of Z® 1 ® I in the lefthand side of (18). By the uniqueness of normal form and the required
action of B boxes in Figure 50, our problem is reduced to finding the preimage of X¢Z¢ ® X“Z" in the
CZ circuit.

CzZ'(x°z¢@x2b)cz =CZ' ((XC @NZ'@NIRX)I® Zb)> CZ
= (CZ'(x*®1)CZ) (czT Z¢® I)CZ) (CZ (12 X*)CZ) (czT I® Z”)cz)

— (cZi(x e 1)C2)" (CZ(z21)CZ)! (CZ (19 X)CZ)* (CZi (12 2)CZ)"
Definition D.2 (X ®ZZ)C(Z®I)d(ZZ ®X)H(I®Z)b
= (X @Z)(Z'@N(Z*eX)(I22Z")

p Definition D.1

— XchZZa ® Z2chZ wZacXch+2a ®Xazb+20.
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d 2ac
wZuc’xczd+2a Xz VA wZac‘xczd+2a 0“7 — Z
b B, B, a
XaZb+2€ X7 z ¢ I = Xazb+20 L Z e ! dir — I
7 Buy Ba‘b+20 I
Z 1 Z — — 1

|

To determine the updated indices of the D boxes in the righthand side of (19), it suffices to find the
preimage of I ® 1 ® XZ!, for i € Z3, in the lefthand side of (19). By the uniqueness of normal form
and the required action of D boxes in Figure 50, our problem is reduced to finding the preimage of
XZb © X¢Z% in the CZ circuit.

cz'(xzt © x°2%)CZ = CZ'! ((X“ o) (Z' o NIeX )10z )) cz
= (CZ'(X“®1)CZ) (Cz* (2’ I)CZ) (CZ' (12 X°)CZ) (czT (I2z? )cz)
= (Cz'(x @1)CZ)" (CZ'(zoN)Cz)’ (CZ (12 X)CZ)* (CZi (12 2)CZ)’
Lermtion D2 (x 922z (222 X) (I2Z)"
= (X722 oI)(Z* X )(I®Z9)

. . Definition D.1 ) . )
— XaZbZZC ®ZQaXLZd f wZaLXaZb-‘rZL ®X6Zd+2a_
. ] . 1
X7 1 X7i (I
b | Dy [ D, c 2ac i
w2acxazb+2£ X7 b XZ' I = w2acxazb+20 N e 0 X7 ! dir — I
~7d | De De.a+2a 2, i
Xczd+2a XZ ¢ Xzi XL‘zd+2u it X7 - Xzi

T

According to the dirty gate restrictions in Figures 53 and 54, our proposed B box construction is
suitable for Clifford normalization if there is no single H gate acting on the top wire of dir. One way to
do this is to show that dir is not entangling the first qutrit with the other qutrits, and that only Pauli gates
appear on the first qutrit. To this end, let us consider the notion of separable operators. We will use their
properties to decide if the normal boxes are designed appropriately.

Definition E.4. Let ki ,k, € N>°. When a Clifford operator C € Ck,+k, 1s a tensor product of two Clifford
operators acting on the first k; and the remaining ky qutrits respectively, we say C is separable.

When C is separable, it cannot propagate Paulis from the first k; qutrits to the other k, qutrits. In
Proposition E.7, we show that the converse is true.

Definition E.5. For any subset A C M,,(C), its commutant is defined as
A" ={B e M,(C); [B,A] =0 forall Ac A}.

Note that the commutation of all matrices is just the scalars: M,,(C)' ={cl, : ¢ € C}. In a composite
system M, (C) @ My, (C),
(Mo (C) @1, = by © My, (C).
Here M, (C) ®I,,, denotes the set {A®1,, : A € M, (C)}. The following lemma is well known; we
include a proof to keep this appendix self-contained.
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Lemma E.6. Let U be a unitary operator in My, (C) ® M, (C). Suppose there is a unitary operator
U, € M, (C) such that
UA®L,)U" =AU 1, (20)

forall A € My, (C). Then there is unitary operator Uy € M,,(C) such that U = U; @ U,.

Proof. Let W = (U] ®1,,)U. Equation (20) implies that A® I, = W (A®1,,)W for all A € M,,(C).
SoW € (M,,(C) ®In2)/ =I,, ® M,,,(C). Since W is unitary, we conclude that W = I,,, ® U, for some
unitary U, € M, (C). It follows that U = U; ® U,. dJ

Recall from Section 2 that the set By contains all k-qutrit Pauli operators that generate the k-qutrit
Pauli group Py, and that the set C, of n-qutrit Clifford circuits is generated by H, S, CZ, and —® via ma-
trix multiplication and tensor product. For a composite system of k; + k; qutrits, we identify M, 14, (C)
with M, (C) ® M, (C). Under this identification, it is easy to see that C ® Iy, € Cy, 1«, if and only if
Ce Ck] .

Proposition E.7. Let ki, k; € N, and let C € Cy, 1+, Suppose that for every B € By, there exists a B' € Py,
such that
C(B®1Iy,)C" =B ®1I,. 1)

Then there exist Cy € Cy, and Cy € Cy, such that C = C; ® Cs, up to scalar:

Proof. We denote by Tr, the partial trace id ® Tr, which traces out the second system M., (C). Since
By, generates Py, it follows from Equation (21) that the mapping

(O Bk. — M3k1 ((C)

1 T
B 5T (C(B® Ly, )C')

extends to an automorphism @ of Py, such that
C(BR1y,)C" = ®(B) @1, .

Hence, there exists a Clifford operator C; € Cy, such that ®(B) = ClBCf for all B € Py, . Since Py, spans
M, (C), we conclude that

C(B®13,)C" = C1BC| @ Iy,
for all B € My, (C). Then by Lemma E.6, C = C; ® C, for some unitary C; € M, (C). Since C and C;
are both Clifford operators, it follows that C; € C,. L]

Lemma E.8. The dirty gate resulting from pushing a CZ through two consecutive B boxes is separable
and only has Paulis on the first qutrit:

—1
Bc,d+2a

— — = — dir — (22)

=l
Ba,b+2c

where dir= C; @ C, and Cy is a Pauli.
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Proof. Based on Lemma E.3, we can find the residual dirty gates after pushing a CZ through two consec-

utive B boxes by left-appending (I ®B;}, +2c> and (Bgcll 0a®1 ) to both sides of (18) as we see in (22).

By Proposition E.7 and the single-qutrit Clifford actions in Definition D.1, dir is separable and only
has Paulis on the top qutrits when dir maps X ® Io to @' X ® Iy and Z ® Iy to ©2Z ® Iy, for t,,1; € Z3.
First, let us find the preimage of Z® Iy in the lefthand side of (22). Note that

_ i _ Figure 50
(Ba,im) (X2 @2) (Ba7117+2c> = (Bupi2e) (X277 QZ) (Bupine) =—=2Z&1.  (23)
-1 T 2acvyc7d+2a -1 2ac c7d+2a + Figure 50 2ac
(Bc,dJrZa) ((D XZ ®Z) <Bc,d+2a> =0 (BC7d+2a) (X zZ ®Z) (BC,d+2a) ——0"ZRI.
(24)
(23) and (24) imply that (reading the updating of the Paulis from right-to-left):
(DZClCZ ] wZacxczd+2a Xczd S
B | Z arzb+2c azb 7 | B
] — | o 1 Xz Xz - 25)
1 B;, c 7 Bap
I b+2 /

Next, let us find the preimage of X ® I in the lefthand side of (22). According to the third column of
Figure 50, we have

w72ac (wcd+2acx2cza+2d+czfl> C()CdX2CZZd+6271 L x
by2a72b+a*—1 B,
b+2acx2aze+2b+a?—1 WXz X a4 )i
By
X 1
Since 2(b+2¢) +a*—1=2b+4c+a*> —1=32b+c+a®— 1, we have
T
(B;117+26> <a)a(b+2c‘)X2(lzC+2b+a271 ®X) (B;Jl,JrZC)
_ Figure 50
_ (Ba,b+2c> <wa(b+2c)X2aZZ(b+2c)+a2 1 ®X) (Ba,b+2c)T Lsure oYy ®I. (26)

Since 2(d +2a)+c*> —1=2d +4a+c*—1=32d +a+c>—1, we have

T
(ohn) (o xeez o) (5.1,

_ w—Zac (Bc',d+2a) (a)c'(d+2a)X2cZZ(d+2a)+c2—1 ®X> (Bc,d-‘rZa)T Figure 50 w_z“"X®I. 27)

(26) and (27) imply that
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w2ac+cd+abx2c‘za+2d+cz —1

wch2022d+02 -1

w—2acX — Ly
! Bc_,cluza X x2agze+2bta’—1 | paby2az2b+a’—1 X |Ba /
—1
1 Ba,b 2c X Bap
1 B I
(28)
Putting (22), (25), and (28) together, we have
wZacZ — — Z w72acX — — X
I —dir — 1 I —dir — I (29)
I — — 1 I — — 1

O]

Lemma E.9. The dirty gate resulting from pushing a CZ through two consecutive D boxes is separable
and only has Paulis on the third qutrit:

— — = dir (30)

_1 I—
Dc,d+2a

where dir= C| ® C and C, is a Pauli.

Proof. Based on Lemma E.3, we can find the residual dirty gates after pushing a CZ through two con-
secutive D boxes by left-appending (D;ll7 42 ® I) and (I ® D;}I 12
(30).

According to the dirty gate restrictions in Figures 52 and 53, our proposed D box construction is
suitable for Clifford normalization if there is no single H gate acting on the bottom wire of dir. One way
to do this is to show that dir is a separable operator and the bottom wire is only acted on by Pauli X or Z
gates. By Proposition E.7 and the single-qutrit Clifford actions in Definition D.1, it suffices to show that
dirmaps Iy @ X to Iy @ @' X and Iy @ Z to Iy ® 0" Z, for t1,t; € Zs3.

First, let us find the preimage of Iy ® Z in the lefthand side of (30). According to the third column of
Figure 50, we have

to both sides of (19) as we see in

1 V4
1 : 1
D(; @ Dab
Z b+2 1 Z I 31)
I I | P
Z

Next, let us find the preimage of Iy ® X in the lefthand side of (30). According to the second and
third columns of Figure 50, a D,; box maps X ® X azbto I® X, for all a,b € Zs. It follows that
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1 I
2ac Dill, 2acyazb+2c azb | Dap
I 0*X | Pabiac| glacxaz xazb |Pa| x -, 32)
D, y124 crzd+2a czd | Dea
oty —| o Xz Xz Ly

Putting (30), (31), and (32) together, we have

I— 1 I— 1
[ —dir — 1 I —dir —1 (33)
zZ— —z w¥ex —  —X

O

Remark E.10. For the proofs of Lemmas E.8 and E.9 to work, we need the partial automorphism of B
and D boxes specified in the second and third columns of Figure 50.

Lemma E.11. For a,b,c,d € 73 and dir € C»,

[ X2ac Z2ac
Beg Bc,d+2a
T = (34)
Bab Ba,b+2c di}”/
Dy, Da.,b+2c dil"/ (35)
Dcd Dc7d+2a
(- -1 Zac

Proof. By Lemma E.3, we can find the updated normal boxes in (18) and (19). When pushing a CZ
through two consecutive B boxes, by Lemma E.8 and proposition E.7, dir is a separable operator. Ac-
cording to Appendix D and (29), dir = 22X %% @ dir’, with some dir’ € C,. When pushing a CZ through
two consecutive D boxes, by Lemma E.9 and proposition E.7, dir is a separable operator. According to
Appendix D and (33), dir = dir’ ® Z%, with some dir’ € C,. O

Based on the partial Pauli automorphisms specified in Figure 50, we find concrete implementations
of B and D boxes, as shown in Figures 15 and 16. Moreover, the dirty gates after pushing a CZ through
two consecutive B and D boxes satisfy the restrictions outlined in Figures 52 to 54.

Summary For the whole procedure (i.e., Clifford normalization) to work, we need to derive all box
relations following Procedure E.1, and check that the residual dirty gates satisfy the restrictions given in
Figures 52 to 54. This can be done by inspecting every box relation listed in Appendix C. With these
specific designs of normal boxes, we complete the task of designing the normal form for an arbitrary
qutrit Clifford operator. As a result, the proof of completeness follows from all the box relations.
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-
Bjm Dy,
D[z
B; Dy, N(=1)
@ . .. -
4%71 -
v
x [u]. [s]. [x]. |
-
| Bj, Dy, | |
Dlz
B; Dy, NO=1)
@ . I -
41) | -
vz}
<[], [x]. ]
o T, ~
Dy,
Bj, Dy, N1
) . -
4%71 -

v (2] [s] [x] ]
< [1]

Figure 52: Allowed Clifford operators before C, E, and F boxes.
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4Bjm ADfl ] -
PE— I 4D£2 I I
le /] Dfs L N("_l) |
—
v 2[5 ]
x [],
L
431 Df; 1 -
— e .. Dlz I —
Bi Po| Ne=D
. - -
—ia—A]

v [ 5], ]

Figure 53: Allowed Clifford operators before D boxes.
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—‘X“ k -
—_ Bjm D[l I I
I — Dez  I— I
1 Bj, Dy, - N@O=1) B
v 1] [s)]
—‘XC k |
I Dez  I— I
Bj, Dy, - N(n=1) B
o L
-

v sl [2] [x] ]
x |n]

Figure 54: Allowed Clifford operators before B boxes.
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Traced monoidal categories are used to model processes that can feed their outputs back to their
own inputs, abstracting iteration. The category of finite dimensional Hilbert spaces with the direct
sum tensor is not traced. But surprisingly, in 2014, Bartha showed that the monoidal subcategory
of isometries is traced. The same holds for coisometries, unitary maps, and contractions. This
suggests the possibility of feeding outputs of quantum processes back to their own inputs, analogous
to iteration. In this paper, we show that Bartha’s result is not specifically tied to Hilbert spaces,
but works in any dagger additive category with Moore-Penrose pseudoinverses (a natural dagger-
categorical generalization of inverses).

1 Introduction

A trace on a symmetric monoidal category (C, @) is an operation that assigns to each f: AGX — B® X
another map Tr* f: A — B, satisfying some well-known axioms [[10, 14} 26]]. In string diagrams, traces
are represented by looping an output of f back to the corresponding input, as in the following diagram.

X —— — X
= N2 =

B

In categories of vector spaces, there are two relevant monoidal structures: the “multiplicative” tensor ®
and the “additive” tensor @, also known as biproduct or direct sum. The multiplicative tensor on finite
dimensional vector spaces has a well-known trace (induced by the compact closed structure). But in this
paper, we are interested in the additive tensor.

A natural way to try to define an additive trace on a category of vector spaces is by the following
sum-over-paths formula, which is motivated by the accompanying string diagrams.

Ao X
B /s fpa  fBx
f=9 < ) Tr* f = foa + fax © fxa + fax © fxx © fxa + fax o (fxx)? o fxa+ -+
X \ fxa fxx
X —0— fxx —30— X [_.0\7 fxx —
fBx / fBx
fxa fxa~
A —O— fpa—>0— B A —C— fpa—>0— B

The idea is similar to that of matrix multiplication, which can be formulated as a sum over all paths from
a given input coordinate to a given output coordinate. However, the sum may not converge (supposing
there is even any notion of convergence), and so the sum-over-paths formula does not define a total
operation. Indeed, there is no totally defined trace with respect to & on any category of finite (or infinite)
dimensional vector spaces [9].

A. Diaz-Caro, O. Oreshkov, and A.B. Sainz (Eds.):
Quantum Physics and Logic 2025 (QPL 2025)
EPTCS 426, 2025, pp. 79-09] doi{10.4204/EPTCS.426.3
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Therefore, it came as a surprise when Bartha showed in [3] that the category of finite dimensional
Hilbert spaces and isometries has a well-defined additive trace. In particular, not only does Bartha’s
trace of an isometry always exist, but it is again an isometry. By duality, Bartha’s trace also works for
coisometries, and therefore also for unitary maps. Moreover, Andrés-Martinez pointed out that Bartha’s
trace further generalizes to all contractions [1l]. These results suggest that there might be some physical
interpretation of loops in quantum systems, but we do not know what it is.

In this paper, we show that Bartha’s result is not specifically tied to Hilbert spaces, but works in any
dagger additive category with suitable additional structure. The specific additional structure that we need
to assume is the existence of Moore-Penrose pseudoinverses.

In a nutshell, a pseudoinverse of an arrow f: A — B is an arrow f°: B — A such that both fo f° and
f°o fare self-adjoint and fo f°o f = fand f°o fo f° = f°. Pseudoinverses are unique when they exist,
and they generalize inverses. Moreover, the definition of pseudoinverse is purely algebraic and makes
sense in any dagger category [3].

Our main result is the following:

Theorem 1. Given any dagger additive category with pseudoinverses, there is a totally defined trace on
each of the following monoidal subcategories:

* the unitaries,

e the isometries,

e the coisometries, and
e the contractions.

Moreover, in the cases of unitaries and contractions, which are dagger monoidal subcategories, the trace
is a dagger trace.

After reviewing some background material in Section 2] we introduce contractions in Section [3]and
pseudoinverses in Section 4 and prove some of their required properties. Section [3 is devoted to the
proof of the main theorem.

Acknowledgements. We thank JS Lemay and Priyaa Varshinee Srinivasan for helpful discussions.
2 Background

2.1 Dagger categories

We recall some basic definitions and properties of dagger categories to fix the notation for the rest of the
paper. For a more detailed treatment, see [24 (8}, [11]].

Definition 2.1 (Dagger category). A dagger category is a category equipped with an identity-on-objects
involutive contravariant functor, denoted (—)T. In other words, for f: A — B, we have f T B— A, and
we have the following properties:

. f'H':f’
s (14)" =14, and
* (gof) =fTog"

For example, the category Hilb of Hilbert spaces and bounded linear maps is a dagger category. Its
full subcategory FdHilb of finite dimensional Hilbert spaces is also a dagger category.
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Definition 2.2 (Properties of arrows). An arrow f: A — B in a dagger category is called an isometry if
fTo f =1y, acoisometry if fo f' = 1, and unitary if it is an isometry and a coisometry. Equivalently,
f is unitary if it is invertible and f~! = f7. An arrow f: A — A is self-adjoint (or hermitian) if f = f7.
In this paper, we use the symbol & to denote the monoidal product, because we are mainly interested
in monoidal structures that are induced by biproducts.
Definition 2.3 (Dagger monoidal category). A dagger monoidal category is a dagger category that is
also monoidal, such that (-)" is a strict monoidal functor. More explicitly, this means that the monoidal
structure isomorphisms (i.e., associators and unitors) are unitary, and for all arrows f and g, we have

(fog'=rlogh

In a dagger (monoidal) category, the isometries, the coisometries, and the unitary maps each form a
(monoidal) subcategory, i.e., they are closed under compositions (and monoidal products).

Definition 2.4 (Dagger finite biproduct category). A dagger finite biproduct category is a dagger category
that also has finite biproducts, such that the projection maps 7;: A; G A, — A; and the inclusion maps
1;: A; > AL P A satisfy m; = ll-T.

The dagger biproducts of course also form a dagger monoidal structure. As usual in any category
with finite biproducts, there is a zero object 0, and we can define the addition of arrows f,g: A — B in
the usual way by f+g=A - APA & B @ B — B. There are also zero maps 0: A — 0 — B. Indeed,
every (dagger) finite biproduct category is enriched over commutative monoids.

Definition 2.5 (Negatives, additive category). We say that a (dagger) finite biproduct category has nega-
tives if for every f: A — B, there exists —f: A — B such that f + (—f) = 0. A (dagger) finite biproduct
category with negatives is called a (dagger) additive category.

Definition 2.6 (Positive map). A map a: A — A in a dagger category is positive if there exists f: A — B
witha= fTo f.

Positive maps in Hilb are positive operators in the usual sense. Every positive map is self-adjoint,
and the sum of positive maps is positive if we have dagger biproducts. Given two maps f,g: A — A, in
a dagger finite biproduct category, we say that f < g if there exists some positive a such that g = f +a.

Lemma 2.7. Let f,g: A — A and assume f < g. (a) For all h: A — B, we have ho foh' < hogoh'.
(b) Forall f',g: A" — A" with f' < g', wehave f® f <gdg.

Proof. Since g = f+aand g = f'+ d for some positive a and ', we have
hogoh' =hofoh' +hoaoh’ and g®g =(f+a)®(f+d)=(fDf)+(add).

It is easy to see hoaoh' and a @ d’ are positive, which implies both claims. O

2.2 Matrices

In a finite biproduct category, consider objects A =A| D --- DA,, and B=B| D --- D B,,. It is well-known
that maps f: A — B are in one-to-one correspondence with matrices (fj;), where fj;: A; — B;. We write

Al & - D Ap

B ,fit 0 fim
&
f=
57

By \ fu1 o fam
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Then composition of morphisms coincides with the usual formula for matrix multiplication, given by
(go /i =Y, &jo fii-
jel
In a dagger finite biproduct category, the dagger of a morphism coincides with the adjoint of its matrix:
(i = (i)'
Given a matrix

(o fin) .
f= (le f22> A1 Ay — B1® By,

we call each fj;: A; — B; a component of f, we call (2:) 1 A; = B1® By a column of f, and we call
( i f j2) : A1 DAy — Bjarow of f. We use analogous terminology for larger matrices.

Remark 2.8. In a dagger finite biproduct category, an arrow of the form

AL @ - DA,

B (fi - Jm)

is an isometry if and only iffl.T o f; = 14, for all i and ij ofi=0fori#j.

Remark 2.9. In a dagger additive category, every isometry is a component of a unitary. Indeed, suppose
f: A — Bis an isometry. Then the following arrow is unitary.

A (<] B

(7 i)
s\ f  lp—foft

Definition 2.10 (Dagger idempotents). A arrow p: A — A is called a dagger idempotent (or projection)
if p=pop=p.

Whenever f: B — A is an isometry, then p = fo f' is a dagger idempotent. If p is of this form, we say
that p is dagger split. When dagger splittings exist, they are unique up to unitary isomorphism. It is well-
known that every dagger category can be fully embedded in a dagger category with all dagger splittings,
called its dagger idempotent completion [25]]. Moreover, all structure of interest (e.g., monoidal structure,
biproducts, addition, negatives, and, as we will later introduce, pseudoinverses [3]) on a dagger category
transports to its dagger idempotent completion.

D >

2.3 Dagger idempotents

Definition 2.11 (Complementary idempotents). Two idempotents p,q: A — A in a finite biproduct cate-
gory are complementary if p+qg=14 andgop=0=pog.

If the category has negatives, complements always exist, because whenever p is a (dagger) idem-
potent, so is 1 — p. It is obvious that the complement is unique in that case. Interestingly, unique-
ness even holds without assuming negatives, because if both ¢; and ¢, are complements of p, we have
q1=((p+q)oqi=qoq =qo(p+q1)=q.

Complementary dagger idempotents are an algebraic abstraction of orthogonal complement subspace
projections.
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Lemma 2.12 (Direct sum decomposition). Consider a (dagger) finite biproduct category in which all
(dagger) idempotents (dagger) split. Given an object A with complementary idempotents p,q: A — A,
there exist objects A1,A, with A = A1 ® A, such that

Al DA A B Ay

Ay 1 0 Ay 0 0
p= @ and q= o .
Ay 0 0 Agp 0 1
Moreover, the factorization is unique up to (unitary) isomorphisms of the direct sum factors.

Proofidea. Let A be a splitting of p, and let A, be a splitting of g. The claimed properties are easy to
verify. O

Remark 2.13. In Lemma and elsewhere, we write A = A; D A, instead of A = A| @ A,; this is
justified because (dagger) biproducts are defined up to (unitary) isomorphism in the first place.

2.4 Trace

A trace on a symmetric monoidal category C is a family of operations TrX : C(A®X,B®X) — C(A,B),
subject to a small number of axioms that can be found in [[10, [14} 26]. The concept of a partial trace is
defined similarly, except that Tr¥ is a partially defined operation [6]]. The axioms are such that a partially
traced category in which the trace happens to be totally defined is a (totally) traced category. It was
shown in [13}[14] that every partially traced category can be faithfully embedded in a totally traced one,
and conversely, every monoidal subcategory of a totally traced category is partially traced.

We will make use of the following construction, which can be found in [14]. It is remarkable because
it works in any additive category.

Definition 2.14 (Kernel-image trace). Let f: A®X — B® X be an arrow in an additive category. The
kernel-image trace Trgi f: A — Bis defined if there exist arrows i: A — X and k: X — B such that

fxa=(1x — fxx)oi and ko(1x — fxx) = fax,

as in the following commutative diagram

A-—tn X
/ fBx
Ix — fxx
fxa /
X - B
k

In this case, we define
Trf = fpa+ko (1x — fxx) oi.

(Otherwise, the kernel-image trace is undefined.) Note Trffi is independent of the choice of each i and %,
since

fea+ fox oi = Trif = fpa +ko fxa.
Proposition 2.15 ([14]). The kernel-image trace is a partial trace.

Remark 2.16. In a dagger category, a (partial) trace is called a dagger (partial) trace if Tr(fT) = (Trf)7.
In a dagger additive category, the kernel-image trace is always a dagger partial trace, because its definition
is self-dual.
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3 Contractions

3.1 Basic properties
In the category of Hilbert spaces, a contraction is amap f: A — B such that for all v € A, || f(v)|| < ||v]|.
The following definition generalizes this concept to arbitrary dagger additive categories.

Definition 3.1 (Contraction). A contraction in a dagger additive category is an arrow f: A — B such
that f7o f < 14. In other words, such that there exists an arrow g: A — B’ with fTo f+g"og=14. Note
that this is the case if and only if the map (g ) : A — B® B is an isometry. A cocontraction is defined
dually.

In particular, every isometry, coisometry, and unitary map is a contraction. Also, biproduct projec-
tions and injections are contractions.

Note that Definition could be stated even without assuming negatives, but most of the useful
properties of contractions rely on additivity. A point in case is the next proposition, which gives sev-
eral alternative characterizations of contractions, none of which would be equivalent in the absence of
negatives (see counterexamples [D.14] and [D.13)).

Proposition 3.2 (Characterizations of contractions). Let f: A — B be an arrow in a dagger additive
category. The following are equivalent.

(a) fis a component of a unitary.

(b) fis a contraction.

(¢) fis a cocontraction.

(d) fis of the form e om for some isometry m: A — X and coisometry e: X — B.
(e) fis a composition of isometries and coisometries.

We delay the proof until we have established some lemmas. The following lemma tells us that
contractions, like isometries, form a monoidal subcategory.

Lemma 3.3. Contractions are closed under composition and monoidal products.

Proof. For composition, let f: A — B and g: B — C be contractions. Then fTo f <1, and g'og < 1.
Using Lemma[2.7(a), we get

(gof) o(gof)=fToglogof<flolgof=flof<ly.

Therefore, f og is a contraction. For monoidal products, let f: A — B and g: A’ — B’ be contractions.
Using Lemma 2. 7(b), we get

(feg) o(f@g)=(fof)@ (s 0g) < 1a® La = Lyan.
Therefore, f @ g is a contraction. O

Lemma 3.4 (Contractions as components of unitaries). In a dagger additive category, contractions are
precisely the components of unitaries. In particular, contractions coincide with cocontractions.

Proof. First, a component of a unitary is a composition of three contractions uj; = Tjouo i, and is
therefore a contraction itself. Conversely, every contraction is a component of an isometry (as remarked
in Definition [3.1), which in turn is a component of a unitary by Remark Finally, since being a
component of a unitary is a self-dual concept, so is being a contraction. O
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We can now prove Proposition
Proof of Proposition[3.21 The equivalence [@] = [@] = is Lemma 3.4l For [@] ==

assume f'of+g'og=1. Then f = eom, where e = (1 O) is a coisometry and m = ((’é) is an isometry.

The implication — is trivial, and — @]follows because contractions are closed under
composition by Lemma[3.3] O

3.2 Contractions and definiteness
Contractions have even better properties when the underlying dagger category satisfies the following
condition.
Definition 3.5 (Definite). A dagger category with a zero object is definite if for all arrows f, we have
that f7 o f = 0 implies f = 0.

In the familiar context of Hilbert spaces, the columns or rows of a contraction have norm at most 1.
An analogue of this principle holds in any definite dagger additive category.

Lemma 3.6 (Maxed-out column). In a definite dagger additive category, assume f = (2) is a contrac-

tion. If f1 is an isometry, then f, = 0.

Proof. 1t suffices to show the result when f is an isometry, because every contraction is a row of an
isometry. We have 1, = ffof = f;r ofi 4—f2T ofp =14 —|—f£r o f». Subtracting 14 from both sides, we get
0= f; o f. Now by definiteness, f, = 0. O

Corollary 3.7 (Maxed-out row and column). In a definite dagger additive category, assume

(1 fi2
f_<f21 f22>

is a contraction. Then f1o =0 and f; =0.
Proof. f12 = 0 follows from Lemma[3.6land f>; = 0 follows from its dual. O

The first part of the following is basically Corollary [3.7]in more algebraic language. The second part
amounts to the observation that the fixed points of a contraction f are also fixed by f7.

Corollary 3.8 (Fixed points of contraction). Suppose f: A — A is a contraction and p: A — A is a
dagger idempotent in a definite dagger additive category.

(a) If pofop=p, then fop=p=pof.

(b) fop=pifandonlyifpof=p.
Proof. Without loss of generality, we can assume all dagger idempotents split, because otherwise we
can pass to the dagger idempotent completion. Let A = A; @ A, be the decomposition of A obtained by

splitting p and its complement as in Lemma Write
Al D Ay

Al fu S

@ .

A\ a1 Sz

To prove note that po fo p = p means that f;; = 1, which by 3.7l implies that fj; = 0 and f>; =0,
hence fop = p = po f. Claim[(b)|follows from [(a)] O
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4 Pseudoinverses

4.1 Definition of pseudoinverse

Every linear map f: V — W between finite dimensional Hilbert spaces is of the form

(ker /)X @ kerf

imf a 0
f= = < >
(imf)+ 0 0

where a is invertible. This section is about dagger additive categories in which an analogous fact holds.
Observe that, given the above decomposition of f: V — W, we automatically get a map f°: W — V in

the other direction via
imf @ (imf)*

(ker f)*+ a! 0
ff= e :
ker f 0 0
We note that this “almost inverse” f° of f satisfies the following four properties:
f=foftof,  fo=fofof  fof=(fof)f  fofr=(fof). ()

It so happens that these four laws uniquely determine f° given f.

Definition 4.1 (Pseudoinverse). In a dagger category, a pseudoinverse (or Moore-Penrose pseudoin-
verse) of a map f: A — B is an arrow f°: B — A such that the equations () hold. A pseudoinverse
dagger category (in S]], Moore-Penrose dagger category) is a dagger category in which every arrow has
a pseudoinverse.

Before we prove uniqueness, here is a bit of background on pseudoinverses. They were introduced
by Moore in [15] and rediscovered by Penrose in [[17]]. For an overview, see [4] or [2]. Pseudoinverses
were studied in abstract dagger categories by Puystjens and Robinson in [[18} 19,20, 21} [22]] and recently
by Cockett and Lemay in [J5]].

Example 4.2. In Hilb, an arrow f: % — J#" is pseudoinvertible if and only if the image of f is closed.
In FdHilb, every arrow is pseudoinvertible.

We note the following equivalent characterization of pseudoinverses; it will simplify the proof of
uniqueness in Proposition [4.4] below.

Lemma 4.3 (Second definition of pseudoinverse). Pseudoinverses f and f° in a dagger category are
equivalently characterized by the equations

f=rToffof,  f=foffoft,  f=floftor,  f=foflofl )
Proof. From @), we derive
foff=fToffofofrr=f%0f" and foof=floftofof=rlosfr,

ie., fof°=(fof°) and f°o f = (f°of)'. Hence the two definitions are equivalent as f and f° are
permitted to slide past each other, picking up daggers. O

Proposition 4.4 (Uniqueness of pseudoinverse). If f° and f* are both pseudoinverses of f, then f° = f°.
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Proof. f°=floffofo=f"ofoflofof>=f"ofof°. Symmetrically, f*=f"ofof°. O

Note that the notion of pseudoinverse is self-dual and therefore respected by dagger: if f: A — Bis
pseudoinvertible, then so is T with (f7)° = (#°)f. Also note that if f is pseudoinvertible, then f o f°
and f° o f are dagger idempotents. More specifically, f o f° represents projection onto the image of f,
and f° o f represents projection onto the coimage of f (i.e., the orthogonal complement of the kernel).
We hence obtain the following decomposition, which is analogous to what happens in FdHilb.

Proposition 4.5 (Generalized singular value decomposition [S]). Let f: A — B be an arrow in a dagger
additive category in which all dagger idempotents split. Then f is pseudoinvertible if and only if we can
write A=A DA, and B= By P B, such that

A © A B B,

Bifa O A fal 0
f= @ and = e ,
B, 0 0 Ay 0 0

where a: Ay — By is invertible. Moreover, the factorization of f is unique up to unitary isomorphisms of
the direct sum factors.

Proof. Clearly, if f can be written in the stated form, then f is pseudoinvertible with pseudoinverse as
stated. For the left-to-right implication, assume f is pseudoinvertible. Consider the dagger idempotents
f°of:A—Aand fo f°: B— B. By splitting them and their complements as in Lemma 2.12] we can
write A =A; ® A, and B = B; ® By, where f°o f = l’l“on‘l“ and fo f° = lfgonf;. Let a = nf;ofo
lf‘: Ay — Bi. Then f=fof°ofof°of= lfoxfOfOI?Oﬂf = lfoaoirf‘,hencefis of the claimed
form. Moreover, it is easy to verify that a—! = 7r‘1“ of°o lf . Uniqueness is as in Lemma[2.121 U

4.2 EP maps

The generalized singular value decomposition of Proposition is especially nice if f is a so-called
EP-map, which we now define. This definition captures the notion of an endomorphism whose kernel
and image are orthogonal complements.
Definition 4.6 (EP maps). An EP map (or range hermitian map) in a dagger category is a pseudoinvert-
ible endomorphism f: A — A such that f°o f = fo f°.

The term “EP” was introduced by Schwerdtfeger [23]], who does not explain what these letters stand
for. Given that f°o f and fo f° are projections that are equal to each other, a useful mnemonic is that
EP stands for “equal projections”.

Remark 4.7 (Normal operators are EP). If f is pseudoinvertible and f"o f = fo fT, then f is EP:
frof=floff=flofofioff=flofo(ffof) =foffo(foft) =foffofTof =fof.

The following proposition characterizes EP maps in the style of Proposition

Proposition 4.8. Let f: A — A be an arrow in a dagger additive category in which all dagger idempo-
tents split. Then f is EP if and only if we can write A = A| ® A, such that
A ® A

Ay a 0
f= e ;
A\N0 O

where a: A — Ay is invertible.
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Proof. Like the proof of Proposition but using the fact that the idempotents fo f° and f°o f are
equal and therefore have the same splitting. O

Before we say more about EP maps, we need the following lemma.

Lemma 4.9. In a dagger category with a zero object, if f: A — B is pseudoinvertible and 7o f =0,
then f = 0. In particular, every pseudoinverse dagger category with a zero object is definite.

Proof. Using @) from Lemma3] we have f = f°To ffo f =0. 0

We saw in Corollary 3.8 that the fixed points of a contraction f are also fixed by f*. The following
lemma is the same fact in different language: ¢ = 1 — f being EP means that 1 — g° o g (the projection
onto the fixed points of f) is equal to 1 — g o g° (the projection onto the fixed points of f7).

Lemma 4.10 (Contractions and EP maps). Let f: A — A be a contraction in a pseudoinverse dagger
additive category. Then g =14 — f is EP.

Proof. Observe that (14 —g)o (14 —g°0g) =14 —g°og. By Lemmal.9] the category is definite, and
thus we can apply Corollary [3.8] to obtain (14 —g°og)o (14 —g) = 14 — g° o g. Simplifying, we get
g°ogog=g. Similarly, gogog® =g, hence g°og=g°ogogog® = gog°, asclaimed. O

5 Proof of the main result

The purpose of this section is to prove Theorem [1l That is, in a pseudoinverse dagger additive category,
the monoidal subcategories of unitaries, isometries, coisometries, and contractions are traced. The proof
in the case of isometries proceeds in two steps: In Lemma[5.1] we show that the kernel-image trace of a
contraction (and therefore, of an isometry) is always defined. This is the only part of the proof that uses
pseudoinverses. In Lemma[5.2] we show that the kernel-image trace of an isometry is again an isometry.
These two facts imply that the kernel-image trace is totally defined on the category of isometries. Since
it is already known to be a partial trace, these facts are sufficient to prove that the category of isometries
is totally traced. The case of contractions is proved similarly, and the other cases are easy consequences.

Lemma 5.1 (Trace is defined for contractions). In a pseudoinverse dagger additive category, the kernel-
image trace is always defined for contractions.

Proof. Let f: A®X — B® X be a contraction. Then fxx is also a contraction, because it can be written

as a composition of three contractions fyy = X X ADX i> B®X = X. Then by Lemma .10l 1x —
fxx is an EP map. For the rest of this proof, we assume that all idempotents split; this is without loss of
generality because we can pass to the dagger idempotent completion. Note that the dagger idempotent
completion still has pseudoinverses [5]. Because 1y — fxx is an EP map, by Proposition we can

write
X1 & X

Xi a 0
Ix—fxx= @ ;
x»\0 O
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where we have decomposed X into a sum of two objects X; & X, and a: X; — X is invertible. Writing f
in matrix form, we now have

A d X & X

B [ fea  fex, JBx
@

f = Xi| fxa Ixy—a O
®
X \ fxA 0 Ix,

Using Corollary we get fy,a = 0 and fpx, = 0. To show that the kernel-image trace of f is defined,
we must show that there exist i and k to complete the following diagram:

A------- > X
/
(ﬁg/«) (89) \ (/i 0)
/
X------- > B
k
. . . (alofxa _ “1
But this can be achieved with i = 0 and k = ( fBx, ca 0). O

In the next lemma, we do not assume pseudoinverses, so the kernel-image trace of a given isometry
may not exist. However, we show that if it does exist, it is an isometry.

Lemma 5.2 (Trace of isometry). In a dagger additive category, the kernel-image trace of an isometry, if
it exists, is an isometry.

Proof. Consider an arrow f: A@ X — B@® X with components

Ao X
B ( fa [Bx
f= o
x \ fxa fxx
Assume that f is an isometry, so that we have

fix o fox + fux 0 frx = lx,
faao foa+ fyao fxa = la, 3)
f§X o fBa -I-f;x o fxa=0.

Also assume that Trgi f exists, so in particular there exists i: A — X satisfying

fxa = (Ix — fxx)oi. 4
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To show that Trgi f is an isometry, we calculate

(T ) o f = (S +i"0 fix) o (foa + foxoi)
= fanofsa+ faaofoxoi+itoffyofaa+ilofhyofayxoi
by @) = faiofsa — fraofxxoi—ilofgyofxa+iTo(lx — fyyofxx)oi
by @) = fhofsa—io(lx — fyy)ofxxoi—itofiyo(lx — fyx)oi+i'o(lx — fiyofxx)oi
= faaofoa+iTo(—fix + fixofxx)oi+iTo(—fiy + fixofxx)oi+iTo(lx — fiyofxx)oi
*fBAOfBA‘f'l o(lx — fxx fxx+fxxofxx)
= faofea+io(lx — fiy)o(lx — fxx)oi
(by @) = fys0fpa+ fysofxa
(by @) =1a. O

Note that the proof only used the i of the kernel-image trace and not the k. We use this fact to
immediately obtain the following.

Lemma 5.3 (Trace of contraction). In a dagger additive category, the kernel-image trace of a contrac-
tion, if it exists, is a contraction.

Proof. Suppose f: A@X — B®X is a contraction. By the definition of contraction, there exists an
object B’ and an arrow g: A@®X — B’ such that f7o f+g" 0og = 144x, or in other words, such that

A o X
B ,8BA &BX
®
h= B| fea JBx
@
X \ fxa fxx

is an isometry. Now assume that the kernel-image trace of f exists. While this does not necessarily
imply that the kernel-image trace of 4 exists, we nevertheless get the existence of i: A — X such that
Jfxa = (1x — fxx) oi. As seen in the proof of Lemmal[5.2] this is sufficient to show that

<8B'A> n <gB’X> 0 — <8B'A +8pxo i>
IBA JBx fea+ fexoi
is an isometry. Thus, the kernel-image trace of f, which is fg4 + fpx o1, is a contraction, as claimed. [

We are now ready to prove our main theorem.

Proof of Theorem[ll Lemmas and[5.3]show that the kernel-image trace of the ambient category
is total on isometries and contractions. Dually, the same holds for coisometries. Hence the trace is also
total on their intersection, the unitaries. Moreover, in the cases of unitaries and contractions, the trace is
a dagger trace by Remark 2.16l O
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Conclusion and future work

We showed that in every pseudoinverse dagger additive category, each of the subcategories of isometries,
coisometries, unitary maps, and contractions forms a totally traced category. This generalizes a result by
Bartha in the case of finite dimensional Hilbert spaces. One of the main ingredients of this construction is
the notion of pseudoinverse, which was originally studied for matrices by Moore and Penrose, but makes
sense in any dagger category. Contractions can also be defined in any dagger category (as compositions
of isometries and coisometries), but they only behave as expected if one assumes additive structure and
definiteness. The latter follows from the existence of pseudoinverses.

One might ask whether Bartha’s trace has a physical interpretation. We do not know the answer, but
some potential evidence to the contrary is that the trace on contractions is not a continuous operation,
and that it does not exist in infinite dimensional spaces. See Appendix [Blfor more details.

In future work, it would be interesting to investigate whether the assumptions under which contrac-
tions are traced could be further reduced. In fact, there are examples of dagger additive categories in
which the contractions are totally traced but not all pseudoinverses exist; see Counterexample [D.1l On
the other hand, it is not sufficient to merely assume, say, the existence of dagger kernels; see Remark[B.2]
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A The pseudotrace is not a trace

In the proof of our main theorem, pseudoinverses play a minor, but crucial role: they are only used to
prove that the kernel-image trace is total. In Bartha’s original work [3]], pseudoinverses play a larger part,
because he uses them directly to define the trace on the category of finite dimensional Hilbert spaces and
isometries via the following formula:

Tr) f = fea+ fax o (1x — fxx)° o fxa. (5)

In fact, the above formula is defined for all linear maps f (not necessarily isometries), and, as we show
below, it agrees with the kernel-image trace whenever the latter exists. However, Bartha’s operation is
not a trace on the category of all linear maps, because it fails to satisfy the trace axioms. We call it the
pseudotrace.

Definition A.1 (Pseudotrace). In a dagger additive category, the pseudotrace of f: AGX — B® X is
defined by (@), if the pseudoinverse of 1y — fxx exists, and undefined otherwise. In particular, if the
category has pseudoinverses, this is a totally defined operation.

Warning A.2. In general, the pseudotrace is not a (partial or total) trace. In FdHilb, let X = C? and
A =C, and consider f: A®X - AP X and g: X — X defined by

0|1 0 | 1
f = 1{1 0 and gz(o 1>.
0]0 1

Then we find
T (La®g)of)=0  and  Trp(fo(la®g)) =1,
violating dinaturality (one of the laws of traces) [14].

Lemma A.3 (Pseudotrace and kernel-image trace). In a dagger additive category, whenever the pseudo-
trace and kernel-image trace are both defined, they coincide.

Proof. Let f: A X — B® X be an arrow with both Trgi f and Trffs f defined. Taking i and k as in
Definition 2.14] we have

Trf = faa+ko (1x — fux) oi
= fea+ko(1x — fxx) o (1x — fxx)° o (Ix — fxx) oi
= fa+ fax o (1x — fxx) o fxa
=TrX f. O

B Non-physicality of the trace?

One may ask whether the trace operation on Hilbert spaces and unitaries (or isometries, or contractions)
has a physical interpretation, e.g., whether there is some physical device that can perform this operation
when presented with an input unitary in the form of a black box. One potential issue is that the trace
is not a continuous operation, i.e., an infinitesimal variation in the input may cause a large variation in
the output. Another potential issue is that neither the pseudotrace (Definition [A. ) nor the kernel-image
trace is total on infinite dimensional Hilbert spaces, even when restricted to contractions, isometries,
coisometries, or unitaries. The next two remarks make this precise.
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Remark B.1 (Non-continuity of trace). The trace on finite dimensional Hilbert spaces with unitary maps
is not a continuous operation. Take for example the O-parameterized family of rotations

((nloy -~ mean,

The trace along the second row and column is 1 for 6 =0 but is —1 for 0 < 8 < 27x. On the other hand,
the trace is continuous on strict contractions, because in that case the pseudoinverse in (3) is an actual
inverse, which is a continuous operation.

Remark B.2 (Nonexistence of trace in infinite dimensions). Let f: £> — ¢ be the contraction on the
Hilbert space of square-summable sequences that multiplies the nth term of every sequence by % Con-
sider the unitary map ¢2 @ (> — %@ (? defined by

( —(lp—f) lzz—(lzz—f)2>
le—(1p— f)? lp—f

The pseudotrace along the second row and column does not exist, as f is not pseudoinvertible (i.e.,
f does not have a closed image; see Example [4.2)). Indeed, if there were an induced invertible map from
the coimage of f (here the entire space) to the image of f, then its inverse would have to be unbounded.
Neither does the kernel-image trace exist, as /1,2 — (1,2 — f)? does not factor through f. Indeed, if
there were k with \/1,2 — (1,2 — f)? = ko f, then k would have to be unbounded.

C More on pseudoinverses

Pseudoinverses arise inevitably in relation to dagger idempotents. Recall that a morphism of idempotents
f: p—qisan arrow f such that go fop = f. As shown in [5]], the pseudoinvertible arrows in any
dagger category C exactly correspond to isomorphisms of dagger idempotents (that is, isomorphisms in
the dagger idempotent completion of C):

Proposition C.1 (Pseudoinverses via dagger idempotents [5]). In a dagger category, an arrow f: A — B
is pseudoinvertible if and only if there are dagger idempotents p: A — A and q: B — B such that f is
an isomorphism of dagger idempotents f: p — q. Furthermore, the inverse isomorphism of dagger
idempotents g — p is given by f°, and we have p = f°o f and g = fo f°.

Proof. To say f: p— ¢ is an isomorphism of dagger idempotents with inverse g: ¢ — p means f =
gofopand g=pogogwith gof = pand fog=gq. Since p and g are dagger idempotents, we have
(gof)T =gofand (fog)' = fog. Moreover fogof = fand gofog=g,s0g=f°.

Conversely, assume f is pseudoinvertible and let p = f°o f and g = f o f°. We have that f: p — ¢
and f°: g — p are morphisms of dagger idempotents, because f = fo f°o fo f°ofand f°= f°ofo
f°o fof°. The compositions f°o f and fo f° are respectively the identities on p and g. U

Unlike inverses, pseudoinverses do not in general compose; see Counterexample Still, we do
have the following.

Corollary C.2 (Composition of pseudoinverses). In a dagger category, if f: A— B and g: B— C are
pseudoinvertible with fo f° = g°og, then go f is pseudoinvertible with (go f)° = f°og°. Moreover,
gofofoog®=gog®and fcog°ogof=fof.
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Proof. This follows from Proposition as a composition of isomorphisms of idempotents is an iso-
morphism of idempotents. O

In a dagger additive category, we obtain four dagger idempotents of interest (written in the matrix
form of Proposition assuming that the dagger splittings exist):

imf @ (imf)* (ker f)* @ ker f
imf 1 0 (ker f)*+ 1 0
fofi= & ( ) fof= = ( >
(imf)+ 0 0 ker f 0 0
imf @ (imf)* (ker f)* @ ker f
imf 0 0 (ker f)* 0 0
= fof'= = ( ) I—fof= = ( )
(imf)+ \ 0 1 ker f 0 1

They are, respectively, the projections onto the image, the coimage, the cokernel, and the kernel of f.
The following propositions show that these names are justified.

Proposition C.3 (Image via pseudoinverse). Let f: A — B be a pseudoinvertible arrow in a dagger
category such that f o f° splits via the mono m: X — B. Then m is the image of f (i.e., the universal
subobject through which f factors).

Proof. We have m = f o f° om, so m factors through every arrow that f factors through. U

Note that f° and f7 have the same image projection, namely f°o f = fT o f7°. This is also the
coimage projection of f (and of f7°). Dually, f° and f' have the same coimage projection, namely
fof°=f"ofT, which is also the image projection of f (and of £7°).

Proposition C.4 (Kernel via pseudoinverse). Let f: A — B be a pseudoinvertible arrow in a dagger
finite biproduct category, with p and f° o f complementary dagger idempotents. Then f has a (dagger)
kernel (in the standard sense of [7]) if and only if p (dagger) splits. The splitting is given by the inclusion
map of the kernel.

Proof. Observe that for all arrows m: X — A, we have fom = 0 if and only if m = pom. Indeed, if
fom=0,thenm = (f°of+p)om= pom. Conversely, if m = pom then fom= fo f°ofopom=0.
A universal such arrow m is equivalently characterized as a kernel of f or as an equalizer of p and 14.
But an equalizer of an idempotent and an identity is the same as a mono splitting the idempotent, as
desired. Moreover, a dagger kernel is by definition a kernel that is an isometry. It suffices to observe that
every splitting of a dagger idempotent by an isometry m is a dagger splitting:

e=eomom=moeom’ =m'. ]
Lemma C.5 (Pseudoinvertible monos split). In a dagger category, every pseudoinvertible mono (dually,

epi) is split by its pseudoinverse.

Proof. Suppose f: A — B is a pseudoinvertible mono. We have f = fo f°o f. Thus by cancellation
fCof=14. O

Proposition C.6. Every pseudoinverse dagger additive category in which all dagger idempotents split is
an abelian category (in the standard sense of [12]]).
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Proof. By Proposition all kernels exist. Moreover, every mono m is normal as m is a kernel of
1 —mom®, using both Proposition and Lemma Dually, all cokernels exist and every epi is
normal. U

Although this paper is about pseudoinverse dagger additive categories, so far we have not given many
examples.

Example C.7. Let [ be any dagger subfield of C (i.e., a subfield closed under conjugation). Then Mat([F)
is a pseudoinverse dagger additive category. Indeed, it was observed in [16] that the pseudoinverse of a
matrix f over an arbitrary dagger field exists if and only if rank(f) = rank(f" o f) = rank(f o f), and
the rank of a matrix does not change upon passing to a larger field.

Lemma C.8. In a pseudoinverse dagger additive category, Q embeds into the endomorphism ring at
each non-zero object.

Proof. Let n € N>p, and let §: A — A" be the canonical n-ary diagonal map. By symmetry, we have
6° = (d d) for some d: A — A. Since 6 is mono, by Lemma [C.3] we have 6° o8 = 14, hence
n-d = 14. Thus n- 14 has a multiplicative inverse. As Q is the universal ring in which every natural
number has a multiplicative inverse, and Q has no proper quotients, the result follows. O

Example C.9 (Free pseudoinverse dagger additive categories). Since pseudoinverse dagger additive cat-
egories are essentially algebraic, we can consider freely generated structures. It follows from LemmalC.8§]
that the free pseudoinverse dagger additive category on an object is equivalent to Mat(Q). But more ex-
otic examples exist, such as the free pseudoinverse dagger category on an object with an endomorphism;
see Counterexample

D Counterexamples

This section consists of several counterexamples, which preclude various strengthenings of results in the
paper. Our main theorem gives a sufficient condition for the monoidal subcategory of contractions in a
dagger additive category to be traced: the existence of pseudoinverses. However, this is not a necessary
condition.

Counterexample D.1 (Trace without pseudoinverses). The kernel-image trace on the dagger additive
category Mat(Z) of integer-valued matrices is totally defined on contractions. Indeed, since contractions
are equivalently submatrices of unitaries, they are the matrices with entries in {—1,0, 1} with at most one
nonzero entry per row and per column, and one may check that all kernel-image traces of such matrices
exist. However, not all arrows (even those of the form 1 — f with f a contraction) are pseudoinvertible,
e.g., the matrix (2)

Given the examples we have seen so far, it is reasonable to ask whether all pseudoinverse dagger
additive categories are sub dagger additive categories of matrices over the complex numbers. However,
this is not the case.

Counterexample D.2 (Non complex matrix pseudoinverse dagger additive category). The free pseudoin-
verse dagger additive category on an object * and an arrow f: * — x does not embed into any dagger
additive category of matrices over a field. Indeed, given an endomorphism f of a finite dimensional
vector space, the image eventually stabilizes with repeated application, i.e. (assuming relevant pseudoin-
verses exist), 7o (f*)° = 1o (f**1)° for some n. But such n can be arbitrarily high, so in the free
instance this cannot happen for any particular n.
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We saw in Remark [2.9]that in a dagger additive category, every isometry is a component of a unitary.
If moreover all dagger idempotents dagger split, then every isometry is a column of a unitary, using
Lemma We note that this stronger statement does not hold without the assumption of dagger
splittings.
Counterexample D.3 (Non unitary-column isometry). Consider the full dagger finite biproduct subcat-
egory of FdHilb of spaces with dimension not equal to 1. The inclusion of a 2-dimensional subspace
into a 3-dimensional space is then not a column of a unitary.

We saw in Corollary [3.7] that for a contraction in a definite dagger additive category, any row or
column with a 1 has all other entries 0. This does not hold without assuming definiteness.

Counterexample D.4 (Non maxed-out row). In Mat([;), the matrix (1 1 1) is a coisometry.

Next, we give some more counterexamples relating to pseudoinverses. Pseudoinverses do not com-
pose: in general we do not have (go f)° = f° o g°. However, this does hold when the image projection
of f and the coimage projection of g coincide, as in Corollary We observe that it is not sufficient to
merely assume that the image projection of f factors through the coimage projection of g.

Counterexample D.5 (Non composition of pseudoinverses). Consider the dagger idempotent p = ((1) 8)
and the invertible matrix a = ((1) %) in FdHilb. We have ao p = p, and thus (ao p)° = p° = p, whereas
poa=poa = (7).

On the other hand, the next example shows that it is still possible to have (go f)° = f°og° in cases
where the image projection of f and coimage projection of g are incompatible (do not even commute);
in particular, the sufficient condition given in Corollary [C.2lis not necessary. (See [3]] for a necessary and
sufficient condition for pseudoinverses to compose.)

Counterexample D.6 (Composition of pseudoinverses). In the dagger category of finite sets and rela-
tions (i.e., boolean-valued matrices), the pseudoinverse of the idempotent p = (% 8) is the idempotent
p° = ((1) (1)) Hence (pp)° = p° o p°. However, the image projection po p°® = ({ %) does not commute
with the coimage projection p®op = (} ).

We saw in LemmalC.3]that every pseudoinvertible mono is a split mono. However, the converse does
not hold in general.

Counterexample D.7 (Non pseudoinvertible split mono). In Mat(Z), m = ({) is a split mono. If its

pseudoinverse existed, it would also be the pseudoinverse in Mat(Q). However, the pseudoinverse in
Mat(Q) is (3 %), which is not in Mat(Z).

The following counterexamples show that when we do not assume the existence of all pseudoin-
verses, the pseudotrace (Definition [A.T) may be defined in cases where the kernel-image trace is unde-
fined or vice versa (even restricting to unitaries).

Counterexample D.8 (Non pseudotrace kernel-image trace). In Mat(Z), the unitary ((1) _01) does not
have a pseudotrace along the second row and column, as 1 — (—1) = 2 is not pseudoinvertible. It does
have a kernel-image trace equal to 14+ 0(2)0 = 1.

Counterexample D.9 (Non kernel-image trace pseudotrace). In Mat(Z[x]/(x*)), the unitary (! ¥) has
pseudotrace along the second row and column, as 1 —1 = 0 is pseudoinvertible. It does not have a
kernel-image trace, as x is not of the form 0o for any i.

Finally, we give several counterexamples that show certain results about dagger additive categories
do not hold in the absence of negatives. It follows from Proposition that any isometry m in a dagger
additive category is the dagger kernel of 1 —mom'. However, isometries need not be kernels if we do
not assume the existence of negatives.
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Counterexample D.10 (Non kernel isometry). In the dagger finite biproduct category of finite sets and
relations (i.e., boolean-valued matrices), the isometry (%) is not a kernel.

We saw in Lemma [2.12] that complementary split idempotents are tantamount to direct sum decom-
positions. In an additive category, idempotents p and g are complementary if and only if p+¢ = 1, which
does not hold in the absence of negatives.

Counterexample D.11 (Non direct sum idempotent sum). Consider the (dagger) finite biproduct cate-
gory of finite sets and relations. Letting p = g = 1y,;, we have p+ ¢ = 1,3, but pg # 0. Thus, p and ¢
are not complementary. Also, both p and ¢ are split via {*}, but {x} is not isomorphic to {*} @ {x}.

Complementary split idempotents are split by (co)kernels of one another, by an argument similar to
the proof of Proposition Thus each idempotent can be recovered from the other as the (necessarily
unique) idempotent split by its kernel and cokernel. Hence, in the absence of negatives, it is reasonable
to ask whether idempotents that are split by (co)kernels of one another are necessarily complementary.
However, this is not the case.

Counterexample D.12 (Non complementary mutual (co)kernels). In the finite biproduct category of
bounded semilattices (equivalently, modules over the booleans), consider the following semilattice, with
evident “projection-like” idempotents onto the shown sublattices:

N,

S

AN
NVARNVS

NN
NN
e pY

N, /

These idempotents are split by (co)kernels of one another, but they are not complementary.

The kernel-image trace is a partial trace on any additive category. It is reasonable to ask whether the
same formula works in an arbitrary finite biproduct category, simply leaving the trace undefined where
the relevant subtraction is not defined. However, this does not give a partial trace in general.
Counterexample D.13 (Kernel-image non trace). Consider Mat(N[x,y]/(xy)). The matrix (xy) =0 has
a negative, so the kernel-image trace formula (tracing out the entire input and output) 0+ 0(1 —0)0 is
defined. On the other hand, the matrix (yx) does not have a negative, so the kernel-image trace formula
is undefined. This violates the dinaturality law for partial traces [14]].

In Proposition [3.2] we saw five equivalent characterizations of contractions in a dagger additive cat-
egory. However, these conditions are not equivalent in a mere dagger finite biproduct category (i.e.,
without assuming negatives). In fact, they are all distinct, with implications between them as follows:
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To distinguish them, it suffices to see that [@] is distinct from and that is distinct from
it is then clear that the self-dual definitions are distinct from the non-self-dual definitions. To say is
distinct frorn means that contractions are not the same as cocontractions.

Counterexample D.14 (Non cocontraction contraction). Consider the dagger finite biproduct category
of finite sets and relations (i.e., boolean-valued matrices). The isometries are the matrices featuring at
least one 1 per column and at most one 1 per row. The matrix (}) is an isometry, thus a contraction, but

not a component of a coisometry, thus not a cocontraction.

To say is distinct from means that not every coisometry followed by an isometry is equal to
an isometry followed by a coisometry.

Counterexample D.15 (Non isometry then coisometry coisometry then isometry). Consider the free
dagger rig on an isometry x, i.e., N[x,x"](xTx = 1). Its elements have explicit normal forms, as finite
expressions }.; i~ ", jxj (x"). In the corresponding dagger finite biproduct category of matrices, the
isometries are the matrices having entries in {0,1,x,x2,...} with one nonzero entry per column and at
most one nonzero entry per row. Clearly the matrix (xxT) cannot be expressed as an isometry followed
by a coisometry.
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In the one-way model of measurement-based quantum computation (MBQC), computation proceeds
via single-qubit measurements on a resource state. Flow conditions ensure that the overall com-
putation is deterministic in a suitable sense, and are required for efficient translation into quantum
circuits. Procedures that rewrite MBQC patterns — e.g. for optimisation, or adapting to hardware
constraints — thus need to preserve the existence of flow. Most previous work has focused on rewrites
that reduce the number of qubits in the computation, or that introduce new Pauli-measured qubits.

Here, we consider the insertion of planar-measured qubits into MBQC patterns, i.e. arbitrary
measurements in a plane of the Bloch sphere spanned by a pair of Pauli operators; such measurements
are necessary for universal MBQC. We extend the definition of causal flow, previously restricted to
XY-measurements only, to also permit YZ-measurements and derive the conditions under which a
YZ-insertion preserves causal flow. Then we derive conditions for YZ-insertion into patterns with
gflow or Pauli flow, in which case the argument straightforwardly extends to X Z-insertions as well.
We also show that the ‘vertex splitting’ or ‘neighbour unfusion’ rule previously used in the literature
can be derived from YZ-insertion and pivoting. This work contributes to understanding the broad
properties of flow-preserving rewriting in MBQC and in the ZX-calculus more broadly, and it will
enable more efficient optimisation, obfuscation, or routing.

1 Introduction

The one-way model of measurement-based quantum computing (MBQC) is a universal model of quan-
tum computation driven by single-qubit measurements on a graph state [30]. Individual measurements
are probabilistic, yet computations can be deterministic overall by modifying later measurements de-
pending on the outcomes of earlier ones. MBQC is a promising model for physically building quantum
computers (e.g. based on photonics [33} [36} [13]]) as well as for secure delegated quantum computation
[4)20]. It also has theoretical applications in quantum secret-sharing protocols [21] and verifying quan-
tum computations [[17, 20]. The higher flexibility of MBQC compared to quantum circuits means that it
is easier to optimise computations in the one-way model, e.g. to trade depth against number of ancillas
[5], reduce the number of non-stabiliser operations [[14], or the number of entangling operations [32].
Many of these applications involve translating a computation given as a quantum circuit into MBQC
and then back to a circuit [14] 2 23] 24] using the ZX-calculus, a diagrammatic language that can
represent both quantum circuits over the CNOT and single-qubit gate set, and MBQC [7]]. The ZX-
calculus also comes with multiple complete equational theories, that allow purely graphical reasoning for
translation between the two models as well as for optimisation or other applications [34]. Yet the existing
axioms do not always preserve the ‘MBQC-form’, nor the property of being robustly deterministic.
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EPTCS 426, 2025, pp. 100126 doi:10.4204/EPTCS.426.4 Creative Commons|Attribution License.
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The widely-used notion of robust determinism is captured by a family of flow properties that depend
on the graph state underlying the MBQC, as well as the types of measurements, which can be ‘Pauli’
or ‘planar’ (see Section [2)) [|6, [27]]. This information is also captured in the ZX-diagram describing a
one-way computation, so it is meaningful to consider ‘flow-preserving rewrite rules’ for MBQC-form
ZX-diagrams. This research is of broader importance, as there exist polynomial-time algorithms for
translating ZX-diagrams with flow into quantum circuits [14}[2,31] for physical implementation, whereas
translation to circuits is #P-hard in general [12]. A complete set of flow-preserving rewrite rules is known
for the Clifford fragment: one-way computations containing only Pauli measurements; this includes the
insertion of Pauli-Z measured qubits [23]]. Other flow-preserving rewrite rules either reduce or leave
invariant the number of qubits [14} 2} [18]]. Additionally, a version of ‘vertex splitting’ (where one qubit
is replaced by a chain of three qubits instead) is known to preserve Pauli flow [24].

Here, we look more broadly at the idea of inserting new planar-measured qubits into one-way com-
putations. We first straightforwardly extend the definition of causal flow (the most restricted type of
flow, which forces MBQC to be most ‘circuit-like’) to allow measurements in the YZ-plane as well as
the standard X Y—plan, and then derive the conditions under which Y Z-measurements can be added to a
computation with causal flow. Next, we derive similar conditions for the insertion of Y Z-measured qubits
into MBQC with the more general gflow and Pauli flow: the algebraic formulation of focused Pauli flow
[28]] allows both cases to be treated simultaneously. A simple parity change allows those conditions to be
adapted to XZ-measurements instead. Finally, we combine Y Z-insertions with the flow-preserving pivot
operation [[14! 2 [31]] (which can change measurement labels) to generalise the vertex splitting rule: this
now effectively allows the insertion of pairs of XY -measured qubits under certain conditions. Such inser-
tions of planar-measured vertices instead of Pauli-measured ones are useful if one wishes to stay within
the setting of gflow (instead of Pauli flow), which is sometimes desirable. They also have applications in
generating variational ansitze in a measurement- or ZX-based setting such as [16, [15]].

In the following, we give the preliminary definitions and existing results in Section 2l Y Z-insertion
for MBQC with causal flow is analysed in Section 3| and for Pauli flow in Section[dl Finally, insertion
of measurements in other planes is considered in Section[3] followed by the conclusions in Section [6]

2 Preliminaries

We begin by formalising the graph-theoretic notions and related results that will be used later.

Definition 2.1. A labelled open graph is a tuple (G,1,0,A) consisting of a simple graph G = (V,E),
subsets I, 0 C V called the input and output vertices, and a function A : O — {X,Y,Z,XY,XZ,YZ} called
the measurement labelling.

Given a labelled open graph, let 2" :={v e V\(IUO) | A(v) € {XY,X,Y}} be the set of ‘X-like’
internal vertices and 2 :={v € V\ (IUO) | A(v) € {XZ,YZ,Z}} the set of ‘Z-like’ internal vertices.
Define £ :={v e V\(IUO) | A(v) € {XY,XZ,YZ}} to be the set of planar measured internal vertices.

Throughout this paper, we denote by A the symmetric difference of two sets, which consists of those
elements contained in exactly one of the original sets: i.e. #Z AZ = (/U 2)\ («/ N Z). The operation
is associative so it straightforwardly extends to a family of sets: the symmetric difference Al <k<n %k
contains exactly those elements that appear in an odd number of the constituent sets 7.

Definition 2.2. Let G = (V, E) have vertices V and edges E. For any vertex u € V, we denote by N (u) :=
{veV |{uv} € E} the neighbourhood of u and by Ngu| := Ng(u) A{u} the closed neighbourhood.

IThis extension was also suggested independently by Calum Holker [18].
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Similarly, for any subset 7 C V, we denote by Oddg (&) := A Ng(v) the odd neighbourhood of </
and by Oddg [#/] := A,c.y Ng[v] = Oddg (o) A o/ the closed odd neighbourhood of . The subscript
designating the graph may be left out if no confusion is likely to result.

Definition 2.3. Let u € V, then the graph G*u resulting from a local complementation about u is G u :=
(V,EA{{v,w} | v,w € Ng(u),v # w}). Letu € V and v € Ng(u), then the graph G A uv resulting from a
pivot about the edge {u,v} is G Auv := Gxu*vxu, i.e. it arises by a sequence of local complementations.

Labelling the pivot by the edge {u,v} is well-defined as Gxuxvxu = Gxv*ux*v [3].

2.1 Flow properties

Having established the relevant graph-theoretic concepts, we are now ready to define flow properties.

Definition 2.4 (Causal flow [10, Definition 2]). A causal flow for a labelled open graph I' = (G,1,0,1)
is a pair (c,<) where ¢ : O — I and < is a strict partial order, such that for all u € V:

o c(u) € N(u) ou<c(u) eWweN(c(u)),u#v=u=<v.

The presence of causal flow implies that a one-way computation can be implemented robustly de-

terministically, but it is not necessary [6]. For labelled open graphs (i.e. computations where no partial
order is specified a priori), the following property is both necessary and sufficient [6, [27]].

Definition 2.5 (Pauli flow [6, Definition 5]). A Pauli flow for a labelled open graph (G,1,0,4) is a pair
(¢,<), where ¢ : O — 2! and < is a strict partial order on O, such that for all u € O:
Pl) Wecu)u#vAAl(v)¢{X,Y}=>u=<v (P5) A(u) =XZ=ucc(u)AuecOdd(c(u))

(P2) Vv € Odd (c(u)).u #vAA(v) ¢ {Y.Z} = (P6) A(u)=YZ=uc c(u)\u¢ Odd(c(u))
u<v (P7) A(u) =X = uc Odd(c(u))

(P3) WeO~(u=<v)ANuvAAL() =Y =v¢ (P8 A(u)=Z=ucc(u)
Odd [¢(u)] (P9) A(u) =Y = u € Oddc(u)].

(P4) A(u) =XY = u¢ c(u) Nue Odd(c(u))
The sets c(v) for v € O are called the correction sets and c is called the correction function.

We will sometimes use the term correction function to refer to any function ¢ : O — 27 on some given
labelled open graph (G,I,0, 1) which satisfies properties

A Pauli flow on a labelled open graph in which all measurements are planar is called a gﬂow@ and
has been widely studied in its own right. Both gflow and Pauli flow are not generally unique; thus a more
restricted version satisfying the following ‘focusing conditions’ is often useful to work with. Focusing
was defined first for XY-only gflow [25] Definition 3.1] before being extended [2, Proposition 3.14].

Definition 2.6 ([31, Definition 4.3]). Given (G,1,0,1), aset & C I is focused over S C O if:
(F1) vwe SN/ A(w) € {XY,X,Y}, (F3) Y'we SA(w) =Y = w¢ Odd[«].
(F2) Ywe SNOdd (&) .A(w) € {XZ,YZ,Y,Z},
A focused set o for I is focused over O. A correction function c is focused if ¢(v) is focused over
O\ {v} for all v € O. A Pauli flow is called focused if its correction function is focused.

Lemma 2.7 ([31, Lemma 4.6]). For any labelled open graph, if a Pauli flow exists, then there also exists
a focused Pauli flow.

2In the literature, the term ‘gflow’ is sometimes used to refer specifically to a Pauli flow in which all measurement labels
are XY, in which case the property allowing XZ and YZ measurements may be called ‘extended gflow’.
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2.2 Algebraic Pauli flow

A major advantage of focused Pauli flow is that it is amenable to an algebraic characterisation, replacing
conditions [[PDHP9)|and [FT)H(F3)|by two conditions on certain matrices derived from the labelled open
graph. First, we define an ‘extended adjacency matrix’ to be the adjacency matrix of the graph that results
from some labelled open graph (G,I,0,A) by adding self-loops to all vertices measured ¥ or XZ. This
convention will make the following definitions simpler.

Definition 2.8 ([28| Definition 3.16]). Let I = (G,1,0, 1) be a labelled open graph. Then the extended
adjacency matrix A of T satisfies A,,, = 1 if and only if either {v,w} € Eorv=wAA(v) € {Y,.XZ}.

Definition 2.9 ([28| Definition 3.4]). Let I' = (G,1,0, 1) be a labelled open graph with extended adja-
cency matrix A. The flow-demand matrix Mr is the (n —ngp) X (n — ny) matrix with rows corresponding
to non-outputs and columns corresponding to non-inputs, whose v-labelled row satisfies the following
properties: if A(v) € {X,Y,XY}, then M,,, = A,,, forallw € I, and if A(v) € {Z,YZ,XZ}, then M,,, = 1
and M,,, =0 forallw e I'\ {v}.

Definition 2.10 ([28| Definition 3.5]). Let ' = (G,1,0, 1) be a labelled open graph with extended adja-
cency matrix A. The order-demand matrix Nr is the (n — ng) X (n — n;) matrix with rows corresponding
to non-outputs and columns corresponding to non-inputs, whose v-labelled row satisfies the following
properties: if A(v) € {X,Y,Z}, then N,,,, =0 for all w € I; if A(v) € {XZ,YZ}, then N,,,, = A,,, for all
w €[, and if A(v) = XY, then N,, = 1 (provided that the v column exists) and N,,,, =0 for all w € I'\ {v}.

If we represent a set of vertices .27 C I as a column vector, which contains a 1 in the row labelled v if
and only if v € <7, and multiply this vector by the flow-demand matrix, then the result encodes specific
relationships between each non-output vertex u and the set ./ that depend on the measurement label
A (u) of the vertex under consideration.

Lemma 2.11 ([28, Lemma 3.9]). Let (G,1,0,1) be a labelled open graph. Let < C I and let a be the
indicator vector for this set. Let u € O. Then the product of the u-th row of M with the indicator vector of
o satisfies M, .a = (Ma), = 1if and only if: A(u) € {X,XY} and u € Odd (&), or A(u) € {XZ,YZ,Z}
and u € o7, or A(u) =Y and u € Odd [«].

In addition to the flow-demand and order-demand matrix, we now also encode the correction function
as a matrix by assembling the column indicator vectors for each correction set. That definition then
enables the statement of the algebraic formulation of Pauli flow theorem.

Definition 2.12 ([28| Definition 3.6]). Let I' = (G,1,0,1) be a labelled open graph and let ¢ be a cor-
rection function on I'. The correction matrix C encoding the function c is the (n —n;) X (n — np) matrix
where C,,, = 1 if and only if u € ¢(v). In other words, the v-labelled column of C encodes the set c(v).

Theorem 2.13 (Algebraic formulation of Pauli flow [28, Theorem 3.1]). LetI'= (G,1,0, 1) be a labelled
open graph, c a correction function on I', M the flow-demand matrix of I", and N the order-demand matrix
of I'. Then there exists a strict partial order < such that (c, <) is a focused Pauli flow on I"if and only if
MrC = Id; and NrC is the adjacency matrix of a directed acyclic graph, where C is the correction matrix
for c.

2.3 Further properties of Pauli flow

We will not need the following definition and lemma individually, but together they yield a useful ob-
servation that will simplify handling changes to the partial order of a Pauli flow that result from vertex
insertions in later sections.
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Definition 2.14 ([28], Definition 2.10]). LetI'=(G,1,0, ) be a labelled open graph and let ¢ be a correc-
tion function on I'. The induced relation <, is the minimal relation on O implied by [[PT)] That
is, u<. v if and only if at least one of the following holds: v € c(u) Au#vAA(v) ¢ {X,Y} (correspond-
ing to [P)), v € Odd (c(u)) Au#vAA(v) ¢ {Y,Z} (corresponding to [P2))), and v € Odd [c(u)] A u #
vAA(v) =Y (corresponding to[(P3)). If the transitive closure of <, is a partial order, denote it by <. and
call it the induced partial order of c.

Lemma 2.15 ([28, Lemma 3.12]). LetI" = (G,1,0,A) be a labelled open graph and let ¢ be a focused
correction function on I'. Then, for any u,v € O such that u # v, we have (NC),, = 1 if and only if v<, u.
In other words, the off-diagonal part of the matrix NC encodes the relation <.

Combining Definition 2.14] and Lemma[2.15] we find the following.

Observation 2.16. Let I' = (G,1,0,1) be a labelled open graph and let C be the matrix of a focused
correction function ¢ on I'. Then, for any u,v € O such that u # v, we have (NC),, = 1 if and only if at
least one of the following holds:

evec(u)ANA(v) ¢{X,Y}, eveOdd(c(u)AA(v)¢{Y,Z}, eveOdd[c(u)]AA(v)=Y.
Using the property that c is focused (i.e. Definition holds), the above conditions reduce to v € c(u)
and A(v) = XY,orve Odd(c(u)) and A(v) € {XZ,YZ}.

The induced partial order of Definition 2.14] plays an important role: if a correction function ¢ forms
a Pauli flow with some partial order <, then <, C <, i.e. any Pauli flow partial order must contain the
induced partial order [28, Lemma 2.11]. Moreover, there exists a partial order < such that (¢,<) is a
Pauli flow if and only if (¢, <) is a Pauli flow [28, Theorem 2.12]. Therefore, in Sections 4] and 5] we
will generally work with induced partial orders as that simplifies the proofs. By the above results, this is
without loss of generality. One advantage of the induced partial order for a focused correction function
is that all Pauli measurements are initial, which can be seen e.g. from Observation

While in this paper we will consider the conditions under which inserting planar measured vertices
into one-way computations preserves the existence of flow, for Pauli-Z measured vertices, this question
has already been resolved: such vertices can be inserted with any set of neighbours.
Proposition 2.17 (Z-insertion [23| Proposition 4.1]). Let I' = (G,1,0,1) be a labelled open graph
with Pauli flow, where G = (V,E) and let W C V be some arbitrary subset of the vertices. Then
' = (G',1,0,1") has Pauli flow, where G’ = (V' ,E’) with V' =V U{z}, E' = EU{{w,z} |w e W},
and A'(v) = A(v) forv#zand A'(z) = Z.

2.4 7ZX-calculus toolkit for MBQC

Labelled open graphs provide a way to reason about the properties of a resource state that are necessary
for robust determinism. Yet we are interested in rewrites that preserve both the existence of flow and also
the computation itself. The latter is ensured by the ZX-calculus [7], a graphical language for reasoning
about quantum processes. We give a short introduction, more detail can be found e.g. in [8}134].

Definition 2.18. The ZX-calculus is the language generated by green Z-spiders, red X-spiders and yellow
Hadamard nodes with the following interpretations:

H}fﬂ — 10...0)(0...0] +® 1...1)(1...1]
H?@fﬂ = o) (o | €% =Y (|

[—=—1=10)(+[+[1){~]
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When green or red nodes have phase o = 0 mod 27, we omit the phase label in the diagram. The
components compose in parallel and in series like gates in a quantum circuit.

Figure 1: The above rewrite rules for the ZX-calculus are sound.

A Hadamard node between two spiders can be thought of as a special sort of edge, represented as
follows: -O----O- := -O03-0-. The ZX-calculus comes with an equational theory, which allows rewriting
of diagrams in a way that preserves their interpretation. There are multiple complete sets of rewrite
rule [1} 19} 35]], but we introduce only a subset of rules that is useful for our purposes, see Figure
Furthermore, we implicitly use the only connectivity matters rule, which says that ZX-diagrams can in
fact be treated as graphs without changing their interpretation. This comes in handy to represent the open
graphs underlying one way computations: each qubit can be represented by a green node, connected to
its neighbours via Hadamard edges, with a dangling edge on which we can plug the measurement effects,
and potentially an additional dangling edge for input qubits. The measurement effects are represented by

—(@ for XY, —@ forYZ, for XZ, —o for X, —(3) for Y, and —o for Z.

Example 2.19. The open graph where G is drawn on the left below, with I = {i1,i»} and O = {01,0,}
is represented the ZX-diagram on the right:

] :( v
P 0.1 - O o Oo—
.:_._:. _Q_ ______ - o—
ih b 02 O\

3 YZ-insertion into patterns with extended causal flow

It might seem strange to discuss the insertion of ¥ Z-measured vertices into measurement patterns with
causal flow, since the traditional definition of causal flow allows only XY -measured vertices (cf. Defini-
tion[2.4). Yet the following generalisation to include Y Z-measurements is straightforwar.

Definition 3.1. Let (G,1,0,1) be a labelled open graph such that A (V) C {XY,YZ}. G has an extended
causal flow when there exists a map ¢ : O — I and a strict partial order < over V such that Yu € V:

(C1) u<c(u)oru=-c(u) (C3) Au) =YZ=u=c(u)

(C2) A(u) =XY = c(u) € No(u) (C4) YWeNg(c(u)),u#v=>u=<v

Measurement patterns with causal flow are very close to quantum circuits over the CNOT and single-
qubit gate set. Allowing Y Z-measurements corresponds to allowing a new kind of gate: phase gadgets,
multi-qubit diagonal gates whose phase depends on the parity of the values of all qubits involved. In
other words, an n-qubit phase gadget with phase ¢ acts on computational basis states as |xj...x,) —
P ®-E0) | ) ie. it uses XOR where a standard multi-controlled phase gate would use AND.

Definition 3.2. LetI'= (G,1,0, 1) be a labelled open graph. Define I = (G’,1,0,1") to be the labelled
open graph that results from inserting a new Y Z-measured vertex z with neighbourhood S C V, where

3Indeed, while the authors came up with this definition during an internship in the spring/summer of 2023 [29], Calum
Holker independently introduced an analogous generalisation around the same time [18, Definition 27].
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G = (VU{z},EU{{z,v} |v € S}) and A" : (OU{z}) — {XY,YZ} is the extension of A satisfying
A(z)=YZand 1'(v) = A(v) forall v € O.

Observation 3.3. Put together, conditions and of Definition 3.1] forbid ¥ Z-measured vertices
to be adjacent to one another in a labelled open graph with extended causal flow. We can therefore restrict
ourselves to the case A(S) = {XY} without loss of generality.

Analogous to gflow or Pauli flow [14}[2,131]], Y Z-measured vertices can be removed while preserving
the existence of extended causal flow, as stated in the following lemma. Proofs are in Appendix [Al
Lemma 3.4. Let I' = (G,1,0,1) be a labelled open graph, and let I be the labelled open graph from
Definition 3.2] with A(S) C {XY}. If (¢/,<') is an extended causal flow for I, then (C\/v’ %va) is an
extended causal flow for I'.

To determine when Y Z-insertion into a labelled open graph I' preserves the existence of extended
causal flow, we will first consider a fixed causal flow (¢, <) for I, and then generalise to any causal flow
on I' using Lemma[3.4l Note that the uniqueness result for causal flow correction functions on labelled
open graphs where |I| = |O| [11} p. 6] immediately generalises to extended causal flow since there is no
choice for the correction set of a Y Z-measured vertex. For the first step, we will need to extend the strict
partial order < to the newly inserted vertex z. The following lemma characterises when this is possible.
Lemma 3.5. Let < be a strict partial order on a set V, and suppose z ¢ V. Let S,5> C V, and let <’ be
the transitive closure of <”, with <" := <U (S} x {z}) U ({z} x S2). Then <’ is a strict order if and only
ifVwe S ,VweSH.-(w=<vVv=w).

In other words, provided that no element of S, is equal to or precedes any element of S; in the original
order <, we can extend the order < to include z such that z succeeds all elements of S; and precedes all
elements of S5.

Due to the above lemma, it is natural to define an extended causal flow (¢/,<’) for I given an

extended causal flow (c, <) for I" as follows.
Definition 3.6. Let I' = (G,1,0,A) be a labelled open graph with extended causal flow (c,<), and
let T” be the labelled open graph from definition 3.2 with A(S) C {XY}. Further define ¢’ to be the
extension of ¢ to domain (V \ O) U {z} that satisfies ¢/(z) = z, and let < be the transitive closure of
<U({e} xS)u(c™(8) x {}).

We can now state the main theorem of this section, characterising when the insertion of a YZ-

measured vertex into a labelled open graph preserves the existence of extended causal flow.
Theorem 3.7. Let I' = (G,1,0,A) be a labelled open graph. Let I = (G',1,0,1") be the labelled
open graph that results from inserting a new YZ-measured vertex z with neighbourhood § C V as in
Definition 3.2] with A(S) C {XY}. Then I" has extended causal flow if and only if there exists an
extended causal flow (c, <) for I" such that Vv € S,Yw € ¢~ 1(S).~(v < wV v =w).

In other words we can extend the causal flow to I'" if and only if no vertex of S is equal to or precedes

any vertex of ¢~ !(S) in the original order <.
Example 3.8. Consider Y Z-insertion into the labelled open graph I' in (IJ), which has extended causal
flow (c, <) with ¢ given in (1) and iy < i < b < a. Let S = {a,b}. Then we have ¢~!(S) = {ij,i»}, and
Vv e S, Yw e ¢ 1(S).~(v < wVv=w), so by Theorem[3.7} the labelled open graph I"" of (1)) has extended
causal flow where ¢/(z) = z, ¢/(v) = ¢(v) otherwise, and i1 <" i, <"z <'b < a.

a . H a
ll --o— l,l —oa ll --O—
r: N c:d 2 b r. 20 9 (1)
o = 0] R
Ck----- Cc----- OoO— b —Ck----- Oc----- O—
L @) b @) 02 = 02 02
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As a straightforward consequence of Theorem [3.7 if the Y Z-insertion is to be flow preserving, then
the number of neighbours of the new output can be no more than the number of outputs.

Corollary 3.9. Suppose inserting a Y Z-measured vertex z with neighbourhood S as in Definition [3.2linto
a labelled open graph (G,I,0, 1) preserves the existence of extended causal flow. Then |S| < |O].

We consider now the complexity of checking the conditions of Theorem For comparison, the
complexity of the (XY -only) causal flow finding algorithm is linear in the number of edges in the labelled
open graph [26]. The algorithm generalises to extended causal flow by correcting ¥ Z-measurements as
soon as all their neighbours have been corrected. Extended causal flows are unique for labelled open
graphs where |I| = |O| since causal flows are unique [11]] and each ¥ Z-measured vertex corrects itself.

The flow-preservation conditions involve only the neighbours of the new vertex and their preimages
under the flow function. On the other hand, the theorem gives an existence condition, so for labelled
open graphs with |I| < |O|, different extended causal flows may need to be considered. Additionally,
local verification of the partial order conditions may not be possible since the flow finding algorithm
does not return the induced partial order, but a layering of the vertices [26]. Thus the flow-preservation
conditions for Y Z-insertion into extended causal flow may be of theoretical more than practical interest.

4 YZ-insertion into patterns with gflow and Pauli flow

We will now consider the insertion of Y Z-measured vertices into MBQC patterns with gflow and Pauli
flow. As gflow is a special case of Pauli flow, the two can be considered together: if a pattern has Pauli
flow and all the measurements are planar, then it has gflow. Inserting a Y Z-measurement, which is planar,
does not change that. Thus, considering only Pauli flow is without loss of generality. Furthermore, by
Lemmal[2.7] it suffices to consider only focused Pauli flow. Throughout this section we will assume that
in any Pauli flow (¢, <), < is the partial order induced by ¢ (cf. Definition 2.14)), which is also without
loss of generality. We begin by proving an intermediate lemma that will be useful for the main theorem.
Proofs for this section are in Appendix [Bl

Lemma 4.1. Let ' = (G,1,0, 1) be a labelled open graph with flow-demand matrix M. Let </ C I and
denote the corresponding indicator vector (within /) by a: i.e.a, =1 < ue€ o anda, =0 ucl\ .
Then .« is focused over the set S C O if and only if (Ma), =0 for all u € S.

We are now ready to define the Y Z-insertion and prove the associated flow-preservation theorem for
gflow and Pauli flow.

Definition 4.2. LetI'= (G,1,0, 1) be a labelled open graph. Define I = (G’,1,0,1") to be the labelled
open graph that results from inserting a new YZ-measured vertex z with neighbourhood § C V, where
G =(VU{z},EU{{z,v} |veS}),and A : (OU{z}) — {X,Y,Z,XY,XZ,YZ} is the extension of A
satisfying A'(z) = YZ and A/ (v) = A(v) for all v € O.

In the following, (unprimed) 7, O, .& etc. will always refer to the vertices of the original labelled
open graph I' only. The YZ-insertion with a given set of neighbours is flow-preserving only if certain
properties are satisfied: there must be a suitable focused correction set for the newly-inserted vertex, and
the relation induced by the new correction function must be a strict partial order. The first two conditions
of the theorem ensure the existence of the focused correction set and the third condition captures the
requirements for the partial order.

Theorem 4.3. Let I' = (G,1,0,1) be a labelled open graph and let I be the labelled open graph that
results from inserting a new YZ-measured vertex z with neighbourhood S C V as in Definition Then
I has Pauli flow if and only if there exists a Pauli flow (¢, <) on I" and a set K C [ such that:
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1. Kis focused over O\ (SN .2"), and moreover O\ (SN 2") is the largest set over which K is focused.

2. [SNK|=0mod 2.

3. If #prea :={w € O : |c(w)NS| =1 mod 2} and ¥5ec := £ N (KU (Oddg (K)AS)), then all w €
Wprea and all v € ¥ satisfy ~(v < w Vv =w); i.e. no vertex of #5,. is equal to or precedes any
vertex of #,.q for the original order <.

If the properties hold, the focused Pauli flow on I'is given by the extension ¢’ of ¢ to domain OU {z}
satisfying ¢/(z) = KU {z}, and the transitive closure of <U{(w,2) |W € #prea} U{(z,V) | v € Ysucc }-

Example 4.4. Consider the labelled open graph I' from Example [3.8] this has focused Pauli flow (¢, <)
(which is actually a gflow) with ¢(i1) = {a,b}, c(i2) = {b}, c(a) = {01}, ¢(b) = {01,02} and iy ,i» < a,b.
Let S = {ij,a,b} and K = {a,b,0,}. First, O\ (SN Z") = {i}. As Oddg (K) = {i1,a,b}, one can check
that indeed {i,} is the largest set on which K is focused. Furthermore, [K 0S| =[{1,2}| =0 mod 2.
Finally, #}req = {i2} and ¥5ucc = {a,b}, thus for all w € #},,,q and v € 5. We have (v < wVv =w).
Thus by Theorem [4.3] the following labelled open graph has focused gflow (¢/, <’):

z <" ab < o1,0

. i =</
with ¢/(2) = {z,1,2,0,}, and :
(Z) {Z7 [d) 2}7 { i _</ a,b _</ 01,07.

It has long been known that the ‘Z-deletion’ rule is sound also for Y Z-measurements: they can always
be deleted from a labelled open graph without breaking the existence of flow [14}2/31]]. This is captured
by our theorem via the following corollary, which follows from the second part of the proof above.

Corollary 4.5. The three conditions in Theorem are satisfied for any focused Pauli flow on I",
therefore Y Z-deletion is always flow-preserving.

In the other direction, for Y Z-insertion, it must be checked each time whether the three conditions
are satisfied by the chosen set of neighbours S of the new vertex and the proposed correction set (minus
the vertex itself). Yet there are some cases where the conditions are always satisfied: for example, Z-
measured neighbours ‘come for free’ in the sense that they will not affect whether or not the Y Z-insertion
is flow-preserving: this can be seen by inserting the Y Z-measurement u with non-Z neighbours only, and
then in turn deleting each desired Z-measured neighbour and re-inserting it with the extra edge to u. As
Z-deletions and -insertions always preserve Pauli flow (cf. Proposition 2.17)), the entire process is flow-
preserving if and only if the original Y Z-insertion preserves the existence of flow. Any proof that the
old labelled open graph has Pauli flow if the new labelled open graph has it follows immediately from
Corollary so we only have to show that I" having Pauli flow implies that I has Pauli flow. Two
additional corollaries handling all-input and all-output neighbours, respectively, are in Appendix [Bl

Corollary 4.6. LetI"' = (G,1,0, 1) be a labelled open graph with focused Pauli flow (¢, <) and let x € V
be s.t. A(x) = XY. Define I" to be the labelled open graph that results from inserting a new Y Z-measured
vertex z with neighbourhood S = {x} as in Definition Then I has focused Pauli flow (¢/, <’) where
¢ is the extension of ¢ satisfying ¢/(z) = c¢(x) U{z}, and <’ = <U{(w,z) | w < x} U{(z,v) | x < v}.
Remark 4.7. Corollary shows one way of getting a Pauli flow on I'" for any focused Pauli flow on
the original labelled open graph I'. Yet not all focused Pauli flows on I necessarily arise in this way:
consider, for example, the line graph G = ({x,01,02},{{01,x},{x,02}}) and the resulting labelled open
graph (G,0,{01,02},x — XY).

=--0— 0] — Oé'o =--0— 0]
X O— 02 Z X O— 02
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This has two focused Pauli flows, with c(x) = {01} or c¢(x) = {02}. After inserting a new YZ-type
measurement z with sole neighbour x, there are four focused Pauli flows on the resulting labelled open
graph: either of the correction sets {z,0; } and {z,0, } works for z, independent of the choice of correction
set for x.

If a labelled open graph represents a unitary operator — i.e. the number of outputs equals the number
of inputs — then focused Pauli flow, if it exists, is unique (since the flow-demand matrix is square and
thus has at most one right inverse). In this case, the possible correction set of the new vertex is entirely
determined by the choice of S.

Observation 4.8. Suppose I' = (G,1,0, 1) is a labelled open graph such that |/| = |O], and it has Pauli
flow. Let S C V and define I" to be the labelled open graph that results from inserting a new ¥ Z-measured
vertex z with neighbourhood S as in Definition 4.2l Write M for the flow-demand matrix of I, x for the
indicator vector of SN.2" in O, and k for the indicator vector of an (as yet unknown) set K C I such that
K U{z} is a focused correction set for z. Condition [lis equivalent to Mk = x by Lemmal4.1l

Since I has Pauli flow, M has a right inverse C. Now, |I| = |O| implies that M is square, therefore C is
in fact the unique two-sided inverse for M. Hence Mk = x if and only if k = Cx. The set corresponding to
Cx satisfies condition [[lby construction, yet it need not satisfy the other two conditions of Theorem 4.3

In the general case, it is difficult to analyse the complexity of checking the conditions in Theorem [4.3]
for a given set of neighbours S as the theorem requires only that there exists a Pauli flow which satisfies
them. Yet if the labelled open graph satisfies |I| = |O] as in Observation 4.8] then focused Pauli flow is
unique and that difficulty disappears. Suppose this unique Pauli flow on I" is known in the form of the
correction matrix C and the product NC, where N is the order-demand matrix. We will assume M and
N are known too (otherwise they can be constructed in time ¢'(n?)). From S, we can construct in linear
time the indicator vectors X, n and z, and then compute in & (nz) the indicator vector of the correction
set kK = Cx. Then, again in &'(n?), we can compute the additional row and column for the product
NpCp. Checking whether the resulting matrix represents a directed acyclic graph is also in €'(n?) (see
[9, Section 20.4]). Thus the entire process of checking the conditions and updating the flow proceeds in
O (n?), which is more efficient than finding a flow from scratch (the latter has the complexity of matrix
multiplication, i.e. €' (n'°%27) using Strassen’s algorithm). Thus, if the number of vertices to be inserted
is less than & (n'°227-2), it is more efficient to do this step by step and update the known flow, rather than
inserting all the vertices and re-running the flow-finding algorithm.

Another consequence of Observation 4.8]is that, if |[SN K| = 1 mod 2 for the unique K that satisfies
condition (1}, then it is not possible to insert a YZ-measured vertex with neighbourhood S, as # would be
in the odd neighbourhood of its own correction set, contradicting Yet in that case, the right-hand
side of [(P5)] would be satisfied for a vertex with that neighbourhood: so it may be possible to insert an
XZ-measured vertex with neighbourhood § instead, assuming the partial order conditions hold. Thus, in
the next section, we will consider inserting vertices with measurement labels other than Y Z (or Z).

S Inserting vertices with other measurement labels

XZ-measurements behave similarly to Y Z-measurements: the focusing conditions are the same for both;
equivalently, they give rise to the same types of rows in the flow-demand matrix. The rows of the order-
demand matrix corresponding to an XZ- or a YZ-measured vertex are also nearly the same, the only
difference is at the intersection of the column corresponding to the same vertex: a ‘1’ in that position
encodes that X Z-measurements are in the odd neighbourhood of their own correction set whereas a ‘0’ in
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that position encodes that Y Z-measurements are not. The flow preservation theorem for Y Z insertions can
thus straightforwardly be adapted to X Z-measurements instead. Proofs for this section are in Appendix[Cl

Definition 5.1. Let I'= (G,1,0, 1) be a labelled open graph. Define I = (G’,1,0, ") to be the labelled
open graph that results from inserting a new XZ-measured vertex u with neighbourhood S C V, where
G =VU{},EU{{z,v} |vES}), and X' : (OU{z}) — {X,Y,Z,XY,XZ,YZ} is the extension of A
satisfying 1'(z) = XZ and A'(v) = A(v) for all v € O.
Theorem 5.2. Let I' = (G,1,0,A) be a labelled open graph and let I be the labelled open graph that
results from inserting a new X Z-measured vertex z with neighbourhood S C V as in Definition 5.1l Then
I has Pauli flow if and only if there exists a Pauli flow (¢, <) on I" and a set K C [ such that:
1. Kis focused over O\ (SN .2"), and moreover O\ (SN 2") is the largest set over which K is focused.
2. [SNK|=1mod 2.
3. Let #prea == {w € O : |c(w)NS| = 1 mod 2} and Ygee := -2 N (KU (Oddg (K)AS)), then all
W € Wprea and all v € ¥y satisfy ~(v < wV v =w); i.e. no vertex of #;, is equal to or precedes
any vertex of #),,.q for the original order <.
If the properties hold, the focused Pauli flow on Iis given by the extension ¢’ of ¢ to domain O U {z}
satisfying ¢/(z) = KU {z}, and the transitive closure of <U{(w,2) | W € #prea} U{(z,V) | v € Ysucc }-

Proof. The proof is analogous to that of Theorem with the only difference being that Np = (N Z),

nl

which corresponds to the changed requirement that [SN K| =1 mod 2. O

We have now shown how to insert YZ or XZ-measured vertices while preserving flow, and it was
already known that Z-insertion preserves the existence Pauli flow (cf. Proposition 2.17). Now, inserting
an X,Y or XY measurements into an MBQC pattern must change the interpretation, so it does not make
sense to look for insertion rules for those measurement types. Nevertheless, we can use the existing
insertion rules in and then apply local complementations or pivots that change the measurement label of
the new vertex. This effectively inserts a measurement of a different type into the pattern, at the cost of
introducing additional changes elsewhere in the labelled open graph.

Indeed, with just one appeal to standard ZX-calculus rewrite rules to handle phase labels and a new
lemma that explicitly shows how flow changes under the pivot operation, we can use Y Z-insertions to
prove the ‘vertex splitting’ or ‘neighbour unfusion’ rule that has previously been used in various forms
in the literature about rewriting MBQC and ZX-calculus diagrams [32| 24, [18]. This connection was
previously pointed out in [24] p. 215]. The vertex splitting rule always preserves Pauli flow if the new
phase-0 vertex is taken to be an X-measurement [24, Corollary 6.1], yet if that vertex is taken to be an
XY-measurement, flow is not always preserved [32, Section 5].

Lemma 5.3. Suppose the labelled open graph (G,I,0,1) has Pauli flow (c,<). Let u,v € IN O such
that {u,v} € E. Define A’ : O — {XY,XZ,YZ,X,Y,Z}and ¢’ : O — 2! as

Z ifwe{uviAd(iw)=X _
X ifwe{uvIAdw) =2Z c(w) ifu,v ¢ Oddg e(w)]

, _ , cw)A{u}  ifueOddglc(w)] Zv
AMw):=3YZ ifwe{uv}AL(w)=XY d(w):= 00 ALY if & Oddg [c(w)] = v
XY ifwe{uvtAd(w) =YZ , ¢

A(w) otherwise. c(w)A{u,v} ifu,v € Oddg[c(w)],

then (G Auv,1,0,1") has Pauli flow (¢/,<). Moreover, for any w € O, we have Oddgau [’ (W)] =
Oddg [c(w)]. If (¢, <) is focused and A (u),A(v) # XZ, then (c¢’, <) is also focused. Finally, if (¢, <) is a
gflow, then (¢/, <) is also a gflow.
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Interestingly, this lemma is rather simpler than equivalent ones for local complementations [2, 311,
despite pivots arising from the former. We are now ready to consider the vertex splitting operation.

Definition 5.4. Let I’ = (G,1,0,1) be a labelled open graph let x € ON1 be such that A (x) = XY, and
let W C V \ {x}. The labelled open graph I = (G’,1,0, ") that results from splitting x over the set W is
defined as follows:
e Let V' =V U{X,x"}, i.e. we add two new vertices x’,x” to the graph.
o Let E' = EA{{x,x'},{x/,x"}} A({x,x""} x W), i.e. we connect x to x’ and x’ to x”, toggle the edges
between x and elements of W, and add edges between x” and elements of W.
* Let A’ be the extension of A to domain V' which satisfies A’ (x') = A/ (x") = XY.

This definition is slightly more general than those appearing in the literature, which usually restrict
W to be a subset of Ng(x) or even just a single element of Ng(x) [32].

We will explicitly state the condition of the vertex splitting rule for the case |I| = |O| only. This is
both because the motivating neighbour unfusion rule is mainly used within diagrams arising from circuits
—i.e. where the numbers of inputs and outputs are equal — and because the flow-preservation conditions
get even more complicated in the general case where we would need to consider two separate unknown
sets of vertices, one for the correction set of X’ and the other for x”.

Theorem 5.5. Let I' = (G,I,0,1) be a labelled open graph such that |I| = |O|, let x € ON 1 be such that

A(x) =XY,and let W C V \ {x}. Suppose I is the labelled open graph that results from splitting x over

the set W as in Definition Then I has Pauli flow if and only if there exists a focused Pauli flow

(¢,<) onT such that:

(V1) If K is the unique set that is both focused over O\ (W N.2") and has the property that O\ (W N.2")
is the largest set over which K is focused, then [W N K| =0 mod 2.

(V2) If #prea :=f{w € O : |c(w)NW|=1mod 2} and Yec := £ N (KU (Oddg (K)AW)), then all
W € Wprea and all v € ¥y, satisfy ~(v < wV v =w);i.e. no vertex of ¥y, is equal to or precedes
any vertex of %), for the original order <.

(V3) ForallueV,wehavex <u — u ¢ Wyreaand u <x = u ¢ Vsuces 1.€. vertices in W prea do not
succeed x and vertices in ¥, do not precede x for the original order <.

(V4) x € K if and only if |c(x) "W| =0 mod 2.

If all measurements in I are planar, then so are all measurements in I, thus the same conditions imply

preservation of gflow.

Regarding the restricted version of neighbour unfusion, where W consists of exactly one neighbour
of x (as used by Staudacher et al. [32]), we find the following corollary.

Corollary 5.6. Let ' = (G,1,0,1) be a labelled open graph such that |I| = |O|, let a € ON I be such
that A (a) = XY, and let b € Ng(a) be such that A(b) = XY. Suppose I" is the labelled open graph that
results from splitting a over the set W := {b} as in Definition 5.4l Then I"" has Pauli flow if and only if
there exists a focused Pauli flow (¢, <) on I such that:

* Either a € c(b) or b € c(a); i.e. one of the two vertices is in the correction set of the other.

e Forallu € V,wehave a <u — —(u<b) and u < a = —(b < u); i.e. there is no third vertex

in between a and b in the original order <.

If all measurements in I are planar, then so are all measurements in I, thus the same conditions imply
preservation of gflow.

This shows that the necessary and sufficient flow-preservation criterion derived by McElvanney for
neighbour unfusion in the setting of gflow [22] generalises to Pauli flow as well.
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Remark 5.7. The conditions of Corollary [5.6 are symmetric under interchange of a and b. This reflects
the fact that, when both new vertices are treated as having planar measurements (as we have done), then
splitting a over the set {b} results in the same labelled open graph as splitting b over the set {a}.

If only the first insertion of Lemma[C.2lis treated as a planar measurement and the second insertion
is treated as a Pauli measurement, then the existence of Pauli flow is preserved for all choices of W [24]
Proposition 5.1]. On the other hand, gflow is not preserved since I contains at least one non-planar
measurement, and the symmetry between a and b is broken.

6 Conclusions

We have derived conditions under which planar-measured qubits can be inserted into one-way computa-
tions without breaking different types of flow. This is a step towards a better theoretical understanding
of flow-preserving rewriting for MBQC and for the ZX-calculus. In applications such as the reduction
of two-qubit gate counts, it is desirable to remain within the framework of gflow instead of inserting
Pauli-measured vertices that have a different extraction procedure [32]: we have characterised when this
is possible.

By choosing suitable measurement angles, the insertion of planar measurements into a one-way
computation or a ZX-diagram can be performed without changing the semantics, i.e. without changing
the linear operator that is implemented; this is desired for example in the above two-qubit gate count
reduction procedure. Yet by allowing measurement angles to vary, flow-preserving insertion of one (or
more) planar measurements can also increase the range of linear operators that are implementable using
a given MBQC pattern or ZX-diagram. This has applications in the generation of ansétze for variational
eigensolvers within measurement-based [16]] or ZX-based settings [15]].

In the common case of working with unitary computations or ZX-diagrams (where the number of
inputs is equal to the number of outputs), checking the flow-preservation conditions and then updating
the gflow or Pauli flow is more efficient than finding a flow on the new labelled open graph from scratch.
The same is not guaranteed if there are more outputs than inputs: in that situation, there are generally
different flows on the same labelled open graph, and the insertion may be flow-preserving for some
and not others. The question of whether there are efficient ways to modify a known flow to make it
compatible with an insertion for a given neighbourhood is left to future work.
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We have that Civ (u) =c'(u) € V. Then as u <’ ¢/(u) or u = ’(u), we have u ﬂlvw Civ(”) oru=
c"V(u). Condition [(CI)|is therefore satisfied. Similarly, as the connectivity, labelling and correction are
the all induced by I, and as nothing changes on V, conditions [(C2)} [(C3)] and [(C4)| are satisfied. ]

Proof of Lemma(3.3] Let’s first show the direct implication by contraposition.

Letv,w € §1 X S, such thatw < vVv=w. Wehavev € S| = v <’ zand w € S, = z <’ w which gives
v <"w. As we have w < vV v = w, in both cases we get w <’ w, and therefore <’ is not strict.

Now, for the converse implication, suppose that for all v € S;,w € S,.=(w < vV v =w). Let us show
that <’ is a strict order.

We directly have that < is transitive as the transitive closure of <”. Assume for a contradiction that
it is not strict.

Let v € VU{z} such that v <’ v. Then as <’ is the transitive closure of <", we have

In>1:30vy,...,v) eViv=r <" <" <y, =y
Denote by [n] the set of all integers between 1 and n (inclusive).
If n =2, we have v <" v, which can only be true if v < v due to the definition of <”. This contradicts
the strictness of <.
If n > 2, the same argument can be used if we have vi < vy, < ... <v,.
If not, the construction of <" gives that

dien:vi=z
If v # z, denote
imin =min{i € [n— 1\ {1} |vi=2z}, imex =max{i€[n—1]\{1}|vi=2z}.

Then if we denote < = <U=, we have thatv <v; . _jandv; 1 <v. This givesv; +1 v v, _1|
withv; . 1 € Sy, andv;,, 1 €S, giving that either v; 1 <V;,..—10rv; 1=V . 1, which contradicts
the order hypothesis in both cases.

Now if v = z, we have that v, # z. We then have v, <’ z <’ v,. We can then use the previous argument
with v <— v, to get a contradiction. U

Proof of Theorem[3.7) Let us begin with the direct implication.
Let’s suppose that G’ has an extended causal flow (¢’, <"). Then let’s suppose for a contradiction that

FJveS:Iwed H(S)v=w

As v € S we have v € Ng/(z) = No(c'(z)) and therefore z <’ v. Besides, w € ¢’ !(S) gives that z €
N¢/(c'(w)), and therefore w <" z. This gives z <’ z which contradicts the strictness of <’. A similar
argument holds if v € S: Iw e /~1(S) :v=w.

Therefore, (c/,<’) is such that Vv € S,Vw € ¢/"!(S),~(v <’ w). Using Lemma 3.4 to remove z,
we get an extended causal flow (¢, <) for (G,I,0,A) with the same property, implying Vv € S,Vw €
c1(S),~(v=<wVv=w).

Let us now show the converse implication. Let (¢, <) be an extended causal flow for (G,1,0,1) such
that Vv € S,Yw € f~1(S),=(v < wVv=w). Let (/, <) be as in Definition 3.6l Using Lemma[3.5 with
Sy < ¢ 1(S) and S, + S we get that <’ is a strict order.



116 Inserting Planar-Measured Qubits into MBQC Patterns while Preserving Flow

Let us now show that (¢/,<’) is an extended causal flow. One can easily check that (¢/, <) satisfies
conditions [(CT)| [(C2)] [[C3)|of Definition 3.1]by construction. Let’s elaborate on why it satisfies condition
(C4)

Letv e VU{z} and w € Ng/(c(v)) such that v # w. Let’s show that v <’ w:

If v =z, then Ng/(c'(v)) = S, thus w € S, and by construction v <" w.

Otherwise, v # z, and then ¢’ (v) = ¢(v) # z. Recall that E' = EU{{z,v} | v € S}. Then as we have
w € Ng(c(v)), either w € Ng(c(v)) or {w,c(v)} € {{z,v} | v € S}.

If w € Ng(c(v)), as v # w we get that v < w from condition [(C4)| of (¢, <) being an extended causal
flow. By construction we get v <" w.

Otherwise, w = z and c(v) € S, as the case ¢(v) = z would imply v = z. Then v € ¢~!(S). Therefore
by construction we have v <" w.

Therefore v <" w. Therefore I has extended causal flow.

O

Proof of Corollary If all measurements are XY, the causal flow function ¢ defines a path covering
of the labelled open graph, in which each path is given by a finite sequence v,c(v),c(c(v)),... for some
v € V, with the final element of the sequence being an output. Thus the number of paths is equal to the
number of outputs [11, Section IIT]. By Lemma [3.4] this generalises to extended causal flow, where the
paths cover only the XY -measured vertices.

Suppose for a contradiction that |S| > |O|, then by the pigeonhole principle there exist two distinct
vertices s1,s52 € S which belong to the same path. Without loss of generality assume s; is the one that
is closer to the output, i.e. s, = ¢/(s;) for some positive integer j. But then ¢/~!(s;) = ¢~ !(s2) and
thus 51 = ¢~ !(s2) V51 < ¢~!(s2) by repeated application of This contradicts the flow-preservation
condition of Theorem O

B Proofs for Section 4
Proof of Lemma Lemma implies that for any u € O, (Ma),, = 0 if and only if

A(u) e {X,XY} and u¢ Odd(<),or
AMu) e {XZ,YZ,Z} and u¢ < or
A(w)=Y and u¢ Odd[</].

First, assume .7 is focused and consider each focusing condition in turn.
. states w € SN = A(w) € {XY,X,Y}, so if w € S satisfies A(w) € {XZ,YZ,Z}, then
w ¢ o/, which by the above implies (Ma),, = 0.
o [F2)|states w € SNOdd (&) = A(w) € {XZ,YZ,Y,Z}, so if w € S satisfies A(w) € {X,XY},
then w ¢ Odd (<), which again implies (Ma),, = 0.
* [(F3)|states w € S and A (w) =Y = w ¢ Odd [</], thus once more (Ma),, = 0.
The vertices in S are non-outputs and — between the three conditions — we have considered all the mea-
surement labels, so we may conclude (Ma),, = 0 for all w € S as desired.
Conversely, assume (Ma), = 0 for all u € S. Distinguish cases according to the measurement label
of u:
o If A(u) € {X,XY}, then (Ma), = 0 implies u ¢ Odd (<), thus [([F2)|holds for u.
e If A(u) € {XZ,YZ,Z}, then (Ma), = 0 implies u ¢ <7, thus[(F1)|holds for u.
* If A(u) =Y, then (Ma), = 0 implies u ¢ Odd [<7], thus [(F3)| holds for u.
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In each case, the other two focusing conditions hold trivially for u. Hence <7 is focused, as desired. [

Several observations follow straightforwardly from Lemma 4.1l

Observation B.1. LetI' = (G,1,0, 1) be a labelled open graph. Then:

 If o7 C I1is focused over 2 C O and 2’ is a subset of 2, then <7 is focused over Z'.

e If o,..., 4, C I are all focused over Z C O, then Ak:L,n 7 is focused over 2. This follows by
linearity from noting that the indicator vector of Akzl,,n a7, is the element-wise sum (modulo 2)
of the indicator vectors of the individual sets.

o If @,.a% C I, then o) Ao is focused over the singleton set {v} C O if and only if either both sets
are focused over {v}, or neither is. (This corresponds to [31, Lemmas B.2 and B.3].)

 Ifaset .o/ C [ isfocused over sets 2, C O and %, C O, then <7 is also focused over 2, U %,.

Proof of Theorem First, suppose I has a Pauli flow (¢, <) and there exists a set K C I which satisfies
the three conditions. Let C be the correction matrix representing c, and let M, N be the flow-demand and
order demand-matrices for I. Then by Theorem 2.13] we know that MC = Id and that NC forms a
directed acyclic graph.

The flow-demand and order-demand matrices for I’ can be written in block-matrix form where rows
and columns labelled by the original vertices come first and those labelled by z come last. Then, with M
and N the respective matrices for I', we can write:

M x N z
Mr’—<0 1> and Nr/—(n 0>7

* x is the indicator vector among the non-outputs for the set of neighbours of # which are measured
X,Y,orXY,ie.x,=1weSNZ.
* 7 is the indicator vector among the non-outputs for the set of neighbours of # which are measured
YZorXZ,ie.z, =1lweSNZNZL.
* n is the indicator vector among the non-inputs for the set of all neighbours of u, i.e. n, =1 w €
S\ 1.
Let k be the indicator vector for the set K among the non-inputs and let C, = (g '1‘), then

M x\ (C k\ (MC Mk+x\ (Id MKk+x
1 R I B (S
Consider the v-th element of Mk +x for some v € 0. If v € O\ (SN .2"), then x, = 0 and assumption
together with Lemmald.T]implies that (Mk), = 0. If v € SN 2, then x, = 1. By assumption[Il K would
not be focused over (O\ (SN .27)) U{v}, so by Lemma[.I] we must have (Mk), = 1. Since (Mk), = x,
in either case, we find that Mk +x = 0. Hence MpC' = Id, i.e. the new correction matrix satisfies the

first of the algebraic Pauli flow properties.
For the product of order-demand and correction matrix, we have:

N z\ (C k\ (NC Nk+z
n 0/\0 1/ \nC n-k

Now, each non-zero term in the sum n-k =Y, rn.k, arises from a vertex w € SNK, so n-k =
|SN K| mod 2. Thus, assumption 2limplies that n-k = 0.

Since M Cr = Id, by Lemma 4.1l applied to each column of Cp in turn, the matrix Cp» represents a
focused correction function on I'. Thus, by Observation we have

where



118 Inserting Planar-Measured Qubits into MBQC Patterns while Preserving Flow

* (nC),, = 1 for w € O if and only if z € Odd¢ (c(w)), which is equivalent to |c(w) N S| =1 mod 2,
and

* (Nk+2z), =1 for v € I if and only if either A(v) = XY and v € K, or A(v) € {XZ,YZ} and
vEOddg (KU{z}). Asz ¢ K and z ¢ Oddg (K), we have:

OddG/ (KU {Z}) = OddG/ (KA{Z}) = Odd(;/ (K) AOddG/ ({Z}) = OddG (K) AS.

By focusing, XY-measured vertices don’t appear in the odd neighbourhood of K U {z} and other
planar-measured vertices do not appear in K. Thus, equivalently (Nk +z), = 1 for v € I if and
only ifve ZN(KU(Oddg (K)AS)).
Since we know NC is a DAG and thus extends to a strict partial order <, Lemma together with
assumption [3implies that the product NCp also extends to a strict partial order <’ and hence is a DAG.
Then, as both MpCr and N Cr satisfy the properties of Theorem 2.13] the labelled open graph I has
Pauli flow.
For the other direction, assume I has Pauli flow, i.e. there exists a matrix C/r/ such that Ml—/C’F, =1d
and NpCl, is a DAG. Express C[ in block matrix form (separating out the row and column labelled by

z, like before) as (fl/ ';/), then

M x\ /C K MC' +xoh MK +x
Id:MVC/V:<0 1><h d>:< h d >

which implies Mk’ +x =10, h =0 and d = 1. Then setting h = 0 yields MC' = Id by the properties
of block matrices. Moreover, NC’ is a DAG since a subgraph of a DAG must itself be a DAG, so we
immediately have that I" also has Pauli flow. It remains to show there exists a set K with the desired
properties

Let K’ C I be the set whose indicator vector is k. Consider first the property MK’ +x = 0. Then
for all v ¢ SN.2", we have x, = 0 and thus (MK'), = 0. By Lemma[4.T] this means K’ is focused over
0\ (SN Z), i.e. the first part of property [l holds for K. Now, if v € SN .2, then x, = 1 and thus
(MK'), =1, so by Lemmald.1] K’ is not focused over any set that contains v. This establishes the second

part of property
Neco — (N 7 C'" K\ (NC' NK+z
r={n 0o/\0 1) \nC n¥

Furthermore,
being a DAG implies that n-k’ = 0, which is equivalent to |SNK’| = 0 mod 2: this is property 2| Finally,
if [c(w)N S| =1 mod 2, then u € Oddg (c(w)) for some w € O, so w < z by Similarly, by the
definition of K’ and the properties of a focused Pauli flow, if v € .Z satisfies v € K'U (Oddg (K') AS),
then v € K’ or v € Odd (K’ U{z}). Then by [[PT) and [[P2)] z < v. Thus for all such v,w we have w < v
by transitivity of <, which implies =(v < wV v = w), i.e. property Bl This completes the proof of the
reverse direction. O

Corollary B.2. LetI'= (G,1,0, 1) be a labelled open graph and let S C O, i.e. all neighbours of the new
vertex are outputs. Define I to be the labelled open graph that results from inserting a new YZ-measured
vertex z with neighbourhood S as in Definition 4.2l Then if I has Pauli flow, I also has Pauli flow.

Proof. Suppose I' has Pauli flow. Take K = 0, then K is trivially focused over O\ S = O and there
is no larger set for which focusing is defined, so condition [Il holds. Moreover, condition 2] is trivially
true. Finally, condition [3]is also satisfied since the set {v € £ | v € KUOdd¢ ({z})} is empty. Thus by
Theorem B3] T has Pauli flow. O
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Corollary B.3. LetI"' = (G,1,0,1) be a labelled open graph and let S C I, i.e. all neighbours of the new
vertex are inputs. Define I to be the labelled open graph that results from inserting a new YZ-measured
vertex z with neighbourhood § as in Definition Then if I has Pauli flow, I also has Pauli flow.

Proof. Assume I' has focused Pauli flow (¢, <), let K = ASES c(s) and recall Observation [B.1l From the
definition of a focused Pauli flow, for each s € S, the correction set c(s) is focused over O\ {s}, and thus
c(s) is also focused over O\ S. Therefore, K is focused over O\ S. Moreover, for each v € S all but
one of the components of K are focused over {v} and thus K as a whole is not focused over {v}. This
establishes condition [Tl Condition 2]is immediate as K C I by the definition of correction sets. By the
same reasoning, %}, = 0 and therefore condition Blholds. Thus by Theorem 4.3l I has Pauli flow. [

Proof of Corollary .6l Given the focused Pauli flow (¢, <) on I, take K := c(x). Firstly, K is focused
over O\ {x} since c is a focused correction function, so the first part of condition [[lholds. Furthermore,
x € Oddg (¢(x)), so K is not focused over any set containing x, which establishes the second part of
condition[I]

We have x ¢ c(x) by [(P4)] so |[SNK| = |{x} Nc(x)| =0 and condition 2 holds.

Note that #)preq := {w € O : |c(w)N{x}| =1 mod 2} = {w € O | x € ¢(w)}, 0 W € #,q implies
w < x by[PD)} Similarly e := -2 N(c(x)U(Oddg (c(x)) A{x})) has the property that v € ¥5,.. implies
x < v by|[(PT)and [[P2)l Hence for all w € #),,.q and for all v € ¥, we have w < x < v, which implies
—(v <wVv=w) since < is strict. Therefore condition [3]holds.

Thus, I has the given Pauli flow by Theorem [4.3] O

C Proofs for Section [

Observation C.1 (Phase shifting). If a YZ-measured vertex z is connected to a single XY-measured
vertex x, then shifting part from the phase of x to z is sound.

) )«5‘?_«0 e - Y% O

:c/o::

_ >_,._./. O

Lemma C.2. The vertex splitting operation of Definition 5.4l can be effected via the following sequence
of steps:

1. Insert a YZ-measured vertex x” with neighbourhood {x} according to Definition 4.2}

2. If desired, split measurement angles between x and x”.

3. Insert a YZ-measured vertex x’ with neighbourhood W U {x”} according to Definition

4. Pivot on the edge {x,x"}.
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Sl

The sequence can also be reversed.

Proof. Let Ty :=T be the initial labelled open graph, with G = (V, E), and denote by I'y = (Gy,1,0,A)
the labelled open graph after step & in the above list. Then the labelled open graphs after each step have
the following graphs and measurement labellings:

1. G = (VU{X"},EU{{x,x"}}) and A, is the extension of A that satisfies A, (x") =Y Z.

2. I'; =T as changing the measurement angles of planar-measured vertices does not affect the un-
derlying labelled open graph.

3. G3=(Va,E3) where V3 =V U{xX',x"} and E5s = EU{{x,x"},{xX', X"} } U ({¥'} x W), with A3 being
the extension of A; that satisfies A3(x') = YZ. Note that all the new edges involve at least one
vertex that did not appear in the original graph and hence are definitely not contained in E. Thus
we may equivalently write E3 = EA{{x,x" },{x', X"} } A({x'} x W).

4. By Lemma applied to singleton sets (so that the odd neighbourhood reduces to the usual
neighbourhood), we have

N, (v) if X',x" ¢ Ng,|v]
N ) Ng, (v) ANg,[x"] if X' € Ng,[v] A X" ¢ Ng, [v]
XX V) = - - - -
o N, (v) ANg,[¥'] if X' ¢ N, [V] Ax” € Ng, [v]

Ng, (V) ANg,[X'| ANg,[x"] if X', X" € Ng,[v]

or, by noting that u € Ng,[v] < v € Ng,[u] and Ng, [x'] = {x',x"} UW and Ng, [x"] = {x,x,x"}:

N, (v) ifve {xx X"}uw
Ng,(v) A{x, X', x"}  ifveWw
N, v) = N, (V) = : 2
G:(v) G (V) Ng,(v) A{X' X" }AW ifv=x @
Ng,(v) A{x} AW ifve{Xx"}

This implies we toggle edges between W and {x,x’,x"} as well as edges between x and {x',x"}.
(Note that each toggled edge appears twice in (2), once for each endpoint.) Thus, G4 = (V4,E4)
where Vy = V3 =V U{x,x"} and:
Ey=E3A({x, 2 X"} x W) A{{x,x'},{x,2""}}
=EA{{x, X"}, {x' X"} AN} x W) A (o, X, 2"} x W) A {{oe, 2}, {x, X"} )
=EA{{x, X}, {X X"} A({x, X"} x W)
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Furthermore, A4 satisfies A4(x") = A4(x”) = XY and A4(v) = A(v) for all other non-outputs.
It is straightforward to check that I'y is the same as the labelled open graph I'"" of Definition 3.4
For the reverse sequence, note that pivoting is involutive and that ¥ Z-measured vertices can be deleted
without affecting the interpretation of the underlying diagram if their measurement angle is 0. O

Remark C.3. It is well-known [[14] that in ZX-calculus, pivoting on edge {u,v} reads:

What happens to the measurement effects when pivoting on an edge {u, v} can be derived from this and
rewrite rules. For instance, as -0—@ = —(@), if u and v were YZ-measured before the pivot, they will
be XY-measured afterwards.

Lemma C.4 ([14, Lemma B.9]). Given a graph G= (V,E),ACV,u €V, and v € Ng(u),

Oddg (A) if u,v ¢ Oddg[A]
Oddgn (4) = Oddg (A) ANg[V] if u € Oddg[A],v ¢ Oddg [A]
v Oddg (A) ANg[u] if u ¢ Oddg [A],v € Oddg [A]

Oddg (A) AN(;[M] ANG[V] ifu,v e Oddg [A] .

Proof of Lemma[5.3l First, note (e.g. via Remark[C.3)) that u,v € Ng[u], that symmetrically u,v € Ng[v],
and that
Oddg [AA{u}] = Oddg [A] ANG|u].

Thus, for any set A C V, we have u € Oddg [A A{u}] < u ¢ Oddg [A] and similarly v € Oddg [AA{u}] <
v ¢ Oddg [A].

By Lemmal[C.4] in the four cases (depending on which of u,v are in Oddg [c¢(w)]), we have:

* If u,v ¢ Oddg [c(w)], then

Oddgnu (¢'(w)) = Oddgrum (c(w)) = Oddg (c(w))

 If u € Oddg[c(w)] and v ¢ Oddg [c(w)], then u ¢ Oddg [c(w)A{u}] and v € Oddg [c(w) A{u}];
thus

Oddgau (¢'(w)) = Oddgau (c(w) A{u})
= Oddg (c(w) A{u}) ANG[u]
= OddG (C(W)) AN(;(M) AN(;[M]
= 0ddg (c(w)) A{u}

e Ifu ¢ Oddg[c(w)],v € Oddg [c(w)], then symmetrically to the previous case,

Oddgnu (¢'(w)) = Oddgru (c(w) A{v}) = Oddg (c(w)) A{v}
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Case | ¢ (w) | Oddguw (' (w))

u,v ¢ Oddg [c(w)] c(w) Oddg (c(w))

u € Oddg [c(w)],v ¢ Oddg [c(w)] || c(w)A{u} Oddg (c(w)) A{u}

u ¢ Oddg [c(w)],v € Oddg [c(w)] || c(w)A{v} | Oddg(c(w))A{v}
u,v € 0ddg [c(w)] c(w)A{u,v} | Oddg (c(w)) A{u,v}

Table 1: Correction sets and odd neighbourhoods after pivoting in Lemma [5.3] depending on the rela-
tionship of u and v to the original closed odd neighbourhood.

* Ifu,v € Oddg [c(w)], then u,v € Oddg [c(w) A{u,v}] and thus

OddG/\uv( "(w )) Oddgpum (c(w) A{u,v})
= Oddg (c(w) A{u,v}) ANg[u] ANg][v]
= 0ddg (c(w)) ANG(u) ANG(v) ANg[u] ANG[v]
= 0ddg (c(w)) A{u,v}

These results are summarised in Table [Tl They straightforwardly imply Oddga,y [¢/(w)] = Oddg [c(w)]
for all w € O: in each row, the changes to correction set and odd neighbourhood are the same, so they
cancel out when computing the closed odd neighbourhood.

Note that the only changes to correction sets and odd neighbourhoods are symmetric differences with
some subset of {u, v}, so Pauli flow and (where applicable) focusing conditions involving only vertices
other than u,v remain satisfied.

Additionally, whether a symmetric difference is taken with u (and what effect this may have) is
independent of what is done regarding v. By symmetry, it thus suffices to consider only u. First, consider
the correction set for u itself.

o If A(u) = XY, then u ¢ c(u) Au € Oddg (c(u)) by so u € Oddg [c(u)]. Thus we take sym-
metric differences with u, which means u € ¢/(u) Au ¢ Oddgau (¢'(u)). Yet note that A'(u) =YZ
and the above is exactly what is needed to satisfy

* The case A(u) =YZ is symmetric to A (u) = XY.

o If A(u) =XZ, then u € c(u) Au € Oddg (c(u)), so u ¢ Oddg [c(u)]. Thus the membership of u in
those sets does not change and [(P5)|remains satisfied.

e If A(u) = X, then u € Oddg (c(u)) by[(P7) and A'(u) = Z. There are two subcases:

— If furthermore u € c(u), then u ¢ Oddg [c(u)] and nothing changes, meaning u € ¢/(u) and
u € Oddgpu (¢ (u)). Hence [(P9)]is satisfied.

— If instead u ¢ c(u), then u € Oddg [c(«)]. Thus symmetric differences with u are taken and
we have u € ¢/ (u) and u ¢ Oddgauy (c(u')). Again,[(P9)]is satisfied.

* The case A(u) = Z is symmetric to A (u) = X.

* If A(u) =Y, then there are two possibilities but in either case u € Oddg[c(u)] by Thus
symmetric differences are taken, and afterwards u € Oddga, [¢/(1)] again. The measurement
label remains A’(u) =Y and[(P8)] remains satisfied.

Now suppose w € O\ {u}. Note that by the first part of the proof,

uedw)<uec0ddg(c(w)) and u€ Oddgrw (' (W) < u € c(w). 3)

If u ¢ c(w) and u ¢ Oddg (c(w)), then analogous properties will hold after pivoting, so there is nothing
to prove. We will therefore only consider cases where u is in the correction set, the odd neighbourhood,
or both.
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o If A(u) = XY, and u appears in c¢(w) and/or Oddg (c(w)), then w < u by and So,
whenever u appears in ¢/ (w) and/or Oddg .y (¢’ (w)), we have w < u and thus[(PT)|and [(P2)|remain
satisfied for ¢/(w).

* The case A(u) =YZ is analogous to A («) = XY.

* The case A (u) = XZ is also analogous to A (u) = XY.

 If A(u) = X, there are two subcases.

— Suppose u € Oddg (c(w)), then w < u. Then u € ¢/(w) but [[PT)| remains satisfied after the
change of label to A'(u) = Z since we still have w < u.

— Suppose u € ¢(w) and u ¢ Oddg (c(w)). In this case, nothing is implied about the order of u
and w. After the pivot, we have A'(u) = Z, u ¢ ¢/(w) and u € Oddgpu (¢'(w)). Thus, [(P2)]is
satisfied.

* The case A(u) = Z is symmetric to A (u) = X.

» If A(u) =7, there are again two cases.

- If u ¢ Oddg [c(w)], then we know nothing about the order of u and w because of but
nothing changes regarding the correction set or the label of u, so[(P3)|remains satisfied.

— If u € Oddg [c(w)], then by [(P3)] we have w < u. In this case u moves from the correction set
to the odd neighbourhood, or conversely, but[(P3)|remains satisfied.

The arguments regarding v are independent of and analogous to the ones for u, so this completes the
proof that (p’, <) is a Pauli flow.

For focusing, it suffices to consider the correction sets of vertices other than u (as focusing does not
talk about the relationship between a vertex and its own correction set or the latter’s odd neighbourhood).
So suppose w € O\ {u}.

 If A(u) =Y then (p, <) being focused implies u ¢ Odd¢ [c(w)] via[(F3)] But then nothing changes
during the pivot, not even the measurement label of u, so[(F3)|remains satisfied.

o If A(u) = XY or A(u) =X, then (p, <) being focused implies u ¢ Oddg (c(w)) via[(F2)} After the
pivot, A'(u) € {YZ,Z} and u ¢ ¢’ (w) by (@), so[(FI)]is satisfied.

e If A(u) =YZ or A(u) = Z, the argument is symmetric to the previous case.

* The case A (u) = XZ is excluded.

Thus (p, <) being focused implies that (p’, <) is focused, assuming the vertices incident on the pivot
edge are not XZ-measured.

Finally, since the gflow conditions are a subset of the Pauli flow conditions and pivoting maps planar
measurements to planar measurements, if (p, <) is a gflow, then (p’, <’) is also a gflow. U

Remark C.5. In Lemmal[5.3] focusing may break if one of the vertices incident on the pivot edge is XZ-
measured, say A(u) = XZ: assume (p, <) is focused, then we know u ¢ c(w) for any w # u but we may
have u € Oddg (c(w)). In the latter case, we would have u € ¢/(w) after the pivot but A (1) = XZ still, so
the flow is no longer focused. Of course it can be re-focused by replacing ¢’(w) with ¢/(w) A¢’ (u) for all
w such that u € Oddg (c¢(w)), but the straightforward modification of Lemma[5.3]is no longer sufficient.

Proof of Theorem[5.5] By LemmalC.2] the vertex splitting operation of Definition [5.4] can be expressed
as a sequence of two Y Z-insertions and a pivot, as well as an operation on measurement angles that does
not affect the labelled open graphs. As |I| = |0, the focused Pauli flow on each labelled open graph is
unique. Using the same numbering as in the above lemma, '} has Pauli flow if and only if I" has Pauli
flow by Corollary Similarly, by Lemma[5.3]and the property that pivoting is involutive, I'; has Pauli
flow if and only if I'3 has Pauli flow. In each case, there are no conditions on the flows. Thus it remains
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only to show that step 3 — the second Y Z-insertion — preserves the existence of Pauli flow under the given
conditions.

First, suppose I' has focused Pauli flow (c,~<) where without loss of generality < is the induced
partial order. Then, by Corollary the unique focused Pauli flow on I, =I'j satisfies

7 : 7
<o ==<U{wx") |w=<x}U{(",v) |x<v} and c(v)= {c(x) Ui} iy —x'
c(v) otherwise.
Furthermore, by Theorem [4.3] I'5 has focused Pauli flow if and only if there exists K C V, =V U {x"}
such that three conditions hold with respect to the neighbourhood S = W U {x”'} of the new vertex. We
now show those conditions follow from |(V1)H(V4)

* The only difference between I'; and I is the insertion of the Y Z-measured vertex x” with a single

edge to x. Thus K being focused over O\ (W N 2") in T by implies K being focused over
(VANO)\(WN23) in T,
Note that X" ¢ K by assumption, so K is focused over {x”}. Therefore by Observation B.1] K is
focused over (VU {x"}\ 0)\ (WN 23) in I';. We can also add x” to W since x” ¢ 2,. Hence
K is focused over O, \ (W U{x"}) N 25), which is the first part of condition [Il The second part
follows similarly from [(VI)]

* We have [WNK|=0mod 2 by [VI) and x” ¢ K. Thus |(WU{x"})NK|= 0 mod 2, which is
condition 21

* Denote by W(Z)d and ”VSE,ZC)C the sets from condition[3] i.e.

pre

7/1,(21 ={we0,: |cw)N(WU{x"})| =1 mod 2} 4)
Vasee = Z20 (KU (Oddg, (K) A (W U {x"})) 5)

Note that x”” does not appear in any correction set other than its own because of focusing, so the
first definition reduces to

2
Wy =

Wore if NW|=1mod 2
{ pred if Je(x)NW|=1mo ©

Worea U{x"} if |c(x) NW| =0 mod 2
Similarly, since x” ¢ K, the set Oddg, (K) is equal to Odd¢ (K) if x ¢ K and to Oddg (K) U {x"} if

x € K. Thus:
,,I/(Z) o Vsuce ifxeK 7
T Swee UK} ifx ¢ K

We distinguish cases depending on the parity of |c(x) "W | and on whether x is in K.
— Suppose |c¢(x) "W| =1 mod 2 and x € K. This is forbidden by [[V4)]so can be ignored.

— Suppose |c¢(x) "W| =0 mod 2 and x € K. Take w € 7/17(21.

If w=x", then for all u € V such that u <, x”" we also have u < x by the definition of <>,
and thus by [(V3)|u ¢ "I/Y,(AZC)C Moreover, x” ¢ 74,(,26)6 since x € K. Thus —(v <, wVv=w) for all

vE Yo,
If w # X, the result follows from[[V2)] noting that for all u,v € V we have u <, v if and only
ifu<v.

— Suppose |c¢(x) "W| =1 mod 2 and x ¢ K. This is again forbidden by [(V4)]
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— Suppose |c(x) "W |
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=0mod2and x ¢ K. Take v € "f/s,(dzc)c

If v = x”, then for all u E V such that x” <, u we also have x < u by the definition of <,

and thus by [V3)u ¢ # pred
wVv=w)forallwe “//p(re)d.

Moreover, X" ¢ ¥ re)d since |c(x) NW|

= 0 mod 2. Thus —(v <

If v # X", the result again follows from [[V2)|and noting that for all u,w € V we have u <, w

if and only if u < w.

Thus condition 3] follows from [([V2)H(V4)
We have shown that I has Pauli flow if T has a focused Pauli flow and we can find a set K such that

hold.

For the reverse direction, assume I has focused Pauli flow (c4,~<4), then by Lemma [5.3] I'5 has
focused Pauli flow (c3,~<3), where <3 = <4 and forall w € Vy =V U {xX,x"}:

(
c3(w) = E
(

if X',x" ¢ Oddg, [ca(w)]
if ¥’ € Oddg, [ca(w)], X" ¢ Oddg, [ca(w)]
if X/ Qé OddG4 [ 4( )] ,x” S OddG4 [ (W)]
if X',x" € Oddg, [ca(w)]

w

w

Take K’ = c3(x') \ {¥'}, i.e. K' = ca(@') \ {¥"} if X" € c4(¥') and K" = c4(x’) otherwise. By Theorem £.3]
we know that I'; (and thus iteratively I') has Pauli flow, and conditions [IH3]hold for I';.
1. K’ being focused over O, \ (W U {x"}) N 23) and no larger set implies K’ is focused over (OU

{X"H\(WNZ) since A, (x")

=YZ. Now x” ¢ K’ by definition, so hold with respect

to X/ and we may limit attention to the remaining vertices. This yields the condition of K’ being
focused over O\ (W N .2") and no larger set, which is exactly the definition of K. Moreover,
|(WU{xX"})NK'| =0 mod 2 implies [WNK’| =0 mod 2 since x” ¢ K’ by the definition above.
Thus [(VI)|holds.

. Let “//(r e)d and %,(,C)C as defined in (@) and(®@). Then all w € 7/( )d and all v € “/4,(,6)0 satisfying
—|(v <2 wV v =w) immediately 1rnphes [(V2)] via (@) and (@), as well as noting that for vertices
u,u' €V, wehaveu <o ' ©u<u'.

Then from (6), we see that x” € 7/( )d if and only if |c(x) "W| =0 mod 2 and x € “//( )d if and

only if |¢(x) "W| =1 mod 2. Similarly, from (7), we deduce that x” € #2) if and only if x ¢ K

and x € "f/s,(dzc)c if and only if x € K. Thus the requirement that %(ri)d and ”VSE,ZC)C do not share elements
implies either |c(x) "W|=0mod 2 and x € K, or |c(x) "W| =1 mod 2 and x ¢ K: i.e.[(V4)|holds.
It also means that exactly one of x,x” is in %(i)d and the other is in ”Vsu%c.

Finally, by the uniqueness of focused Pauli flow on labelled open graphs with |I| = |O| and by
Corollary 4.6 we know that x and x” must have the same partial order relationships in <;. Suppose

X e V/(re)d and x"’ € "I/mc (the other case is analogous). Then for all v € %,(,C)C condition 3] implies

—(v <2 x). Soif u € V satisfies u < x and thus u < x, then u ¢ "f/mcc Similarly, for all w 6 %(re)d,

condition Blimplies —(v <, x”). So if u € V satisfies x < u and thus x”" <, u, then u ¢ %’ pre d Thus
holds.
This establishes all six conditions hold if I has Pauli flow. O

Proof of Corollary Suppose I" has a focused Pauli flow (¢, <) which satisfies the two conditions and
where without loss of generality < is the induced partial order. Take K := ¢(b) in Theorem Then
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focusing of (c,<) implies K is focused over O\ {b} and [(P4)implies K is not focused over {b} as well
as [{b} Nec(b)] =0 mod 2 < b ¢ c(b). Together these imply We also have

Wrea :={w €O :|c(w)N{b}=1mod2} ={weO|bec(w)}={weO|wb}
and
Ysuce := L N (c(b)U(0ddg (c(b)) A{b})) = {v e O |b<.v}.

Thus follows directly from < being the induced partial order (cf. Definition 2.14). Next,
reduces to a < u = —(u<.b) and u < a = —(b<. u) for all u € V, which follows from the second
bullet point. Finally, becomes a € ¢(b) < b ¢ c(a), which is equivalent to the first bullet point.
Thus all the conditions of Theorem are satisfied and the operation preserves the existence of Pauli
flow.

For the other direction, suppose I"” has Pauli flow. Then by Theorem I" has a focused Pauli
flow (¢, <) such that conditions hold. We may assume without loss of generality that <
is the induced partial order (cf. Section [2.3)), since removing relationships from the partial order will
not break any of the four conditions. Then, from the above, implies the first bullet point. Now
suppose for a contradiction u € V satisfies b < u < a. Then there exists a sequence uy,...,u, such that
b<cuy <. ..<cu, <. usince < is the induced partial order. Thus there exists u; € ¥, such that u; < a,
which contradicts condition so this cannot happen and we have u <a = —(b < u). A similar
argument works for the case a < u < b. Thus the second bullet point holds. U
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The ZX-calculus is a graphical language for reasoning about quantum computing and quantum in-
formation theory. As a complete graphical language, it incorporates a set of axioms rich enough
to derive any equation of the underlying formalism. While completeness of the ZX-calculus has
been established for qubits and the Clifford fragment of prime-dimensional qudits, universal com-
pleteness beyond two-level systems has remained unproven until now. In this paper, we present a
proof establishing the completeness of finite-dimensional ZX-calculus, incorporating only the mixed-
dimensional Z-spider and the qudit X-spider as generators. Our approach builds on the completeness
of another graphical language, the finite-dimensional ZW-calculus, with direct translations between
these two calculi. By proving its completeness, we lay a solid foundation for the ZX-calculus as a
versatile tool not only for quantum computation but also for various fields within finite-dimensional
quantum theory.

1 Introduction

The ZX-calculus [14, 15] is a graphical language for reasoning about quantum computation and quantum
information theory. Thanks to its model-independent representation of quantum computation and set
of intuitive graphical rewrite rules, the ZX-calculus has found applications across various domains of
quantum technologies [58]. These domains include quantum error correction [24, 39, 36, 56, 23, 50],
quantum circuit optimization [30, 6, 40, 60], measurement-based quantum computing [31, 4, 43], fusion-
based quantum computing [7, 45, 33], compilation [55], classical simulation [13, 10], and education [19,
18, 32].

While the ZX-calculus has primarily been studied for reasoning about qubit quantum computation,
various extensions or modifications allow it to address different aspects of quantum computation and
theory. From the perspective of the ZX-calculus, there are two approaches to modifying the language:
changing the set of generators and/or giving them an alternative interpretation. Languages with a differ-
ent set of generators include the ZW-calculus [20, 35], ZH-calculus [3, 42], and ZXW-calculus [54, 65].
Alternatively, a different interpretation may involve extending the language to higher-dimensional sys-
tems such as qutrits [62, 57, 59], quopits [8, 47, 21, 9], qudits [51, 48, 22], or the finite-dimensional
setting [63, 64, 28].

While languages like the ZXW- and ZW-calculus enable complete reasoning for both qudits and
finite-dimensional Hilbert spaces, defining the ZX-calculus with the same generality can open avenues
for interesting applications, as different generator sets exhibit distinct strengths and weaknesses. For in-
stance, the ZW-calculus [17] provides valuable insights for studying multi-partite entanglement [17, 35]
and linear optical quantum computing [26, 27]. However, it is less effective for understanding circuit-
based quantum protocols. Similarly, while the ZXW-calculus is a powerful analytical tool capable of
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expressing Hamiltonians [54, 27], performing differentiation and integration of ZX-diagrams [65], clas-
sical simulation [41], and interactions in quantum field theory [53], extracting circuits expressed by these
methods remains a hard problem [25]. By contrast, with the ZX-calculus we can keep diagrams easily
extractable for quantum circuit optimization [30]. Therefore, the finite-dimensional ZX-calculus has the
potential to yield results directly applicable to quantum circuits.

When designing graphical languages, there are three crucial properties that ensure the language can
be effectively used. These properties are (1) soundness, which ensures that the rules of the calculus are
correct, (2) universality, ensuring that the language can express any element of the underlying formal-
ism, and (3) completeness, enabling the derivation of any equality within the underlying formalism. Of
these, proving completeness poses the most difficulty; nevertheless, it ensures that the language can be
effectively used to graphically derive equalities and proofs.

Indeed, there is a rich history of results investigating the completeness and incompleteness of var-
ious calculi. While the qubit ZX-calculus was first formulated in 2007 [14], completeness for qubit
quantum computing was not proved until 2017 [44, 38]. This unfolded in several stages, progressively
increasing the fragment for which completeness had been proved. The first completeness proof was for
the Clifford fragment [1], followed by a proof of incompleteness for the universal fragment [52]. Mov-
ing forward, completeness for single qubit Clifford+T quantum mechanics was established in [2], and
the completeness of the ZW-calculus was presented in [34] for qubits with integer coefficients and for
the universal fragment in [35]. Further study of the ZX-calculus revealed the necessity of the ‘supple-
mentarity’ rule [46]. Transferring the completeness proof of the ZW-calculus [34, 35] led to a surge
of completeness results. First, for the Clifford+T fragment in [37], and then for the universal fragment
in [44, 38]. Further improvements to the qubit ZX-calculus focused on minimizing its set of axioms, first
in [5] and then in [61]. This process was highly non-trivial, but now each rule is concise and intuitive.

Further to qubit calculi, the completeness of qudit calculi has also been extensively studied over the
years. The first such completeness result was that of the stabilizer fragment for qutrit ZX-calculus [62].
The stabilizer fragment of the ZX-calculus for all odd prime dimensions was shown to be complete in [8],
and its rule-set has since been further reduced in [47]. The first universal completeness of a graphical
language beyond qubits was established in [48] for the arbitrary finite dimensions of ZXW-calculus. Re-
cently, the completeness of the qudit ZW-calculus has also been demonstrated in [28], with a significantly
reduced set of axioms. Alongside the qudit ZW-calculus, the paper also introduces and proves the com-
pleteness of the finite-dimensional ZW-calculus [28]. This result came shortly after the establishment of
the qufinite ZXW-calculus and its completeness for finite-dimensional Hilbert spaces [64]. However, the
universal completeness of any higher-dimensional ZX-calculus has remained unproven.

In this paper, we define the finite-dimensional ZX-calculus and prove its completeness. We begin by
defining the generators of the calculus as the mixed-dimensional Z-spider [64] and the qudit X-spider,
and then presenting its axioms. Next, we recapitulate the axioms and definition of the finite-dimensional
ZW-calculus [28]. We then move on to proving the main result of the paper — the completeness of
the finite-dimensional ZX-calculus. It is achieved by translating the generators of our language to the
finite-dimensional ZW-calculus [28] and proving the invertibility of this translation. Similar techniques
of proving completeness have been employed before, first in [37], and later in [44, 38]. By establishing
completeness, we lay a solid foundation for the ZX-calculus as a versatile tool not only for quantum
computation but also for various fields within finite-dimensional quantum theory.
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2 Finite-Dimensional ZX-calculus

In this section, we define our calculus starting with the generators, their interpretation, and lastly, the
axiomatization that we later show to be complete. Since any 1-dimensional diagram is just the empty
diagram, this paper only considers dimensions strictly bigger than 1.

2.1 Generators

We define the symmetric monoidal category ZX¢ with objects as lists of dimensions (d;);_, where d; € N
for all 0 < i < n, such that d; > 2, and morphisms generated by the following diagrams, for any a,b,n,m €
N,0§j<a,and7 € C? such that ro = 1:

oo Ponw

Diagrams are to be read top-to-bottom, as implied by the interpretation below. Diagrams can be com-
posed in two ways: sequentially, by connecting input and output wires, and in parallel, by placing them
side-by-side.

We extend our language with the standard qudit Z-spider and the mixed-dimensional Z-spider [64],
given by the following compositions, respectively:

: (a) = (a) ><  (a,b) = (b,a)

b

a m a a m a Ap+] Ap+m

where a = min®}" a; is the minimal dimension. Furthermore, the phase-free Z-spider with arbitrary legs

can express both the cap and cup as follows:

a a a a
a a a a

Caps and cups then allow us to construct the transposition of any diagram:

In particular, we obtain the transposition of all the generators.
With these diagrams, we can now define the X-spider inductively, for any m,n € N:
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2.2 Interpretation

The standard interpretation of a diagram in ZXy is a symmetric monoidal functor [-] : ZX¢ — FHilb
where FHilb is the category of finite-dimensional Hilbert spaces. On objects, it is defined as [(a;)7_,] =
C# where A =[], a;, and on generators, it is given as follows:

T o a=l = g 4=l a min{a,b}—1
ALY g g SRR %ﬂ Y [k (K
ol a k=0 ¢ k=0 b k=0
) [] [ <
\?) — Y |k+¢ mod a) (k, /| ? = |a-Jj) — Y [k) (k]
a k(=0 a k=0
==
H Y Y 10k (k6
of e k=01=0

where 7 € C% and ry := 1. Any other morphisms can be defined compositionally: [D; ® D,] = [D] ®
[D2], and [D; o D;] = [D1] o [D2]. By functoriality of the standard interpretation, the general spiders
have the following correspondence in FHilb:

a—1
— er’.]7>.]><.]77]’7
j=0

n+m
where a = migai, 7 = (r1,-++,ra—1), and ro = 1; moreover, for 0 < j, .k, < a,
l:

'H) Z ‘]17>]m><k17,kn|
i+jl+"'+jlll
a =ki+-+k, (mod a)

The mixed-dimensional Z-spider can have legs of varying dimensions which needs some further
explanation: In the qudit setting, a Z-spider behaves as the generalized Kronecker delta — it ensures that
the same basis state is present on each of its legs. In our mixed-dimensional calculus, this behaviour is
preserved by selecting the k-th standard basis on each leg for any & less than the minimal dimension. As
such behaviour cannot be defined for the remaining basis states, we set their coefficients to zero. In other
words, these basis states are not included in the sum.

2.3 Notations

Here, we define some useful notations that we use throughout the paper.

* The original green circle spider [16, 49] can be defined using the Z box:

[, 5 oy aom jon
— Y YT
=0

where a = mina;, o= (ap, -, 04—1), 0g:=0,€'"* = (&% ... % 1) and o; € [0,27).

i=0
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* A multiplier [12] labelled by m corresponds to a Z- and X-spider connected with m wires. Unlike
in the qubit case, a green and a red spider can be connected with more than one wire. In fact, the
Hopf law generalizes to a connections in dimension a (Lemma 16), implying that the multiplier
may be labelled modulo a.

(Mu)

Then, the interpretation of the multiplier is given as follows:
a [[.]] a—l
— Y |m-i moda) (il
a i=0

* We can define the dimension splitter of the qufinite ZX-calculus [63] as follows:

a—1b—1

LYY i) b+ (DD)

i=0 j=0

Note that this definition matches that of [64, Axiom (DD)].

 Throughout this paper, we extensively use the vector N = (1,---,a — 1) (where a is the dimen-
sion), and elementwise functions on this vector. For example, v/N! corresponds to the vector
(V1!,---,y/(a—1)!) and N refers to (r!,--- 47 1).

* When two vectors are multiplied or added in the parameter of a Z-spider, we refer to elementwise
multiplication or addition of the vectors.

* When the only non-zero element of the parameter in a Z-box is the first or last, we use the following
shorthands:

— —
* We use the notations 1; = (1,---,1,0,---,0), K; = (j%”,Zj%”,m ,(d—l)j%”) in dimension d,
%
and 1 =(1,---,1).

* The qudit generalization of the yellow Hadamard box is defined as follows, for @ = ¢’ T
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* The inverse of the Hadamard box, the yellow H T box, is defined as follows:

-

* We use a yellow D box to denote the dualiser as defined in [16]:

%@] M |z> (a—i(moda)|. (Du)

* The Z-spider state with phase 1 and the X-spider state with phase Kj are denoted with empty

spiders:
7 s o,

(H")

2.4 Axiomatization

In this section, we give a set of graphical rewrite rules. First, an equation we assume for the Z-spider
is called flexsymmetry [11], enabling us to freely swap the legs of a Z-spider. That is, for an arbitrary
permutation of wires o, the following holds:

We write ZX¢ - Dy = D», if we can use the rules of the calculus to turn D; into D,. Now, let us present
the set of axioms for the calculus to perform purely diagrammatic reasoning:

. m+n—2
where 0 < j <aand u,, =a .

(S1)

where A = {a,}t 0 B= {b}_ 0 C={c} s
M = min(AUBUC), m = min(AUC), = -
min(BUC), v = min(AUB), w = min(C),

(Fiyeeestm—1), Y o= ($15-+-y80—-1), and rs’ = B -
(I’]S], ey rM_lsM_l,O, ceey 0). - - (Pl)
——

s
I

max(v-w,0)

(HZ) &) &-)
ﬁ}\;l
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where N = min{a, b, c}.

(EPT)

(D1)

(K2)

(HP)

(XM)

(DA)

a+b+k

where k € N.

= (PA)

2.4.1 Explanation of Axioms

133
a-1
where ry, = Z Pik-i mod a i the kM entry of 77
i=0
=
(ZNF)
(PC)

where 7 is a vector such that for all 0 <i < b and
0 < j<cwehave pipj =g\ j (mod a)-

where ¢ Z min(Zai,Zbi), gij = min(ai,bj), A,‘ =
Yilin: Bi= Yy liin A= Yyax, and B= Y, by.

While many of the axioms have already been presented in other papers, some appear here for the first
time; therefore, this section provides a brief explanation of the newly introduced axioms.

* (S1) is the generalization of the qudit fusion rule for mixed-dimensional Z-spiders. The phases are
multiplied but the vector needs to be cut off at the minimal dimension.

* (D1) generalizes [48, (D1)] for an arbitrary number of legs, making [48, (H1)] redundant.

* (K2) generalizes [48, (K2)] and [48, (K1)].
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* (KO) is the mixed-dimensional copy rule. The scalar is 0, if the basis state |j) exceeds the capacity
of the output dimension, and 1 otherwise.

* (PA), standing for Phase Addition, expresses how an X-spider sums up two Z-box states.
* (PC), standing for Phase Commute, commutes a class of Z-boxes through an X-spider.
e (HP) is the translation of the (h) rule of the finite-dimensional ZW-calculus.

* The diagrams in (DA) implement the scalar-less W-node, with the rule stating that we can change
the internal dimension as long as it is sufficiently high.

* (ZNF) maps an arbitrary Z-spider into its normal form.

* (XM) asserts that an X-spider can also be implemented as a scalar-less W-node composed with a
modulo box; see Section 4.1 for further explanation.

* (WW) directly translates the (b) rule of the finite-dimensional ZW-calculus.

3 Finite-Dimensional ZW-calculus [28]

This section recapitulates the finite-dimensional ZW-calculus, in accordance with [28], discussing its
generators with their interpretations and presenting the complete axiomatization of the calculus.!

3.1 Generators

We define the symmetric monoidal category ZWr with objects as lists of dimensions (d;);_, where d; € N
for all 0 < i < n, and morphisms generated by the following diagrams, for any a,b,b;,n,m € N,0 < j <n,
O0<k<a,andreC:

) : (a)®n N (a)®m h &b . (a) N (bi)?:1 ﬁ: () — (a)

%‘ (a,b) — (b,a) N0 = (a,0) U (a,a) = ()

a

Compositions are given in the usual way.

3.2 Interpretation

The interpretation of a diagram in ZWy is a symmetric monoidal functor [-] : ZW; — FHilb. On objects,
it is defined as [[(a;)7_,] = C* where A = []"(a; + 1). The interpretation of the Z-spider is as follows,
for any r € C:

O ALY AV e
k=0

m

I'This paper builds on the equational theory presented in Ref. [28]; however, the referenced paper has since been updated
and published, with a slightly modified set of rewrite rules; see Ref. [29].
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The W-node and its interpretation are given as follows:

a . ky+...+ky
A A Y (;{ L >|k1,...,kn><k1+...+kn|
byl e by 15---5%n

0<ki<b;
ki+...+k,<a

where a > max!__, b;. The interpretations of the remaining generators are as follows:

. r —r
otherwise =0

VElk) if0<k<a : &
0.1, { k) [ S S

a b % i a
WAL Y Y 10k ke A ALY ek RS N
k=01=0 k=0

k=0

It is worth pointing out that the dimensions of the wire in ZXy and ZWy are not the same. In the
ZX-calculus d is used to indicate that the wire carries a d-dimensional qudit while in the case of the ZW-
calculus it means a (d 4 1)-dimensional qudit. On ZX-diagrams, dimension is marked with grey text by
the wire, whereas text in light grey bubble next to the wire indicates the dimension of the ZW-calculus.

3.3 Axioms

The equational theory ZWt for the finite-dimensional ZW-calculus is given as follows:

T
-

-6
_

=

c¢>min( Za,,Zb ai| +=+ (dn ad ﬁ
/j—mm a;,b
1:1 m —

1T _ A \/,’/ _ K . ”;i\ — u? ?h
(er) 18 | iv (a/) sk T d b (zp)

Proposition 1 (Completeness of ZW-calculus). For any two ZWs-diagrams of the same type Dy : A — B
and D, : A — B,

[[D]]] = [[Dz]] <~— ZW; H Dy=D
The proof is the content of [28, Theorem 3].

Remark 1. While in ZX¢ all wire dimensions must be greater than or equal to 2, the finite-dimensional
ZW-calculus allows wires of dimension 1 (labelled by 0). Therefore, we require the completeness of the
finite-dimensional ZW-calculus restricted to having no 0-labeled wires. This variant of the ZW complete-
ness is still complete as the proof does not use 0-labeled wires.
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4 Completeness from Translation

In this section, we prove the completeness of the finite-dimensional ZX-calculus. Our proof strategy
is based on the one outlined in [37, 44]. The idea of the proof is to define a translation from and to
a complete language — the finite-dimensional ZW-calculus in our case. Then, if one can prove certain
properties of these translation functors, such as soundness and invertibility, then we obtain completeness.

4.1 7ZX-to-ZW Translation

Here, we define the ZX-to-ZW translation functor, [.] vy, : ZXt — ZWs. On objects, we have [(a;)i_ ] vy =
(a; —1);_,. On morphisms, we show how it maps the generators of ZX¢ to the generators of ZWg; the
other morphisms can be defined compositionally: [D; @ D] vy, = [Di]xyw @ [D2]xw» and [Dy o D2 ]y, =
[Di]xw o [D2] xy- We first show how the generators defining a general mixed-dimensional Z-spider are
translated, starting with the Z-spider with a single output and the embedding:

% ifa>b
-1

‘!ﬁ [lxw 4
—

b =] .

‘ + ifa<b

b-1

The former interpretation is based on the normal form of the qudit ZW-calculus [28, Definition 3], and
the embedding follows from comparing the interpretations. Since the Z-spiders of the two calculi match

m+n—1
uptoaC = <¥) vector parameter, its translation is as follows:

VN!

Now, we focus on expressing generators that include X-spiders. The translation of computational
basis states follows from the interpretations. To express the X-spider in the finite-dimensional ZW-
calculus, we first point out that the interpretation of the W- and X-spider are closely related. Other than
the scalar factors, the only difference is that the W-spider results in sums of the input states that are
smaller than the output dimension while the X-spider sums elements modulo a:

a-1 a-1 .
H/ L ko kel for ke<aandk+f<a,
-1

%/ A, lk+¢ moda)(k,¢| for ktl<a

Setting the output dimension of the W-spider to be 2a, and applying a modulo a gate, we obtain the
translation of the X spider, that is,

|j moda)(jlk+0)(k,l| for k,{ <a AN k+{<2a, <= |k+{ moda)(k!| for k,l<a,
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Diagrammatically, these translations are given as follows:

where the modulo a gadget is given as follows:

The translations of the remaining generators, the identity and the swap, are trivial.

Lemma 1. The ZX-to-ZW translation functor [.] yy, preserves the semantics, that is, [[D] ] = [D] for
any ZX-diagram D.
To verify this lemma, it suffices to apply the computational basis states to both the original ZX-diagram

D and its translated ZW-diagram [D] ;. By evaluating these diagrams under all possible computational
basis inputs, we can verify their equivalence under interpretations.

4.2 7ZW-to-ZX Translation

Here, we define the ZW-to-ZX translation functor, [ ]y : ZWr — ZXt. On objects, we have [(a;);_ [y =
(ai+1)._,. On morphisms, we show how it maps the generators of ZWy to the generators of ZXy; the
other morphisms can be defined compositionally: [D; ® Dy ]y = [D1]yx @ [D2]wy, and [Di o D2 ]y =
[D1]wx © [D2]yy- For B =YL, bi,

The translation of the Z-spider follows directly from its interpretation. The intuition behind the trans-
lation of the W-node is similar to that used for translating the X-spider from ZX to ZW. Up to scalars,
both nodes sum up basis states, but the X-spider also takes the result modulo the dimension. Embedding
the X-spider in a sufficiently high dimension, we can ensure that the sum of the basis states is always
less than the dimension and thus the modulo is never taken. Once we have this, the mixed-dimensional
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Z-spider can remove sums that are larger than the output dimension of the W-node resulting in the same
interpretation.
The remaining translations follow directly from the interpretation:

[-Jwx ©

ol a [H]WX a b [[']]WX atl b
a — ‘ R —
\/IV! atl arl b+l a+l

[['IIWX a+l a+l
N\ — a
a

Lemma 2. The ZW-to-ZX translation functor preserves the semantics, that is, [[D]yx] = [D] for any
ZW-diagram D.

To verify this lemma, it suffices to apply the computational basis states to both the original ZW-diagram
D and its translated ZX-diagram [D],. By evaluating these diagrams under all possible computational
basis inputs, we can confirm that their interpretations yield identical results.

[wx
—

a+l

4.3 Proof of Completeness

In this section, we prove the completeness of ZX¢, the finite-dimensional ZX-calculus.
Lemma 3. For an arbitrary ZX-diagram D, ZXt & [[D] xy ]y = D-

Due to the functoriality of the monoidal functors [.]yy, and [.]yy, it suffices to show that the above
lemma holds for all generators of ZX¢. Appendix A.2 discusses these lemmas.

Proposition 2. If ZW¢ = Dy = D, then ZX¢ t= [D1]yx = [D2]yx-

By the functoriality of [.],,y, we only need to show that the translations of all axioms of ZWj are deriv-
able in ZX¢. These proofs are the content of Appendix A.3.

Theorem 1 (Completeness). For finite-dimensional Hilbert spaces, the ZX-calculus is universally com-
plete: For any two ZX-diagrams of the same type Dy : A — B and D, : A — B, if [Di] = [D:], then
ZX¢+ Dy = D».

Proof. Suppose Di,D, € ZX¢ such that [D;] = [D;] and they have the same type. By Lemma 1,
[[Di]xwl = [D1] = [D2] = [[D2]xw]- By the completeness of ZW-calculus, ZWg = [D1 ]y, = [D2] xy-
Now by Proposition 2, ZX¢ = [[D1]ywlwy = [[P2]xwlyyy- Finally, by Lemma 3, ZX¢ = [[D1] ywlyy =
Dy, F [[[[DQ]]XW]]WX = D», therefore, ZXy - Dy = D». ]

5 Conclusion and Further Work

In this paper, we presented the finite-dimensional ZX-calculus, which generalizes the qudit ZX-calculus
with mixed-dimensional Z-spiders. We proved the completeness of the language by translating to and
from the finite-dimensional ZW-calculus and showing the translation is invertible.

While the ZW-calculus is close to minimal, we did not consider the minimality of the ZX-calculus.
It would be interesting to investigate the smallest set of rules needed for the ZX-calculus to be complete
for finite-dimensional Hilbert spaces.

Secondly, our calculus generalizes the Z-spider to mixed dimensions but leaves the X-spider un-
changed from qudits. Figuring out a nice mixed-dimensional generalization of the X-spider would allow
us more flexibility in doing mixed-dimensional reasoning.
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Next, we used the ZW-calculus to prove the completeness of the ZX-calculus. By translating the
ZW normal form, we easily obtain a normal form for the ZX-calculus. This normal form can be used
to prove the completeness of the ZX-calculus directly, by showing that every diagram can be reduced to
the normal form. We leave proving this direct completeness without relying on the result of a different
calculus for future work.

Another idea to explore could be obtaining completeness through translation to and from the qufi-
nite ZXW-calculus. As it is a superset of finite-dimensional ZX-calculus, one side of the translation is
trivial. However, we suspect that given the close-minimality of the finite-dimensional ZW-calculus, the
translation presented in this paper results in a more minimal set of rules.

Finally, we note that the ZX-calculus presented here allows for Z-boxes labelled with arbitrary com-
plex numbers, in contrast with the original ZX-calculus where spider coefficients are restricted to be
phases. Further work could be done to probe whether the ZX-calculus with only phase coefficients is
complete for finite-dimensional Hilbert spaces.

Acknowledgements

We would like to thank Alexander Cowtan and Lia Yeh for their detailed feedback and several sugges-
tions for improvement. We thank the anonymous reviewers at QPL 2024 for their valuable feedback and
pointing out a mistake in a translation of the previous version of this paper. We would also like to thank
the reviewers at QPL 2025 for their very detailed reviews and helpful suggestions. BP is supported by
the Engineering and Physical Sciences Research Council grant number EP/Z002230/1, ‘(De)constructing
quantum software (DeQS)’. RS is supported by the Clarendon Fund Scholarship.

References

[1] Miriam Backens (2014): The ZX-calculus Is Complete for Stabilizer Quantum Mechanics. New Journal of
Physics 16(9), p. 093021, doi:10.1088/1367-2630/16/9/093021.

[2] Miriam Backens (2014): The ZX-calculus Is Complete for the Single-Qubit Clifford+T Group. Electronic
Proceedings in Theoretical Computer Science 172, pp. 293-303, doi:10.4204/EPTCS.172.21.

[3] Miriam Backens & Aleks Kissinger (2019): ZH: A Complete Graphical Calculus for Quantum Computations
Involving Classical Non-Linearity. In Peter Selinger & Giulio Chiribella, editors: Proceedings of the 15th
International Conference on Quantum Physics and Logic, Electronic Proceedings in Theoretical Computer
Science 287, Open Publishing Association, Halifax, Canada, pp. 2342, doi:10.4204/EPTCS.287.2.

[4] Miriam Backens, Hector Miller-Bakewell, Giovanni de Felice, Leo Lobski & John van de Wetering (2021):
There and Back Again: A Circuit Extraction Tale. Quantum 5, p. 421, doi:10.22331/q-2021-03-25-421.

[5] Miriam Backens, Simon Perdrix & Quanlong Wang (2020): Towards a Minimal Stabilizer ZX-calculus.
Logical Methods in Computer Science 16(4), doi:10.23638/LMCS-16(4:19)2020.

[6] Niel de Beaudrap, Xiaoning Bian & Quanlong Wang (2020): Fast and effective techniques for t-count re-
duction via spider nest identities. In Steven T. Flammia, editor: 15th conference on the theory of quan-
tum computation, communication and cryptography (TQC 2020), Leibniz international proceedings in infor-
matics (lipics) 158, Schloss Dagstuhl-Leibniz-Zentrum fiir Informatik, Dagstuhl, Germany, p. 11:1-11:23,
doi:10.4230/LIPIcs. TQC.2020.11.

[7] Hector Bombin, Daniel Litinski, Naomi Nickerson, Fernando Pastawski & Sam Roberts (2024): Unifying
Flavors of Fault Tolerance with the ZX Calculus. Quantum 8, p. 1379, doi:10.22331/q-2024-06-18-1379.


https://doi.org/10.1088/1367-2630/16/9/093021
https://doi.org/10.4204/EPTCS.172.21
https://doi.org/10.4204/EPTCS.287.2
https://doi.org/10.22331/q-2021-03-25-421
https://doi.org/10.23638/LMCS-16(4:19)2020
https://doi.org/10.4230/LIPIcs.TQC.2020.11
https://doi.org/10.22331/q-2024-06-18-1379

140

(8]

(9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]
[19]

[20]

(21]

[22]
(23]

[24]

[25]

ZX-calculus is Complete for Finite-Dimensional Hilbert Spaces

Robert I. Booth & Titouan Carette (2022): Complete ZX-calculi for the Stabiliser Fragment in Odd Prime
Dimensions. In Stefan Szeider, Robert Ganian & Alexandra Silva, editors: 47th International Sympo-
sium on Mathematical Foundations of Computer Science (MFCS 2022), Leibniz International Proceed-
ings in Informatics (Lipics) 241, Schloss Dagstuhl — Leibniz-Zentrum fiir Informatik, Dagstuhl, Germany,
pp- 24:1-24:15, doi:10.4230/LIPIcs. MFCS.2022.24. Available at https://drops.dagstuhl.de/opus/
volltexte/2022/16822.

Robert I. Booth, Titouan Carette & Cole Comfort (2024): Graphical Symplectic Algebra. arXiv:2401.07914.

Tristan Cam & Simon Martiel (2023): Speeding up Quantum Circuits Simulation Using ZX-Calculus.
arXiv:2305.02669.

Titouan Carette (2021): Wielding the ZX-calculus, Flexsymmetry, Mixed States, and Scalable Nota-
tions. Ph.D. thesis, Loria, Université de Lorraine. Available at https://hal.archives-ouvertes.fr/
tel-03468027.

Titouan Carette, Dominic Horsman & Simon Perdrix (2019): SZX-Calculus: Scalable Graphical Quantum
Reasoning. In Peter Rossmanith, Pinar Heggernes & Joost-Pieter Katoen, editors: 44th International Sympo-
sium on Mathematical Foundations of Computer Science (MFCS 2019), Leibniz International Proceedings
in Informatics (LIPIcs) 138, Schloss Dagstuhl-Leibniz-Zentrum fuer Informatik, Dagstuhl, Germany, pp.
55:1-55:15, doi: 10.4230/LIPIcs. MFCS.2019.55.

Julien Codsi & John van de Wetering (2023): Classically Simulating Quantum Supremacy IQP Circuits
through a Random Graph Approach. arXiv:2212.08609.

B. Coecke & R. Duncan (2007): Interacting Quantum Observables. Available at www.cs.ox.ac.uk/
people/bob.coecke/GreenRed.pdf.

Bob Coecke & Ross Duncan (2008): Interacting Quantum Observables. In Luca Aceto, Ivan Damgard,
Leslie Ann Goldberg, Magniis M. Halldérsson, Anna Ingélfsdéttir & Igor Walukiewicz, editors: Automata,
Languages and Programming, Lecture Notes in Computer Science, Springer, Berlin, Heidelberg, pp. 298—
310, doi:10.1007/978-3-540-70583-3_25. Available at http://personal.strath.ac.uk/ross.duncan/
papers/iqo-icalp.pdf.

Bob Coecke & Ross Duncan (2011): Interacting Quantum Observables: Categorical Algebra and Diagram-
matics. New Journal of Physics 13(4), p. 043016, doi:10.1088/1367-2630/13/4/043016.

Bob Coecke & Bill Edwards (2011): Three Qubit Entanglement within Graphical Z/X-calculus. Electronic
Proceedings in Theoretical Computer Science 52, pp. 22-33, doi:10.4204/EPTCS.52.3.

Bob Coecke & Stefano Gogioso (2022): Quantum in Pictures. Quantinuum.

Bob Coecke & Aleks Kissinger (2017): Picturing Quantum Processes. Cambridge University Press,
doi:10.1017/9781316219317.

Bob Coecke, Aleks Kissinger, Alex Merry & Shibdas Roy (2011): The GHZ/W-calculus Con-
tains Rational Arithmetic.  Electronic Proceedings in Theoretical Computer Science 52, pp. 3448,
doi:10.4204/EPTCS.52.4.

Cole Comfort (2023): The Algebra for Stabilizer Codes. arXiv:2304.10584.
Alexander Cowtan (2022): Qudit Lattice Surgery. arXiv:2204.13228.

Alexander Cowtan & Simon Burton (2024): CSS Code Surgery as a Universal Construction. Quantum 8, p.
1344, doi:10.22331/q-2024-05-14-1344.

Niel de Beaudrap & Dominic Horsman (2020): The ZX Calculus Is a Language for Surface Code Lattice
Surgery. Quantum 4, p. 218, doi:10.22331/q-2020-01-09-218.

Niel de Beaudrap, Aleks Kissinger & John van de Wetering (2022): Circuit Extraction for ZX-Diagrams
Can Be #P-Hard. In Mikotaj Bojaficzyk, Emanuela Merelli & David P. Woodruff, editors: 49th International
Colloquium on Automata, Languages, and Programming (ICALP 2022), Leibniz International Proceedings
in Informatics (LIPIcs) 229, Schloss Dagstuhl — Leibniz-Zentrum fiir Informatik, Dagstuhl, Germany, pp.
119:1-119:19, doi:10.4230/LIPIcs.ICALP.2022.119.


https://doi.org/10.4230/LIPIcs.MFCS.2022.24
https://drops.dagstuhl.de/opus/volltexte/2022/16822
https://drops.dagstuhl.de/opus/volltexte/2022/16822
https://arxiv.org/abs/2401.07914
https://arxiv.org/abs/2305.02669
https://hal.archives-ouvertes.fr/tel-03468027
https://hal.archives-ouvertes.fr/tel-03468027
https://doi.org/10.4230/LIPIcs.MFCS.2019.55
https://arxiv.org/abs/2212.08609
www.cs.ox.ac.uk/people/bob.coecke/GreenRed.pdf
www.cs.ox.ac.uk/people/bob.coecke/GreenRed.pdf
https://doi.org/10.1007/978-3-540-70583-3_25
http://personal.strath.ac.uk/ross.duncan/papers/iqo-icalp.pdf
http://personal.strath.ac.uk/ross.duncan/papers/iqo-icalp.pdf
https://doi.org/10.1088/1367-2630/13/4/043016
https://doi.org/10.4204/EPTCS.52.3
https://doi.org/10.1017/9781316219317
https://doi.org/10.4204/EPTCS.52.4
https://arxiv.org/abs/2304.10584
https://arxiv.org/abs/2204.13228
https://doi.org/10.22331/q-2024-05-14-1344
https://doi.org/10.22331/q-2020-01-09-218
https://doi.org/10.4230/LIPIcs.ICALP.2022.119

B. Poér, R. Shaikh, and Q. Wang 141

[26]

[27]

(28]
[29]

[30]

[31]

(32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Giovanni de Felice & Bob Coecke (2023): Quantum Linear Optics via String Diagrams. In Stefano Gogioso
& Matty Hoban, editors: Proceedings 19th International Conference on Quantum Physics and Logic, Wolfson
College, Oxford, UK, 27 June - 1 July 2022, Electronic Proceedings in Theoretical Computer Science 394,
Open Publishing Association, pp. 83—-100, doi:10.4204/EPTCS.394.6.

Giovanni de Felice, Razin A. Shaikh, Boldizsar Poér, Lia Yeh, Quanlong Wang & Bob Coecke (2023): Light-
Matter Interaction in the ZXW Calculus. In Shane Mansfield, Benoit Valiron & Vladimir Zamdzhiev, editors:
Proceedings of the Twentieth International Conference on Quantum Physics and Logic, Paris, France, 17-
21st July 2023, Electronic Proceedings in Theoretical Computer Science 384, Open Publishing Association,
pp- 20-46, doi:10.4204/EPTCS.384.2.

Marc de Visme & Renaud Vilmart (2024): Minimality in Finite-Dimensional ZW-Calculi. arXiv:2401.16225.

Marc de Visme & Renaud Vilmart (2025): Minimality in Finite-Dimensional ZW-Calculi. In J6rg Endrullis
& Sylvain Schmitz, editors: 33rd EACSL Annual Conference on Computer Science Logic (CSL 2025),
Leibniz International Proceedings in Informatics (LIPIcs) 326, Schloss Dagstuhl — Leibniz-Zentrum fiir
Informatik, Dagstuhl, Germany, pp. 49:1-49:22, doi:10.4230/LIPIcs.CSL.2025.49. Available at https:
//drops.dagstuhl.de/entities/document/10.4230/LIPIcs.CSL.2025.49.

Ross Duncan, Aleks Kissinger, Simon Perdrix & John van de Wetering (2020): Graph-Theoretic Simplifica-
tion of Quantum Circuits with the ZX-calculus. Quantum 4, p. 279, doi:10.22331/q-2020-06-04-279.

Ross Duncan & Simon Perdrix (2010): Rewriting Measurement-Based Quantum Computations with Gen-
eralised Flow. In Samson Abramsky, Cyril Gavoille, Claude Kirchner, Friedhelm Meyer auf der Heide
& Paul G. Spirakis, editors: Automata, Languages and Programming, Lecture Notes in Computer Sci-
ence, Springer, Berlin, Heidelberg, pp. 285-296, doi:10.1007/978-3-642-14162-1_24. Available at http:
//personal.strath.ac.uk/ross.duncan/papers/gflow.pdf.

Selma Diindar-Coecke, Lia Yeh, Caterina Puca, Sieglinde M.-L. Pfaendler, Muhammad Hamza Waseem,
Thomas Cervoni, Aleks Kissinger, Stefano Gogioso & Bob Coecke (2023): Quantum Picturalism: Learning
Quantum Theory in High School. In: 2023 IEEE International Conference on Quantum Computing and
Engineering (QCE), 03, pp. 21-32, doi: 10.1109/QCES57702.2023.20321. arXiv:2312.03653.

Giovanni de Felice, Boldizsar Poor, Lia Yeh & William Cashman (2024): Fusion and Flow: Formal Protocols
to Reliably Build Photonic Graph States. arXiv:2409.13541.

Amar Hadzihasanovic (2015): A Diagrammatic Axiomatisation for Qubit Entanglement. In: Proceedings of
the 2015 30th Annual ACM/IEEE Symposium on Logic in Computer Science, LICS ’15, IEEE Computer
Society, USA, pp. 573-584, doi: 10.1109/LICS.2015.59. arXiv:1501.07082.

Amar Hadzihasanovic (2017): The Algebra of Entanglement and the Geometry of Composition. Ph.D. thesis,
University of Oxford. arXiv:1709.08086.

Jiaxin Huang, Sarah Meng Li, Lia Yeh, Aleks Kissinger, Michele Mosca & Michael Vasmer (2023): Graph-
ical CSS Code Transformation Using ZX Calculus. In Shane Mansfield, Benoit Valiron & Vladimir Za-
mdzhiev, editors: Proceedings of the Twentieth International Conference on Quantum Physics and Logic,
Electronic Proceedings in Theoretical Computer Science 384, Open Publishing Association, pp. 1-19,
doi:10.4204/EPTCS.384.1.

Emmanuel Jeandel, Simon Perdrix & Renaud Vilmart (2018): A Complete Axiomatisation of the ZX-Calculus
for Clifford+T Quantum Mechanics. In: Proceedings of the 33rd Annual ACM/IEEE Symposium on Logic
in Computer Science, LICS 18, Association for Computing Machinery, New York, NY, USA, pp. 559-568,
doi:10.1145/3209108.3209131. arXiv:1705.11151.

Emmanuel Jeandel, Simon Perdrix & Renaud Vilmart (2018): Diagrammatic Reasoning beyond CIif-
ford+T Quantum Mechanics. In: Proceedings of the 33rd Annual ACM/IEEE Symposium on Logic in
Computer Science, LICS 18, Association for Computing Machinery, New York, NY, USA, pp. 569-578,
doi:10.1145/3209108.3209139. arXiv:1801.10142.

Aleks Kissinger (2022): Phase-free ZX diagrams are CSS codes (...or how to graphically grok the surface
code). arXiv:2204.14038.


https://doi.org/10.4204/EPTCS.394.6
https://doi.org/10.4204/EPTCS.384.2
https://arxiv.org/abs/2401.16225
https://doi.org/10.4230/LIPIcs.CSL.2025.49
https://drops.dagstuhl.de/entities/document/10.4230/LIPIcs.CSL.2025.49
https://drops.dagstuhl.de/entities/document/10.4230/LIPIcs.CSL.2025.49
https://doi.org/10.22331/q-2020-06-04-279
https://doi.org/10.1007/978-3-642-14162-1_24
http://personal.strath.ac.uk/ross.duncan/papers/gflow.pdf
http://personal.strath.ac.uk/ross.duncan/papers/gflow.pdf
https://doi.org/10.1109/QCE57702.2023.20321
https://arxiv.org/abs/2312.03653
https://arxiv.org/abs/2409.13541
https://doi.org/10.1109/LICS.2015.59
https://arxiv.org/abs/1501.07082
https://arxiv.org/abs/1709.08086
https://doi.org/10.4204/EPTCS.384.1
https://doi.org/10.1145/3209108.3209131
https://arxiv.org/abs/1705.11151
https://doi.org/10.1145/3209108.3209139
https://arxiv.org/abs/1801.10142
https://arxiv.org/abs/2204.14038

142

[40]

[41]

[42]

[43]

[44]
[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

ZX-calculus is Complete for Finite-Dimensional Hilbert Spaces

Aleks Kissinger & John van de Wetering (2020): Reducing T-count with the ZX-calculus. Physical Review
A 102(2), p. 022406, doi:10.1103/PhysRevA.102.022406. arXiv:1903.10477.

Mark Koch, Richie Yeung & Quanlong Wang (2024): Contraction of ZX Diagrams with Triangles
via Stabiliser Decompositions.  Physica Scripta 99(10), p. 105122, doi:10.1088/1402-4896/ad6fdS.
arXiv:2307.01803.

Tuomas Laakkonen, Konstantinos Meichanetzidis & John van de Wetering (2023): Picturing Counting
Reductions with the ZH-Calculus. In Shane Mansfield, Benoit Valiron & Vladimir Zamdzhiev, editors:
Proceedings of the Twentieth International Conference on Quantum Physics and Logic, Electronic Pro-
ceedings in Theoretical Computer Science 384, Open Publishing Association, Paris, France, pp. 89-113,
doi:10.4204/EPTCS.384.6.

Tommy McElvanney & Miriam Backens (2023): Flow-Preserving ZX-calculus Rewrite Rules for Optimisa-
tion and Obfuscation. In Shane Mansfield, Benoit Valiron & Vladimir Zamdzhiev, editors: Proceedings of
the Twentieth International Conference on Quantum Physics and Logic, Paris, France, 17-21st July 2023,
Electronic Proceedings in Theoretical Computer Science 384, Open Publishing Association, pp. 203-219,
doi:10.4204/EPTCS.384.12.

Kang Feng Ng & Quanlong Wang (2017): A Universal Completion of the ZX-calculus. arXiv:1706.09877.

Brendan Pankovich, Alex Neville, Angus Kan, Srikrishna Omkar, Kwok Ho Wan & Kamil Bradler (2023):
Flexible Entangled State Generation in Linear Optics. arXiv:2310.06832.

Simon Perdrix & Quanlong Wang (2016): Supplementarity Is Necessary for Quantum Diagram Rea-
soning. In: 4lst International Symposium on Mathematical Foundations of Computer Science (MFCS
2016), Leibniz International Proceedings in Informatics (LIPIcs) 58, Krakow, Poland, pp. 76:1-76:14,
doi: 10.4230/LIPIcs.MFCS.2016.76.

Boldizsar Podr, Robert 1. Booth, Titouan Carette, John van de Wetering & Lia Yeh (2023): The Qupit Sta-
biliser ZX-travaganza: Simplified Axioms, Normal Forms and Graph-Theoretic Simplification. In Shane
Mansfield, Benoit Valiron & Vladimir Zamdzhiev, editors: Proceedings of the Twentieth International Con-
ference on Quantum Physics and Logic, Paris, France, 17-21st July 2023, Electronic Proceedings in Theoret-
ical Computer Science 384, Open Publishing Association, pp. 220-264, doi: 10.4204/EPTCS.384.13.

Boldizsar Poér, Quanlong Wang, Razin A. Shaikh, Lia Yeh, Richie Yeung & Bob Coecke (2023): Com-
pleteness for Arbitrary Finite Dimensions of ZXW-calculus, a Unifying Calculus. In: 2023 38th An-
nual ACM/IEEE Symposium on Logic in Computer Science (LICS), Boston, MA, USA, pp. 1-14,
doi:10.1109/LICS56636.2023.10175672. arXiv:2302.12135.

André Ranchin (2014): Depicting Qudit Quantum Mechanics and Mutually Unbiased Qudit Theories. Elec-
tronic Proceedings in Theoretical Computer Science 172, pp. 68-91, doi: 10.4204/EPTCS.172.6.

Benjamin Rodatz, Boldizsar Poér & Aleks Kissinger (2024): Floquetifying Stabiliser Codes with Distance-
Preserving Rewrites. arXiv:2410.17240.

Patrick Roy, John van de Wetering & Lia Yeh (2023): The Qudit ZH-Calculus: Generalised Tof-
foli+ Hadamard and Universality. In Shane Mansfield, Benoit Valiron & Vladimir Zamdzhiev, editors: Pro-
ceedings of the Twentieth International Conference on Quantum Physics and Logic, Paris, France, 17-21st
July 2023, Electronic Proceedings in Theoretical Computer Science 384, Open Publishing Association, pp.
142-170, doi:10.4204/EPTCS.384.9.

Christian Schroder de Witt & Vladimir Zamdzhiev (2014): The ZX-calculus Is Incomplete for Quantum
Mechanics. In Bob Coecke, Ichiro Hasuo & Prakash Panangaden, editors: Proceedings of the 11th Workshop

on Quantum Physics and Logic, Kyoto, Japan, Electronic Proceedings in Theoretical Computer Science 172,
Open Publishing Association, pp. 285-292, doi:10.4204/EPTCS.172.20.

Razin A. Shaikh & Stefano Gogioso (2022):  Categorical Semantics for Feynman Diagrams.
arXiv:2205.00466.

Razin A. Shaikh, Quanlong Wang & Richie Yeung (2023): How to Sum and Exponentiate Hamiltonians in
ZXW Calculus. In Stefano Gogioso & Matty Hoban, editors: Proceedings 19th International Conference on


https://doi.org/10.1103/PhysRevA.102.022406
https://arxiv.org/abs/1903.10477
https://doi.org/10.1088/1402-4896/ad6fd8
https://arxiv.org/abs/2307.01803
https://doi.org/10.4204/EPTCS.384.6
https://doi.org/10.4204/EPTCS.384.12
https://arxiv.org/abs/1706.09877
https://arxiv.org/abs/2310.06832
https://doi.org/10.4230/LIPIcs.MFCS.2016.76
https://doi.org/10.4204/EPTCS.384.13
https://doi.org/10.1109/LICS56636.2023.10175672
https://arxiv.org/abs/2302.12135
https://doi.org/10.4204/EPTCS.172.6
https://arxiv.org/abs/2410.17240
https://doi.org/10.4204/EPTCS.384.9
https://doi.org/10.4204/EPTCS.172.20
https://arxiv.org/abs/2205.00466

B. Poér, R. Shaikh, and Q. Wang 143

[55]

[56]

[57]

[58]
[59]

[60]

[61]

[62]

[63]
[64]

[65]

Quantum Physics and Logic, Wolfson College, Oxford, UK, 27 June - 1 July 2022, Electronic Proceedings in
Theoretical Computer Science 394, Open Publishing Association, pp. 236-261, doi:10.4204/EPTCS.394.14.

Seyon Sivarajah, Silas Dilkes, Alexander Cowtan, Will Simmons, Alec Edgington & Ross Duncan (2020):
T|ket): A Retargetable Compiler for NISQ Devices. Quantum Science and Technology 6(1), p. 014003,
doi: 10.1088/2058-9565/ab8e92. arXiv:2003.10611.

Alex Townsend-Teague, Julio Magdalena de la Fuente & Markus Kesselring (2023): Floquetifying the Colour
Code. In Shane Mansfield, Benoit Valiron & Vladimir Zamdzhiev, editors: Proceedings of the Twentieth
International Conference on Quantum Physics and Logic, Electronic Proceedings in Theoretical Computer
Science 384, Open Publishing Association, pp. 265-303, doi:10.4204/EPTCS.384.14.

Alex Townsend-Teague & Konstantinos Meichanetzidis (2022): Simplification Strategies for the Qutrit ZX-
Calculus. arXiv:2103.06914.

John van de Wetering (2020): ZX-calculus for the Working Quantum Computer Scientist. arXiv:2012.13966.
John van de Wetering & Lia Yeh (2023): Building Qutrit Diagonal Gates from Phase Gadgets. In Ste-
fano Gogioso & Matty Hoban, editors: Proceedings 19th International Conference on Quantum Physics and
Logic, Wolfson College, Oxford, UK, 27 June - 1 July 2022, Electronic Proceedings in Theoretical Computer
Science 394, Open Publishing Association, pp. 46—65, doi:10.4204/EPTCS.394.4.

John van de Wetering, Richie Yeung, Tuomas Laakkonen & Aleks Kissinger (2024): Optimal Compilation
of Parametrised Quantum Circuits. arXiv:2401.12877.

Renaud Vilmart (2019): A Near-Minimal Axiomatisation of ZX-Calculus for Pure Qubit Quantum Me-
chanics. In: 2019 34th Annual ACM/IEEE Symposium on Logic in Computer Science (LICS), pp. 1-10,
doi:10.1109/LICS.2019.8785765. arXiv:1812.09114.

Quanlong Wang (2018): Qutrit ZX-calculus Is Complete for Stabilizer Quantum Mechanics. In Bob Coecke
& Aleks Kissinger, editors: Proceedings 14th International Conference on Quantum Physics and Logic,
Nijmegen, the Netherlands, Electronic Proceedings in Theoretical Computer Science 266, Open Publishing
Association, pp. 58-70, doi:10.4204/EPTCS.266.3.

Quanlong Wang (2022): Qufinite ZX-calculus: A Unified Framework of Qudit ZX-calculi. arXiv:2104.06429.

Quanlong Wang, Boldizsar Po6r & Razin A. Shaikh (2024): Completeness of Qufinite ZXW Calculus, a
Graphical Language for Finite-Dimensional Quantum Theory. arXiv:2309.13014.

Quanlong Wang, Richie Yeung & Mark Koch (2024): Differentiating and Integrating ZX Diagrams with
Applications to Quantum Machine Learning. Quantum 8, p. 1491, doi:10.22331/q-2024-10-04-1491.


https://doi.org/10.4204/EPTCS.394.14
https://doi.org/10.1088/2058-9565/ab8e92
https://arxiv.org/abs/2003.10611
https://doi.org/10.4204/EPTCS.384.14
https://arxiv.org/abs/2103.06914
https://arxiv.org/abs/2012.13966
https://doi.org/10.4204/EPTCS.394.4
https://arxiv.org/abs/2401.12877
https://doi.org/10.1109/LICS.2019.8785765
https://arxiv.org/abs/1812.09114
https://doi.org/10.4204/EPTCS.266.3
https://arxiv.org/abs/2104.06429
https://arxiv.org/abs/2309.13014
https://doi.org/10.22331/q-2024-10-04-1491

144 ZX-calculus is Complete for Finite-Dimensional Hilbert Spaces

A Lemmas

A.1 General Derivations

KD (& k-)
Lemma 4. - a = 4
Proof.
=

O
&-) B
Lemma 5. Suppose x #0. Then - 2 =
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Proof.
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Lemma 6. = %D
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Proof. Same as [48, Lemma 12]. ]



B. Poér, R. Shaikh, and Q. Wang 145

Lemma9. [65] z =

Proof. Same as [48, Lemma 16]. O

Lemma 10. [63]

The other equalities can be proved similarly using the same rules. O

Lemma 11. [63]
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where y, =d" 3 vy =d "2, j€{0,1,---,d—1}. 0
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Lemma 15.
Proof. Same as [48, Lemma 25]. ]

Lemma 16. [65]

Q O
9-1 O-
o 1 o
Proof. Same as [48, Lemma 29]. OJ
Lemma 17. [65]
o a O ® a O
where 1 <k <d-—1.
Proof. Same as [48, Lemma 30]. ]
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Proof. Same as [48, Lemma 34]. ]
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A.2 Recovering Generators

Lemma 20.

Proof.

Lemma 21.
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Proof. Suppose a > b. Then

The other case can be proved similarly. O

Lemma 22.

al g, |a al

Xwil wx

O
Lemma 23.
Ay 4] 1 xwdl wx Ay 4] 1
Proof. This follows from Lemmas 20 to 22. [
Lemma 24.

2a-1

[moda] =

a-1

wX
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Proof. Expanding the definition of the modulo a box,

(23) (SD (s

(52)

Lemma 25.

W wx a
Proof.
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Lemma 26.
|l |l “ ]]XW]] WX ’
Proof.
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— a-1 —
O
Lemma 27.
a b 1 b
|l|l/>< ]]XW]]WX /H’
Proof.
' ! [[-]]xw a-1 b-1 [H]WX ' >< !
— —
! ¢ b-1 a-1 ! “
O

Lemma 3. For an arbitrary ZX-diagram D, ZX¢ & [[D] xy ]y = D-

Proof. Due to the functoriality of the monoidal functors [.]yy and [.[yy, it suffices to show that the
above lemma holds for all generators of ZX¢. These generators are presented in Section 2.1, and the
proofs are shown in Lemmas 20 to 27. O

A.3 Proving Axioms of ZW

Lemma 28. The translation of the following ZW diagrams under [.]y, equal in ZX:
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Proof.

S2) et [y

= < a

Lemma 30. For b > min(c,Y.a;), the translation of the following ZW diagrams under [.]y,y equal in
7Xs:

Proof. ForA:=Y a;, D :=Y.d;, M = min{A,b} :

b+D+1

Otherwise, we have A > b, and thus M = min{A,b} = b. Combining this with the assumption b >
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min(c,Y a;) = min(c,A), we conclude that b > ¢. Therefore,

Then, the remaining steps are the same as in the A < b case. 0

Lemma 31. For n # 0, the translation of the following ZW diagrams under [.]y,x equal in ZXg:

bil m by,

Proof. Let b:=Y b;. We first show the following:

Now, we only have to show that the W-node copies phases:
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Lemma 32. The translation of the following ZW diagrams under [.]y equal in ZX;:

a a
.
a

Proof.
a a % (T) (r+;)Nﬁ % .
. 1+1
k k
|
where the k-th element of 3 for k < a is given by ¢, = Z r’,—sk" — = (r+s) and for k > a it is
=i (ki) k!

a1, 1

cr = ;Z r’i—!sk_’ i ; therefore, (r;rVS!)N defines the first a + 1 element of ? O

Lemma 33. The translation of the global scalar 1 and the empty diagram . under [.]y,y equal in ZX.

Ly : C’f Ern D [
Lemma 34. The translation of the following ZW diagrams under [.]y, equal in ZX¢:

4 9.0

Proof.

Proof.

a+l a+l 2 [[]]WX

a+l
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Lemma 35. For ¢ > min(Y a;,Y.b;), {;j = min(a;,b;), the translation of the following ZW diagrams
under [.]yx equal in ZX:

aip| e |ay,

é‘l oll ("u Jm

. by| -+ b
Proof. This rule follows from Axiom (WW). ]
Lemma 36. The translation of the following ZW diagrams under [.], equal in ZX:

4

) P

Proof.
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Proof.
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a+l
N
bck+1 arl
(19) (S4)
= b+ck+1 =
(14) (KO) bkl
(52)
b+1 c+l
(SD (PD)
(S

Lemma 38. The translation of the following ZW diagrams under [.]y equal in ZX¢:
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Proof.

Lemma 39. The translation of the following ZW diagrams under [.]y equal in ZX¢:

ag ay

b

Proof. Leta = ay—+ay, then

ap+1

ag [

ap aj

Lemma 40. The translation of the following ZW diagrams under [.]yy equal in ZX;:

a+b

u? ?I}
a b
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Proof. Leta=ay+ay, then

(B3)  a+b+1 atb+1  (S1)

Note that we can derive the last equality of the ZW diagrams using Lemma 30. O
Proposition 2. If ZW; - Dy = D, then ZX¢ = [D1]yx = [D2]wx-

Proof. By the functoriality of [.],y, we only need to show that all the rewrite rules of ZWj are derivable
in ZX¢. The rewrite rules are given in Section 3.3, and the derivation of each axiom is given in Lemmas 28
to 41. O



String Diagrams for Defect-Based Surface Code Computing

Mateusz Kupper”* Dominic Horsman Chris Heunen Niel de Beaudrap
Dept. Informatics Dept. Computer Science School of Informatics Dept. Informatics
University of Sussex University of Oxford University of Edinburgh University of Sussex

m. kupper dom.horsman chris.heunen jrd27
@sussex.ac.uk @gmail.com Q@ed.ac.uk @sussex.ac.uk

Surface codes are a popular choice for implementing fault-tolerant quantum computing. Two-qubit
gates may be realised in these codes using only nearest-neighbour interactions, either by lattice
surgery [27] or by braiding defects around each other [43]]. The effect of lattice surgery operations
may be simply described [3] using the ZX-calculus: a graphical language that has proven effective
for program design and optimisation (see e.g. [23]]). In this work, we formalise a similar description
via the ZX-calculus of defect braiding, as it is conventionally described. We define a graphical calcu-
lus KNOT, denoting the logical effects (in the absence of byproduct operations) of defect braiding in
surface codes: we show how these effects may be described via a fragment of ZX-calculus which we
call the (0, )-fragment. We then use a ‘doubling’ construction to define a subtheory of KNOT, more
specialised to standard encoding techniques in the defect braiding literature. Within this subtheory,
we encompass standard braiding techniques by families of ‘ribbon-like’ and ‘tangle-like’ diagrams,
each with semantics distinct from KNOT, in terms of the (0, )-fragment of ZX diagrams (again in
the absence of byproducts). These subtheories may be used interoperably, and are each sound and
complete for the (0, 7)-fragment of ZX diagrams. This provides a starting point to use the formal
diagrammatics to analyse the operational effects of defect braiding procedures.

1 Introduction

Topological quantum error correcting codes store quantum information in global properties of a system
rather than in local degrees of freedom. The logical operators and the encoded space are determined by
the topological features of an underlying lattice with boundary conditions. Surface codes are among the
most widely studied quantum error correction codes due to their high threshold (tolerance to hardware
error) and compatibility with multiple physical quantum computing paradigms [42].

Surface codes can be either planar, where individual ‘patches’ of physical qubits stabilised by the
nearest-neighbour surface code operations support a single logical qubit each [[13], or defect-based [42]].
In the latter, logical qubits are supported by (usually) pairs of holes in the lattice of physical qubits, with
multiple logical qubits sharing the same lattice ‘patch’. Two-qubit entangling operations are performed
using nearest-neighbour-only operations either by lattice surgery [27]] for planar codes, or defect braiding
for defect-based codes [43,120]. Lattice surgery has lower resource requirements in general than defect-
based surface codes (e.g. [23]). However, braiding remains an important potential tool for future surface
code architectures and for the development of novel procedures using the code.

Logical information in the surface code is defined by logical operators: chains or rings of physical
qubits whose joint state is the state of the logical operator. Extended surfaces of logical operators over
time are known as ‘correlation surfaces’ (see e.g. [18, §3]). In the planar code, logical operators are
strings between two opposite boundaries of the code patch, with the type of operator (X or Z) dependent
on the type of boundary (‘rough’ or ‘smooth’). In the defect-based code, logical operators are supported
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Figure 1: Informal diagrammatic representations of braiding procedures using double defects. Different
colours denote primal and dual; (b) shows also correlation surfaces. From Ref. [43].

between the boundaries created in the lattice by the pair of ‘holes’ (qubits removed from the stabilisation
procedure). These also come in two flavours, ‘primal’ and ‘dual’, depending on the qubits removed.

Defect-based codes can be implemented as either 2D or 3D codes, homologically equivalent [43]]. In
2D codes, physical qubits persist and are operated on over time; in 3D, they are prepared in an entangled
state and then layers are measured out to create ‘clock ticks’ of the code. Intuitively, one can think of
the 3D code as simply the 2D code represented in spacetime. Another homological equivalence [42] is
between double and single defect codes. In single defects, the role of the second defect is taken by the
boundary of the entire surface (in practice limiting to two logical qubits per surface). Figure [3] shows
how the logical operators for the planar, single defect, and double defect codes are supported across their
respective surfaces. Planar and defect-based qubits can even be interconverted, by judiciously increasing
or measuring out the stabilised surface [27, §5].

Two-qubit operations perform interactions of logical operators and correlation surfaces. In lattice
surgery, planar code X or Z operators are merged or split by straightforward operations that cut or com-
bine operators from different patches. Braiding, however, interacts logical operators by moving defects
around each other (either moving single defects around each other, or one of a double-defect pair moving
through the space between the pair of another logical qubit). This causes the correlation surfaces to in-
teract, performing a unitary two-qubit entangling gate (usually CNOT) provided the qubits are supported
by pairs of opposite-type defects (primal and dual).

Braiding is clearly a more challenging operation to visualise than lattice surgery, not least being
inherently 3D. Diagrams such as Figure 2] show a simple subroutine of six CNOT operations (similar di-
agrams also appear in [18],[19,21]]). Larger procedures quickly become impractical to represent visually,
both in terms of human readability and computing power needed to render 3D diagrams. Such diagrams
are informal: they are not supported by a standardised semantics and compositional formal language
capable of equational reasoning, but are instead validated by checking correlation surfaces [43] or using
a set of ad-hoc rewrite rules [37]]. This is made more difficult by the use of a combination of 2D and 3D

e — >

x > — 7

2& '_Il ! L #0

Ay 2 ¢ 5 2 -

o £ 50
v—

Figure 2: A three-dimensional representation of defect braiding. The red and blue structures represent
dual and primal defects whose braiding implements a 7 gate. From Ref. [40].
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(a) Surface code patch with two
boundary types (rough - primal
and smooth - dual) and two log-
ical operators represented by red
and green lines.

(b) Surface code with one bound-
ary type with a defect with the
same boundary type. One of the
logical operators encircles the de-
fect.
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(c) Surface code with one bound-
ary type with two defects with
the same boundary types. The
red logical operators are together
equivalent to the orange operator.

Figure 3: We can introduce defects and modify boundaries in a surface code to change the observables
encoded in the code. The observables (or also called logical operators or errors) are supported on the
boundaries and defects. The lattices and logical operators in each figure encode a single logical qubit.

diagrams and the use of informal syntactic sugar [43]] (also see Figure ).

By contrast, lattice surgery benefits from a representation of its transformations in terms of ZX di-
agrams [3]]. This representation provides a formal, systematic means of reasoning about lattice surgery
procedures [22) [24]]. Diagrammatic reasoning (especially ZX-calculus) has been used in quantum er-
ror correction for the analysis of more general stabiliser codes (e.g. [44] 34, 148, 4]) and surface codes
[31]]. There has been some limited work applying it to braided surface codes, where the correctness of
some braiding patterns has been proven using ZX-calculus [26]. An informal mapping between different
braiding patterns and ZX-calculus has also appeared in Ref. [24]]. A further informal connection between
lattice surgery, defect surgery, and ZX-calculus was made in Ref. [22]. A non-diagrammatic method for
equivalence checks for braiding patterns using Boolean expressions appeared in Ref. [36]].

This paper introduces a graphical language KNOT, to formalize defect-based surface code compu-
tation. We build upon the informal diagrams introduced originally by Raussendorf [43] and presented
in numerous forms in Refs. [21} [19] [18] to define a formal language for defect braiding. We gather the
rules appearing in these works and present them in a systematic way as a category with formal equiv-
alences, and with our assumptions clearly stated. We also prove that the usual semantics appearing in
the literature are sound (functorial) for ZX-calculus. In other words, by formalizing the largely intuitive
and geometric arguments used in the literature, we provide a systematic account of defect braiding in the
absence of byproduct operations. Furthermore, if we consider a pair of wires as encoding a qubit, we
recover alternative semantics [43]] which is sound and complete for the (0, 7)-fragment of ZX-calculus.

This formal language for braiding patterns will facilitate automated verification and optimisation of
defect-based protocols, contributing to the simplifying analysis of topological quantum computation.

Structure of the Paper. We proceed as follows. Section [2| gives brief background to braided surface
codes. Section [3] introduces the the new formal framework for representing braiding operations using
KNOT. Section [4] establishes different mappings into the (0, 7)-fragment of the ZX calculus: from
KNOT, and from two subtheories of a ‘doubled” KNOT, which lets us demonstrate the equivalence
between these two subtheories of KNOT and the (0, 7)-fragment of ZX calculus.
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2 Surface codes and defect braiding

A surface code lives on a square lattice whose edges carry physical qubits, see Figure[3][6] (13,142, 20, 19].
The code space is the +1-eigenstate subspace of all stabiliser operators. Two families of commuting
stabilisers act locally: vertex (star) operators A, = [[eestar(v)Xe and plaquette operators B, = []ocypZe-
Commutation ensures a consistent code space, with

[Ay,Ay] = [Bp,By] = [A),B,] =0 forallv,V/,p,p'.
The code space is thus the subspace of the Hilbert space 7 where all stabilisers satisfy

Aly) =1w),  Bply) =) forallv,p.

Error detection is given by changes of these stabiliser measurements over time.

Defects are regions of the lattice where stabilisers are deliberately not measured, creating internal
boundaries. This creates spare degrees of freedom in the lattice which are used to encode logical qubits.
Smooth defects (or dual defects) correspond to missing A, stabilisers, while rough defects (or primal
defects) correspond to missing B), stabilisers. Stabiliser patterns may change from a one measurement
round to the next, so defects can appear, disappear, merge, divide, or move.

Logical operators are defined as paths (connecting boundaries) or loops of Pauli operators on the
lattice (see Figure E[) For smooth defects, logical operators are X, = [[.cp, Xe, Zr = [lecp, Ze, Where
Py is a path of X-operators connecting two smooth defects, and P is a loop of Z-operators encircling a
smooth defect. For rough defects, the roles of X and Z are reversed: X encircles a rough defect, and Z,
connects two rough defects. Logical operators correspond to chains of errors undetectable by the code.
Boundaries also can be rough(smooth), supporting undetected Z(X)-chains.

The dual lattice has a vertex for each plaquette of the primal lattice and an edge for each primal
edge. Stabilisers A, on the primal lattice thus correspond to stabilisers B;, on the dual lattice, and logical
operators map between the primal and dual lattices. This duality ensures symmetry between X- and
Z-type errors, reinforcing the fault tolerance of the surface code.

Visualising braiding of logical operators is easiest in a spacetime view (although see also [20, §V]
for clear step-by-step diagrams of a logical CNOT in the 2D view). We construct a 3D lattice, ., with
physical qubits placed on both the edges and faces of the lattice. This can be viewed as a measurement-
based quantum computation (MBQC) simulation of the 2D surface code [42, [18], with the third lattice
dimension as simulated time. The 3D cluster state is initialised by preparing qubits on the edges and
faces of .Z in the |+) state and applying controlled-X gates between face qubits and edge qubits along
their boundaries. Stabilisers for this state are given by:

K(Cg) :X(Cz)Z(aCQ) and K(C_‘z) :X(EQ)Z(afz),

where ¢, € C, corresponds to primal faces, and & € C, corresponds to dual faces. Logical qubits are
encoded in defects that extend through the 3D lattice, and logical operators are defined in terms of these
defects. For primal defects, the logical Z; operator is the boundary of a dual 2-chain, Z; = Z(d¢,), and
the logical X;, operator is defined along a primal 1-chain ¢; as X; = X(cy).

The 3D cluster is divided into three regions. The defect region (D = D, U D) includes both primal
defects (D)) and dual defects (D,) and represents areas where stabilisers are deliberately removed. The
vacuum region (V =V, UVy) contains the rest of the lattice where stabilisers are intact, including primal
(V),) and dual (V) vacuum regions. Finally, the singular qubit region (S) includes qubits at the interface
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of defects and vacuum. A specific measurement-based computation is performed based on four cluster
areas. Qubits along defect chains (d C D) are measured in the Z-basis. Qubits on defect faces whose
boundaries intersect d are measured in the X-basis. Qubits in the vacuum region (V') are measured in the
X-basis. Finally, qubits in the singular region (S) are measured in the X\g -basis.

To ensure compatibility between the stabiliser structure and the measurement pattern, the stabilisers
must commute with the measurements:

[K(CQ)K(EQ),XQ} =0foralla eV, [K(Cz)K(Eg),Zb] =O0forall b€ D.

These conditions imply that for any primal 2-chain ¢, € C, and dual 2-chain &, € C;:
{Cz} C Vp, {aCQ} C Dp, {52} C Vy, {852} C Dy.

Within this 3D description, a primal defect carries Z; = Z(d¢,) and X;, = X (¢ ), where d¢; encircles
the defect and ¢; connects time-separated cross-sections. Braiding a smooth defect (dual defect) around
a rough defect (primal defect) induces transformations of the logical operators as the stabilisers of the
correlation surfaces are multiplied at the point of braiding and then separated again (analogous to the
merge and splitting operations of lattice surgery):

(smooth) (smooth) y-(rough) (rough) (smooth) —(rough)
X, — X,y and 7,V — zgsmooh Ziroue,

This corresponds to the application of a CNOT gate, where the smooth defect is the control qubit and
the rough defect is the target qubit. Gates can be induced between logical qubits of the same type by
introducing intermediate braids]T]

Informal ‘topological calculi’ diagrams have been used since the beginning to illustrate the complex
procedures of braiding, and to aid calculation of stabilisers [42} 43]]. Later work used, again informally,
computer-aided 3D diagram generation [22} 138} 40, [17]]. However, reasoning about braids has remained
cumbersome, and lacks complete formal tools for circuit design and compilation.

3 Braiding of defects as a graphical calculus: the category KNOT

We represent maps in KNOT by diagrams, composed from generators as below. These depict braiding
of defects in a surface code, in the form of a 2D diagram with additional information for wires crossing
over or under other wires, in the manner of knot diagrams.

Definition 3.1. The category KNOT (also called the category of defects) is a monoidal category whose
objects are bit-strings, tensor product is given by the concatenation of bit-strings, morphisms are gen-
erated by the below diagrams and for domains and codomains of morphisms 0 is represented by a grey
wire and 1 by a black wire.

Identity wires Empty bit-strings
Same-type crossings  Opposite-type crossings  Bifurcation maps Pauli decorators
SN X S =L W L - ¢

I As every operation to merge, split, move, introduce, or remove defects involve changes to the stabilisers being measured,
there will also be uncontrollable but heralded byproduct operations, of the sort familiar from MBQC [15} [46] and lattice
surgery [3}4]]. Strictly speaking, these must be accounted for to describe general braiding operations as CPTP maps. However,
we follow convention in acknowledging and then dropping explicit mention of them, as a first step in the development of a
workflow for a more comprehensive and systematic approach to analysing defect braiding procedures.
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Diagrams are read from left to right, representing a progression from the input to the output. A grey or
a black dot on the right (left) end of a diagram represents an empty bit-string as a domain (codomain);
similarly, cups and caps have empty bit-strings as domains or codomains. The generators satisfy the
equivalences shown in Table[I]

Diagrams of KNOT represent the braiding of defects in a surface code, and correlation surfaces
(spacetime stabilisers) supported on those defectsE]

Correlation surfaces. In the literature, the red decorators above are often omitted as they represent
operations unachievable by braiding and can be seen as undetectable errors. However, logical trans-
formations from braiding can be described by rewriting diagrams to “move" red generators from input
to output. Correlation surfaces in the surface code [42), 43| track the evolution of logical operators or
errors as the code’s topology changes. They geometrically encode how logical operators—initially rep-
resented by chains or loops—are deformed by boundary shifts, defect braiding, or lattice manipulations.
This tracking constructs space-time stabilisers, summarizing logical transformations and showing how
an initial operator, such as Xj;, |, evolves into Xqyt 1 Xout 2 Via a logical map M (the action of a CNOT gate).

Soundness. A basic property of a rewrite system with a semantic map should be the soundness for
its interpretation. The informal diagrams given in e.g. Ref. [43] can be interpreted as describing a
specific family of surface code computation procedures described by a braiding pattern. The goal of
such a procedure is to perform a map on the logical operators (or non-correctable errors) from the start
to the end of the computation (to define a so-called space-time stabiliser). Thus, one can instead give an
interpretation in the maps on the space of logical operators. This is what we also do in this paper. We
are not concerned with the physical implementation of a specific braiding pattern as a set of operations
on the surface code. We are instead interested in the space-time stabilisers that could be implemented by
such procedures. We discuss this more in the Appendix

Theorem 3.1. KNOT is sound for the logical maps implemented by the braided surface code error
correction procedure up to classical byproducts.
[Proof in Appendix [B]]

Different boundary conditions lead to different sets of equivalences for braiding. For all defects,
we allow the surfaces to connect a defect to a boundary, encircle the defects, and connect two defects
of the same type. A correlation surface connecting two defects of the same type, is equivalent to two
independent correlation surfaces connecting the defects to a common boundary of the appropriate type;
we freely use this equivalence to simplify our analysis.

Example 3.1. This example is an analogue of post-selected teleportation. In the next sections, we will
explain how the generators can be associated with Hilbert spaces.

14 T ®
Sk P e s .

—~ ETY o~ &7 0 &S
D D D
€ - ( SN .

2The effect of those operations, supporting the equivalences of Table are standard in the literature on defect braiding [43].
For the sake of brevity, we defer any account of these effects to our presentation of a map from KNOT into ZX-diagrams.
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Planar isotopy rules:

==X K) CXK=C (K3
XX=_ (K2 —0=—-O (K4
p_ D fq=7p: D _f_q (K5)
Base rules:
5 N T T (K9)
Decorator rules:
e KB SCoSq k)
o -— (K14

SC=>C KI6)

S T=To

(K17)

(K18)

165

= (K6)
>%<.>< — ><.>%< (K7)
oo- (K8)

(K11)

—_—— = — (K12)
%-( = @3-@ (K19)
e (K20)

“— —o— (K21)

1o = oL (K22)

Table 1: The rules of the KNOT calculus. D can be any diagram in KNOT without any red
decorators and have arbitrary input and output wires of the same colour as the loops around the wires.
We also require p,q € {0,1,2}. The planar isotopy rules encode (some of) the rules of planar isotopy
for opposite-type wires only. Same-type wires do not interact with each other. The base rules encode the

equalities which are not covered by planar isotopy.
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4 Interpreting the diagrams

s

In this section, we study the meaning of the KNOT diagrams and provide interpretations. We also show
how, by applying a doubling construction we may recover the standard defect-pair encoding: in this
setting, we describe two sublanguages generated by commonplace braiding techniques, and show that
they are each sound and complete for the (0, 7)-fragment of ZX.

4.1 A partial logical semantics of KNOT via the ZX-calculus

Thus far, we have only indicated that KNOT diagrams are intended to denote the logical effects of
the corresponding braiding operations ignoring the byproduct operations. We have not said what these
effects are, or proven the soundness of the rewrites (K1)—(K22): this sort of denotation is common in the
literature, but relies on knowledge of what those effects are. One of our contributions is to describe the
logical effect of braiding operations, by providing semantics for KNOT via ZX-diagrams. We prove the
correctness of these semantics in the Appendix, but for now they serve as exposition.

We proceed by defining a map z from the generators of KNOT to ZX-diagrams as follows (where
we group together generators which have the same semantics for brevity): we present this in Table 2]

Proposition 4.1. The map z lifts to a functor Z : KNOT — ZX.
[Proof in Appendix [A.]

Corollary 4.1. KNOT is sound for the (0, 7r)-fragment of ZX-calculus via the functor Z.

Thus, we may interpret and analyse KNOT with reference to (a fragment of) the ZX-calculus, via the
functor Z. Mappings similar to ours have appeared in the literature (e.g., [4} 26} 40, 24]), but we provide
a formal proof that these rules are sound with respect to the maps they implement.

Remark. Similar expositions are often based on the assumption of an infinite surface code patch, which
lacks boundaries (e.g., see [42,43]]). In contrast, we assume that the patch includes both boundary types
at every time slice of the error correction procedure. This assumption introduces some changes to the
semantics and syntax of the diagrams if we treat one defect as representing a qubit. If we treat a defect
pair as representing a qubit, the usual semantics of the braided diagrams from the literature can be
recovered as we will see below.
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Table 2: Semantics for KNOT diagram generators, in terms of ZX diagrams. These semantics represent
the effect of the corresponding braiding procedures (in the absence of byproduct operations), on qubits

encoded in correlation surfaces. Note that, as a consequence, these maps are not necessarily norm-
preserving.

— O+ =
S Zi PN Zi [ .
N N
T NS ) et o
(a) (b)

Figure 4: Two ways of performing a CNOT gate. (a) Using a single defect, the control is always a black
wire and the target is always a gray wire. (b) A CNOT gate using a pair of defects — the gate can be
performed in either direction.

4.2 Double defects

As we describe below, braiding individual defects to encode logical operations has some practical limi-
tations. A standard remedy is to use a further ‘defect pair’ encoding for logical qubits [26 142 43| [39].
With a single wire representing a qubit, a CNOT gate can only be performed with a black ‘primal’ cor-
responding to the control qubit, and a gray ‘dual’ wire corresponding to the target, using the mapping z
defined as in Table [2|(see Figure [4a)).

A solution to this is offered in Ref. [43]] (albeit motivated in a somewhat different context). This
solution is to encode logical qubits in the logical operators of a pair of defects, and to realise CNOT op-
erations in this encoding with a braiding procedure that we may denote in KNOT as shown in Figure [4b]

This construction enables CNOT gates to be performed in both directions, as the roles of control and
target are encoded in the geometry of the procedure rather than the defect type. This technique requires
a different encoding from what is described in Table [2| but which we may describe in relation to the
semantics provided by the functor Z described above.

We now formalise and generalise this construction, in the setting of a finite lattice with external
boundaries, by providing semantics for the doubled construction in the ZX-calculus in which pairs of
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defects correspond to a single wire. The category is similar to CPM[KNOT] with the addition of cross-
caps for arbitrary wires. In our subcategory, the black wires will be treated as ‘qubit’ wires, and the
grey wires as mediating the interactions between the black wires. This corresponds to a convention in
compiling procedures to defect braiding [36} [39} 40, 38| [37]], in which ‘primal’ defects are the main
defects and the dual defects serve only to help realise logical transformations.

We refer to the structures of egs. (1)) and (2)) on the LHS to be ribbon-like and the structures on the
RHS to be tangle-like. Below, we describe two subtheories in which these different types of structures
are generators, and show that each are complete for the (0, )-fragment of ZX.

4.2.1 Tangle-like and ribbon-like structures

Definition 4.1. Define KNOT4oupieq to be a subcategory of KNOT with morphisms generated by the
following doubled diagrams:

Ju—

[’}
1

ey

AW
1

W

[=)}
1

—
~
AN

2

A .
. X X

g@ = X >< X ©
IV J

where the red decorators are optional and we also quotient by the precise placement of the red decorators
on inner loops (whose exact position is negotiable through the rule (KT8))). The numerical indices for the
wires and the dashed lines are meant only to help the reader and are not a part of the theory. Two diagrams
are considered equal if they can be transformed into one another by the rules of KNOT (possibly passing
through immediate steps which are not in KNOT goupieq)-
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All six of these generators are generalisations of patterns that are used to describe braiding procedures
(43l 36]. However, it is possible to show (see Lemma [C.3) using only rewrites of KNOT that the left-
hand side generators can be rewritten into the right-hand side generators. By the soundness of KNOT for
ZX through Z, we have that the ZX-diagrams corresponding to the diagrams on the right-hand side can
be rewritten to the ZX-diagrams corresponding to the diagrams on the right-hand side. We can therefore
reduce our analysis of this category to a treatment of the right-hand side generators; we do so below.

A number of interesting identities hold in KNOTgq,p1eq. For example, we have the following:

——\0> ﬁ@ 0
o S

N W

N,

IR

o =
|

(&)

1
=
i
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o

If we translate the LHS of eq. ()) via the functor Z, we obtain the following equations in the ZX-calculus.
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The one below corresponds to the spider fusion law:

= (6)

(N

®)

(©))
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We give the full list of these identities in the Appendix (see Lemmas [C.5}{C.T5). These lemmas might
seems arbitrary but are crucial in observing the relationship between the ZX-calculus and KNOT goupied.
In fact, eq. is akin to the bialgebra law in the ZX-calculus, and the other equations are the spider
and copy equations. The right-hand side of (28)) is the green spider of ZX-calculus and the right-hand
side of is the red spider of ZX-calculus.

Definition 4.2. Let ZXjoubleq be the category of the ZX diagrams in the image of the functor Z restricted
to KNOT goupled-

Lemma 4.1. Explicitly, the morphisms of ZXgoubleq are generated by:

Proof. Using the definition of the functor Z and by applying the spider fusion law of the ZX-calculus.
O

Definition 4.3. Let K : ZXoubled — ZX be the functor which acts as division by 2 on the objects and on
morphisms it is defined by a map k:

The identity, cups, and caps can be obtained from a 2-legged spider with appropriate domain/codomain.
The functor K can be seen as a projection of a 2-qubit space, where the |+) is encoded by a Bell state,

to a 1-qubit space. The “physical” maps acting on the 2-qubit space are each interpreted as maps acting
on the “logical” 1-qubit space. We are simply using a 4-dimensional space to represent a qubit. This
is the difference between the functor K o Z (depicted in Table [3) and the functor Z — in effect a further
level of encoding in which logical qubits are represented by (the correlation surfaces on) pairs of defects
rather than single defects.

Proposition 4.2. We have the following correspondence between KNOT goupieq and (0, 7)-ZX-calculus:

[C.5][C.6] [C.7]and [C.10] are the spider rules for both colours, eq. [C.8]and [C.9] are the copy rules for both
colours, eq. is the bialgebra law, eq. [C.12}[C.13| [C.14]and [C.T5] are the 7-copy rules.

Proof. Convert to ZX-calculus using the functor Z and apply the spider fusion rule. O

Theorem 4.1. KNOTqyp1eq is sound and complete for the (0, )-fragment of ZX-calculus.
[Proof in Appendix [A.2]].
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Table 3: We modify the semantics specified by the functor Z to account for the doubled structure of
KNOT4oupleq- By binary [ we done the presence or an absence of an operator. We make use of the
functor K (acting on maps as k) to lift the semantics of KNOT to KNOT goupied-

5 Conclusions

In this work, we introduced KNOT, a graphical calculus for defect-based surface code computing. By
leveraging this formalism, we provided a systematic framework for reasoning about defect braiding,
bridging the gap between informal graphical approaches and algebraic descriptions. Furthermore, we
extended this framework via a doubling construction that captures conventional encoding techniques
in defect-based quantum computation, and demonstrated its equivalence to the (0, 7)-fragment of ZX-
calculus. We established soundness and completeness results, showing that both the tangle-like and
ribbon-like sublanguages of KNOT faithfully represent (0, 7r)-ZX-diagrams. This formalisation enables
automated verification and optimisation of defect braiding protocols, facilitating a deeper understanding
of topological quantum computation. This also provides a formal way of understanding the semantics of
braided surface codes.

We currently have partial results demonstrating how this framework can be used to reason about
correlation surfaces in surface codes. In particular, we are working towards a more general diagrammatic
calculus capturing the equivalences of correlation surfaces. The usual boundary conditions (an infinite
lattice) yield a structure of a Hopf-Frobenius algebra where the correlation surface between a pair of
defects satisfies the relations of a fragment of ZX-calculus.

Future work includes extending KNOT to incorporate byproduct operations and generalising its ap-
plicability beyond defect braiding with specific boundary conditions to broader classes of topological
codes. The study of the connections between the homology of surface codes and different graphical
calculi is also a promising direction for future research. Working towards capuring the homological
equivalences for surfaces code for arbitrary topologies and boundaries using diagrammatics could help
to build tools for compilation and verification for a broader class of surfaces codes. We also plan to
explore the use of KNOT for optimising defect braiding protocols in practical quantum computing sce-
narios, including the development of automated tools for verifying and optimising defect-based quantum
circuits.

Acknowledgements. We would like to thank Robert Booth for the feedback on an earlier draft of this
paper. We would also like to thank Alexandru Paler for useful discussions on braided surface codes.
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A ZX-calculus

Graphical languages can be formalised as categories. One formulation is to treat the diagrams as mor-
phisms and input/outputs or strings as objects (since diagrams represent processes which are modelled
by morphisms) (e.g. see Ref. [8 110} 15]). Other examples include formulating diagrams as a bicategory
[7], algebraic [30, 41l], topological [30, [29]], and combinatoric [14] formulations. In particular, string
diagrams are often represented as a PROP [49].

Definition A.1. A PROP is a strict symmetric monoidal category where every object is of the form
B =x@x®--Qx (10)

for a single object x and n > 0.

One can also consider a PROP as a category of natural numbers with addition as a tensor product.
Since many graphical languages can be considered as a PROP, we use it to define maps between our
languages as categories.

In considering the graphical languages, we follow the approach of [49]. For any diagrammatic sys-
tem in this article, we have S the set of basic diagrams together with an empty diagram. As in this
chapter we interpret the diagrams from left (inputs) to right (outputs), we can compose the basic dia-
grams horizontally (o) and vertically (®). The diagrams satisfy a set of equivalence relations R. Thus,
any category C having diagrams as morphisms based on a generator set S and satisfying the relations R is
implicitly considered modulo R (C/R) in this chapter. Any two morphisms are the same in C/R if their
diagrammatic representations in C are equal according to R. This has a role in considering the mappings
between different categories based on graphical languages. A mapping F : A/R4 — B/Rp between two
categories A modulo relations R4 and B modulo relations Rp is functorial if we map the generators of A
to B and if the relations R4 of A hold in B after the mapping F. This ensures that two diagrams equal in
A (representing the same morphism in A/R,) are mapped to one morphism in B/Rp (that the functor F
is well-defined).

A.1 ZX-calculus

In this work, we focus on a specific fragment of ZX-calculus where all the phases are either O and .
This is a subcategory of ZX-calculus similar to the calculi presented in Refs. [31]. This does not preserve
some of the semantics of ZX-calculus in terms of FHilb (we do not have any rules involving zero scalars),
but the rewrite rules are sufficient for tasks such as ZX-diagram simplification [32], circuit optimisation
[[L6]], stabiliser simulation [33]]. Therefore, soundness and completeness we give is in terms of the “most
common” rules of ZX-calculus.

In ZX-calculus, there are two types of spiders: Z spiders and X spiders. These are defined with
respect to the eigenbases of the Pauli Z and Pauli X operators, respectively.

m{ >< }n = ’O>®”<0‘®m+eia“>®n<l|®m
m{ X }n = |+>®"<+|®m+eia|_>®n<_|®m

We usually omit phases if o = 0 inside spiders as a convention.

1D
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In addition to spiders, we allow identity wires, swaps, cups, and caps in ZX diagrams, which are
defined as follows:

C = zi:|ii> ) = ;(ii| — = zi:|i><i| >< = ;|i1'><ji\

Finally, we have the following rewrite rules for the (0, 7)-fragment of ZX-calculus modulo scalars [31]]:

oG -
X (Bialgebra) )_( ,

C Copy)y O— (One)
B
Oi

where [,k are in .

Note. The rules given above are non-standard: we ignore scalars completely and only allow the phases
to be either 0 or m (which introduces the X, Z commutation rule). Strictly speaking, this category is
actually the subcategory of the Spekkens’ toy theory (Spek,) [47]] where the phase group is Z; (if we
only allow the spiders to be decorated with 11 as in the convention from [[1] or alternatively with 7,7
following [9} §11.2.2]) — we will describe this relationship more in section |B| Interestingly, even though
this is a subcategory of Spek,, because we do not have the problematic +7 (01, 10 from Ref. [1]]) phases,
this is also a subcategory of Stab, — we can define a functor from this category into Stab,.

Proof of Proposition We need to show that the rules of KNOT hold in ZX-calculus via the interpre-
tation map z. We only explicitly prove the rules which require multiple steps. All other rules of KNOT
can be proven to hold in ZX-calculus with the application of a single ZX-calculus rule.

e Rule K9
:\—’,—I—) = -0+ %

> >
oo T e
R

e Rule

e Rule
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* Rule[K35} the case for p =0 and g = O is trivial. If we translate the subdiagram D into ZX-calculus,
the resulting diagram will be constructed from the following generators:

DRSO E

The loop translated in ZX-calculus will have the following two forms depending on p and g:

e

All and will be positioned such that the loops from (¥) will commute through them

(CNOTs are always positioned such that we can only get green spider on a wire corresponding to
a black defect and red spider on a wire corresponding to a grey defect). For the spiders we show
the following:

On the left hand side of the red spider, we might end up with green spiders (if the number of input
wires is not one). We can however always remove the connections, since the wire might have
a red spider connected to it (which would kill the connection) or (in KNOT) the equivalent of
the loop might be connected to the wire. In this case applying the equation above would kill the
connection by the Hopf rule. In the end, we are able to commute the equivalent of the loop through
the diagram z(D).

O

A.2 Soundness and completeness of KNOT goupiea for the (0, 7)-fragment of ZX-calculus

Lemma A.1. The diagrams of the category KNOTgoupieq have a normal form.

Proof. To prove this we will use the availability of a normal form for (0, 7)-fragment of ZX-calculus
(modulo scalars).

First, for any given KNOTgoublea diagram, let’s take a ribbon-like structure (LHS of eq. (1)) and
eq. (2)) and rewrite it to the corresponding tangle-like structure (RHS) for which we provided explicit
definitions of ZXgoubled (Definition d.T)) and of the functor K (Definition 4.3).

Notice that the functor K is full and faithful. If we restrict the functor Z to KNOT goubied, the restricted
functor Z is also full and faithful. This makes the composite K oZ a full and faithful functor from
KNOT 4oubieq to ZX.
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(0, m)-fragment of ZX-calculus (modulo scalars) has a unique normal form. Let us consider two
KNOT goupied diagrams d; and d». If Ko Z (dy) and K o V4 (d») reduce to the same normal form, then the
d; and d; reduce to a corresponding KNOTgoypeq diagram d, (also by Proposition KNOT joupicd 1S
sound for (0, m)-fragment of ZX-calculus). We always stay in the image of the functor K o Z.

In the other direction, if d; and d; are equal in KNOT goupled, then they are equal in ZXgoubled (Z(d1) =
Z(d>)) using the soundness result of Proposition This means that we also have KoZ(d;) = Ko
Z(d,), which means that the ZX diagrams must have the same normal form, which by the fullness and
faithfulness of the functor K o Z has a corresponding KNOT goupieq diagram d, . O

Another way of seeing how this holds is by observing that all the rules of the (0, 7)-fragment of
ZX-calculus (modulo scalars) have an equivalent rule in KNOT goubleq by Proposition (KNOT goubled
is sound for the (0, m)-fragment of ZX-calculus (modulo scalars)). (0, m)-fragment of ZX-calculus
(modulo scalars) has a unique normal form which is obtained by using a rewrite system composed of
a spider, bialgebra, and Hopf rule (which is provable from other rules). We can therefore use the same
rewrite system in KNOTgoupieq to obtain a KNOTgoup1eq diagram. At each stage of the rewrite proce-
dure, the KNOT diagrams will also be KNOTgoupleq diagrams. The resulting diagram will be a normal
form for KNOT goupleq diagrams only with respect to the rules from Proposition [4.2] As all the rules in
KNOTyubied come from the rules of KNOT, we need to show that the normal form is a normal form
with respect to the remaining rules of KNOT.

Suppose that we have two KNOTgoypleq diagrams whose above normal forms are different (by the
rules of Proposition4.2). If we map these two normal forms into ZXgoubled Via the functor Z, the resulting
two diagrams must be different, but from the definition of the functor Z, the set of all the rules of KNOT
is a subset of the set of all the equivalent rules of ZXgoubieq- Therefore, the two diagrams must also be
different in KNOTgoypleq according to the rules of KNOT.

Lemma A.2. All identities holding in KNOT4oupieq via the rules of KNOT are derivable from the rela-
tions in Proposition 4.2

Proof. This is a corollary of Lemma If two KNOT goupieq diagrams are equal according to the rules
KNOT, they have the same unique normal form which is obtained using the rules from Proposition
]

Theorem A.1. KNOToypieq Via the interpretation K o Z is sound and complete for the (0, x)-fragment
of ZX-calculus.

Proof. Follows from the discussion above. Proposition[4.2] shows that the rules of the (0, 7)-fragment of
ZX-calculus hold in KNOT ggypieq and the Lemma shows that they are the only rules. L]

B Soundness of KNOT for the evolution of logical operators

B.1 Overview

The maps implemented by surface code braiding procedures are defined by their space-time stabilisers.
These stabilisers are defined by how the logical (undetectable) errors evolve with the computation. The
logical operators in the surface code are described by first homology groups of the underlying topology
of a surface code lattice. To deduce a map implemented by a procedure we must thus have a way of
capturing how the first homology groups evolve alongside the computation. Our assumptions about the
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lattice enable doing this with (affine) Lagrangian relations: a logical map implemented by a braiding pro-
cedure is fully characterised (modulo probabilistic byproducts) by an (affine) Lagrangian relation. The
soundness property shown below is thus phrased in terms of the evolution of logical operators performed
by some physical surface code procedures implementing a particular braiding pattern. The following
“cartoon” commutative diagram summarises this reasoning:

KNOT ——% . AffLagRel;, —— Spek,

1

Braiding patterns
(with undetectable errors)

Emplelnent

Physical QEC Procedure
(up to byproducts)

Here, Spek, is the category of Spekkens’ toy bit theory (for alternative presentations, see [1] and [9,
§11.2.2]). We give the definition of the functor G in section[B.4 We do not claim that KNOT captures
all possible braiding patterns and equivalences between them, and / represents a functor into a bigger
category of all such braiding patterns, containing KNOT is a subcategory. Affine Lagrangian relations
over [, are exactly the circuits belonging to the Spekkens’ toy bit theory [1,, 47]].

As we will see, the image of the functor G does not have problematic phases causing a mismatch
between Spek, and Stab, which is a subcategory of Mat(C) generated by the qubit Clifford group, (0|,
and |0), modulo invertible scalars (for a graphical presentation, see [2]). We will therefore treat the image
of the functor G as corresponding to morphisms of Stab,.

B.2 Background preliminaries
B.2.1 Homological algebra

We first introduce some background from homological algebra. In particular, the tool of choice is the
chain complex.

Definition B.1. A chain complex C, in the category C is: a collection of objects {C, },cz, and of mor-

phisms .. 2 20 25 ¢ 2y E5 L (3,1 Gy — Cuy). such that 9,09, = 0 for all n € Z.
Definition B.2. Given a chain complex C,, let Z,(C,) = ker(d,_;) and B,(C,) = im(d,) which are called
respectively n-cycles and n-boundaries. A quotient H,,(C,) = Z,(C,)/B,(C,) is the nth homology group
of C,.

A homology group provides an algebraic way to capture the structure of a chain complex by dis-
tinguishing between cycles and boundaries within it. For a given chain complex C,, the nth homology
group H,(C,) is defined as the quotient group:

Hn(CO) = Zn(C.)/Bn(C.),

where Z,(C,) = ker(d,—1) denotes the n-cycles, which are elements in C, that map to zero in C,_;
under the boundary map 9,1, B,(C.) = im(d, ) denotes the n-boundaries, which are elements in C, that
arise as boundaries from C,,, | under the boundary map d,.

Thus, the homology group H,(C,) identifies elements of Z,(C,) (cycles) that are not boundaries,
capturing information about "holes" or "voids" in the structure represented by the chain complex.
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Definition B.3. A chain subcomplex D, of a chain complex C, is a chain complex with the collection of
objects D, being the subobjects of C,, such that the following resultant square commutes:

o 9
...4)Dn+1 D, D, ey
[frﬁl {n [nl
anc. anc:l
*>Cn+1 Cn Cn—l

The subcomplex inclusion map induced by the monomorphisms is called the chain map in the category
of chain complexes. We call it the chain inclusion map.

Definition B.4. Let C, be a chain complex and D, its chain subcomplex. The quotient C, /D, (C,,/D,, for
all n) is the chain complex of D,-relative chains. The chain homology of the quotient is the D,-relative
homology of C,: H,(Cs,Ds) := H,(Cs /D).

In relative homology, we study cycles in a chain complex C, that are allowed to “end" in a subcom-
plex D,. The relative homology group H, (C,,D,) captures information about cycles in C, that are not
boundaries within D,, thus describing features of C, relative to D,.

Lemma B.1. Let H,(C,) be the nth homology group of a chain complex C, over the field F,. Then

H,(C,) is isomorphic to the vector space F rzank(H"(C') ), where rank(H,(C,)) denotes the rank of the ho-
mology group, or the number of independent cycles in H,(C,).
Similarly, for a pair (Ce,Ds) Where D, is a subcomplex of C,, the nth relative homology group

H,(C,,D,) is isomorphic to }Fgank(H”(C"D')).

Definition B.5. A cochain complex C* in the category C is: a collection of objects {C"},cz, and of

n—2 n—1 n n+1
morphisms - - - Lot Ly on Ly ot £ such that d! o d” = 0 for all n € Z.

Definition B.6. Given a cochain complex C®, let Z"(C*®) = ker(d") and B"(C*®) = im(d"~!), which are
called respectively n-cocycles and n-coboundaries. A quotient H"(C*®) = Z"(C*)/B"(C*) is the nth co-
homology group of C*.

A cohomology group provides an algebraic way to capture the structure of a cochain complex by
distinguishing between cocycles and coboundaries within it. For a given cochain complex C*, the nth
cohomology group H"(C*®) is defined as the quotient group:

H"(C*) =Z"(C*)/B"(C*),

where Z""(C*®) = ker(d") denotes the n-cocycles, which are elements in C" that map to zero in C"! under
the coboundary map d”, and B"(C*) = im(d"~!) denotes the n-coboundaries, which are elements in C"
that arise as coboundaries from C"~! under the coboundary map 4"~ .

B.2.2 Affine Lagrangian relations

The contents of this section are based on [12].

Definition B.7. The f-compact closed PROP of linear relations over I, LinRelp, is a category of
natural numbers and linear relations (linear subspaces of [, © ! for natural numbers n, m) with relational
composition, a direct sum of linear subspaces as the tensor product, and the relational converse as the
dagger.
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Definition B.8. Let AffRely, denote PROP whose morphisms n — m are the (possibly empty) affine
subspaces of F," & F,™, with composition given by relational composition and tensor product given by
the direct sum.

Definition B.9. Given a field IF,, the PROP of Lagrangian relations, LagRely, , has morphisms Fy2n —
IF,2" as Lagrangian subspaces of the symplectic vector space F," " & F," ™ with symplectic form:

0, I,
0= |:In On:|' 12)

Lagrangian subspaces W are the subspaces, for which we have W® :={v e V:¥Yw e W, o(v,w) =0} =
W. Composition is given by relational composition and the tensor product is given by the direct sum.

Definition B.10. Let AffLagRely, denote the PROP whose morphisms are the affine Lagrangian sub-

spaces of 2" ©F,>" of some symplectic vector space Fo" ™ @ F," ™.

Lemma B.2. Given a field [F,, the PROP of matrices over F, under the direct sum, LinRelp,, is pre-
sented by the following generators and equations, for a,b € Fy:
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Definition B.11. The PROP of affine relations over [F>, AffRely,, is constructed in the same way as
LinRely,, except a map n — m is instead a (possibly empty) affine subspace of F," & F,"™.

Lemma B.3. AffRelr, is generated by adding an extra generator to LinRely, modulo the following

equations:
3|32 o8 i

Lemma B.4. The functor (_)* : AffRely, — AffRely, defined by:

HHHHMM

we also have the orthogonal complement:
Vs Vii={veVv:vweV, (vw) =0}

Affine relations are represented as affine subspaces that map between vector spaces, with objects
given by natural numbers (indicating vector space dimensions) and morphisms as affine subspaces of
F," @ F,". These subspaces define possible pairings between vectors in the input and output spaces,
allowing for transformations with both linear and constant shift components.

In the category AffRelr,, composition is relational: given two affine relations, one from an n-
dimensional space to an m-dimensional space and another from m to an /-dimensional space, their com-
position is the set of pairs in F," & F,’ that can be linked by an intermediate vector in F,".

For example, a relation from F»? to F» might be represented by the affine subspace {(x,y,2) € Fo? @
5 : z=x-+y+ 1}, where the output is shifted by 1. Another relation from IF»3 to F»? could be given by
{(x,y,z,w,v) € F2* ®Fy? : w =x+y,v = y+z}, with outputs as specific linear combinations of inputs.

Lemma B.S. There is a faithful, strong symmetric monoidal functor L : LinRelr, — LagRelp, given by
the following action on the generators of LinRel, (i.e. doubling, and then changing the colours of one

of the copies):
N

Lemma B.6. The forgetful functor £ : LagRely, — LinRelp, is faithful, strong symmetric monoidal.
Definition B.12. Let AffLagRely, denote the monoidal category whose objects are symplectic vector

spaces with morphisms are generated by the image of LagRelp, L LinRelr, — AffRely, as well as all
affine shifts and where the tensor product is the direct sum.

B.3 Homology within surface codes and Lagrangian relations

As discussed in the introduction, braiding defects (or, more generally, performing code deformations)
in a surface code induces logical maps on the code space. From the standpoint of error correction,
understanding these maps amounts to tracking how the logical operators are transformed under these
braiding procedures. We assume the topology of the surface code to be such that we can define logical
operators which come in two main flavors:
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* Loops encircling one or more defects/boundaries, and
 Strings connecting pairs of defects or boundaries.

Other operators can exist (and most topologies of a surface code patch we will produce other op-
erators), but we only focus on the two types in this work. From a homological perspective, the logical
operators are the first homology (or cohomology for the dual lattice) groups on the underlying lattice
seen as a chain complex [42]. Tracking the evolution of these groups is akin to specifying the Pauli webs
or the spacetime stabilisers of maps. The operators and their action (and the first homology groups) at the
start of the computation are equivalent to the operators at the end of the computation. From homological
algebra, we know that:

H'(C.;Fy) and Hy(C*; ) (13)

are vector spaces over [, where each basis element corresponds to a logical operator. This means that as
we evolve the defects, we define a linear relation between the two [F»-vector spaces of logical operators.
For surface codes, this space is actually a direct product of vector spaces for primal and dual logical
operators. In homological algebra, this becomes a direct product of spaces corresponding to the first
homology and the second cohomology groups.

Assume there is an isomorphism between the first homology group and the second cohomology
group by Lefschetz duality, that is, that our chain complex comes from an appropriate three-dimensional
compact manifol

H'(C*,0C*;F,) = H,(C,;Fy) (14)

The intersection number between the operators supported on a defect is well-defined, because our as-
sumptions guarantee a primal and dual operator supported on the same defect,

HI(C.;]FZ) XH2<C.;F2)—>IF2, (15)

which evaluates to 1 if the two operators are supported on the same defect and O otherwise. This also
captures the commutation relations, since X and Z operators anticommute if when supported on the same
defect.

We treat our (co-)homology groups as vector spaces over [F,. Denote the ambient vector space by

V =H,®H]. (16)
Define the pairing as
() HXH* — Ty,

where H is the vector space of logical operators and H* is the space of dual operators, and (x,f3) is
defined for vectors x € H and B € H*. In our case, it is given by x” B. In other words, we compare the
parities of dual and primal operators. This captures the commutation relations of operators defined on a
surface code. This allows us to define a symplectic form on V by:

o1 ((x, ), (v, 8)) = (x,B) + (v, &), (17)

which is zero if the parities across two operators (x, @), (y, B) for dual and primal and primal components
have the same parity.

3For more information on the Lefschetz and Poincaré duality see Section 3.3 of Ref. [25].
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Let us now consider the situation where we attempt to map between operators at the beginning of
some surface code procedure to the operators at the end. This is a linear relation between the spaces of
logical operators on both “time-slices”. For the second (final) time-slice, define:

Vo=H,®H;. (18)
The same construction (via Lefschetz duality and the Kronecker pairing) gives a symplectic form on V;:
o ((x, @), (v,B)) = (x. B) + (v, ). (19)

A linear relation (a linear subspace) g: V| — V, can be defined component-wise:
g=8y®ga:HIOH{ — H, ®Hj, (20)

where
ngH1—>H1, gdiHl*—>H;.

Let I'(g) be the graph of the relation g, which is compatible with the duality pairings; in other words, it
is equipped with a symplectic form
Q=0 & (—m), 2D

and we assume
o1 (vi,w1) = @a(v2,w2) whenever (vi,v2), (wi,w2) € I'(g). (22)

We want to find maximal such graphs (each logical operator on the initial state should be mapped to
another logical operator on the final state if it possible). These assumptions and definitions can be inter-
preted within the context of logical operators in surface codes as enforcing of preservation of commuta-
tion relation as the computation progresses. Logical degrees of freedom are defined by the commutation
relations and we do not want to alter the structure of the code, possibly merging distinct logical states
or splitting one logical state into two. This would no longer describe “the same logical qubits,” so one
would not be performing a valid operation on the original code.

Consider V| @ V5, where V, denotes V> equipped with the symplectic form —@;. Since Lefschetz
duality and the Kronecker pairing endow both V; and V, with symplectic forms (namely, w; and w;,
respectively), we have

.Q((V],Vz), (Wl,WZ)) = (vl,wl) — (»Oz(Vz,Wz), for (V],Vz), (W],Wz) c F(g). (23)

Thus, for any two elements (vi,v2) and (w1, w;) in I'(g) we obtain:
Q((vi,v2), (wi,w2)) = @1 (vi,w1) — @1 (vi,w1) =0. (24)

This shows that I'(g) is isotropic in V| & V5.

To prove that I'(g) is coisotropic, we recall the assumption that we want to find maximal graphs
I'(g). This requires the graph to be maximal isotropic. This means that the graph is coisotropic. Thus,
the graph of the relation g is a Lagrangian relation.

Theorem B.1. The evolution of logical operators in a surface code between two points of the computa-
tion is a Lagrangian relation.
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Under our assumptions, braiding defects realise specific affine Lagrangian relations on the surface—
code homology. Each defect supports two independent classes: a loop that encircles the defect and a
string that reaches a boundary. For a primal defect the loop class is dual (an X-type operator) and the
string class is primal (a Z-type operator); for a dual defect the roles are reversed.

When only one species of defects is present, the elementary topological move is a junction that splits
one defect into several or merges several into one. A junction copies the loop class—after the move every
participating defect inherits the same encircling loop—and it identifies the string classes: strings from
different participating defects to the boundary are pairwise homologous and therefore represent a single
equivalence class rather than independent operators. Because the two species act on opposite homology
types, a primal-type junction copies dual classes while identifying primal classes, whereas a dual-type
junction copies primal classes while identifying dual ones. Neglecting processes in which the two species
meet, these operations give two distinct affine Lagrangian maps on the surface—code homology, one for
each species of defect:

Of course, we cannot compose sequentially two defects of different species and therefore, a map
from above corresponding to one type of defect cannot be composed with a map corresponding to the
other type of defect (tensor product is allowed though).

We also specifically designate the following (standard [42, |43]]) interpretations:

\_/’ J’\

The resulting set of Lagrangian relations is not a subcategory of LagRely,, since it is not closed
under sequential composition. Sequentially, we only allow spiders of the same type to be composed.

We now have a language to describe how the logical operators evolve in our setting as the com-
putation progresses. This can be understood as an analysis of a hypothetical situation describing what
would happen if these operators were applied. If we actually were to apply one of these operators, it
would negate or cancel the hypothetical operator considered in the previous sentence. This is what the
semantics of the red decorators are. This is actually what the affine Lagrangian relations describe in [F;.

Corollary B.1. The evolution of logical operators in a surface code between two points of the computa-
tion together with the logical (non-detectable) errors is an affine Lagrangian relation.

B.4 Soundness of KNOT for Affine Lagrangian relations

Let KNOT be the category generated by the generators of KNOT without the red circles and bars.
Definition B.13. Define a function f that maps the generators of KNOT to ZX-diagrams as follows:
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Lemma B.7. The map f lifts to a functor F': KNOT — AffRely,. It is defined on objects as the length
of the bit string and on morphisms as f.

Proof. The axioms of KNOT hold in AffRelr,, as they follow from the equivalent rules in ZX-calculus
(see[A.T). Let us show two examples.

O
O

e bV

Equation (K35)) can be proven in the same way as the translation into ZX (see[A.T)). All other rules can be
proven with an application of a single rule. O

Composing gives a functor G =LoF : KNOT — LagRely,. Finally, we extend G to a functor
G: KNOT — AffLagRely, by mapping the red circles and bars as follows:

peatI S IR St B St O
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%ﬂ % :

: C% : % : % :
and the other decorator rules hold trivially.

Corollary B.2. KNOT is sound for AffLagRelp,.

The objects and diagrams in the image of G do not constitute a category: the morphisms in the image
are not closed under composition. This lemma, however, allows us to think of the KNOT diagrams as
pairs of linear relations over IF;.

This is indeed a well-defined functor, as

@\\/—'_) =

QLS
I
T
)

Corollary B.3. KNOT is sound for the transformations between the first homology groups of the input
and output slices of the surface code computation.

Corollary B.4. KNOT is sound for the logical maps implemented by the braided surface code error
correction procedure up to classical byproducts.

C Lemmas

Lemma C.1.

- = - (25

Proof.
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Lemma C.2.
- i=_"C (26)
Proof.
— .5 el
— =90 — 0C ~d@
D C &8 —Hc— @
N :J S = U Ve - —
O
Lemma C.3.
Proof.
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Proof.
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Lemma C.6.
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Lemma C.7.

..............

Proof.

Lemma C.8.

Proof. Follows from eq. (K9), eq. (K@), and eq. (K8) similarly to[C.7]

Lemma C.9.

_________
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(30)

3D

(32)
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Proof. Follows from eq. (K9), eq. (K@), and eq. (K8) similarly to[C.7]
Lemma C.10.

S~ S o—
Q S e

Proof. Follows from eq. (K9), eq. (K@), and eq. (K8) similarly to[C.7]
Lemma C.11.

Proof.

¢ :@‘\, ¢ e
_JC = C r

—_)— o —

O

(33)
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Lemma C.12.

R

Proof. Holds by applying rules (K13), (K14)), (K13), (K16), (KT8] d
Lemma C.13.

< O A < O
=S 2O ST
Proof. Holds by applying rules (RT3). (KT4), (KT3), (KT6), (KTS) 0
Lemma C.14.
S_— So— S
"5 T = et T
Proof. Holds by applying rules (KT3), (KT4), (KT3), (KT6), (KT8) O
Lemma C.15. ) 3
S_— S_— -

e Yl e Yl
Proof. Holds by applying rules (K13), (K14)), (K13), (K16), (KT8] O




A Classification Program for
Nonlocality Paradoxes of Three Qubits

Nadish de Silva Santanil Jana Ming Yin

Department of Mathematics, Simon Fraser University, Burnaby, BC, Canada

Nonlocality is a quintessential signature of nonclassical behaviour and a resource for quantum ad-
vantages in communication and computation. The paradoxical correlations witnessed by strong non-
locality undergird the standard probabilistic form of nonlocality and provide optimal advantages in
numerous informational tasks.

Three-qubit systems are the simplest ones that admit strong nonlocality. Abramsky et al. (TQC,
2017) established the existence of an infinite family of three-qubit paradoxes, beyond the well-known
GHZ paradox, which exhibited a novel conditional structure.

In this work, we introduce several new infinite families of three-qubit paradoxes and articulate
a detailed roadmap towards the complete classification of all three-qubit nonlocality paradoxes. In
particular, we prove that our paradoxes exhaust all those satisfying reasonable regularity conditions.
We give an example of a highly exotic paradox and place constraints on the search for new exotic
paradoxes. We conjecture that all paradoxes must involve states from a one-parameter family and
provide significant evidence in support of this conjecture.

1 Introduction

Bell nonlocality [[6,[7] describes how certain quantum correlations cannot be reproduced by a local hidden
variable model. Beyond its original foundational significance, it has more recently become the subject of
intense research interest as a resource for realising advantages in quantum information-theoretic tasks.

The original arguments due to Bell and Clauser-Horne-Shimony-Holt [[10] derive probabilistic in-
equalities satisfied by classical correlations, yet violated by certain quantum measurements on an entan-
gled state. Greenberger et al. [15[16] gave a stronger argument for nonlocality, involving the GHZ state,
that does not rely on inequalities; rather it involves a logical argument that relies only on the possibilistic
data concerning outcomes of joint measurements. A set of constraints is given that is satisfied by every
empirically observable joint outcome, yet when taken together, form a paradox. That is, no classical
local hidden variable is consistent with the empirical observations of certain quantum systems.

Modern structural frameworks unify and generalise these concepts beyond the few previously known
examples. Logical paradoxes were shown by Abramsky-Brandenburger [2]] in their sheaf-theoretic
framework to unify diverse examples of strong nonlocality. Paradoxes undergird probabilistic nonlo-
cality in that all nonlocal correlations are dilutions of paradoxes by classical randomness. The nonlocal
fraction [15, [13]] measures nonlocality by quantifying the degree to which correlations are paradoxical.

Bell nonlocality now plays a pivotal role as a resource in quantum information, underpinning advan-
tages in, e.g. nonlocal games [11], device-independent quantum cryptography [12,[14], and randomness
generation [3]]. Nonlocality paradoxes also serve as resources in quantum computation. For example,
Anders-Browne [4] showed how access to measurements on GHZ states can promote a linear computer
to classical universality; Raussendorf [17] extended this to general measurement-based computation.
GHZ-type paradoxes also played a critical role in the result of Bravyi-Gosset-Konig on unconditional
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insimulability by shallow circuits [9]. Many results on nonlocality and quantum advantage show that
advantages scale with the nonlocal fraction with paradoxes yielding deterministic advantages.

Motivated by the importance of nonlocality paradoxes in the study of quantum foundations and quan-
tum advantage, we develop a program of exhaustively classifying all nonlocality paradoxes realisable by
systems of three qubits. This is the simplest system, in the sense of having minimal dimension, admitting
strong nonlocality. The first step in this direction was taken by Abramsky et al. [1], who showed that
three-qubit nonlocality paradoxes must necessarily involve states LU-equivalent to ones in the SLOCC
class of GHZ and local measurements in the equatorial XY -plane. They further exhibited a family of such
three-qubit paradoxes, indexed by even positive integers. These paradoxes revealed a striking conditional
structure not previously described. Raussendorf [18]] gave a topological interpretation of them.

A complete classification of three-qubit nonlocality paradoxes is a difficult mathematical question;
we articulate a detailed roadmap towards its resolution and prove many key steps. Further study of the
structure of quantum paradoxes has potential applications across quantum information and computing.

1.1 Summary of main results

* We study paradoxes up to a notion of equivalence based on local unitary equivalence and permu-
tations of qubits. We restrict ourselves to paradoxes that are minimal in the sense of not involving
any extraneous measurements. In Section [2) we define the family of interpolant states to be those
that interpolate between |GHZ) and [Bell) ® |+) via a parameter A € [0, 5 ). All previously known
paradoxes and the ones we demonstrate below involve these states. We provide strong theoreti-
cal evidence in Section [4.2] for our Conjecture that all three-qubit nonlocality paradoxes are
equivalent to one using an interpolant state.

* We establish some constraints on the structure of impossible events for a fixed context that apply
in any three-qubit model (see Lemmas [3.2] and [3.3). Any two impossible events must differ in at
least two outcomes; thus, every context can have at most four impossible events.

e Any paradox using an interpolant state exhibits a conditional Z,-linear structure (Lemma [3.4]).
Maximal rank paradoxes are those witnessed by summing all linear equations to find 0 = 1.

* We limit how many impossible events any choice of measurements on an interpolant state can yield
overall and define a notion of maximally impossible quantum scenarios of an interpolant state and
measurement sets. We focus on these quantum scenarios, following the intuition that paradoxes
require many impossible events, and show how their measurement sets are constrained (Lemmas

3.6l and 3.9)).

* Theorem introduces several new infinite families of three-qubit nonlocality paradoxes. One
family is an extension of [1, Theorem 8], which considered Ay = % — % indexed by even N € N.
Our construction, indexed by a tuple (N,1), corresponds to a subset of the rationals and includes
infinitely more paradoxes. We give two more infinite families with significantly differing structure.

Theorem [4.7] shows that all our paradoxes are in distinct equivalence classes.

* We give a partial classification of three-qubit nonlocality paradoxes up to equivalence in Theorem
We define N-regular quantum scenarios of a state and measurement sets that are maximally
impossible, maximal rank, and use two measurements on the third qubit. Our families of paradoxes
exhaust all N-regular paradoxes up to equivalence.

* We give an example of a paradox that is not N-regular and thus exhibits a very exotic structure.
We also study the consequences of relaxing the assumptions of regularity and indicate the most
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promising directions for completing the classification of quantum tripartite nonlocality paradoxes.

Outline. Section [2| summarises background material on nonlocality, and three-qubit paradoxes. Sec-
tion [3] establishes our technical foundations by articulating the logical structure of reasonably regular
paradoxes. In Section 4l we present our main results, including the presentation of new families of
paradoxes in Subsection a partial classification of three-qubit paradoxes in Subsection and a
proposed roadmap towards a complete classification in Subsection The appendices contain some
detailed proofs and figures illustrating exotic paradoxes.

2 Background

2.1 Strong nonlocality

We recall the basic definitions of the Abramsky-Brandenburger [2]] framework for nonlocality and con-
textuality (adapted to the setting of n-qubit nonlocality), and the notation of Abramsky et al. [1]].

Measurement scenarios provide an abstract framework for describing experimental setups. Typi-
cally, a measurement scenario (2", &, %) is defined by a set of measurement labels 2", a set of possible
outcomes ¢, and a cover & of 2", consisting of measurement contexts, which are maximal sets of mea-
surements that can be jointly performed. Throughout this paper, we will set & to be Z, = {0, 1} since
our focus will be on quantum realisable paradoxes and projective measurements.

A Bell measurement scenario .# on n qubits is an n-tuple of finite sets (Mj,...,M,) with each M;
a set of measurements on the i-th qubit. The contexts of .# are given by ¢ =[]\, M;, i.e. choices of
exactly one measurement per qubit. The empirical model £(|y),.#) yielded by a quantum scenario
(ly), ) is a set of probability distributions Pc : 0" — [0, 1], indexed by contexts C € %, given by the
Born rule.

A local measurement can be written in the form Eg  := sin (6)[cos (¢) X + sin (@) Y]+ cos(0)Z,

T

where 6 € [0,%) and ¢ € [0,27). This is a measurement with +1 eigenstate |6, @) := %(cos% |0) +

e?sin2 1)) and —1 eigenstate | — 6,9+ 7). Thus we can label a context by a tuple (6,) :=
((61,1),...,(6,,®,)). We can then denote an event by (6,$) — 3, where G € 0" labels measurement
outcomes (relabelling +1,—1 to 0, 1 respectively).

An empirical model €(|y),.#) is strongly nonlocal if, given any global assignment g : LI 1M —
0 of outcomes to the measurements of .#, there exists a context (6, @) such that the event (8, @) —
(g(61,01),...,8(6,,¢,)) is impossible. In quantum terms, if we denote the resulting eigenstate due to
the event (6,®) — 3 by |(6,®) — 3), then the event is impossible if and only if ((6,$) — 3| y) = 0.
We refer to a quantum scenario (|y),.#) such that €(|y),.#) is strongly nonlocal as a (quantum
nonlocality) paradox.

2.2 Three-qubit nonlocality paradoxes

Brassard et al. [[8] proved that two-qubit quantum states do not exhibit strongly nonlocal behaviour. Thus,
at least three qubits are required for strong nonlocality. Abramsky et al. [[1]] showed the following:

Theorem 2.1 ([1, Theorem 6]). A tripartite quantum state admitting strong nonlocality must be in the
SLOCC class of the GHZ state and, in particular, must be balanced. Moreover, any such strongly nonlocal
behaviour can be witnessed using only equatorial measurements.
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A balanced state has the form \B(i D)) =
[0,2), @ €[0,27), and |v;) = Q7 |v3,). [w

L\/—(l 5) +€®|wy)), where A = (A1, 40, A3) with A; €
i) = ®i_, |wy,) with

l

[va,) —cosl—|0>+s1nl—|1> lwa,) : —s1nk—|0>—|—cos—|1> (1)

Equatorial measurements are of the form E, := cos(¢)X +sin(¢)Y for ¢ € [0,27). Since the only
measurements that contribute to strong nonlocality are equatorial ones, we only need to consider mea-
surement scenarios .# = (M;,M,,M3) where each set M; consists of measurement angles ¢ € [0,27).
The following remark yields further simplifications.

Remark 2.2. As discussed in Abramsky et al. [1, Section 2.3], it suffices to only consider global assign-
ments g : | |i_; M; — & with the property that, for any local equatorial measurement E, on any qubit,

s(p)=g(p+m@l )

That is, to show &(|y),.#) is strongly nonlocal, it suffices to demonstrate inconsistency of only those
global assignments satisfying Eq. 2l Conversely, if €(|y),.#) is not strongly nonlocal then there is a
consistent global assignment that also satisfies Eq.[2l Thus, when constructing measurement scenarios,
we can consider each set M; as only containing angles in the interval [0, ).

Letting ¢ = (@1, ¢2,¢3), define |@) = ®;_,|¢;). We want to understand when the amplitude
<¢’\B(1,CI>)> is 0, since this corresponds to the event ¢ — (0,...,0) being impossible.
Lemma 2.3 ([1). Let B : [0,%) x [0,27) — R be defined as follows:

Ao
B()L,(p):(p—2arctan< - foszsu;(p ) 3)

sin 5 - Cos 5 Cos ¢

Then ;
(PIB(A,®)) =0 < Y B(A,¢)=7—P mod 2. “)
i=1
For the rest of the paper, the equivalence symbol = is used to denote when two quantities are equal
modulo 27, unless otherwise specified. We note that the formula for the function f differs slightly from
that of [1} Section 5.3]. The proof is straightforward and is therefore omitted.
Lemma 2.4. The following properties of the function B can be easily verified.
1. Modulo 2, for all fixed A € [0, %) B(A, Q) is strictly decreasing as a function of ¢ on (0,27)
and is thus bijective on [0,21).

2. B(0,9) =—0.

3. Forall A € [0, %), B(A,@)=0ifand only if 9 =0, and B(A, @) = 7 if and only if ¢ = .

4 B(A, %) =1-1Z.

To avoid redundancy, we consider quantum scenarios (|y),.#), (|y)’,.#") to be equivalent if
Uly) = |y') and M € M; if and only if UMU" € M;)(l.); here P is some permutation of qubit labels
and we have used shorthand notation to denote the rotation of an equatorial measurement, mod 7, by
some local unitary U. Note that if 2 has at least one zero entry, without loss of generality A; = 0, then
(IB(A,®)),.#) is equivalent to (|B(4,0)),.#") via the local unitary diag(1,e " ®) @I ®1.

For the rest of the paper, we mostly focus on a specific subclass of balanced states, defined as follows:
Definition 2.5. An interpolant state [B(A)) is a balanced state of the form |B((0,0,1),0)).

All examples of paradoxes found in [1]] and in Section of this paper involve interpolant states.
These states interpolate between [B(0)) = [GHZ) and lim, .z [B(4)) = [Bell) ® [+).
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3 Technical preliminaries

In this section, we collect novel theoretical developments required for our main results.
Throughout this paper, we will assume that all paradoxes fulfil the following definition.

Definition 3.1. A paradox (|y),.#) is minimal if (|y),.#") is not a paradox for any .#' containing
strictly fewer measurements than ./Z, i.e. Mi’ C M, for all i and at least one containment is strict.

3.1 Impossible events in quantum tripartite models

‘We define an additional function,
which tells us how 8 changes when we flip a measurement outcome on one qubit. Note that

O0(A,p) =m—2arctan(sin@tanl), (6)

for which we use the fact that arctanu + arctanv = arctan ( 1”fuvv) + km for some k € {—1,0,1}.

Lemma 3.2. LetA € [0, %) and @ € [0, 7). Then one can easily check the following properties of 8.
1. 6(A,9) € (0,m].
2. 8(A,¢)=mifand only ifsinptanA =0 <= A =0o0r ¢ =0.
3. (A1, 01) £0(A2,02) =0 <= sin@,tanA; = Fsin @y tanA,. Further, by Lemmal3.2 1,

6(A1,01) +6(A2,02) =0 <= 8(A1, 1) =6(ha, ) = 7. 7

Suppose that, considering measurement of the context (A,B,C) on a state, the event ABC — abc is
impossible. By Lemma[3.2l1, 6(A,¢) # 0 VA, @, so any other impossible event of the same context
must have a tuple of outcomes whose Hamming distance from abc is at least 2. Therefore, the number
of impossible events associated with any context is at most 4.

The following lemma is a consequence of Lemmas[3.2]2 and [3.2]3.

Lemma 3.3. Fix a context (A,B,C).
1. For a given c € Zj, if one of the events ABC — 00c, ABC — 11c is impossible, then the other event
is impossible if and only if 6(A1,A) = 6(A,,B) = 7.
2. Fora given c € 7, if one of the events ABC — Olc, ABC — 10c is impossible, then the other event
is impossible if and only 6(A1,A) = 6(A2,B).
Similar results hold by permuting the qubits.

3.2 Logical structure of three-qubit nonlocality paradoxes using interpolant states

The family of three-qubit paradoxes introduced in [1] differed from that of the GHZ state in that they
involved not a single unsatisfiable system of linear equations over Z; but two such systems. These two
systems were conditioned on the outcome of the third-qubit measurement and found to be inconsistent
in both cases. Here, we show that this conditional structure is a feature of every paradox involving an
interpolant state |B(4)). We express this structure in a convenient form that we use in the remainder of
the paper.
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First we note that, by Lemma [2.412, Eq. 4 has a much simpler form for interpolant states. Given a
context (Aj, B,C;), the outcome (a;, by, c;) is impossible if and only if

Aj+BkEﬁ(l,C;)+c,6(k,C,)+(169aj@bk)7t, (8)

where & denotes addition modulo 2. Note that B(A,C;) 4+ ¢;6(A,C;) = B(A,C; + ¢;m). By rearranging
Eq.[8l we see that a necessary condition for an event A ;ByC; — abyc; to be impossible is that A j + By —
B(A,C) —¢;8(A,C;) must be a multiple of 7.

Define 7y (z) := n1[(A; +Bi) — B(A,C; +z7)] mod?2 € [0,2). By Lemma2.3]and Lemma 242,
the outcome (a;,by,c;) is possible if and only if

rjkl(cl) §é Zp or (aj®bk) = rjkl(cl). )
For z € Z,, define the set of Z;-linear equations:
Wi(z) :={aj @b =rju(z) | Vj,k such that rji(z) € Z»}. (10)

A global assignment g : | |M; — ' is consistent with an empirical model of (|B(A)),.#) if and only if,
for every I, ¥;(z) is satisfied by a; = g(A;), by = g(Bx), ¢; = g(C;). We have thus shown the following.

Lemma 3.4. The quantum scenario (|B(A)),.#), with M3 = {Cy,...,Cy_1}, is a paradox if and only if
for every 7 € 7, the system of Z-linear equations W (7) := U;¥,(z;) is inconsistent.

3.3 Maximally impossible quantum scenarios

Intuitively, an empirical model with more impossible events has a higher likelihood of witnessing a
paradox compared to one with fewer impossible events. This motivates us to focus on empirical models in
which the number of impossible events is maximised. We formalise this idea in the following definition.

Definition 3.5. Let (|B(1)),.#) be a quantum scenario involving an interpolant state. Let C € M3,
z € Z» and define:

A (C):={Ae M, |3IBe€M,, a,be€Z,:ABC — abz is impossible } (11)
B.(C):={BeM,|3A €M, a,b € Z,:ABC — abz is impossible }. (12)

Also define A(C) := Ag(C) N A{(C) and B(C) := Bo(C) NB;(C). Then (|B(A)),.#) is maximally
impossible if for all C € M3, we have A(C) = M; and B(C) = M,.

The definition of A(C) can be reformulated as follows: A € A(C) if and only if 3B}, B, € M, such
that [A+ B; = B(A,C) or B(A,C) + x] and [A+ B, = B(A,C+ 7) or B(A,C + 7) + 7]. The definition
of B(C) can be reformulated in a similar way.

Now we prove some properties of maximally impossible quantum scenarios. First, observe that, by
Eq.Hdl if A € A;(C), then there is exactly one measurement B that satisfies the required property in Eq.
and likewise for measurements in B,(C). This justifies our nomenclature.

Lemma 3.6. Let (|B(1)),.#) be maximally impossible. Then |M,| = |Ma)|.

Proof. Let C € M3 and fix an outcome z € Z,. We define the function f;: M; — M, as follows:
fi1(A) = B, where B is such that ABC — abz is an impossible event for some choice of a,b € Z;. Since
(IB(A)),.#) is maximally impossible, f; is well-defined and injective. By symmetry, we can define a
function f,: M, — M such that f; is injective. This implies |M;| = |M;]|. O
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Remark 3.7. Thus, given a maximally impossible quantum scenario (|B(A)),.#) with |M;| = |M,| =N
and |M3| = n, there exists a (unique) function K : Zy X Z, X Zy — Zy such that for all (j,/,z) € Zy X
L X s there exists an impossible event A ;B .yCi — abz for some a,b € Z;. Furthermore, K (—,1,2)
gives a bijection Zy <> Zy for all (1,z) € Z, x Z,. We can then write the Z,-linear equations of Eq.
using the following notation, which emphasises the dependencies among the indices:

Wi(2) ={a;®bk(jiz) =1(j,1,2) | j € Zn}- (13)

Remark 3.8. Suppose in particular that M3z = {Cy,C;} (i.e. n = 2). Let (z0,21) € Z3 and consider
the linear system W(zo,z1) = Wo(20) UWi(z1). By the discussion above, each of the variables a;,by
for j,k € Zy appears in exactly two of the 2N equations in W¥(zp,z;), so the sum of the LHS of the
system is 0. Write the system in matrix form, ['d = ¥, where d = (ao,...,aN,l,bo,...,bN,l)T and
F= (r(O,O,zO), ooy "(N—=1,0,z20), r(0,1,21), ..., r(N—1, l,zl))T. Then the kernel of the coefficient
matrix I" is nontrivial and hence the rank of I" is at most 2N — 1. The system is inconsistent if and only
if the augmented matrix (I | 7) has a higher rank than T".

Lemma 3.9. Let (|B(A)),.#) be a maximally impossible quantum scenario. Let |M|| = |M,| = N
and M3 = {Cy,...,Cy,_1}. Then 8(A,C;) and B(A,Cy,) — B(A,Cy,) are integer multiples of % for all
l,ll,lz € Zy.

Proof. Let C; € M3 and K be the function as defined in Remark 3.7l For every A j € My and outcome
¢; =z € 7y, Eq.[8lis satisfied by k = K(j,/,z). Therefore

Aj+Bk(j10 = B(A,C) + (1@ a; ©bkj0))7 for j € Zy (14)
and Aj+ Bk =B(A,C)+6(A,C)+(1Da; @bk 1))n for j€Zy. (15)

If we sum the N equations from Eq.[I4] and separately sum the N equations from Eq. then subtract
the former from the latter, we get N6(4,C;) = 0 or 7. Note that the sum of the Bg(;;¢)’s and the sum of
the Bk(;;,1)’s cancel out. So, §(A,C;) = s3; for some s € {1,...,N}.

Let C;,,C;, € M3. When ¢;, = ¢;, = 0, the maximally impossible property implies the following:

Aj+BK(j,ll,0) = ﬁ(k,C,l)—k(l @aj@bK(j,llﬁo))n for j € Zn (16)
and  Aj+Bk(jn0 =B(A,CL)+(1®a;® bk )T for j € Zy. (17)

Similarly to above, if we add all the equations on the first line and subtract the equations on the second
line, we get N(B(4,C;,) — B(A,Cp,)) = 0or m. Therefore, B(4,C;,) — B(A,Cp,) = t5 for some t €
{0,...,N—1}. O

4 Main results

In this section, we introduce several families of paradoxes, including a natural extension of [1, The-
orem 8]. We provide graphical visualisations of these paradoxes and establish that they are pairwise
distinct up to equivalence. Next, we classify all N-regular (see Definition[4.1)) paradoxes by showing that
the previously constructed paradoxes exhaust all such cases. Additionally, we present a paradox that is
not N-regular, suggesting the existence of exotic paradoxes with novel structures. Finally, we propose a
conjecture that paradoxes must involve interpolant states, and provide supporting evidence.
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4.1 New families of paradoxes

We first focus on maximally impossible quantum scenarios (|B(A)),.#) such that there are two mea-
surements on the third qubit. Referring to Remark [3.8] we introduce an additional assumption that, for
all 7,71 € Z,, the coefficient matrix I" of the corresponding linear system ¥(zo,z;) achieves its maxi-
mum possible rank of 2N — 1. We shall use the term maximal rank to describe the quantum scenarios
satisfying this assumption.

Definition 4.1. The quantum scenario (|B(4)),.#) is N-regular if it is maximally impossible and max-
imal rank, with |M;| = M| = N and M3 = {Cy,C, }.

Lemma 4.2. Let (|B(A)),.#) be N-regular. For any zy,z1 € Zy, the linear system ¥(zo,z1) is inconsis-

tent if and only if
N—

1 N—-1
r(j,0,20) # P r(j.1,21)- (18)
0 j=0

Jj=

Proof. Since the quantum scenario is maximal rank, ¥(zp,z;) is inconsistent if and only if the rank of
the corresponding augmented matrix is 2N, which holds if and only if the sum of all the entries of 7 (the
RHS of the matrix equation as defined in Remark [3.8)) is 1. O
Remark 4.3. The ‘if” direction of Lemma 4.2l holds even if we remove the property of maximal rank.
Corollary 4.4. Let (|B(A)),.#') be an N-regular paradox.

1. For any 29,21 € Zs, we have @ ;7(j,0,20) # @, r(j,1,21).

2. Foreachl € Zy, @;r(j,1,0) =D;r(j,1,1).

The following lemma establishes necessary and sufficient conditions on the third-qubit measurements
for an N-regular quantum scenario (|B(1)),.#) to be a paradox.

Lemma 4.5. Let (|B(A)),.#) be an N-regular quantum scenario. It is a paradox if and only if §(A,Cp)
and §(A,Cy) are even multiples of % and B(A,Co) — B(A,C) is an odd multiple of %.

Proof. Suppose that (|[B(A)),.#) is a paradox. We follow the proof of Lemma[3.9] but in this case we
can use Corollary .4 to deduce further restrictions. Let [ € Z,. After summing the N equations of Eq.
and then subtracting the N equations of Eq. the coefficient of 7 on the RHS is

N—1 N—1 N—1 N—1
(a; B0k (j10) ®EP (B bk(ji1y) = PU@r(j,1,0) &P @r(j,l,1)=0, (19
j=0 Jj=0 J=0 =0

where the last equality is by Corollary 4.412. Thus, we in fact have N§(A4,C;) = 0 for each [ € Z,.
Similarly, we can use Corollary 4.4 1 to deduce that N((A,Co) — B(A,C;)) = m. Dividing each of these
equations by N gives us the desired result.

Conversely, we can reverse the argument above to deduce that, for any zg9,z; € Z;, the linear sys-
tem ¥(z9,21) satisfies @;r(,0,20) ©D;r(j,1,z1) = 1. By Lemmald.2l ¥(z0,z1) is inconsistent, and
Lemma [3.4] then implies that (|B(A)),.#) is a paradox. O

Therefore, an N-regular quantum scenario (|B(A)),.#) is a paradox if and only if the third-qubit
measurements satisfy certain conditions. Below we list multiple families of quantum scenarios that
satisfy these conditions and in the next subsection, we prove that these exhaust all N-regular paradoxes.
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Theorem 4.6. Let N € N, N > 2, and let M5 = {Cy,C1}. Then, (|B(1)),.#) is a paradox whenever the
parameters A,Cy,C1, My, M, satisfy one of the following conditions:

(a) N =2: The parameters describe the standard GHZ paradox.

(b) N > 2, Niseven: There exist s,t € 7, with s even and t odd, satisfying 1 <s<Nand1 <t <s—1,

such that
T

N>
Additionally, My = My = % Zy. In particular, ift = s/2, then A = 5 — %t and Cy = 7.
(c) There exist s,t' € Z, with s even, satisfying 1 <s <N and 0 <1’ <s/2— 1, such that

Co=0, 8(A,C)= B(r.Cy=—1. 20)

Cil=n—Cp, 8(A,Co)=8(,C1)="Cs

N b
B(A,Co)=—=

2D
S+, B =-Sls-r =),

Additionally, My = 27y, and My = Z(Zy + 3).
(d) There exist s,s',t' € Z, with s,s' even and t' odd, satisfying 1 <s <s' <Nand 1 < |/'| <N —1,
such that

5(x,c0)z%s, S(A,c) =2y, ﬁ(l,Cl)—ﬁ(l,Co)E%t’. 22)

SR

Additionally, let B(A,Co) = — 5t (0 <t <s)an
V).

v:=[t]—t. Then My = £ Zy, and My = % (Zy +

Proof. In each case, the quantum scenario (|B(A)),.#) is maximally impossible and |M;| = |M,| = N.
Moreover, the conditions on & and  from Lemma [4.3] are satisfied, so for any zg,z; € Z;, the linear
system P(z0,21) satisfies @;7(/,0,20) © @, r(j,1,21) = 1. Therefore, by Remark @3 (|B(4)),.#) is a
paradox. ]

Except for case (a) and the specific instance of case (b) where t = s/2, the existence of parameters
A,Co,Cy satisfying the conditions (b)—(d) of the above theorem is nontrivial. The existence of such
parameters is established in Theorem in the following subsection.

These paradoxes can be visualised by picturing the measurement angles of M, M, and the values of
B(A,C;) for I € Z; as points distributed around a circle. For example, Figure [l visualises two different
paradoxes satisfying condition (b) with N =8, C; = § and 7 = 5/2 = 1, 3. The measurements in M,
and M, are evenly spread modulo 7, with each connected by a dotted line to its diametric opposite,
corresponding to flipping the outcome. In the third circle, each pair of values 3, B + &, which are joined
by dotted line segments of the same colour, is symmetric under reflection about the x-axis. For different
s and ¢, the spacing between these pairs and their 8 values varies but remains an integer multiple of %.
See Figure [3l for illustrations of the paradoxes in the other cases.

In case (b), when ¢ = 5/2, the paradoxes take the form (|B(Aw,)),.#), where Ay, = T — %t for
all even N and odd ¢ satisfying 1 <t < N/2. The third measurement set is {0, }. This family is an
extension of [[1, Theorem 8], which considered Ay = % — % indexed by even N € N. Our construction,
indexed by a tuple (N, ), corresponds to a subset of the rationals and includes infinitely more paradoxes.

Remarkably, the other cases in Theorem exhibit paradoxes from stranger empirical models. In
each of these cases, although the resulting values of the functions § and 8 have relatively simple prop-

erties, the value of A and the measurement angles on the third qubit are complicated and appear to be
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Bs Bs+ B,

t=3: f=-31/8

Figure 1: Two paradoxes satisfying condition (b), where N =8, C; = 7, and t = s5/2, for the cases
t=1,3.

very difficult to find analytically. It is as yet not even clear in these cases whether A € Q. Notably,
the paradoxes in cases (c) and (d) do not involve the measurement angle 0, i.e. the Pauli X, which is a
distinguishing feature absent in all previously known examples.

Theorem 4.7. Every paradox described in Theorem is distinct up to equivalence.
The proof can be found in Appendix

4.2 A partial classification of three-qubit nonlocality paradoxes

We now derive a complete classification for all N-regular paradoxes. If a paradox does not come from a
maximal rank quantum scenario, then the associated linear systems may have a more complex structure
that warrants further investigation. See Subsection [4.3|for further discussion.

Before presenting the main theorem, we first establish a few key lemmas. First, Lemma4.8]is about
the measurements on the first two qubits in any N-regular paradox.

Lemma 4.8. Let (|B(A)),.#) be an N-regular quantum scenario. Then the N measurement angles in
both My and M, are evenly spaced modulo &, with adjacent angles differing by % Mathematically, we
have (up to equivalence) My = %Zy and My = L7y + p for some p € [0, 7).

Proof. For each j € Zy, consider the two equations
(Aj+BK(j7l’0))Eﬁ(l,Cl)+(1@aj@b[((j,l’0))7[ fOflGZQ, (23)

which determine the impossible events on the contexts (A i Bk (j.1.0) ,C;). Subtracting the [ = 1 equation
from the / = 0 equation gives us B 0,0) — Bk(j,1,0) = B(A,Co) — B(A,C1) mod 7, i.e. the measure-
ments Bg;0,0) and Bg; 1 o) differ by a multiple of %. For each j, Eq.23|gives us a pair of measurements
{Bk(j00),Bk(j1,0)}- Since (|B(4)),.#) is maximally impossible, each measurement appears in ex-
actly two such pairs. By the maximal rank property, it is possible to order these pairs to form a chain
{Biy,Bi, }, {Bk;sBis }» -+ {Bky_»>By_, }» {Bky_,+Bk, } consisting of all N measurements on the second
qubit. By taking linear combinations of the difference equations associated with these pairs, we deduce
that all second-qubit measurement angles differ by multiples of 5. Since there are N measurements, the
result for M, follows. The same result holds for M| by symmetry. O

The next two lemmas are used to show that the four cases (a)—(d) in Theorem exhaust all N-
regular paradoxes. Note that, in cases (a) and (b), one of the third-qubit measurements is X (Cy = 0); then
a necessary and sufficient condition for a paradox is that A and the second measurement C; be such that
0(A,C)) is an even multiple of - and B(A,Cy) itself is an odd multiple of § (since B(4,Co) = 0). Next,



N. de Silva, S. Jana, & M. Yin 207

assuming that neither third-qubit measurement is X, in case (c) we have that §(A4,C;) is the same for each
I € Z5. To find all paradoxes with this property, we show in Lemma[4.10]that, given {5, with s even, and
A €[5 —F%s,%), there are at most two different measurement angles Co,C; that satisfy 8(4,C;) = Zs,
and furthermore C; = mw — Cy. Then, by imposing the requirement that 8(A,Co) — B(A,C;) be an odd
multiple of ¥, we can completely classify all the N-regular paradoxes with equal values of 6(A,C;).

Lemma 4.9. For A € [0,%) and C € [0,7), the equations §(A,C) = & and B(A,C) = 0 are satisfied
simultaneously if and only if either A =0 or C = 0.

Proof. Follows from the properties of the functions 8 and J. O

Lemma 4.10. Given Nyse N, N >2, 1 <s< N, andt € R, 0 <t <s, there exist unique AL = A(s,t) €
(3 — 3%5,%) and C = C(s,1) € (0,7) such that
m T

s and PB(A,C)=——t. (24)

8(1.C) = < =

Furthermore,
(i) A(s,5) =% — Josand C(s,5) = 5.
(ii) For a fixed s, A(s,—) is two-to-one on (0,s), with A(s,s —t) = A(s,1).
(iii) For a fixed s, C(s,—) is bijective on (0,s), with C(s,s —t) = m — C(s,1).
Proof. For s < N, we note that for a fixed 4, §(A, —) has a minimum (modulo 27) of 7 — 24 at C = .

Thus Eq.24lis satisfied only if A > 5 — Js.
Let A := A(s,t) and C := C(s,t). Then,

T T tan(Z — L
o0(A,C) = N = 7 —2arctan(sinCtand) = N = sinC = (ET;N). (25)
Let us set C%(s,A) := arcsin (tan(¥ — J%s)/tanA) and C' := w — C°, noting that C° and C' both satisfy
Eq.[23lfor C. For a fixed s, we have that C°(s, —) and C! (s, —) are functions of A that give us the at most
two different angles C such that 6(A,C) = ¥s. Substituting CY into the expression for 8 (Eq.[3), we get

cos % cot (%s) cotA

. (26)

B(2, C%(5,4)) = arcsin <cot <%s) cot)L) — 2arctan
\/1 —cot? (Zs)cot2 A cos & +sin?

Let 1°(s,A) := —XB(2,C°). By Lemma below, (s, —) has a well-defined inverse A°(s,—) :
(0,5] = [5 — %5, 5 ). Furthermore, from the definition of 8, we have (4,7 +C°) = —B (A, 7 —C?).
Thus

B(A.C0)+B(R,C) = ~8(A.C") =~ @7

so B(A,C') = —Z(s—1¢) if and only if B(A,C0) = —Zr.
Putting all this together, we can construct A and C as functions of s and ¢ as follows:

As.r) = A0(s,1) if0<r<s/2, 28)
T A%, s—1) ifs/2<r<s;
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arcsin (tan(Z — L) /tan(A%(s, ¢ if0<r<s/2,
Cls,1) = (1an(3 = 5s)/ 1an(27(5.0)) o<t/ (29)
7 —arcsin (tan(% — Xs) /tan(A0(s,s —1))) ifs/2 <t <s.
The above reasoning shows that these are well-defined. Hence we have proved the statement of the
lemma. Statement (i) follows by noting that 6 (5 — 555, 5) = s and B(5 — 555, 5) = — 5. Statements
(ii) and (iii) immediately follow from the constructions of )L(s t)and C (s t) O
Lemma 4.11. Let (s, 1) := —% (A,C°). The function t°(s, —) is strictly decreasing, and hence bijec-
tive, on [% — 555, 2) Furthermore, t° (s, [% — 7S, %)) =(0,3].
Proof. We have B(5 — 5s,%) = — s, 50 1%(s, 5 — &) = 5. Next, the expression for §(A,C°) in Eq.
26l shows that (s, —) has no discontinuities for A € [£ — £ s,%), and that 1°(s,A) — 0as A — Z™. To

show that 1%(s, —) is strictly decreasing on the given interval, one can find the partial derivative of Eq.
with respect to A and derive that

dIp(A,c?) cos2 —sin® A 1
A N — cos2 — 1) sin? 7L sinA’ 30)

which is never the case since —1/sinA < 0 for A € [§ — 5%, %). Thus, t°(s,—) is strictly monotone on

the given interval. O

Remark 4.12. By the analysis in the two proofs above of the image of 1 and the relationship between
B(A,C% and B(1,C"), we deduce that Eq. 24]is not satisfied if s <t < N.

Figure 2 provides a visualisation of these technical lemmas, showing how the value of  relative to s
affects the values of A and C that satisfy Eq.
We are now ready to prove the main theorem classifying all N-regular paradoxes.

Theorem 4.13. Let (|B(A)),.#') be an N-regular paradox. Then it is equivalent to one of the paradoxes
described in Theoremd.6l Furthermore:

(i) Condition (b) is satisfied by a unique N-regular paradox for each (s,t) € 72, with s even and t odd,
satisfying 1 <s <N and 1 <t <s— 1. Condition (c) is satisfied by a unique N-regular paradox
for each (s,t') € 72, with s even, satisfying 1 <s <N and 0 <t <s/2—1.

(ii) Condition (d) is satisfied by at least one N-regular paradox for some N and s,s',t' € Z, with s,s'
even and t' odd, satisfying 1 <s<s' <Nand 1 <|f'| <N—1.

Proof. By Lemma 6(A,Cp) is an even multiple of % and B(A,Co) — B(A,Cy) is an odd multiple
of % We analyse four different cases that exhaust all possibilities for N, Cy, C;, and 6(A,C;). In each
case, the sets M, M, are determined by Lemmal4.8]and the requirement to satisfy the model’s impossible
event equations.

Suppose that N = 2. Then 5(7L C;) = m for both [ = 0,1, which is the case if and only if A = 0.
Then, since $(0,Co) — B(0,C1) = %, we have C; —Cp = 7. Hence the paradox satisfies condition (a) in
Theorem

Now suppose that N > 2. First, we check the case where Cy = 0. Note that §(4,0) = &, which is
an even multiple of ¥ if and only if N is even. Furthermore, B(A,0) = O for all A. Consequently, any
C) that satisfies Eq. 20 will ensure that the difference B(A,Co) — B(A,C1) is an odd multiple of . By
Lemma[d.10] there exist unique satisfying A and C; for each (s,) € Z?, with s even and ¢ odd, satisfying
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Figure 2: A visualisation of Lemma[4.10l For a fixed integer s with 1 < s < N,  can take any real value
greater than 0 and less than s. The two graphs above the interval line for ¢ show the unique values of A
and C satisfying Eq.[24] for each 7. Note the even symmetry of A(s,z) and the odd symmetry of C(s,1),
both about 1 = s/2.

1<s<Nand 1<t <s—1. This paradox satisfies condition (b). By Remark we cannot have a
paradox if s <t < N.

Next, consider when both Cy and C are nonzero and A, Cp and C are such that §(A,Cy) =6 (A,Cy) =
Ts for 1 <s < N and s even. We additionally need the (A,C;)’s to differ by an odd multiple of
%- Let r be such that B(4,Cy) = —5¢. Lemma .10, in particular statements (ii) and (iii), and the
paragraph of the proof containing Eq. - tell us that C; = = —Cp and B(A,C;) = —% (s —t). Hence
B(A,Co) —B(A,C1) = %(s—2t). Since s — 2t is odd if and only if 2¢ is odd, # must be a half-integer.
Thus this paradox satisfies condition (c). The bounds on ¢’ follow from Remark [4.12]

Finally, consider when both Cy and C; are nonzero and 8(A4,Cy) # 8(A,C;). Referring to Eq.
a triple (A,Co,C)) satisfying condition (d) exists only if Cy = arcsin (tan(5 — %s)/tanA) or m —
arcsin (tan(5 — 55)/tan A ), and similarly for C; (replacing s with 5). Substituting these into B (2,Co) —
B(A,Cy), we obtain a very complicated function that is difficult to analyse. However, solutions to Eq.[22]
with these substitutions do exist for some values of N, s, s’ and Al O

4.3 A path to a complete classification of three-qubit nonlocality paradoxes

In the previous subsections, we detailed a comprehensive investigation of paradoxes that are N-regular,
i.e. maximally impossible, maximal rank paradoxes with two third-qubit measurements. The next step
for the classification program is to drop some or all of these assumptions.

We observe that there exist maximally impossible paradoxes with |M3| = 2 that are not maximal
rank. For example, let N = 4. There exist A,Cy,C; such that 6(1,C;) = %” for 1 € Zo, B(A,Co) = — 7.

'E.g.if N=8,5=4,5 =6and ' = 1, one can numerically find the solution A = 0.8129, Cy ~ 1.2418, C; ~ 0.4028.
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and B(A,C)) = —%@ Note that here 8(4,C;) is an odd multiple of %. As usual, let M| = M> = §7Z,.
See Figure [3] for an illustration. In this case, the four Z,-linear systems W(zp,z;) are all inconsistent,
so that (|B(A)),.#) is a paradox. However, the parities &;r(j,/,0) and @;r(j,/,1) are not equal for
either [ € Z,. Thus, a parity argument akin to the proof of Lemma[.2] which considers all equations,
is not applicable to two of the systems, which necessitate a parity argument using a proper subset of the
equations. Further study is needed to determine the exact conditions for maximally impossible quantum
scenarios to be paradoxes.

We have shown that there exist paradoxes (|B(Ay,)),.#) where A = £ — ¢, 1 <t <N /2, for all N
even and ¢ odd. However, there do not exist paradoxes (|B(Ay,)),.# ) such that |[M3| =2 and A = 5 — Tt
for N odd. 1t remains to be determined whether a paradox, with such a A or otherwise, is possible if we
expand the measurement set M3 to have more than two measurements.

Let us now examine general balanced states |B(1,d>)> and seek necessary conditions on the A;’s
for (|B(1,CI>)> ,.#) to be a paradox. A key observation from our analysis of interpolant states is that
the number of impossible events is maximised in each paradox that we have found. If an empirical
model does not have many impossible events across its contexts, the likelihood of a consistent global
assignment intuitively seems higher. So, we expect that for a paradox to be witnessed, the empirical
model must contain a sufficiently large number of impossible events.

The following lemma characterises empirical models where there are at least three contexts each
containing four impossible events.

Lemma 4.14. Let (B(A,®)),.#) be a quantum scenario such that at least three contexts contain four
impossible events each. Then |B(A,®)) must be an interpolant state.

The proof can be found in Appendix

Along with Lemma [.14] we observe other facts that also greatly restrict A as long as we have
sufficiently many impossible events across different contexts. For example, suppose (|B(1,CI>)> M) is a
quantum scenario in which a measurement A is in two contexts that both contain at least two impossible
events, related by flipping the outcome of A and another measurement on the same qubit, say i. Then
A =0.

This evidence strongly suggests that two of the A;’s must be zero for (|B(1, ®)),.#) to be a paradox.
This leads us to propose the following conjecture.

Conjecture 4.15. For the quantum scenario (|B(1,CI>)> , M) to be a paradox, |B(1,CI>)> must be an
interpolant state.
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A Illustrations of the paradoxes

As 44 4,

Bl E*ﬂ/2

Figure 3: From top to bottom: a paradox satisfying condition (c) of Theorem [4.6 where N = 8, s = 6,
and ¢ = 1; a paradox satisfying condition (d), where N =8, s =4, s’ = 6, and ¢’ = 1; a non-N-regular
paradox satisfying N =4, §(A,C;) = 2E for | € Z,, B(A,Co) = —Z, and B(A,C1) = —F.

We present some more graphical illustrations of the paradoxes. In all our examples |M;| = |M,| =N,
and M3 = {Cy,C,}. The existence of impossible events within a given context (A,B,C) depends on
whether one of the following conditions holds:

A+B=B(A,C) or B(A,C)+m 31
A+B=B(A,C+m) or BA,C+m)+m. (32)

Intuitively, given a C; € M3, many of these equations must hold for various choices of (A, B) in order to
witness a paradox. By identifying Zy with Zy, these B values can be interpreted as ‘ticks’ of a clock,
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which are achievable by A + B for many different pairs (A, B). In [1, Theorem 8], all the paradoxes had
ticks of 1 for C; = 7. For the case t = 5/2 in the family (b) of Theorem 4.6 the ticks are £¢. Notably, in
all these examples, the ticks remain symmetric about the x-axis (see Figure[T)). Furthermore, for Cy = 0,
the corresponding ticks are precisely 0 and 7. When ¢ # 5/2 in the family (b) in Theorem the ticks
for C| become asymmetric, specifically —¢ and s — ¢, although we still observe a sort of symmetry about
the x-axis if we view the ticks as indistinguishable. The other families in Theorem [4.6|exhibit even more
intricate structures, as their tick values are nonzero for both measurements and may not even be rational
multiples of 7 (see Figure B). However, we note that the differences between tick values (i.e. the angles
between ticks) are still appropriate multiples of 3.

B Proofs of select results

B.1 Proof of Theorem

Since equivalence is defined up to local unitaries and qubit permutations, and any qubit permutation
preserves equivalence, we restrict our analysis to local unitaries.

Lemma B.1. Let M and M' be sets of equatorial measurements with |M|,|M'| > 2. If UMU" = M’
mod 7, then U must be of the form X“Py (up to a global phase) for some 6 € [0,2n) and a € Z,, where
Py is the phase gate.

Proof. The map Ad : SU(2) — SO(3), given by Ad(g)(V) = gVg ! is a 2-fold covering of SU(2) —
SO(3) with ker(Ad) = {I,—I}. Therefore, Ad induces an isomorphism PU(2) = SO(3), which estab-
lishes that single-qubit unitaries, up to a global phase, correspond to rotations of the Bloch sphere. The
rotation Rj;(0) of the Bloch sphere about an arbitrary axis 7i = (ny,ny,n;) is given by

R;(0) =exp <—ig(nxX +nyY—|—nZZ)> . (33)

An arbitrary Bloch sphere rotation can be expressed as U = R;(0;)Ry(7)R.(6,), where 6,,6, € [0,27)
and y € [0,7]. Importantly, U maps any great circle on the Bloch sphere to another great circle, as
it represents a rotation of the sphere. Let us denote the equator of the Bloch sphere by S. Note that
R.(0)(S) =S for all 6 and R,(y)(S) =S only if y=0or m. So, U(S) # S when y # 0 or 7. Since S and
U (S) are great circles, they intersect precisely at two points separated by 7. This shows that for U to
map at least two equatorial measurements that differ by less than 7 to equatorial measurements, y must
be 0 or m. Therefore U must be of the form R;(6) or R,(6;)R,(m)R,(6,), which is equivalent (up to a
global phase) to X“Py for some 6 € [0,27) and a € Z,. O

Lemma B.2. Let A,A" #0. If (|IB(A)),.#) and (|B(L")),.#") are equivalent, then A = A’. Moreover,
the local unitary U establishing the equivalence must be of the form

U=Py,@Ps,®1 or XPy X@XPyp X (34)
such that 6, + 6, = 0.

Proof. Let (|B(L)),.#) and (|B(A")),.#") be equivalent via the local unitary U. By Lemma [B.1l U
must be of the form ¢ ®;:1X“fP9j for some ¢,0; € [0,27), a; € Z, for j=1,2,3. Also, we have that

3
IB(A)) =€ (R X Py, |B(A)). (35)

j=1
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Expanding Eq. we have the following:

l/ - l/ ) A{/ l/
cos - |000) +s1n? |001) +s1n7 [110) —I—COS? |111)
03+¢

i(6;4+6,+0¢ A i(0+9) ’— - =

) |ajazaz) + cos 5¢ a)a,as),
(36)

A gio in 2 6040) 4 vty +sin >
=cos e ]a1a2a3>+smie ]a1a2a3>+smie

where @; =a;® 1 and 6 = 6, + 6, + 63. It is easy to see that for Eq.[36]to hold, the only possible choices
for (aj,ay,a3) are {(0,0,0), (0,0,1), (1,1,0), (1,1,1)}. Since all coefficients are real on the LHS, that
also must be the case on the RHS. So, ¢ =0 or 7. All the coefficients on the RHS are either :l:cos% or
+sin % Comparing the amplitudes of the basis vector |000) on both sides, we have

/
0087 = icosz or isini. 37
In both cases of Eq. the only solutions are A’ = A or A’ = 7 — A. However, the second case is not
feasible since A, A’ < Z. This further restricts the choice for (a;,as,a3) to either (0,0,0) or (1,1,1). For
both choices, Eq.[36is satisfied only if the following conditions hold:

0=0, 6+¢0=0, 6,+6,+¢=0, and 6,+6,+6;+¢=0. (38)
This reduces U to the desired form. O

Proof of Theorem The triples (4,Cy,C;) corresponding to the paradoxes in Theorem 4.6l are distinct
for different paradoxes. By Lemmal[B.2] equivalent paradoxes must have the same A value and third-qubit
measurements can only be reflected about the X -axis. So, the only possible scenario where (|B(1)),.#)
and (|B(A')),.#") are equivalent is if A = A’ and (] is a reflection of C; about the X -axis for both / =0, 1.
This is not possible since all measurements are in [0, ). Hence, distinct triples (A,Cp,C)) correspond to
inequivalent paradoxes. O

B.2 Proof of Lemmad.14

Proof. By Lemmal[3.3]1, a context (A, B,C) has 4 impossible events if and only if 8(1;,4) = §(A,,B) =
6(23,C) = . Moreover, 8(4,¢) = mif and only if A =0 or ¢ =0.

If one of the three contexts is such that all measurement angles are nonzero, i.e. A,B,C # 0, then it
follows that A; = 0 for all i = 1,2, 3, implying that |B(A,®)) is the GHZ state.

Alternatively, if a context has two nonzero measurements, e.g. (A,B,0) with A, B # 0, then we have
A1 = A, = 0. When one of the contexts is (0,0,0), it is impossible to derive any conclusions regarding
the A;’s. However, if the remaining two contexts each contain exactly one nonzero measurement, then
the nonzero measurements must be on different qubits, such as (4,0,0) and (0,B,0). In this case, we
also have A; = A, = 0. Therefore |B(jL,CI>)> is an interpolant state. O
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Resource-efficient and high-precision approximate synthesis of quantum circuits expressed in the
Clifford+T gate set is vital for Fault-Tolerant quantum computing. Efficient optimal methods are
known for single-qubit Rz unitaries, otherwise the problem is generally intractable. Search-based
methods, like simulated annealing, empirically generate low resource cost approximate implement-
ations of general multi-qubit unitaries so long as low precision (Hilbert-Schmidt distances of € >
1072) can be tolerated. These algorithms build up circuits that directly invert target unitaries. We
instead leverage search-based methods to first approximately diagonalize a unitary, then perform the
inversion analytically. This lets difficult continuous rotations be bypassed and handled in a post-
processing step. Our approach improves both the implementation precision and run time of synthesis
algorithms by orders of magnitude when evaluated on unitaries from real quantum algorithms. On
benchmarks previously synthesizable only with analytical techniques like the Quantum Shannon
Decomposition, diagonalization uses an average of 95% fewer non-Clifford gates.

1 Introduction

Recent small-scale demonstrations of error-corrected quantum memory signal significant progress to-
ward the development of Fault-Tolerant (FT) quantum computers [1, 5, 40]]. In this setting, programs
must be expressed in universal FT gate sets, which usually consist of gates from the Clifford group and
at least one non-Clifford gate for universality. The Clifford+T gate set (H,S,CNOT,T) is one such gate
set targeted by many quantum compilers [20, 41} 21]].

Quantum compilers must use approximate unitary synthesis to ensure circuits are transpiled, or
translated, into FT gate sets [23l]. Synthesis algorithms must balance resource efficiency (e.g. non-
Clifford gate count), approximation accuracy (error) and target generality (width and size of set of
unitaries that can be taken as input). Existing approaches can be categorized along the principle “re-
source efficiency, high precision, and generality: pick any two!”.

Our work advances FT synthesis along these three axes by combining analytical and search-based
methods. While existing algorithms attempt to directly invert target unitaries, our main insight is to
diagonalize instead: we perform a discrete search until target unitaries are (approximately) diagonalized.
This process reveals single-qubit rotations that are difficult to compile with search-based multi-qubit
synthesis algorithms. Instead of looking for discrete implementations of these continuously param-
eterized gates, we leverage analytical techniques to implement them. Synthesis-by-diagonalization
approximates unitaries with precisions that are orders of magnitude higher than other search-based multi-
qubit synthesis algorithms without negatively impacting run time and while maintaining good resource
efficiency.

We demonstrate how synthesis-by-diagonalization can implement unitaries that are out of reach
for other synthesis algorithms. We retrofitted a simulated annealing-based synthesis algorithm [31]
and trained Reinforcement Learning agents to perform synthesis-by-diagonalization. This approach

A. Diaz-Caro, O. Oreshkov, and A.B. Sainz (Eds.):
Quantum Physics and Logic 2025 (QPL 2025)
EPTCS 426, 2025, pp. 215 , doi:10.4204/EPTCS.426.8
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Figure 1: Tradeoffs for synthesis algorithms targeting the Clifford+T gate set. Approximation accuracy refers to the precision
with which a target program is implemented. In the FT setting, this value must be high in order for program outputs to be
meaningful. Resource efficiency refers to non-Clifford gate counts. As these gates are orders of magnitude more expensive than
Clifford gates, synthesis algorithms should use as few non-Clifford gates as possible. Target generality refers to the size of the
set of unitaries that can be taken as input. This ranges from exactly synthesizable unitaries and approximations of 1-qubit Rz
rotations, to the most general class of all multi-qubit unitaries.

is general, and other synthesis tools can also be modified to diagonalize rather than invert. We also
deploy diagonalization in an end-to-end gate set transpilation workflow and demonstrate utility for actual
algorithms. In particular, we observe up to an 18.1% reduction in T count. We believe our synthesis tools
can help automate the discovery of gadgets that exploit ancilla to improve resource efficiency.

The remainder of the paper is organized as follows: Section [2| discusses necessary background
information relating to synthesis with discrete gate sets. Section 4] explains how matrix diagonalization
can be framed in the language of synthesis. Section [5|evaluates diagonalization by synthesizing unitaries
taken from partitioned quantum algorithms. Section [6] discusses methods of scaling diagonalization.
Finally, Section [/|offers concluding remarks.

2 Background

Fault-Tolerant (FT) quantum computing relies on Quantum Error Correction (QEC) to enable resilient
quantum information processing [38]]. Different QEC codes admit different gate sets. Gates in the
Clifford group are classically simulable and often cheap to implement in FT architectures [25} 29]. For
universal quantum computation, the logical gate set must also contain a non-Clifford operation [[13]]. This
work will focus on the approximate compilation of unitaries into the Clifford+T gate set.

The T gate can be executed in a fault-tolerant manner through magic state distillation and injection
with Clifford gate corrections [29]]. This state distillation process is extremely costly. Estimates show that
up to 99% of the resources on a quantum computer could be dedicated to implementing these operations
[15) 30]. Minimizing the number of non-Clifford gates for a given implementation of a unitary is,
therefore, an essential step in realizing practical FT quantum computation.

Quantum algorithms are often expressed using operations not directly compatible with QEC codes.
Compilers require methods of transpiling into compatible gate sets. As multi-qubit unitary synthesis has
proven to be a powerful tool for translating between gate sets in the Noisy Intermediate Scale Quantum
(NISQ) era [33]], it is a natural candidate for ensuring algorithms are suitable for FT machines [46]]. This
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Figure 2: Comparison of analytical, search-based, and diagonalization strategies for Clifford+T synthesis. Analytical
decomposition approaches, such as the Quantum Shannon Decomposition, are universally applicable but use many expensive
non-Clifford resources. Search-based methods are able to find very low gate count approximations, but are intractable except
at low precision. Diagonalization is a hybrid approach that enables both high quality and high precision. Search is used
to diagonalize targets, then analytical methods are used to handle the diagonal results. gridsynth [36]] is used to optimally
decompose continuous single-qubit Rz operations (colored boxes) into Clifford+T gates.

VWV

is a vital component of any FT compiler.

2.1 Fault-Tolerant Unitary Synthesis

If every element of an n-qubit unitary is in the ring Z[ei”/ 4 1/2], it can be implemented exactly with the
Clifford+T gate set [24., [17]. Unitaries appearing in real algorithms are rarely this well structured; they
often contain arbitrary angle rotations.

In the single-qubit case, unitaries are decomposed into Clifford v/X and non-Clifford Rz(8), so that

U =Rz(6)) x VX X Rz(6,) x VX x Rz(63). (1)

These Rz rotations can be approximated optimally to arbitrary precision using the gridsynth algorithm
from Ross and Selinger [36]]. For some precision &, optimal ancilla-free translation of Rz gates into
Clifford+T operations requires O(log 1/€) T gates. This is true regardless of the rotation angle, except in
select cases such as 0 € {kn/4 : k € Z}. Ancilla-based methods can generate more resource-efficient
approximations [26, [7, |6]. Previous work in circuit compilation demonstrates the utility of multi-
qubit unitary synthesis [11} 42| |46| |45]. These methods discover approximate circuit implementations
using numerical optimization and parameterized (non-FT) gates. Circuits synthesized this way can be
straightforwardly transpiled into the Clifford+T gate set by decomposing parameterized single-qubit
gates using Equation [1| and gridsynth. While these methods often find circuits with fewer two-qubit
gates, they often result in circuits containing many Rz (and therefore T) gates.

The Quantum Shannon Decomposition and its variants are also powerful synthesis algorithms. These
analytical methods produce circuit implementations that approach the asymptotic lower bound of O(4")
CNOT and R gates [37,12]. Again, this technique results in many non-Clifford gates.

Another option is to deploy a synthesis algorithm that directly operates in the FT gate set and
iteratively modifies a circuit, often gate-by-gate until the target unitary is implemented. These search-
based multi-qubit approaches generate more resource-efficient circuits than the previously described
generic analytical methods. Examples of such include simulated annealing [31]], Reinforcement Learning
approaches [47, 28} [10} 2, 135]], and several optimal and heuristic synthesis algorithms [3} |18} [16].
However, solving this problem for optimal non-Clifford gate counts is NP Hard [44]].
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Method Qubits Category Precision Unitary Domain
gridsynth 36] 1 Analytical - Approx. Rz
Policy Iter. [2] 1 Search (RL) 102 Approx. U(2)
Synthetiq [31]] 1-4 Search (SA) 103 Approx. U(2)-U(16)
Diagonalization (ours) 1-3 Search 1073 and below | Approx. U Diagonalizable U(2)-U(8)
QSD [37] 1+ Analytical - UeU2")

Table 1: Unitary synthesis approaches for the Clifford+T gate set. Among search-based methods, our diagonalizing approach
can synthesize targets to higher precision. In cases where unitaries can be exactly diagonalized, circuit implementations are
produced to arbitrarily high precision. Precision here is measured using Hilbert-Schmidt distance (Eq[3). The Unitary Domain
column indicates what kinds of unitaries can be handled. Synthetig uses simulated annealing and empirically outperforms other
pure search-based tools at low precision. gridsynth optimally decomposes 1-qubit Rz unitaries to any precision. The QSD is an
analytical method which can be used along with gridsynth to synthesize Clifford+T circuits.

Empirically, these state-of-the-art methods find very efficient implementations of multi-qubit uni-
taries so long as solutions require few (meaning 10s of) gates. Search-based tools are restricted in
that they only operate with discrete gate sets, thus they have no direct way of handling continuous
rotations such as Ry gates. As a reference, synthesizing a single Rz gate to a precision of € < 1078
requires about 200 individual Clifford+T gates. For unitaries containing these rotations, which are
ubiquitous in unitaries taken from benchmarks of interest, search-based tools can only find low-precision
implementations for a subset of inputs.

Table [T] compares various unitary synthesis approaches which can be used to target the Clifford+T
gate set. Among search-based methods, the simulated annealing tool Synthetiq empirically finds better
implementations of unitaries than other methods [31]. Even so, Synthetiq fails to produce solutions
for high precision implementations of complex unitaries as the space of circuits is too large to search.
Synthesizing complex unitaries to high precision requires a mechanism for handling continuous rot-
ations; this is possible in both analytical and diagonalization approaches.

Consider the example illustrated in Figure 2] In this case, we want to synthesize the unitary labeled
Target. Using an analytical synthesis algorithm (e.g., QSD) results in an exponential number of Rz
gates, which are then decomposed into many more T gates. Numerical-optimization methods find much
more efficient circuits at the cost of compilation time but still result in far too many T gates. State-
of-the-art search-based methods can produce optimal circuits for high-error approximations but have
untenable run times as the target precision increases. Ultimately, this lack of precision limits their use
in end-to-end compilation (Section [6). Diagonalization combines both the resource-efficiency of search
algorithms with the high precision available from analytical methods to practically generate high-quality
approximate circuits during the compilation of a wide range of quantum algorithms to an FT gate set.

3 Formalizing Unitary Synthesis

The unitary synthesis is typically framed as finding a circuit which inverts the adjoint (conjugate trans-
pose) of a target matrix. To solve the problem directly by matrix inversion, every n-qubit circuit is
described as a sequence of primitive gates taken from a finite set A C U(2"). Every primitive gate has an
associated unitary a € A. A circuit consisting of ¢ gates is associated with a unitary matrix:

C=a x---Xxaj. )
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Figure 3: Diagonalization ansatz and examples. The diagonal matrix Dg captures up to 2"*-1 continuous degrees of freedom
which we implement with Rz(0) and CNOT gates. The L and R subcircuits are made of discrete Clifford+T operations. (b-c)
Show how to construct 2 and 3 qubit diagonal circuits. In many cases, not all the Rz gates in these circuits are needed. (d) A
CCY gate only requires two H gates, an S, and an ST to be diagonalized. A Toffoli is realized if the S gates are removed. Its
diagonalization is implemented with only CNOT and RZ(:E%) (T or TT gates).

A circuit represented by C; implements a target unitary U,,, € U(2") when the distance condition

I
dps(Cr, Urar) = \/ 1= LITr(GUL)P < e 3)

is satisfied. Here € < 1 is a hyperparameter which controls how precisely a target is implemented.
Synthesis methods that invert the adjoint of a target unitary using FT gate sets must find a (likely
very long) sequence of discrete gates that satisfies Equation [3] We propose an alternative approach:
diagonalization (Figures[2)and[3). The diagonalization process consists of a two-headed search that halts
when the target’s adjoint is diagonalized (i.e., not fully inverted). Diagonalizing ensures that up to 2" — 1
continuous Rz operations can be handled. Although there is no guarantee of optimality, this approach is
able to find high-precision implementations of complex unitaries where search-based inversion methods
fail (Figure[)), and uses significantly fewer resources than pure analytical methods (Table[2). In the worst
case, diagonalization acts exactly like the underlying search-based algorithm which implements it. When
both diagonalization and search-based methods fail, analytical rule-based methods may be necessary.

3.1 Synthesis as a Markov Decision Process

Markov Decision Processes (MDPs) provide a framework for describing stochastic decision problems.
Posing quantum circuit synthesis as an MDP has been demonstrated before [47, 128,10} 2} 35]]. We define
the MDP as a tuple (S,S;,S7,A,r). Here S is a set of states, S; a set of initial states, Sy a set of terminal
states, A a set of actions or gates, and 7 : § X A — R a reward function indicating when synthesis is done.
We use the term state (or sometimes unitary state) to describe an MDP state s;, not a quantum mechanical
state vector or density operator.

4 Diagonalization

Directly synthesizing a unitary by finding a sequence of gates that inverts it is intractable when high
precision is needed. This is because many discrete gates are required to implement a single continuous
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rotation. We alleviate the demands placed on search-based synthesis algorithms by using them to
diagonalize rather than directly invert unitaries. Any search-based synthesis algorithm can be used to
diagonalize unitaries. To fit the paradigm of search-based synthesis as described in Section (3| we first
define the problem of diagonalization as an MDP. At time ¢ € {0, 1,...,T} in the synthesis process, the
state s; € S is defined by

s, = LU R, 4)

where L;, R, are each sequences of discrete operations (as in Equation[2)). The set of initial states contains
the adjoint of target unitaries S; = {U:a,}. The set of terminal states is the set of all states which can be
approximately inverted by a diagonal unitary matrix. This corresponds to the set of states satisfying

dp(st) = dus(sr,De) < € 5)

where Dy is a diagonal unitary, and 6 is some vector of real rotation angles. It is sufficient that any
6 € R?'~! exists that satisfies this inequality for s7 to be considered a terminal state. Given a terminal
state s7, the corresponding circuit is

Co = RysyLr = RrDy'Lr. (6)

Figure [3illustrates the general form of three-qubit circuits which satisfy this structure. As an example,
the CCY gate can be diagonalized by just four Clifford gates (2 H gates, an S and an ST gate).

Synthesis-by-diagonalization can be considered a Singular Value Decomposition, where the left and
right singular vector matrices are restricted to unitaries which can be implemented exactly by a discrete
gate set (e.g., Clifford+T). In some cases, diagonalization reduces to inversion (meaning Ly = Dg = I).
This implies that any circuit which can be efficiently synthesized by inversion can also be synthesized
by diagonalization. Given the same search algorithm, the set of unitaries that diagonalization is able to
synthesize is a strict superset of the unitaries that inversion can synthesize.

4.1 The Diagonal Distance

Our goal is to determine when a state s, can be nearly inverted. This means we can satisfy the distance
condition in Equation [5]after multiplying by a diagonal unitary.

Theorem 1. A unitary satisfying max;cion \/ ¥4 |luij|*> < €, where u;j are the unitary’s elements, is at
most a Hilbert-Schmidt distance of € away from the identity when multiplied by some diagonal unitary.

Proof. Say the state of the synthesis process is s;. Each row of s; is of the form
St [l] = [u,-l R /A u,-Qn] .

Consider a diagonal unitary matrix D such that for all i, d;u;; = |u;;|. It then follows that tr(D x s;) =
Y.:|uii|. By the unitarity of s;, we know [uz|* = 1 =Y ;; |u;j|. So

ll"(DXS;):Z‘M,'i‘:Z l—gﬂ\uiﬂzgwﬂ(l—ez)
i i \/ Ji

since we assumed that ;. lu;j|* < €. This satisfies the Hilbert-Schmidt distance condition (Eq

because
1 1
dus(D X s;,1) = \/1 — E|tr(D><st)\2 < \/1 - 47| a(1—g2)2=¢
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4.2 Synthesizing Diagonal Unitaries

The diagonal operator Dy captures continuous degrees of freedom that cannot be efficiently handled
by the L, and R; unitaries. We prepare an ansatz implementing Dg using specialized algorithms for
synthesizing diagonal unitaries [8]. Figure|3|illustrates the circuit structure of generic diagonal unitaries
for the 2 and 3 qubit case using only CNOT and Rz gates. We chose to implement R, rotations in the
Clifford+T gate set using gridsynth [36], but alternative techniques can also be used. Some R gates
appearing in these ansatzes may not be used in all cases.

S5 Experiments

In this section, we compare synthesis-by-diagonalization with two synthesis-by-inversion algorithms.
The first is Synthetiq [31], a simulated annealing search-based synthesis algorithm. The second is the
Quantum Shannon Decomposition (QSD) [37]], an analytical synthesis algorithm.

5.1 Synthesis of Controlled Rotations

To illustrate the advantages of diagonalization compared to direct inversion with search-based methods,
we use both to synthesize controlled rotations. These primitive gates are ubiquitous in quantum algo-
rithms, including Shor’s algorithm [39] and Hamiltonian simulation circuits [27]. Specifically, we target
100 different random angle CRy (6) and CCRy () unitaries. These circuits look similar to Figure 34, but
with Rz(0) gates instead of T gates.

We compare simulated annealing based diagonalization to direct inversion in Figure 4, We modified
the simulated annealing synthesis tool, Synthetiq [31], so that it can perform synthesis by diagonalization.
As mentioned in Section ] diagonalization is strictly more powerful than inversion; anything which
Synthetiq can synthesize by inversion, it can synthesize by diagonalization.
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II
/
4
U
’
- - 103
C
3 102 2 : -~
o o —— CCRY Diagonalization
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Figure 4: T gate count and run time when synthesizing CCRy and CRy unitaries with direct-inversion and diagonalization
using Synthetiq [31]. At low precision, direct-inversion with search-based synthesis can produce optimal results. As precision
increases beyond 1072, diagonalization finds solutions whereas inversion does not. The grey area indicates different constant
value scalings of the optimal T count for diagonal unitaries [19]. Improvements in diagonal synthesis algorithms would allow
diagonalization to achieve these bounds. Diagonalization takes less than 20 seconds across all precisions, inversion times out
after 2.5 hours (red “x” marks indicate time outs). The success rate of inversion is 4% compared to 100% for diagonalization.
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Low T count implementations of some unitaries can be found for very low precision levels when
directly inverting unitaries. Given a timeout period of 2.5 hours, and running on 64 AMD EPYC 7720P
CPU physical cores, the direct inversion method of synthesis is only able to find solutions in 4/100
cases when £ = 1072 for both the CCRy and CRy unitaries. The diagonalization approach produces
implementations that contain more 7 gates, but its run time does not depend strongly on the target
precision, and it finds solutions for all 100 angles tested. Improvements in synthesis techniques for
diagonal operators (see Equation [/)) promise to lower T-counts further.

This experiment highlights how pure search-based methods are largely incapable of synthesizing
unitaries which have continuous degrees of freedom. Search-based synthesis algorithms find resource
efficient implementations of unitary matrices at low precisions, but fail when higher precision is needed.

5.2 Synthesis of Complex Unitaries from Quantum Algorithms

Diagonalization works well for controlled rotations, but also produces high precision implementations
of more complex unitaries which appear in quantum algorithms. In this regime, search-based methods
are hopeless (see Figure[d). We therefore compare to the Quantum Shannon Decomposition (QSD) [37].

In addition to the simulated annealing diagonalizer mentioned in Section we also trained Re-
inforcement Learning (RL) agents capable of diagonalizing two- and three-qubit unitaries. We did this
because we found inference-based search to be ~ 1000x faster than simulated annealing. Search-based
synthesis with RL has been demonstrated before [47, [28| [10} 2, [35]. To train the diagonalizing agent,
we randomly generated separate A and B Clifford+T circuits, then inserted random Dg operators to form
targets in the form Uy, = A X Dg x B. Each A and B circuits contained up to 20 random Clifford+T gates.

Throughout these experiments, we require that unitaries be synthesized to a distance of € = 107%
(see Equation [3). Higher precision can be attained in most cases (see Section[6). Individual R gates are
synthesized using gridsynth. Each rotation is synthesized to a distance of € = 10~’. In the three-qubit
diagonalization case, this means that the total Hilbert-Schmidt distance due to Rz approximation is at

Heisenberg HHL Hubbard QAOA QPE Shor TFIM VQE Mean
Time per 0.98 0.96 0.97 0.98 0.97 0.96 0.98 0.96 0.97
Unitary (s) 0.93 0.63 0.92 0.86 0.59 0.73 0.52 0.87 0.76
Success Rate 100% 100% 100% 100% 100% 100% 100% 100% 100%
. 93.7% 37.4% 42.8% 27.1% 29.1% 41.7% 51.0% 20.0% 42.9%
g Rz Count 7.07 7.58 6.34 8.27 7.88 7.31 6.15 4.88 6.94
3 1.0 1.64 0.85 1.06 0.91 1.56 1.0 0.94 1.12
~ T Count 0.28 (495.2) 0.29 (530.9) 0.04 (443.8) 0.42 (579.3) 0.22 (551.8) 0.15(511.9) 0.0 (430.5) 0.02 (341.6) 0.18 (486.0)
0.03 (70.0) 0.36 (115.2) 0.0 (59.5) 0.0 (74.2) 1.15 (64.9) 0.1(109.3) 0.0 (70.0) 0.16 (66.0) 0.23 (78.6)
Clifford Count 4.66 420 4.63 5.15 435 577 2.06 3.33 4.27
4.39 4.01 3.16 2.10 3.50 4.07 5.47 8.31 4.38
T Reduction 85.9% 78.4% 86.6% 87.2% 88.5% 78.7% 83.7% 80.7% 83.5%
Time per 1.07 1.06 1.06 1.18 1.07 1.18 1.07 1.05 1.09
Unitary (s) 1.03 1.07 1.12 1.02 1.06 1.12 1.01 0.98 1.05
Success Rate 100% 100% 100% 100% 100% 100% 100% 100% 100%
27.4% 9.6% 55.6% 11.2% 78.5% 18.0% 9.4% 13.3% 27.9%
@ Rz Count 44.60 30.42 36.73 30.96 46.89 43.67 34.63 4357 38.93
'—§ 1.88 2.06 0.87 2.27 1.48 4.21 1.90 0.72 1.92
o T Count 1.46 (3124) 0.68 (2130) 1.85(2573) 1.22 (2168) 1.26 (3284) 1.8 (3059) 1.1 (2425) 1.84 (3052) 1.4 (2727)
« 0.1(132) 2.15 (146) 0.47 (61) 0.0 (159) 3.54 (107) 0.28 (295) 0.17 (133) 0.43 (51) 0.89 (135)
Clifford Count 33.85 29.24 3448 30.06 3541 37.95 29.95 34.96 3324
13.06 15.94 14.85 10.22 14.00 11.92 16.76 16.69 14.18
T Reduction 95.8% 93.2% 97.6% 92.7% 96.8% 90.4% 94.5% 98.3% 95.1%

Table 2: Synthesis of 2- and 3-qubit unitaries taken from partitioned circuits (see Figurefor an illustration). Numbers indicate
average time, success rate, Clifford, and non-Clifford gate counts for unitaries taken from a variety of benchmarks. To avoid
bias, gate counts are only reported for trials where both methods succeed. T counts are reported so that the number of T gates
introduced by the search based synthesis algorithm appear first, followed by that number plus the number of T gates due to
compiling Rz gates into Clifford+T. Compared to the QSD (top rows), diagonalization (bottom rows) on average reduces the
number of Rz gates by 83.5% (95.1%) for 2- (3-)qubit unitaries. The average reduction is computed as (TQSD — TD,-ag)/TQSD.
Comparisons are made to the QSD because other synthesis tools fail to find solutions given £ < 1073,
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most 7 x 1077 [43]]. QSD results are optimized by simplifying gate sequences and replacing Ry gates
with Clifford+T gates when possible.

We evaluated the diagonalizing agent’s performance on a set of unitaries taken from partitioned
quantum algorithms (see Figure [5|for an illustration). This suite of algorithms includes Shor’s Algorithm
[39]], TFIM, Heisenberg, and Hubbard model quantum chemistry simulation circuits [4], trained VQE
[32]] and QAOA [14] circuits, and QPE circuits [22]. The VQE and QAOA circuits were generated by
MQTBench [34]. Each set of unitaries was filtered to ensure that every unitary was unique. There were
22,323 different two-qubit unitaries and 45,202 different three-qubit unitaries. Table [2| summarizes.

We find that in the two-qubit case, diagonalization can find circuits implementing 42.9% of unitaries
across all benchmarks. About 79% of these unitaries are already diagonal, and therefore trivial for a
diagonalizing agent to synthesize. Most other unitaries contain 2-8 gates, typically H and S gates. For
the three-qubit case, realistic unitaries are far more complex: they are more likely to contain unitaries
which do not conform to the diagonalization ansatz (see Figure[dp). Approximately 27.9% of three-qubit
unitaries from our suite of partitioned circuits could be synthesized by the diagonalizing agent. Of these,
approximately 57% were already diagonal. On average, the diagonal operators contained ~ 4 R gates.
The L,(-)R, circuits contained an average of about 11 Clifford+T gates.

Compared to the QSD, diagonalization produces solutions with far fewer non-trivial rotation gates.
Implementing an Rz gate requires 0(log%) T gates when synthesized optimally with gridsynth [36].
For € = 1077 this is approximately 70 T gates per Rz. Lone T gates are almost negligible compared
to the contributions from continuous rotations in the high precision regime. Compared to the QSD, the
diagonalizing synthesizer reduces the average number of non-Clifford gates by 83.5% for two qubit
unitaries and 95.1% for three qubit unitaries. As the number of qubits n increases, we expect that
diagonalization will outperform the QSD because the former uses at most 2" — 1 rotations, while the
latter typically uses O(4"). The advantage of diagonalization compared to the QSD grows as O(2").

Although diagonalization does not always succeed, the potential savings in non-Clifford gates and the
speed with the process runs remain strong arguments for its utility. Unitaries which are (nearly) diagonal
are ubiquitous primitives in realistic quantum benchmarks. These common unitaries are well suited for
synthesis-by-diagonalization, but entirely out of reach for inversion-based synthesis algorithms.

3) Transpiled subcircuits
are replaced into the circuit
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Figure 5: Fault-Tolerant gate set transpilation using unitary synthesis. Quantum algorithms are partitioned into many
subcircuits. These subcircuits are transpiled independently using unitary synthesis. The optimized and transpiled subcircuits
are then replaced into the original circuit. Rz gates are handled in a post-processing stage using gridsynth.
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5.3 End-to-End Circuit Compilation Workflow

Unitary synthesis algorithms are well suited for transpiling quantum circuits into new sets of gates. In
this setting, we assume access to a quantum circuit, not just a unitary matrix. Past work targeting NISQ
gate sets has demonstrated how multi-qubit synthesis can transpile circuits using fewer gates than when
using gate-by-gate replacement rules [46]. This added optimization power comes from replacing gate-
level local translations with more globally aware discovered replacements. Here we consider whether the
ability to handle more complex unitaries with diagonalization yields similar results in FT transpilation.
We consider a gate-level transpilation strategy as a control; circuits are transpiled gate-by-gate (as
opposed to subcircuit-by-subcircuit) into the Clifford+T gate set. We compare to this strategy because
we already have a gate-level implementation of the algorithm, and the only other method that produces
high precision implementations of these unitaries, the QSD, results in an explosion of T gates (Table [2).
A summary of the process used is shown in Figure[5} Our method is:
1. Partition a quantum circuit into 2- or 3-qubit blocks that contain as many gates as possible.
2. For each 2- or 3-qubit unitary, use diagonalization to synthesize a high-precision approximation. At
the same time, use replacement rules and gridsynth to transpile each partition into Clifford+T gates.
3. If diagonalization fails or produces results with more T gates, use the gate-level transpilation results.

This process ensures that using multi-qubit synthesis for transpilation never performs worse than the
gate-level transpilation strategy.

Table (3] summarizes across several quantum algorithms and primitives. The total approximation
error across the entire circuit is about &g &~ 107°. This value is an upper bound that is found by
summing the individual approximation errors for each partition and each gridsynth transpiled R, gate
[43]]. Transpilation via diagonalization results in T gate savings for these algorithms compared to gate-
level transpilation. We see the highest T gate count reduction (18.1%) for the 16 qubit multiplier circuit.

Add HHL Mult QAE QFT QPE Shor
Qubits 17 6 16 50 32 30 16
o Rz Gates 251 243 1,079 715 1,080 321 816
3 T Gates 23,562 22,571 100,678 65,779 101,480 29,296 74,197
& €otal 25x1077 | 24%x1077 | 1.1x107° | 6.7x1077 | 1.1x107° | 32x1077 | 82x 10~/
Rz Gates 240 241 1,079 683 1,080 310 816
2 T Gates 21,924 22,201 98,516 62,405 98,640 28,290 74,790
;? Eiotal 45%x1077 | 29x1077 | 1.2x107% | 48x 1070 | 44x107° | 1.1 x107® | 82x 107
Q' | % Diagonalized 94.0% 72.4% 92.7% 45.1% 91.0% 21.4% 26.2%
Improvement 7.0% 1.6% 2.1% 5.1% 2.8% 3.4% 0.0%
Rz Gates 216 240 898 686 949 316 816
2 T Gates 19,912 22,265 82,500 62,667 87,248 28,836 74,720
;‘f Eiotal 42x1077 | 28x1077 | 1.2x107% | 42x107° | 3.1x107° | 9.7x 1077 | 82x 1077
Q | % Diagonalized 85.1% 14.3% 73.5% 40.6% 85.3% 14.4% 12.5%
Improvement 15.5% 1.4% 18.1% 4.7% 14.0% 1.6% 0.1%

Table 3: Transpilation results. The By Gate strategy indicates gate-level transpilation into Clifford+T gates. The 2Q and
30 Block strategies indicate circuits partitioned into subcircuits of that size and synthesized by diagonalization. In scenarios
where diagonalization fails, subcircuits are transpiled gate-by-gate. Each subcircuit is synthesized to a distance of € = 1078.
Individual Rz gates are synthesized to € = 107, resulting in at least 90 T' gates per Rz. The total approximation error in each
circuit on the order of gy &~ 107°. Reported Improvement is percent decrease in T gate counts.
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Other algorithmic primitives such as the 17 qubit adder circuit, and the 32 qubit approximate QFT see
similarly large reductions. The HHL, QAE, and QPE circuits see more moderate decreases in T count.

How well diagonalization transpiles circuits is highly dependent on the circuit partitioning algorithm.
For example, the 16-qubit transpiled implementation of Shor’s algorithm sees little improvement com-
pared to the gate-level strategy. Using two-qubit blocks results in a success rate of 26% for this circuit. In
the three-qubit case only 12% of partitioned subcircuits are successfully diagonalized. Shor’s algorithm
consists of many repeated copies QFT and inverse QFT modules, which our data indicate is a class
of circuit that can be simplified greatly by diagonalization. For two- and three-qubit partitions, 91%
and 85% of subcircuits taken from the example 32 qubit QFT circuit are successfully transpiled by
diagonalizing. The performance of the transpilation strategy is therefore highly likely to be dependent
on the partitioning algorithm used. Partitioning strategies which are informed by circuit structure are
likely to improve results.

Combined with circuit partitioning, unitary synthesis enables transpilation to take place on a less
localized scale. This more global view of a circuit’s function enables synthesis to outperform simple
gate-level methods when paired with approximation in the FT setting.

6 Discussion

FT synthesis algorithms must be able to approximate unitaries to high levels of precision. In the worst
case, the total approximation error in a transpiled circuit is the sum of each individual gate’s and part-
ition’s approximation error [43]. If the circuits shown in Section (see Table [3)) had been transpiled
by a synthesis algorithm capable of only finding solutions with precision € = 1073, the average total
approximation error of the transpiled circuits would be upper bounded by g, = 0.56 (ranging from
0.05 to the max error of 1.0). This much approximation error is unlikely to lead to meaningful algorithm
outputs. The outlook for coarse synthesis is even worse for wider circuits which contain more gates.

Because diagonalization allows for 2" — 1 continuous rotations to be handled analytically, much
higher levels of precision are possible with this approach. In fact, we can consider the class of exactly
diagonalizable unitaries (analogous to exactly synthesizable unitaries), where U = RDy 'L and each entry
of L,LR € Z[ei”/ 4 %} These exactly diagonalizable unitaries can be approximated to arbitrarily high levels
of precision using synthesis by diagonalization, so long as L and R can be found. Common examples of
these unitaries include controlled rotation gates (Section[5.1)).

Most of the unitaries diagonalization finds solutions for fit into the category of exact diagonalizability.
For this reason, values more precise than € = 107°-10~8 (which are shown in this paper) can be attained.
These values are orders of magnitude (103-10°x) more precise than previous search-based methods
(Table[I]) and are enough to enable high precision transpilation of complete algorithms (Table [3). Deter-
mining the exact precision needed to ensure circuits produce meaningful results is an open area of
research. How techniques such as unitary mixing [9]] can be used in this setting to boost precision
with ensembles of coarse Rz implementations is worth exploring. Unitary mixing specifically enables
quadratic improvements in precision, meaning this technique can be used to boost precision from 107°
to 10712,

Our synthesis approach is composable and extensible. As most FT synthesis work has focused on
the Clifford+T gate set, there may be unexplored optimization opportunity when considering alternate
gate sets such as Clifford+v/7T and Clifford+V. Search-based synthesis tools are well suited to begin
answering these questions, as synthesis in alternative gate sets is simply a matter of modifying what
gates can be applied.
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Recent work [[19] has proved that a diagonal unitary Dg can be approximated to a diamond distance
threshold of &,, where the T count scales as

1 1
T-count(Dy) = @(\/2"?4- log —), %)
8<> 8()

but an efficient algorithm achieving this bound has not been found. Our approach uses O(2" log %) T gates
to synthesize diagonal unitaries. Improvements in techniques for synthesizing diagonal unitaries can
therefore greatly improve the T-count of our synthesis-by-diagonalization approach. This improvement
in resource efficiency is illustrated by the grey region shown in Figure 4]

This work showcases the benefit of augmenting analytical decomposition methods with search-based
multi-qubit methods. We expect that other analytical-search-based hybrid approaches that offer further
improvements are both possible and practical.

6.1 The Utility of Diagonalization for Compilation Tasks

By augmenting search-based compilation with generalized analytical decomposition, diagonalization
greatly expands the domain of unitaries which can be transpiled and increases the precision to which
they are transpiled. However, diagonalization also enables even more powerful compilation strategies.

Ancilla qubits and projective measurements exposes more opportunity for optimization when imp-
lementing operations in FT gate sets. Repeat Until Success schemes [7, 6] leverage these resources to
reduce the number of non-Clifford gates needed to implement R rotations compared to optimal ancilla-
free synthesis. These techniques rely on synthesizing unitaries with a particular structure (the Jack of
Daggers structure [7]). We believe diagonalization and other powerful synthesis techniques will help
discover more structures which systematically reduce non-Clifford gate counts when using ancilla.

By loosening the synthesis objective from inversion to diagonalization, our tool exposes opportunity
for resource-efficient implementations of continuous rotations. As shown in [19] and mentioned in
Section [/ further improvements can be made in the diagonal synthesis procedure. Improvements here
would automatically benefit synthesis-by-diagonalization.

7 Conclusion

We have demonstrated a novel approach to high precision multi-qubit unitary synthesis targeting fault-
tolerant gate sets. By diagonalizing unitaries instead of directly inverting them, complex continuous
degrees of freedom can be bypassed then handled efficiently with mathematical decomposition methods.
This enables us to synthesize a broader scope of unitaries than other synthesis methods which directly
invert continuous rotations, a task which is intractable for high levels of precision. The diagonalization
process is general and other synthesis tools can be retrofitted to diagonalize rather than invert unitaries.

The effectiveness of our diagonalizing approach is demonstrated by synthesizing unitaries taken from
a suite of partitioned quantum algorithms to very high precision. In this regime, only resource inefficient
analytical methods are also able to find solutions. Compared to the Quantum Shannon Decomposition,
our approach reduces the number of expensive T gates by 83.5% in two-qubit unitaries and 95.1% in
three-qubit unitaries. Our approach can be used to transpile future-term algorithms to fault-tolerant gate
sets with very low approximation error. Using diagonalization results in up to a 18.1% reduction in
non-Clifford gates compared to gate-by-gate transpilation. The diagonalizing approach is fast and able
to find low gate count implementations of meaningful unitaries, making it a promising technique for use
in future fault-tolerant quantum compilers.
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Contributions to the Theory of Clifford-Cyclotomic Circuits

Linh Dinh & Neil J. Ross

Dalhousie University

Let n be a positive integer divisible by 8. The Clifford-cyclotomic gate set &, consists of the Clifford
gates, together with a z-rotation of order n. It is easy to show that, if a circuit over ¥, represents a
unitary matrix U, then the entries of U must lie in %, the smallest subring of C containing 1/2 and
exp(2mi/n). The converse implication, that every unitary U with entries in %, can be represented
by a circuit over %, is harder to show, but it was recently proved to be true when n = 2%, In that
case, k — 2 ancillas suffice to synthesize a circuit for U, which is known to be minimal for k = 3,
but not for larger values of k. In the present paper, we make two contributions to the theory of
Clifford-cyclotomic circuits. Firstly, we improve the existing synthesis algorithm by showing that,
whenn =2% and k > 4, only k — 3 ancillas are needed to synthesize a circuit for U, which is minimal
for k = 4. Secondly, we extend the existing synthesis algorithm to the case of n = 3 - 2% with k > 3.

1 Introduction

1.1 Background

Let n be a positive integer divisible by 8. The Clifford-cyclotomic gate set of degree »n, which we denote
by %, consists of the usual Clifford gates

1 000
I |1 1 10 01 00
H_ﬁ[l —1]’ S_[o z]’ and - CX=15 0 0 1]’
0010
together with the z-rotation of order n
1 0
n=lo ¢
27i/n

where {, is the primitive n-th root of unity §, = ¢ . For any n divisible by 8, ¥, is universal for
quantum computation. The gate sets % and % are also known as the Clifford+7T and Clifford+/T
gate sets, respectively. Clifford-cyclotomic circuits are important to the design of quantum algorithms
[15], the theory of fault-tolerant quantum computation [5, 10], and the study of quantum complexity
[14]. Because of this, they have received significant attention in the literature [2, 3, 7, 8, 9, 11, 13].

An important question in the theory of Clifford-cyclotomic circuits is that of precisely characterizing
the matrices that can be exactly represented by a circuit over %;,. Let %, be the smallest subring of C
containing 1/2 and §,. It is easy to see that, if a circuit over ¥, represents a unitary matrix U, then the
entries of U must lie in %,,. The converse implication, that every unitary U with entries in %,, can be
represented by a circuit over ¢, is harder to show. Indeed, until recently, it was only known to be true for
the Clifford+7T gate set ¥, as well as for a handful of adjacent gate sets [3, 8]. Recently, however, it was
shown that this converse is true whenever n is a power of 2 [2]. In that case, log(n) — 2 ancillas suffice
to synthesize a circuit for U, which is known to be minimal for n = 8, but not for larger powers of 2.
This recent exact synthesis result naturally raises two questions. Firstly, when #n is a power of 2, can the
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number of ancillas needed to synthesize a Clifford-cyclotomic circuit of degree n be made smaller than
log(n) —2? Secondly, can one prove an exact synthesis result for Clifford-cyclotomic circuits whose
degree is not a power of 2?7 In the present paper, we contribute to the theory of Clifford-cyclotomic
circuits by answering both questions positively.

1.2 Contributions

Let m be a positive integer.

We prove that any 2”'-dimensional unitary U with entries in % can be exactly represented by an
m-qubit circuit over ¢ using at most 1 ancilla, which is minimal. We establish this result through a
study of the effect of catalytic embeddings [1] on the determinant which may be of independent interest.
We then use this result about circuits over ¥¢ to save an ancilla in synthesizing circuits over ¥, for
k> 4.

We also prove, inspired by the results of [4], that any 2”-dimensional unitary U with entries in %5 5
with k > 3 can be exactly represented by an m-qubit circuit over %3, thereby establishing a number-
theoretic characterization for Clifford-cyclotomic circuits whose degree is not a power of 2.

2 Rings

We now introduce the rings that will be important in what follows and we discuss some of their properties.
For further details, we encourage the reader to consult [6, 17].

We assume that rings have a multiplicative identity. If R is a ring and u € R, we write R/(u) for the
quotient of R by the ideal (). Two elements v and V' of the ring R are congruent modulo v, if their
difference is a multiple of u, that is, if v—1' € (). In that case, we write v=, V', or v=V" (mod u).
The relation =, is an equivalence relation on R and the elements of R/(u) are precisely the equivalence
classes of elements of R under the relation =,. We sometimes refer to these equivalence classes as
residues.

2.1 Cyclotomic integers

We write {, for the primitive n-th root of unity {, = ¢**/". The ring of cyclotomic integers Z[{,]

is the smallest subring of C that contains {,. Since | = {"~!, the ring Z[{,] is closed under complex
conjugation.

Let ¢ denote Euler’s totient function, so that ¢(n) counts the integers in {1,...,n} that are relatively
prime to n. The ring Z[{,] can be characterized as

Z[Cn] = {a0+algn+a2gr%+"'+a(p(n)flgrip(n)_l ’a07---7a(p(n)71 € Z} . (1)

Every element u € Z[{,] can be uniquely expressed as a Z-linear combination of powers of {, as in
Equation (1). That is, we have

ap+aily+- -+ apm-1 C};P(n)fl =ay+ad G+ +aip(n)—l C}gp(n)fl

if and only if a; = a; for 0 < j < ¢(n) — 1.
We will be interested in two families of rings of cyclotomic integers: the one corresponding to n = 2,
and the one corresponding to n = 3 -2, For k <k, we have Z[{x] C Z[{,w] (resp. Z[3.0¢] € Z[E; ).
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Moreover, for k > 1, every element u € Z[{yk1] (resp. u € Z[3.0¢41]) can be uniquely written as u =
a+blyun (resp. u=a+blyun), with a,b € Z[E] (resp. a,b € Z[E;.5]).

We define the ring %, as the smallest subring of C that contains 1/2 and {,. The ring %, can be
characterized as in Equation (1). Indeed, we have

% {a0+algn+alc +-- +a(p IC” |a07"'7a(p(n)71 GD}, (2)

where D = {a/2" | a € Z and ¢ € N} is the ring of dyadic fractions. Every element u € %, can be
uniquely expressed as in Equation (2).

If n is divisible by 8, then n = 84, so that {?¢ = {4, =i, {? = g, and {4 + {79 = 5+ CS =2
Hence, in that case, we have i € %, and 1/v/2 V2e %y, which implies that the entries of the gates H, S, CX,
and T, belong to %,,. Thus, whenever n is divisible by 8, any matrix that can be represented by a circuit
over ¢, has entries in %,,.

2.2 The ring Z[{),]

The ring Z[;,] will play an important role in Section 7. We now record some of its relevant properties.
We know from Equation (1) that

Z[) = {ao + a6+ axlh + a3l | ao,ar,ax,a3 € 2}

We define § € Z[{12] as § = 1+ §P, = 1 +i. The cyclotomic integer § is prime in Z[{;>] and the
prime factorization of 2 in Z[),] is given by

2= (14+0)*(—i) = 8%(—i). 3)

Now consider an element u € %/,. By Equations (2) and (3), we can write u as u = i’ /8, with u’ € Z[{)]
and ¢ € N. The smallest such ¢ is called the least denominator exponent of x and is denoted lde(u).
Equivalently, Ide(u) is the smallest £ € N such that §‘u € Z[{},]. More generally, if M is a matrix (or
a vector) with entries in %, then 1de(M) is the smallest ¢ such that 8'M is a matrix (or a vector) over

Z[C1a]-

Proposition 2.1. We have:
* Z[C1a]/(2) = {ao + a1§ia + a2y + a3 8y | a0, ar,a2,a3 € {0,1}}, and
* Z[£1]/(8) = {0,112, Ch )

Proof. Letu=ag+a;81» +a2C122 —|—a3C132 € Z[&12]. Since 2=0 (mod 2), the coefficients ag, a1, az, and
az can be chosen in {0, 1}, which establishes the first item in the proposition. For the second item, notice
that, since § = 1+ {75, we have 1+, =0 (mod §) so that §, = —1=1 (mod §). This, together with
the fact that 2 =0 (mod &), implies that any u € Z[{;2]/(8) can be written as u = ag +a; &2 +a2C]22
with ag,a1,a; € {0,1}. Since we have the cyclotomic relation {, — % +1 =0, we get (% = {in+ 1
(mod &), from which the second item in the proposition then follows. O

The quadratic integer ring Z[+/3] is the smallest subring of C containing Z and /3. The elements
of Z[\/3] can be characterized as Z[v/3] = {a+ bv/3 | a,b € Z} and every element of Z[+/3] can be
uniquely written as such a Z-linear combination of 1 and v/3. Because v/3 = {2 + C:Z, we have Z[/3] C
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u (mod 9J) u (mod 2) u'u (mod 2)
0 0 0
0 1+& 0
0 1+ +Eh 0
0 S+ o+ 8D 0
1 1 1
1 &) 1
1 Cio+Ch =2 Cia(1+Cno) V3
1 L+ 8o+ 8%+ 8 =2 Gh(1+8n) V3

Cin Ci2 1
Ci2 1+ 8% =5 &) 1
Ci2 Gt + 8 =2 Ch(1+C2) V3
Cin 1+ 8+ 83 =2 65 (1+ Ci2) V3
Chs & 1
Co 1482 V3
Ch 14+ 85+ 8 =2 G (1 +G12) V3
¢h G+ 8 =28, 1

Table 1: The possible residues for u € Z[{1,] modulo & and 2, as well as those for u'u modulo 2.

Z[C12). Since §& = —1 and {}, — ¢ + 1 =0, we have Csz = {12 — £, It can then be verified by direct
computation that if u = a+ b2 + (% +d &l € Z[E12], then

ulu = ((a®+ ¢ +ac) + (b* +d> +bd)) + (ab +be + cd)V/3. )

In particular, the Euclidean norm of u € Z[{;,] belongs to Z[v/3], i.e., if u € Z[{12], then u'u € Z[\/3].
Lemma 2.2. We have:

* ifu € Z[1n] and u=g 0, then u'u =, 0,

o ifucZ[l] and u#s 0, then u'u=5 1 or u'u =5 /3, and

o ifu,v € Z[C1p) and u'u =5 v'v, then u = $iv for some integer m.

Proof. By inspection of Table 1, which lists the possible residues of u € Z[{;2] modulo 6 and 2, as well
as the possible residues of u'u modulo 2. The calculations leading to the construction of Table 1 can
be verified using the congruences from the proof of Proposition 2.1, in addition to the following facts:
876 =2,(1+&) (1 + &) =2++3=,3, and C142 =, 5122 +1. O

3 Matrices and circuits

Let R be a commutative ring. We write M(R) for the collection of all square matrices with entries in R,
and M,,(R) for the ring of m x m matrices in R. When R is a subring of C that is closed under complex
conjugation, we write U(R) for the collection of all unitary matrices with entries in R, and U,,(R) for the
group of m X m unitary matrices with entries in R.
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We now introduce certain matrices which will be useful in Section 7. Let c € C. For0 < j <m — 1,
the one-level operator of type c is the m x m matrix c(; defined as

J
17 0 0
cm:j 0 ¢ O
10 0 1

Similarly, let M € M,(C). For 0 < j < j' <m— 1, the two-level operator of type M is the m X m matrix
Mj; ) defined as

+/

i ] J i

1 0o o 0 0

jilo My 0 My, 0
Mijn="0 0 I 0 0
J10 My 0 My 0

o o o o0 1]

The one-level operator ¢[; acts on an m-dimensional vector u by scaling its j-th component by ¢ and
leaving the remaining components unchanged. The two-level operator M|; ;| similarly acts as M on the
Jj-th and j’-th components of u and leaves the remaining components unchanged. Note that if |c| = 1
then c(;) is unitary, and that if M € Up(C), then M; y is unitary.

We close this section by recalling the existence of some well-known circuit constructions which will
be useful in what follows. As mentioned in Section 1, when 7 is divisible by 8, the gate set ¢, subsumes
the Clifford+7 gate set. Hence, any matrix that can be represented by a Clifford+7 circuit can also be
represented by a circuit over ¢,. As a consequence, the one-level operators of type , and the two-level

operators of type X and H can be represented exactly over the gate set &, using a single ancilla.

Theorem 3.1 (Giles & Selinger). The one- and two-level operators of type &,, X, and H can each be
exactly represented by a circuit over ¢, using at most one ancilla.

Proof. Circuit constructions for the one- and two-level operators of type (g, X, and H using a single
ancilla can be found in [8, Section 5]. To obtain a circuit for the one-level operator of type ,, it suffices
to replace T with 7, where appropriate. O

4 Determinants

The determinant is an important function on matrices. We will be interested in the determinant of
certain block matrices.

Let R be a commutative ring and let M be an m X m matrix with entries in R. The determinant of M/
with respect to R, denoted by detg (M), is defined as

detg(M) = Y sen(o) [[M;0()).
cESy Jj=1

where S, is the symmetric group of degree m and sgn(o) is the sign of the permutation ¢ € S,,. If Ris a
subring of some ring R’ and M is a matrix with entries in R, we have detg(M) = detg (M. For simplicity,
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when the ring R in which the determinant is to be computed is clear from context, we sometimes write
det(M) rather than detg(M). The determinant is multiplicative, in the sense that for matrices M and M’
over R of compatible dimensions, we have detg(MM’) = detg(M) detg(M'). Moreover, if M is a complex
unitary matrix, then |detc(M)| = 1.

If ¢ : R — R’ is a ring homomorphism, then the entrywise application of ¢ is a ring homomorphism
M,,(R) — M,,(R’). By a slight abuse of notation, we use the symbol ¢ to denote both the homomorphism
R — R’ and its entrywise extension M(R) — M(R’). Now consider a matrix M over R. Since ¢ is a ring
homomorphism and the determinant is a polynomial in the matrix entries, we have

¢ (detr(M)) = ¢ ( )y sgn(G)fIlM,-,o(j)> =) Sgn(d)ﬁ(p(M)j,c(j) = detg (¢(M)).  (5)

[ofShY™ [ofShY™ j=1

Let R be a commutative ring and let R’ be a commutative subring of M,,(R). Now consider a matrix
M in M,y(R). The matrix M is an m’ x m’ block matrix whose blocks are m x m matrices over R. We
can therefore compute the determinant of M with respect to R’, and then the determinant of the resulting
matrix with respect to R. Alternatively, we can “open” the blocks and think of M as an mm’ x mm’ matrix
over R to directly compute the determinant of M with respect to R. The following theorem, whose proof
can be found in [16, Theorem 1], states that these two quantities are equal.

Theorem 4.1 (Silvester). Let R be a commutative ring, let R' be a commutative subring of M,,(R), and
let M € M,y (R'). Then
detg M = detp (detR/ M)

It will be convenient for us to consider a variant of Theorem 4.1 where R’ is not a subring of M,,(R)
but simply related to one.

Corollary 4.2. Let R and R' be two commutative rings, let ¢ : R* — M, (R) be a ring homomorphism,
and let M € M,y (R'). Then

detg(¢(M)) = detr(¢ (detr (M))).

Proof. Let Q = ¢[R'] be the direct image of R’ under ¢. Then Q is a commutative subring of M,,(R),
since R’ is commutative. Hence, by Theorem 4.1 and Equation (5),

detr(¢(M)) = detr(deto(¢ (M))) = detr(¢ (detr (M))),

as desired. O]

S Catalytic embeddings

We now introduce catalytic embeddings [1, 2, 9]. Let %7 and ¥ be two sets of unitary matrices. An
m-dimensional catalytic embedding from %/ into ¥ is a pair (¢,¢) where ¢ : %7 — ¥ is a function and
¢ € C™ is a unit vector such that

1. If U € % has dimension d, then ¢(U) € ¥ has dimension md, and
2. Foranyu e C% ¢(U)(u®c) = (Uu)®ec.

We often write (¢,¢) : % — 7 to indicate that (¢,c) is a catalytic embedding from % to ¥". The
composition of an m-dimensional catalytic embedding (¢,¢) : % — ¥ and an m’-dimensional catalytic
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embedding (¢’,¢') : ¥ — # is the mm'-dimensional catalytic embedding (¢’ 0 9,c®¢’) : % — # . The
catalytic embedding (idy, 1) : % — % acts as the identity for this notion of composition.

We now discuss two specific catalytic embeddings which will be important in the rest of this paper.
Let k > 2 and define the matrix A; and the vector ¢; by

ool o] w5l

We can use A, and ¢ to define a catalytic embedding, following [1, 2]. Consider a matrix M € M (% ).
Then M can be uniquely written as M = A + B, for some A, B € M(%5:-1), so that we can construct
the matrix A®@ L, + B ® Ay € M(Z,«-1). It can be shown that the assignment

A+Bli—AQL+B®A; (6)

defines, for every m, a ring homomorphism @ : M,,,(%Z5) — Mo, (%Z-1). Moreover, we have ¢ (MT) =
O (M) for every M, so that ¢ restricts to a group homomorphism U,, (%) — Uy (%oi-1). Now let u
be an arbitrary vector. Then

H(U)(u®cr) = (ARTI+BRA;)(u®cy)
= (A (u®cy)+ (BRA) (u®cy)
=Au®Ic;+ Bu® Aicy
=Au®c; + Bu® ey
=Au®c; +Blru®c
= (Au+BGuu) @ ¢k
= (Uun) @¢y.

The pair (@, cx) is therefore a catalytic embedding. For future reference, we record this fact in the
proposition below.

Proposition 5.1. Let k > 2. Then (@, ck) is a 2-dimensional catalytic embedding from U(Z%y) to
U(Rpi1).

By identifying M; (%) with %,«, we can think of the function ¢, when restricted to %, as a ring
homomorphism %y — Ma(%4x-1). The function ¢ as defined by Equation (6) is then the entrywise
extension of @ from %y to M(Z»). We can therefore use Corollary 4.2 to get, for U € U(%Zx), an
expression for the determinant of ¢ (U).

Corollary 5.2. Let k > 2 and let U € U, (% ). Then we have

det%Qk—l (o (U)) = dete%zk—l (% (det«%zk (U))).

In other words, Corollary 5.2 states that, for U € U(%,), to compute the determinant of ¢ (U) over

o1, one can first compute the determinant u of U over %y, and then compute the determinant of ¢ (u)
over Hoi-1.
Remark 5.3. The function detz, | ofx : Kok — Hoi-1 is known in number theory as the relative norm
of the field extension Q(&y)/Q(&x-1), and is often denoted by No(g,)/(gy)- Corollary 5.2 therefore
states that the determinant (over Z»1) of @ (U) is the relative norm of the determinant (over %) of U,
Le., dety,,  of = No(gy) /gy 1) © detary-
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We close this section by introducing a second catalytic embedding. The construction is essentially
the same as in the definition of (¢, c). We define the matrix I'; and the vector d; by

neloa o] el

We then define the function Wy : M(%5.0¢) — M(Z3.0¢-1) by
Yk(A+B&) =A@ L +B®T5.

Reasoning as above, we obtain the proposition below.

Proposition 5.4. Let k > 2. Then (y,dy) is a 2-dimensional catalytic embedding from U(%5.5) to
U(%S_zk—l )

An analogue of Corollary 5.2 holds for (y,dy), but we omit it here, since it will not be useful for
our purposes.

6 Clifford-cyclotomic circuits of degree 2~

We now turn to the exact synthesis of circuits for matrices with entries in the ring %Z,. We will take
advantage of the following result, which was established in [8, Lemma 7].

Theorem 6.1 (Giles & Selinger). If U is a 2™ x 2™ matrix with entries in % and det(U) = 1, then U
can be exactly represented by an ancilla-free m-qubit circuit over 4.

Let U be a unitary matrix with entries in Z16. Then the determinant of U over Z¢ is an element
of %16 of norm 1. The next lemma shows that this determinant must be a power of {j6. The proof is
relegated to Appendix A.

Lemma 6.2. Let u € %6 be such that |u| = 1. Then u = Cfﬁfor some 0 < ¢ < 15.

In order to save an ancilla in synthesizing circuits over ¢j¢ our strategy is the following. Consider an
m-qubit unitary U with entries in #)¢. By Lemma 6.2, the determinant of U is a power of {j¢. Hence,
multiplying U by an appropriate power of the one-level operator of type ;¢ if needed, we can assume
without loss of generality that U has determinant 1. By Corollary 5.2, ¢4(U) is then an (m + 1)-qubit
unitary of determinant 1 with entries in g and it can thus be represented by an (m + 1)-qubit circuit by
Theorem 6.1.

Theorem 6.3. A 2™ x 2™ matrix U can be exactly represented by an m-qubit circuit over 9 ¢ if and only

ifU € U (Z)6). Furthermore, a single ancilla suffices to synthesize a circuit for U.

Proof. The left-to-right implication follows immediately from the fact that all the elements of ¢} belong
to U(Z\6). For the right-to-left implication, let U € Uyn(Z16). Since U is unitary, detgp, (U) is an
element of %6 of norm 1. Thus, by Lemma 6.2, we have that det%G(U) = Cfﬁ for some 0 < ¢ < 15.
Now let P be the fully-controlled phase gate

P =diag(1,1,...,1,{fy),

andlet V = P'U. Note that detzp,, (V) = dety, (P") dety,, (U) = 1. Now consider the catalytic embedding
(¢4,c¢4) defined in Section 5. By Corollary 5.2, we have

detz, (9s(V)) = detz, (¢4(det<%,lﬁ V) = detz (L) =1.
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Figure 1: The circuit constructed in the proof of Theorem 6.3.

Hence, ¢4(V) € Uyni1 (#3) and detg, (94(V)) = 1 so that, by Theorem 6.1, ¢4(V') can be represented by
an ancilla-free circuit C over %. Now let D be the circuit D = (I, ® (Ti¢H))" o C o (I,, @ (TicH)) over
“16. Then TicHey = ¢4, so that, for an arbitrary u, we have:

D(u®eg) = (I, ® (TigH)) 0 Co (I, @ (TicH)) (u ® €9)
= (I, ® (TiH)) o Clu®cy)
= (In® (TigH)) 0 $4(V) (u @ c4)
= (In® (Ti6H)) (V) ®¢4)
=(Vu)®ey

Hence D exactly represents V over ¥;¢ using a single ancilla. Moreover, P can also be represented by a
circuit over %4 using a single ancilla. Indeed, this follows from Theorem 3.1, since P is (a power of) a
one-level operator of type 6. Thus, the unitary U can be represented using a single ancilla as well. [

The circuit constructed in the proof of Theorem 6.3 is depicted in Figure 1. We note that, if U is
a unitary with entries in #¢ and the dimension of U is larger than 4, then an ancilla is necessary to
synthesize a matrix for a U. As a result, the construction of Theorem 6.3 uses the minimal number of
ancillas (in the worst case).

Corollary 6.4. Let k > 4. A 2™ x 2™ matrix U can be exactly represented by an m-qubit circuit over s«
ifand only if U € Uyn (%o ). Furthermore, k — 3 ancillas suffice to synthesize a circuit for U.

Proof. By induction, using Theorem 6.3 as the base case, and a construction similar to the one given in
Figure 1 in the inductive step. O

7 Clifford-cyclotomic circuits of degree 3 - 2*

We now turn to the exact synthesis of circuits for matrices with entries in the ring %5 ,«. Our strategy is
to first prove that every matrix with entries in %Z»4 can be represented by a circuit over %4, and to then
use an inductive argument like the one used in proving Corollary 6.4. In order to establish the result for
n = 24, we start by showing that every unitary matrix with entries in %, can be factored as a product of
convenient generators.

7.1 Generating U, (%)

To generate U, (%12), we use one-level operators of type {j, and two-level operators of type X and H’,

where )
1 1
_CSH_z[l —1}
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Note that H' € U(Z),). We follow [3, 8] and first show that a unit vector with entries in %, can be
mapped to a standard basis vector using one- and two-level operators of type {1, X, and H’. To this end,
we proceed by induction on the least denominator exponent of the vector.

Lemma 7.1. Let a and b be integers, at least one of which is nonzero. Then a?+b*+ab> 1, and
equality is achieved exactly when (a,b) is one of (£1,0), (0,%£1), or (£1,F1).

Proof. First notice that if a # 0 and b = 0, then a’>+b*+ab=a?> 1, since a € Z. A similar argument
applies when a = 0 and b # 0. Equality in the first of these cases happens exactly whena ==+1 and b =0,
while equality in the second of these cases happens exactly when a = 0 and » = +-1. Now suppose that
a and b are both nonzero, and assume, without loss of generality, that |a| > |b|. We then have a® > |ab
so that a® +ab > 0. Hence,

’

a®+ab+b*>b* > 1,

since b € Z. Equality in this case happens exactly when b*> = 1 and a® + ab = 0 which, in turn, happens
exactly when b = £1 and a = F1. O

Lemma 7.2. If u is an m-dimensional unit vector with entries in %\, and lde(u) = 0, then, for any
0 < j <m—1, there exists a sequence Gy,...,G4 of one- and two-level operators of type {12, X, and H'
such that Gy ---Gyu = e;.

Proof. It suffices to show that u = sze i for some integers j" and ¢, since, if w is of that form, then it can
be mapped to e; by applying the appropriate operators of type {j» and X. Because u is a unit vector, we
have u'u = 1. Hence, using Equation (4), we get

L=v'u=Y ulu; =Y ((a]+c} +ajc;) + (b5 +d; +bjd;)) + (a;b;+bjc; +cjd)V/3.
J J

Since every element Z[v/3] can be uniquely expressed as an integer linear combination of 1 and /3, the

equation above implies the equations below.

Z((“?+C§+ajcj)+(b§+d]2-+bjdj)) =1 (7)

J
Y (ajbj+bjc;+cid;) =0 ®)

J

It follows from Lemma 7.1 that Equation (7) can only be satisfied if there is exactly one index j such that
either af + c? +ajci=1or b% —I—djz- +b;d; =1, but not both. By Lemma 7.1, this happens precisely when
(aj,cj) is one of (£1,0), (0,£1), or (£1,F1), and (b;,d;) is (0,0), or when (b;,d;) is one of (£1,0),
(0,%£1), or (£1,7F1), and (aj,c;) is (0,0). These 12 solutions all satisfy Equation (8) and correspond
exactly to the possible powers of (5. O

Lemma 7.3. Ifu,v € Z[{12] are such that u'u =, v'v, then there exists { such that

, u u
wri (o] = 1]

for some u' V' € Z[{12] such that W' =V =0 (mod 9J).
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Proof. Let u and v be as stated. Then, by Lemma 2.2, we have u =, szv for some ¢. Equivalently,
u+ v =0 (mod 2), so that u+ ¢,y = 2w and u — {{,v = 2w’ for some w,w' € Z[{12]. We then get

s []welgho] -2 g 2 1] - o )

which completes the proof. O

Lemma 7.4. If u is an m-dimensional unit vector with entries in %1, and 1de(u) > 1, then there exists
a sequence Gy, ...Gy of one- and two-level operators of type {12, X, and H' such that 1de(G - - - Gqu) <
1de(u).

Proof. Letk =1de(u) and let v = §*u € Z[{},]. We know from Lemma 2.2 that, for v € Z[{15], if v #s 0,
then viv =, 1 or viv =, /3. We can therefore write v'v as

vTv:Zv'J‘?vj Z vv]—i— Z vv] Z vvj+ Z vvj—i- Z 9
i

vi=s0 vj#s0 vi=s0 vv] =1 vvj 2\[

Since u is a unit vector and 578 = 2, we have viv = u'u(678)* = 2%, Because k > 1, this implies that
viv =, 0. Hence, by Lemma 2.2, taking Equation (9) modulo 2 yields

0=viv=, a+b\/§,

where a is the number of v; such that v}v ;=2 1, and b be the number of v; such that v;v =2 V/3. Tt then
follows that we must have a =, b =; 0. That is, both @ and b are even integers. We can therefore group
the entries of v that are not congruent to 0 modulo J into pairs (v;,v;) such that v;v i =2 v;,v /- Applying
Lemma 7.3 to every such pair reduces the least denominator exponent of u. 0

Lemma 7.5. If u is an m-dimensional unit vector with entries in %1,, then, for any 0 < j <m—1,
there exists a sequence Gy, ...,Gy of one- and two-level operators of type 1o, X, and H' such that
G] -~-un =ée;.

Proof. By induction on lde(u). If 1de(u) = 0, then the result follows from Lemma 7.2. If 1de(u) > 1,
then, by Lemma 7.4, there exists a sequence Gi,...G, of two-level operators of type $12, X, and H'
such that 1de(G; - -- G,u) < lde(u). Now let u’ = G| - -- G,u. By the induction hypothesis, there exists a
sequence G',..., G;, of one- and two-level operators of type {j», X, and H such that G} ---Gju’ =e;.
We therefore have

e]:Gll"'qu/u/:Gll"'qu/'Gl"'un

which completes the proof. 0

Theorem 7.6. A matrix U belongs to U(Z1,) if and only if U can be expressed as a product of one- and
two-level operators of type {12, X, and H'.

Proof. The right-to-left direction follows immediately from the fact that one- and two-level operators
of type {12, X, and H' are unitaries with entries in %),. We now prove the left-to-right direction. Let
U € U(Z),) and let u be the first column of U. Then u is a unit vector with entries in %),. Hence, by
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Lemma 7.5, there exists a sequence Gi,...,G, of one- and two-level operators of type {2, X, and H'
such that G; ---G,u = e;. Since U and Gj,..., G, are unitaries with entries in #1,, we have

for some smaller U’ € U(Z),). Repeating this process inductively, we ultimately obtain a sequence
Fi,...,Fy of one- and two-level operators of type {12, X and H’ such that F; - -- F,;U = I. Multiplying by
(Fy---F,)~" on both sides then yields the desired decomposition. O

7.2 Exact synthesis

Theorem 7.7. A 2™ x 2™ matrix U can be exactly represented by an m-qubit circuit over %4 if and only
if U € Upn(%24). Furthermore, 2 ancillas suffice to synthesize a circuit for U.

Proof. The left-to-right follows immediately from the fact that elements of %4 belong to U(%#24). Now
let U € Upn(%54) and let (y3,d3) : U(%24) — U(Z)2) be the catalytic embedding defined in Section 5.
Then y3(U) € Uynsi (#12) and can be represented as a product of one- and two-level operators of type
12, X, and H'. By Theorem 3.1, these 1- and 2-level operators can each be represented by a circuit over
%4 using a single ancilla. Hence, there is a circuit C over %y that represents y3(U ). Using an additional
ancilla and reasoning as in Theorem 6.3, we obtain a circuit over %4 for U that uses 2 ancillas. ]

We can now use Theorem 7.7 to obtain an exact synthesis result for Clifford-cyclotomic gate sets of
degree 3 - 2, with k > 3. The proof is very similar to that of Corollary 6.4, so we omit it here.

Corollary 7.8. Let k > 3. A 2" x 2™ matrix U can be exactly represented by an m-qubit circuit over 95 5
if and only if U € Upn(%5.9¢). Furthermore, k — 1 ancillas suffice to synthesize a circuit for U.

8 Conclusion

We now know that, for n = 2% and n = 3 - 2%, m-qubit circuits with ancillas over ¢, correspond pre-
cisely to matrices in Upn(Z,). Yet, many questions in the theory of Clifford-cyclotomic circuits remain
unanswered. Two natural open problems are the following.

1. For which values of n does the correspondence between circuits over ¢, and matrices in U(%,)
hold?

2. For the values of n for which the correspondence holds, what is the smallest number of ancillas
required to synthesize circuits in the worst case?

A natural initial step in addressing the first of these open problems is to consider values of 7 of the form
p-2%, for p a prime. While it stands to reason that our results might generalize to such cases, it gets
progressively harder to analyze the relevant residues; this indicates that a novel approach may be needed
for such generalizations.
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A A Proof of Lemma 6.2

Let R be a ring. A unit of R is an element of R that admits a multiplicative inverse. A ring R is an
integral domain if uv = 0, for all nonzero elements u,v € R. An element u € R is an associate of an
element v € R if there exists a unit w € R such that v = wu. A nonunit, nonzero element u € R is called
prime if u divides v or u divides w, whenever u divides vw. An ideal I & R is called prime if uv € 1
impliesu € lorvel.

We start by recalling two well known facts, before establishing a property of roots of unity.

Proposition A.1. Let R be a commutative ring with identity and let u,v € R. Then u and v are associates
ifand only ifu | v and v | u.

Proposition A.2. Let R be a commutative ring with identity and let u € R. Then u is prime if and only if
the ideal generated by u is prime.

Lemma A.3. Let a,b € N be such that gcd(a,b) = 1. Then 1 — {8 and 1 — ¢, are associates.

Proof. We have
1-8 ==+ &+ + .+ 87,

Hence, 1 — ¢, | 1 — 2. Now since ged(a,b) = 1, there exist ¢,d € Z such that ac +bd = 1. Then
1—&, =1 ¢otbd =1 (£b), and thus

I=G=1-() = 1=+ + () + .+ (G,
Hence, 1 — {8 | 1—¢,. Thus, 1 — &, and 1 — £ are associates by Proposition A.1. O

We are now in a position to prove Lemma 6.2, whose statement we reproduce below.

Lemma. Let u € %6 be such that |u| = 1. Then u = Cf6f0r some 0 < ¢ < 15.

Proof. Let y = 1— {16 € #16. Then yx is a prime element in Z[{¢] and, by Proposition A.2, (x) is a
prime ideal of #Z¢. By Lemma A.3, we can decompose 2 in Z[{¢] as

2= (1+i)(1—i)
= (1—i)%uy
= (1= G) (14 &) u
= (1= Gs)*uauy
= (1= &16)* (14 G16) uau

(1= Ci6) usuouy

= xSusuouy,
where uj, up, and us are units in Z[i], Z[{g], and Z[{;¢], respectively. Hence, any u € %6, can be written
as u=v/x" with £ € N and v € Z[{}4]. Now let u € %6 be such that |u| =1 and write u as u = v/x!
with ¢ minimal. Observe that Y™ =1 — CIT() = —{/xx. We hence have
i viy

= ¥\l
(—Cie)x
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so that vy = x2¢- (_C;%y' If £ > 0, we have vv € (x). Since y is prime, this implies that we must have
either v € () or v € (x). But v’ € (¥) would imply v € (x) since x and x' are associates. Hence, if
¢ >0, then v € (), which contradicts the minimality of £. It must thus be the case that £ = 0, so that u
is in fact an element of Z[{)¢]. Writing u as u = Z;:o a;lc, with a; € Z, we then get

¥

1=u'u

= Za +2Re(E16)(( ZajaH] —apay) + 2Re( Cm Za]a]+2 —apag —aiay)
j=0

+2Re( C16 Za]a]+3 —apas —ajag — aray).

The above equation holds when exactly one a; = £1 and the rest are zero. Hence u = { f6 for some
0 < /¢ <15, as desired. O
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The ZX-calculus is an algebraic formalism that allows quantum computations to be simplified via a
small number of simple graphical rewrite rules. Recently, it was shown that, when combined with
a family of “sum-over-Cliffords” techniques, the ZX-calculus provides a powerful tool for classical
simulation of quantum circuits. However, for several important classical simulation tasks, such as
computing the probabilities associated with many measurement outcomes of a single quantum cir-
cuit, this technique results in reductions over many very similar diagrams, where much of the same
computational work is repeated. In this paper, we show that the majority of this work can be shared
across branches, by developing reduction strategies that can be run parametrically on diagrams with
boolean free parameters. As parameters only need to be fixed after the bulk of the simplification
work is already done, we show that it is possible to perform the final stage of classical simulation
quickly utilising a high degree of GPU parallelism. Using these methods, we demonstrate an average
speedup factor of 78.3 £ 10.2 for certain classical simulation tasks vs. the non-parametric approach.

1 Introduction

The ZX-calculus [12,138]] is a useful tool for expressing a broad range of quantum computations, includ-
ing quantum circuits, as a type of labelled graph called a ZX-diagram, and subsequently reducing it to
a simpler form using a handful of graph rewriting rules. Recently, it has been applied extensively in
optimisation [[15} 14} 5] 16l 16} 126} 27]] and classical simulation [22} 23] 39,10, [11} 9} 24} 36, 25| 3], 2} [34]]
of quantum circuits.

The latter application makes use of the ZX-calculus to simplify circuits as much as possible, before
relying on the sum-over-Cliffords method of stabiliser decomposition introduced by Bravyi, Smith, and
Smolin [8] as well as Bravyi et al [[7]]. This approach amounts to decomposing a non-Clifford quantum
circuit with measurements into an exponentially large sum of efficiently reducible Clifford terms, in
order to deduce the probability amplitude of particular measurement outcomes. Applying ZX-calculus
simplification at each step of the decomposition, as proposed by Kissinger and van de Wetering [22],
makes this process more efficient.

In this paper, we identify that when multiple measurement amplitudes or probabilities are needed
for the same circuit (such as when sampling the output distribution many times or computing marginal
probabilities), the entire procedure needs to be repeated from the start to compute each amplitude in-
dependently. We address this issue by adapting the rewriting rules and simplification procedure of the
ZX-calculus to support boolean free parameters.

Remarkably, the graph-theoretic simplification of such diagrams can be done in a way that is ag-
nostic to the value of these parameters, which enables us to delay fixing them until near the end of the

calculation. Ultimately, this allows —- once the circuit has been reduced for the generalised case —-
A. Diaz-Caro, O. Oreshkov, and A.B. Sainz (Eds.): © M. Sutcliffe & A. Kissinger
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for the respective results of different choices of free parameters to be calculated very rapidly, by sim-
ply evaluating a real-valued polynomial with boolean free variables. Furthermore, we show that such
polynomials can be represented in such a way that these evaluations can be calculated in parallel on a
GPU. Consequently, as the following sections will show, after the initial generalised reduction, every
subsequent choice of parameters can be evaluated in a small fraction of the time that would be achieved
by repeating the whole process.

2 Background

2.1 ZX-calculus

Quantum algorithms are commonly expressed graphically in the form of quantum circuit diagrams [29]],
which show the sequence of gates acting upon the qubits. A useful alternative notation is that of the
ZX-calculus, wherein quantum computations are expressed as ZX-diagrams [[13]]. These are undirected
labelled graphs composed of Z- and X- ‘spiders’. Semantically, Z-spiders can be interpreted “generalised
Z-phase gates”, which are 2" x 2" matrices with a 1 in the top-left corner, ¢/* in the bottom-right, and 0s
elsewhere:

1 () 0
HE{H oo --- 0
00 e

Similarly, X-spiders are generalised X-phase gates. One way to define them is by conjugating Z-spiders
by Hadamard gates:

W TR e ()

More complex ZX-diagrams can be interpreted much like quantum circuits in terms of composition and
tensor products of their components:

[l -7 ﬂ»@Mﬂ

and crossing wires are interpreted as “swap” gates: SWAP(v®@w) = w® v. Whereas quantum circuits al-
ways describe unitary matrices, ZX-diagrams can in general be non-unitary. In particular, a ZX-diagram
with m inputs and n outputs describes a 2" x 2™ matrix. If it has no inputs or outputs, it describes a
20 % 20 =1 x | matrix, i.e. a scalar. An important property of ZX-diagrams is that isomorphic graphs
semantically describe the same linear map. This is sometimes stated as a “meta-rule” of ZX-calculus:
only connectivity matters.

The ZX-calculus comes equipped with a number of rewrite rules that describe how certain structures
within a ZX-diagram may be re-expressed as an equivalent (generally simplified) structure. Figure []
shows the elementary rewrite rules. The rules in Figure[T] are sufficient to efficiently reduce any Clifford
ZX-diagrams (those diagrams whose angles are restricted to integer multiples of 7 [4]) with no open
inputs or output to a scalar.
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€ -

= Jp(lte el —eleh)

Figure 1: A set of the basic rewrite rules and scalar relations of ZX-calculus, where Greek letters denote
arbitrary real variables, [0,27), and Latin letters arbitrary boolean variables, {0,1}. Note that the rules
still apply if all the spider colours are inverted.

When extending to the Clifford+T gateset, which is sufficient to approximately express any quantum
map [4, 28] 37]], this efficiency is lost. When simplifying ZX-diagrams containing T-like gates (corre-
sponding to spiders with phases of odd multiples of %), some of these T-spiders may be liable to fuse
and cancel, or be otherwise transferred from the diagram to the scalar factor, but many will typically
hinder further simplification. When reaching such apparent dead-ends, however, one may continue the
diagram’s reduction by decomposing the T-gates into sums of Clifford terms.

The BSS decomposition, for instance (introduced in [8]) allows sets of 6 T-spiders to be exchanged
for sums of 7 Cliffords. As per [22], this can be expressed in ZX-calculus form as in Figure 2] Conse-
quently, utilising such a decomposition to remove T-gates, and hence allowing the circuit to be further
reduced, results in an exponential increase in the number of terms to compute (and correspondingly the
runtime) versus the number of T-gates, ¢, in the initial simplified circuit. In the case of the BSS decom-
position, this complexity is given by 7/¢ ~ 2047 Hence, for a general decomposition complexity, 2%,
BSS has an o = 0.47 (where lower values of & represent more efficient decompositions). The current
state of the art T-decompositions can achieve o = 0.396 [31]].

bbby -

Figure 2: The BSS decomposition [§]], relating a set of 6 T-gates to a sum of 7 Clifford terms, expressed
in ZX-calculus terms as per [22].

Furthermore, as explored in [22], at every stage of applying the decomposition to reduce the T-count
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(number of T-gates), the rewrite rules of ZX-calculus may be applied in order to, where possible, remove
any T-gates that are now liable for removal. Given this extra step, the o values may be seen to represent,
fairly naively, an estimate of the upper-bound of the number of terms that a Clifford+T circuit will
decompose to.

2.2 Classical simulation

A very prominent task in the field is that of classically simulating quantum circuits, in order to, among
other things, verify quantum algorithms and hardware. More specifically, this can be divided into strong
and weak simulation, whereby the former is to deduce arbitrary (potentially marginal) probabilities as-
sociated with specific measurement outcomes, while the latter is to produce sample outputs of a circuit
in accordance with its output probability distribution.

As the name suggests, being able to perform strong simulation implies we can do weak simulation.
However, this relies crucially on having access to marginal probabilities. Suppose one wishes to sample a
bitstring (ay,...,a,) from the probability distribution associated with measuring the output of a quantum
circuit. One can first compute the marginal probability P(x; = 0), then set the first bit of the output
a; := 0 with probability P(x; = 0) and otherwise set a; := 1. We can compute the marginal probability
P(x; = aj,x, = 0) and set the next bit a, := 0 with probability P(x; = aj,x, = 0)/P(x; = a1) and set
a := 1 otherwise, and so on. Using the product rule, we see that the resulting bitstring will be sampled
according to the distribution P(xy,...,x,).

A circuit may be strongly simulated by plugging a fixed input state into the inputs and the conjugate-
transpose of the state associated with a particular measurement outcome into the outputs. The resulting
closed diagram can then be reduced to a single complex number A via the means outlined in section
The quantity |A|? then corresponds to the probability associated with that particular measurement
outcome computed according to the Born rule of quantum theory. One may also deduce marginal proba-
bilities, concerning measurement outcomes where some qubit outputs (ay, ...,ay) are set, while not caring
about the others (by,...,b,). Two means of denoting this in ZX-calculus (namely the ‘summing’ and
‘doubling’ approaches) are shown in Figure [3| [22]. As to which of these two options is more efficient
varies from circuit to circuit, depending on a few factors, including the number of qubits and how much
cancellation is facilitated by partially composing against its own adjoint.

Both methods for computing marginal probabilities potentially incur an exponential overhead. The
‘summing’ approach requires summing over 2™ distinct terms, whereas the ‘doubling’ approach takes
advantage of properties of the Born rule and ZX-diagrams to eliminate the sum, but doubles the size of
the diagram, which for a Clifford+T circuit will double its T-count.

2
] @ 7 @ o
y | e o IS
by,....b U ~ u UT

Figure 3: Two means of denoting as a ZX-diagram (up to a scalar factor) the probability that a circuit,
U, will produce the qubit outcomes ay, ..., ay, irrespective of the qubit outcomes by, ..., b, [22]. Note that
k+m = n, for a circuit of n total qubits.



M. Sutclitfe & A. Kissinger 251

2.3 GPU parallelism

A GPU is a specialised hardware component optimised for computing ‘Single Instruction Multiple Data’
(SIMD) tasks very efficiently. Equipped with many thousands of parallel threads, a GPU is adept at
performing simple functions, relying on basic arithmetic, to many units of data simultaneously [30].
Importantly, as the instructions are executed in lock-step across the thread branching code (such as
produced by ‘If’ statements) should be avoided, and as each thread is much less powerful than a CPU
core, the GPU functions (or ‘kernels’) should rely only upon simple arithmetic.

Note that there is a runtime overhead involved in physically transferring the data across hardware
(from the CPU to the GPU and back). If the number of data elements to process exceeds the number of
available parallel threads, then this data transfer may be ‘pipelined’. This means sending an initial batch
of data and beginning its processing while the next batch is in transit. When applicable, this may render
the data transfer time negligible and avoid running out of memory space on the GPU.

3 Methods

3.1 Parameterising ZX-calculus

Computing a k-qubit marginal probability of a quantum circuit via the summation method (left-hand side
of Figure involves reducing 2 almost identical ZX-diagrams to scalars and summing the results. For
circuits of relatively high T-counts, #, each such reduction may be very slow, requiring the computation
of up to 2% stabiliser terms, with & given by the decomposition efficiency.

Consequently, devising a means of reducing such similar ZX-diagrams as one, rather than reducing
each independently, would be of great utility. Specifically, such sets of ZX-diagrams are structurally
identical and differing only insofar as some spiders vary by a phase of 7. We may call such sets of
ZX-diagrams ‘parametrically symmetric’. Any parametrically symmetric set may therefore be expressed
as a single parameterised ZX-diagram, with every spider phase restricted to & € R or:

C=(p®P&..Op)T+ (1)

where @ denotes the XOR operator (addition modulo 2), ¢ € R, and p; Vi=1,2,... ,nforn > 1 are
uninstantiated boolean parameters, such that p; is unfixed but may later be instantiated to p; — p;, where
pi € B. As such, while the parameter takes no fixed value, its image (set of possible values to which it
may later be instantiated) is known: Image(p;) = {0, 1 }. Given this formalism, any parameterised phase,
which necessarily takes the form of Equation [I] is such that:

Image(®P) = {a,a+ 7} (2)

given a particular ov € R. Every phase, therefore, is either fixed and known, o € R, or parameterised
such that it may later be instantiated to ¢ or o + nEI Given this restriction, the parameterised phases may
be said to be ‘polarised’ and such ZX-diagrams said to be ‘polar-parameterised’.

Hence, any parametrically symmetric set of ZX-diagrams, expressed as a single polar-parameterised
ZX-diagram, may be simplified as a single entity via the polar-parameterised versions of the rewrit-
ing rules summarised in Figure d Each is derivable from their non-parametric counterparts. Polar-
parameterisations of additional rewriting rules, derivable from this fundamental set, are also included

I'This is a slight oversimplification, as different ‘warps’ of 32 threads may execute out of sync.
2Appendixprovides further justification for this restriction.
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in Appendix [B} Lastly, note that every phase is implicitly modulo 27 and Image(®) C {0,x}, for
instance, means the phase ® may either be fixed at O or & or indeed polar-parameterised as ¢ =
(p1®p2 ... B p,)7 such that Image(P) = {0, w}.

Close inspection of these rules will reveal that, for Clifford ZX-diagrams, they represent perfect
generalisationsﬂ of the non-parameterised rules of Figure|l| However, the same is not quite true of the
broader Clifford+T gateset. Specifically, the w-commutation rule cannot be fully parameterised while
maintaining generality. Particular note should be made of the fact that the w-commutation rule has been
divided into three distinct polar-parameterised rules. These represent the three distinct cases in which
(from Figure (1)) the mapping ¥ — W — 2W® is expressible as a mapping from one polar-parameterised
phase to another. Notably, parameterising this rule for T-like phases is not possible without breaking the
parametric symmetry. This is outlined in Lemma|[I] As a result, constant (i.e. non-parameterised) Clif-
ford+T ZX-diagrams are able to undergo further simplification than their equivalent polar-parameterised
ZX-diagrams. This means the latter results in more stabiliser terms than the former. However, as will be
seen, the difference in practice is generally very small.

Lemma 1. Commuting a polarised phase ®, where Image(®) = {0, w}, through a T-like spider (param-
eterised or otherwise) breaks parametric symmetry.

Proof. m-commutation with a polar-parameterised phase @, where Image(®) = {0, 7}, performs the fol-
lowing mapping to a separate phase: ¥ — W —2W®. If ¥ is T-like (whether fixed or polar-parameterised),
such as ¥ = 7, then this mapping produces a phase of § — 7®. With a fractional coefficient to the po-

larised parameter, this phase is no longer polarised:
T T T T
tmage (- 50) = {7~} # 1o
mage  , — > A #{o,o0+m}

for any o € R. Hence, this gives rise to phases which are parameterised but not polarised, which, by
definition, breaks the parametric symmetry. Lemma[2]in Appendix [A]illustrates the problems that would
arise if such phases were permitted. 0

3.2 Parametric scalar expressions

Reducing a polar-parameterised Clifford+T ZX-diagram via the rules of Figure [] and stabiliser decom-
position results in a parametric scalar expression, S, of the form:

S— Zl [c,- f[lsij] 3)
i= j=

Here, m is the number of stabiliser terms, m < 2%, given an initial T-count z. C; € C is then a global
constant factor of term i and n;; the number of parametric subterms within term i. Lastly, S;; denotes the
7" subterm within the i term.

It can be shown, as in Appendix [C] that every subterm may be expressed in the form:

. . . 1
Sy = 1+ 4@ o (Rit ) ﬁ Vi, j 4)

3Strictly speaking, the identity removal rule is an exception. Since this rule requires a specific phase of 0, it is not possible
to generalise this to polar-parameterised phases. However, this is not a problem in practice as such instances may be pushed to
one side via polar-parameterised -commutation.
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- Image(®) C {0, 7},
B = Image(®) C {0,7}
- Image(®) C {0, 7},
A Image(¥) C {F,-3}
— — ¢ e{0,r}
@ : = w” < Image(®) € {0,7}
B . @.@ Image(®) C {0, 7},
= V2% @.@ — Image(¥) C {0, 7}
® = 147
= —— = ¢=0

—o0— = i = e
= 2eP¥/7 < Image(®) C {0,7}
— %(1 _|_ei‘I’ _|_ei<1> _ ei(‘I‘+<I>))

Figure 4: The complete set of polar-parameterised rewriting rules, where ¥ and & are parameterised or
fixed phases such that Image(¥) C {a, a+ 7} and Image(®) C {B, + 7}, given a, B € R. Meanwhile,
¢ € R denotes a strictly fixed (non-parametric) phase.
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where:

‘Pij:a,-j—kn@p

PRy
®)
@i =B+ P
pep;
with aijaﬂij € R Vi, jand:
Plljyvpl? g{plvp%vpn} Vlv.] (6)
Here, {p1,p2,...,ps} denotes the full set of uninstantiated boolean parameters from the initial pa-

rameterised ZX-diagram.

To summarise so far, any parametrically symmetric set of ZX-diagrams may be expressed as a single
polar-parameterised ZX-diagram and reduced to a parameterised scalar expression. This expression may
then be evaluated for any particular bitstring input, {p1,p2,...,pn} — {P1,P2,...,Pn}, Where p; € B Vi,
to deduce the scalar equivalent to having reduced the corresponding ZX-diagram. As a result, this method
involves just a single instance of ZX-calculus reduction to scalar via stabiliser decomposition, followed
by 2" evaluations of the resulting parametric scalar to deduce all possible outcomes. This is as opposed
to the traditional method, which would instead require 2" full (and potentially very slow) reductions to
scalar of independent Clifford+T ZX-diagrams.

In practice, little (if any) speedup is achieved at this stage, since a single evaluation of the (potentially
very large) parameterised scalar tends to be approximately as slow as simply reducing the corresponding
ZX-diagram to scalar via stabiliser decomposition. However, the benefit lies in the fact that the paramet-
ric scalar expression always adheres to a strict consistent format and requires only very simple arithmetic
to evaluate. As a result, it lends itself well to GPU-parallelism.

3.3 GPU-parallelised evaluation

To prepare it for the GPU, the parametric scalar attained from reducing a polar-parametric ZX-diagram
may be expressed in a very primitive data structure. Specifically, each subterm, S;;, may be recorded
as two bitstrings to denote which parameters among the global set are included within its P;J” and PZ(JP,
together with two integers a, b in the range a,b € [0,7] to denote o;; = a§ and fB;; = b%. Each subterm
may thus be expressed as a successive row with the following headers, where, for instance, p;’/ =1if
P € Pl‘]’/ and p;" = 1 otherwise:

« [da/m pf oY oY o T4p/m ol pd S

To optimise the indexing speed, it helps to artificially enforce each term, i, to share a consistent
number, n;, of subterms: n; = max(n;). This can be achieved simply by padding ‘dummy’ subterms into
4

each term, with an additional bit, ‘*’, to record whether each subterm is genuine (1) or a dummy (0).
Additionally, the data should be stored in column-major order for a more efficient data access pattern, as
detailed in Appendix D]

With the data now prepared into a primitive data structure, it may be evaluated with the aid of GPU
parallelism. For any particular bitstring, {p1,p2,...,px} — {P1,P2,--.,Pn} Where p; € B Vi, each sub-
term may then be evaluated in parallel on the GPU with only simple arithmetic, consistent across all
threads. The process of evaluating each subterm is as follows:
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1. If the row is marked as a dummy (i.e. the “’ column is 0) then skip to step[7] In such cases, the row
can essentially be ignored and its subterm result set immediately to 1 without needing to compute
any of the following calculations or steps. (This means the processing of dummy rows essentially
amounts to simply doing nothing and waiting for the non-dummy threads to be processed.)

2. Substitute into each subterm expression (i.e. each row), in parallel, the chosen parameter values.
This amounts to a simple bitwise multiplication (or AND operation):

1] 1 p p p3 - |1 PL P2 D3
X

« J4a/m pV Y ¥ [4p/m p) )

« | 4a/m plpi p¥pe p¥ps - [ 4B/m pipi pipa pips

3. Calculate the XOR strings within ¥ = (p'f’pl @p;/pz D...0p) py)T+oand ® = (p?pl @pgpz @
@p,?pn)n'—i—ﬁ. That is, reduce (p{ p1 D pypr @ ... D Py py) — x and (p‘fpl @pg’pz S...0
p,‘f Pn) — ¥, Where x,y € B. This can be computed for each row in parallel, relying only on basic

arithmetic:
* \406/% plpi pYpo pips - \4[3/7r pipi pipa pips
1
* ‘406/7‘[ X ‘4[3/717 y

4. Given ¥ =xt+a mod2n and ® =yr+  mod 27, calculate % =4x+ 47“ mod 8 and % =

4y 4 % mod 8, such that ¥ 42 ¢ {0,1,2,...,7}. This too can be calculated for each row in

T T
parallel, using only simple operations on integers:

« | 4a/n X | 4B/n Y

x| 4Y/n \ 49 /7

5. The next step is to calculate ¢’* and ¢’®. However, computing complex exponentials, such as
these, is computationally costly. So, to avoid this, a lookup table may be used instead, mapping
4¥/m € {0,1,2,...,7} to €'Y = Ay + By V2 +i(Cy + DyV/2), where this form is used to record
the complex numbers as a set of simple fractional numbers.

The same method may be used to compute ® = Ay + Byv/2 +i(Cy + Dy+/2) from 4® /7, and
indeed to compute ¢/**®) = Ay 5 +ByioV2+i(Cyrp +DyropV2) from £ + 22 mod 8. As
ever, these calculations can be computed for each row in parallel:
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x| 4¥/n \ 49/

* |Ay By Cy Dy[Ay By Cy Dy [Ayio Byiy Cyio Dyig

6. Lastly, having computed ¢¥, ¢/®, and ¢/(**®) for each row, ij, each final subterm result may be
deduced in parallel by calculating s;; = 1 + e +¢® — ¢(¥+®)  The result, in each case, may be
stored as four simple fractional numbers via the form s;; = A + Bv/2 +i(C + Dv/2). Note that
adding two such complex numbers, ¢’* + ¢/®, in this form amounts to adding the like terms, as
outlined in Appendix [E|

Now, each row will store four simple numbers to record its subterm scalar:

* [Ay By Cy Dy[Ay By Cy Dy [Ayio Byiy Cyio Dyig

I

* ‘ A1W7¢*(W+¢) B17W$¢77(w+¢) C17W7¢77(W+¢) D17W7¢77(W+¢)

7. Hiding the subscript labels here for brevity, the culmination of these steps is a matrix wherein each
row now records four simple numbers which collectively denote a single subterm value:

A B C D

If the subterm was flagged as a dummy then one may jump straight to this step withA =1, B =
0,C=0,D=0.

Once every subterm has been fully reduced, it remains to multiply together all the subterms within
each term, and then to sum together these results, as per Equation[3] These two steps may make further
use of GPU parallelism, utilising the algorithm outlined in Appendix [E} This whole approach may be
used for repeated strong simulation or applied directly to the left-hand side of Figure 3] for computing
marginal probabilities. It may also be applied to repeated weak simulation as per Appendix

4 Results

An illustrative summary of this new parametric and GPU-parallelised method, as compared to the con-
ventional approach of [22], is shown in Figure 5]

To measure the effectiveness of this approach, it was benchmarked against the conventional method
of Kissinger and van de Wetering [22], for strongly simulating randomly generated Clifford+T circuits
of various T-counts and parameter counts. Specifically, we compare against the Quizx [20] implemen-
tation of the conventional method, which is a Rust-based port of PyZX [19, 21]], designed for speed and
performance. Note that all experiments were run on relatively modest commercial hardware with the
following specs: 6-core 2.69GHz Intel i5-11400H CPU and an 8GB NVIDIA GeForce GTX 1650 GPU,
plus 8GB SODIMM RAM.

For each circuit, we measure the time taken by both methods to strongly simulate various instances
(i.e. evaluate its scalar for particular parameter bitstrings). The speedup factor of the new method versus
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o ‘/ Parameterised Z.X- ]

P diagram (on CPU)
Parameterised
(slow)
v decompose and reduce
: o = | Parameterised scalar
-llll- (onCPU)
. | (Pipelined)
(Fast) iTransfer to GPU
. N
Parameterised scalar
(on GPU)
(fast) i Substitute in
parameter values
Parameterised ZX- - o = Unsimplified static -
diagram ot scalar (on GPU) %
o
% Substitute in Reduce efficiently 5
b fast fast S
2 (Fast)  Parameter values (Fast ion GPU > 3
é\l . annn . gv
g < Static ZX-diagram | :f| I Scalar (on GPU) o
§ ssns
(=W
& (slow) Decompose and (fast) iTransfer to CPU
reduce
Y
[ Scalar ] éné §n§ ( Scalar (on CPU) ]
\ ssns sens /
(a) The conventional CPU-based approach, intro- (b) The parallelised GPU-based approach out-

duced in [22]. lined in this chapter.

Figure 5: A comparison of the two procedures for repeated evaluation of a parameterised ZX-diagram
for various sets of parameter values. The boxes show the state of the data at each step, connected by
arrows indicating the processes that update these data, together with a qualitative note of the speed of
each process. Purple boxes represent data being on the CPU (i) and green boxes data on the GPU (5=).

the old is then given by the ratio of these two runtimes. The speedup factor given a particular number N
of evaluations is labelled Sy.

The new method carries an initial overhead runtime to reduce the original parameterised ZX-diagram
to a GPU-ready parameterised scalar, though every subsequent evaluation may be computed very rapidly.
Consequently, as an increasing number of evaluations N are taken, the initial overhead time becomes
increasingly negligible and hence the speedup factor increases. However, as the number of parallel
threads available on the GPU is finite, each experiment has a maximum ‘terminal’ speedup factor, which
is approached asymptotically as N — oo,

Both theoretically and experimentally, the speedup factor Sy thus follows a sigmoid curve (as pic-
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tured in Appendix [G]) versus the number of evaluations N when plotted on a log-linear scale. With this
in mind, this sigmoid curve for any particular circuit may be described by two metrics, namely:

* the terminal speedup factor, S.., which measures the theoretical maximum runtime improvement
for the given parameterised ZX-diagram, and
* the inflection point, which measures how many evaluations are required for the speedup factor

to reach half of its theoretical maximum, and which effectively quantifies the rate at which the
speedup factor increases against the number of evaluations taken.

150 T T X T T T 250

[
N
ol

T

N

o

o

=

o

o
T

150 '\,_‘J" \

~
&)
T

100 A/ (S

a
o
T

Inflection point, Ny fiee
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Terminal speedup factor, S,
N
(53]

5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40

T-count T-count
(a) The terminal speedup factors, S., versus (b) The inflection points, N, fiec, plotted against T-
Quizx, plotted against T-count. count.

Figure 6: The measured (a) terminal speedup factors and (b) inflection points of various randomly gener-
ated parameterised ZX-diagrams versus the conventional Quizx implementation [22], plotted against the
initial T-counts (after Clifford simplification). These plots show a (5-point window) moving average of
the measured results, with error margins given by the standard deviation. Extreme outlier measurements
have been excluded and indicated with an ‘x’, and Figure (a) includes a dashed grey line indicating the
average S. (with standard deviation error margins) across all (non-outlier) measurements of T-counts
> 25, where S.. appears to plateau.

Figure [6] shows how these metrics varied against the initial (post Clifford simplification) T-counts
of the various circuits. Evidently, for trivially small T-counts, little improvement is observed. This is
unsurprising as such circuits decompose into very few stabiliser terms — too few to take full advantage
of GPU parallelism (especially if the number of terms is fewer than the number of available parallel
threads).

Nevertheless, beyond the trivially small cases the measured terminal speedup factors appears to
plateau, indicating that the full GPU capacity is being utilised. In this region (T-counts > 25), we ob-
serve an average terminal speedup factor of S. = 78.3 & 10.2, with rare but extreme outliers as high as
149.5 and as low as 32.4. The lower outliers are believed to represent particularly unlucky ZX-diagrams
for which the problem described in Lemma 1| was more prominent. In other words, in very unfortunate
(though rare) cases, non-parametric Clifford+T ZX-diagrams were able to undergo much more simpli-
fication and produce significantly fewer stabiliser terms than their parametric counterparts. The very
high outliers, meanwhile, are likely due to cases which simplified unusually neatly, producing very few
subterms per term, easing the computational cost.

Evidently, therefore, this method is generally very effective at speeding up the problem of strong
simulation by utilising GPU hardware, particularly when a larger number of evaluations (i.e. simulating
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more elements in a parametrically symmetric set of ZX-diagrams), as is very common in weak simulation
tasks, where the number of evaluations is essentially exponential against the qubit count. From the
inflection point measurements of Figure [6b] it is clear that hundreds of measurements is sufficient to
reach at least half of the full potential speedup in each case, with thousands then being sufficient to
surpass 90% of the terminal speedup factor. This means in practical situations speedup factors very near
the S.c = 78.3+10.2 mark are indeed viable.

All the relevant code is available at https://github.com/mjsutcliffe99/ParamzX [32].

5 Conclusions and Future Directions

There are many applications in ZX-calculus where it is useful to compute (and often sum) many instances
of the reduced scalar of a particular circuit, for various boolean input/output bitstrings. This paper
highlights the redundancy inherent in such cases by demonstrating how the quantum circuit reduction
strategies of ZX-calculus can be parameterised, with appropriate considerations, to allow circuits to be
reduced while maintaining arbitrary boolean inputs/outputs. In effect this means that instead of reducing
a given circuit n times to compute its scalar for n different input/output bitstrings, one can instead reduce
it just once (while maintaining generality), and efficiently evaluate the resulting parameterised expression
n times using GPU hardware. Ultimately, it was shown that, applied to classical simulation, this led to
an average speedup factor of 78 +10.2.

While not implemented within the scope of this paper, there are a number of small techniques that
could be employed to further optimise the method outlined here. For instance, after a given circuit has
been reduced to a parameterised scalar, there may often be many simplifications that could be applied to
minimise the number of subterms involved. For example, node-type subterms that share the same set of
parameters but whose constant terms differ by 7 may be cancelled pairwise in place of a constant, such
as (14 (3 +H@®0)) (1 4 oim(§+@20)Y = (1 4 ¢im3)(1+€74) = (1+i)(1 — i) = 2. A special case of this
is in cancelling such pairs whose constants are 0 and 7 respectively, as this reduces overall to 0, hence
reducing the entire scalar term to 0, negating any need to compute it further. This would increase the
initial overhead time, and by extension the inflection point, but would reduce the number of subterms to
compute and hence improve the terminal speedup factor.

Furthermore, this paper primarily focused on applying the method outlined within to the use-case of
classical simulation via the summing and/or doubling approaches. However, the method is a very general
one, applicable to many related applications such as breaking simulation tasks into disjoint components
by vertex cutting [10} 133 135] and performing weak simulation via the metropolis method described in

['7].
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A Preserving parametric symmetry

Lemma 2. Reducing a parametrically symmetric set of ZX-diagrams as a single polar-parameterised
ZX-diagram requires every phase at every step to be either fixed or polarised.

Proof. As a proof by example, consider the following parameterised ZX-diagram containing a non-
polarised phase p%, where p is an uninstantiated boolean parameter:

X oR

Here, the central parameterised phase is not polarised:

Image (pg) = {O, g} #{a,a+mn}

for any o € R. Consequently, in this case it is ambiguous whether the local complementation rule applies,
as it would do so when p — 1 but not when p — 0. In other words, the two possibilities of p — 0 and
p — 1 would lead to two diverging branches, meaning the parametrically symmetric pair would no longer
be expressible as a single parameterised ZX-diagram. 0

B Additional polar-parameterised rewrite rules

In additional to the generalised rules given in Figure ] some higher-level rules (derivable from the basic
set) may also be generalised for polar-parameterised ZX-diagrams. Specifically, these are parametric
versions of the local complementation and pivoting rules [38]]:

(n—1)(n—2)
e iTelty/2
\ / A — W)
O = P — Image(¥) C {, 37”}

Image(®) C {0, 7}
Image(W¥) C {0, 7}

\\\ o Y ,//
\\“\ ,,: /
"\, 14
N
By+®+¥Y+7

The derivations of these parametric rules, including those of Figure[d] follow from their non-parametric
counterparts and are left as an exercise for the reader.
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C Equivalence of subterm types

From the parameterised rewriting rules and scalar relations presented in Figure 4] and Appendix [B] one
may observe that there are in fact four different types of parameterised subterms that may arise. These
are summarised in table[Tl

Name Form Origin(s)

Node (14¢€™) ®)
Phase-pair (1 +e +e® — ei(lPJrCD))

Half-7 et/? Appendix |B

TT-pair e/ Figure |4/ & Appendix [B

Table 1: The different types of subterms that may arise from reducing parameterised ZX-diagrams, where
¥ and ® are polar-parameterised phases obeying the form of Equation

In fact, it can be shown that these may all reduce to a single unique subterm type, namely that labelled
‘phase-pair’. Lemmas [3|to[5] formalise this observation.

Lemma 3. Node-type subterms can be reduced to phase-pair subterms:
(1+e™) =C (1 e 4 ef® - e"(“””’)) 7

where W' =W+ % and C = %(l—i).

Proof.
8)

(1+eilp) =
- @O
-
— o
—
%

14 oi(¥+3) | pi® _ ei(w+§+q>)>

90 °
® ¥
® @

—i

Q

L
V2

_ 1 x 1
= By
= VE(1-i) <1 + e 4o ® — e"(‘P/*q’))
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Lemma 4. 7-pair subterms can be reduced to phase-pair subterms:
AP/ o (1 Lol 4o ® ei(‘P+<I>)> 9)

where C = %

Proof. There are five sources from which 7-pair subterms, e/ may arise, being:
* parameterised state copy (Figure [)),

* parameterised pivoting (Appendix [B)),

* parameterised -commutation (Figure d),

* parameterised bialgebra (Figure [d)), and

* parameterised special case phase-pair (Figure [)).

In each case, one may observe that Image(®) C {0, 7}. Under this restriction, the relation holds:

PO/ _ % (1 UL . ei(‘PerJ)) (10)
Explicitly, if & = 0:
0 = % (1+e"‘1’+e0—e"<‘1’+0>) (11)
=L
T2
1=1
..LHS = RHS
Likewise, if ® = &:
. 1 . . .
¥ — 5 (1 +el‘P+elﬂ _el(‘{‘+ﬂ?)> (12)
. 1 -
ez‘P — 5 (1 +el‘l’+ (_1) _el‘{—’em’)
. 1 . .
eV = 3 (1 +e¥ —1 —I—e’\y)
. 1 ;
ez‘I" — 5 (261‘11)
el‘{‘ — ei‘P
..LHS = RHS
Hence, graphically:
= 2:¥P/m (13)
provided Image(®) C {0, x}. O

Lemma 5. Half-n subterms can be reduced to phase-pair subterms:
2 (1 ey e® e‘“"*“’)) (14)

where ¥' = —¥ + Z and C = %
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Proof. Half-7 subterms arise from instances of parameterised local complementation (Appendix [B]),
from which it may be observed that Image(¥) C {%,32}.

These terms may be slightly rewritten with a change of variable:

¥ gz i Ty im iy in
e 267 — o2 (YD) o T — o3V o5 (15)

where W' = —W¥ + 7 such that Image(¥’) C {0, w}. Furthermore:
ei‘{"//2 = ei‘I""b/ﬂ? (16)

where ® = 7. Hence, the half-7 subterm type is a special case of the 7-pair type, which was shown in
Lemma 4| to be reducible to the phase-pair type. O

Given this, all such parameterised scalar expressions are expressible in a consistent format, described
by Equation 4]
D Coalescing the data

Consider an example parametric scalar, in matrix form, consisting of 4 parameters (py,p2,P3,p4) and 2
terms:

« aa/n pt oY ¥ oy [4B/m ! 93 )
1 2 1 1 0 0 7 1 1 1 0
1 4 0 1 1 1 3 0 1 0 1
0 0 0 0 0 0 0 0 0 0 0
1 6 1 0 0 0 3 1 1 1 1
1 5 1 1 1 1 1 1 0 1 0
1 2 0 0 0 1 4 1 1 0 0

While for practical purposes this data is treated as two-dimensional, as far as the memory is con-
cerned it is in fact, necessarily stored linearly. Conventionally, this would be stored, linearised, in row-
major order (storing the cells of the first row, followed by those of the second row and so on). This
is appropriate when the data is to be processed row-by-row on the CPU (whose processing pattern is
inherently sequential), as each subsequent element of data to be processed is stored immediately after
the previous, ensuring convenient (quicker) access.

However, if instead, as in this case, each row of this data is to be processed in parallel on the GPU,
then this memory arrangement proves to be suboptimal. In this scenario, it is preferential to store the data
in column-major order (meaning all the cells of the first column are stored one after the other, followed
then by the cells of the second column and so on). A justification for this follows:

Lemma 6. 7o better optimise for GPU processing, the two-dimensional subterm data should be stored
in memory in column-major order (rather than the more typical row-major order that 2D arrays tend to
be stored as).

Proof. When the rows are to be processed in parallel, they will process their respective dummy flags (their
data of the first column) at the same time, and then their respective constant factors (the second column)
at the same time, and so on. Consequently, storing all the dummy flags (the first column) together in
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memory means that they can all be retrieved very efficiently, with many being moved in one transaction
(as opposed to individually locating and sending each row’s dummy flag one by one). For this reason, the
two-dimensional data of the node-type subterms (and likewise for the 2D arrays of other subterm types)
is better stored in column-major order, for a far more efficient (‘coalesced’) memory access pattern. [

E Parallelised summation algorithm

Given an array of n numbers, the best method for summing (or alternatively multiplying) all its elements
- via sequential (i.e. single-core CPU) computation - is to simply iterate linearly through the whole array
while maintaining a total tally. This gives a runtime complexity of O(n).

Alternatively, by instead processing the data on the GPU, one may compute such a calculation while
taking advantage of parallelism. Consider, for example, the following 10-element array:

[0,1,2,3,4,5,6,7,8,9]

One can allocate a single GPU thread for every adjacent pair of elements. For the general case of an
n-element array, this means allocating n/2 threads, which in this example case means 5 threads, divided
as follows:

[0,1,1]2,3, 14,5 |6,7,|8,9]

Each thread, running in parallel, may then sum the two elements under its consideration and overwrite
its left element with the result, like so:

[ 17 ) ‘ 57 ) ‘ 97 ) | 137 ) ’ 177 }

The right element of each pair can hereafter be ignored and so is written in grey here. The process
can then repeat - this time with n/4 threads being allocated to consider, respectively, adjacent groups of
4 elements, like so:

[ 17 757 ) | 9) ) 137 ) ’ 177 ]

Now, for each thread, the leftmost element will be incremented by the value contained 2 elements to
its right (unless that index exceeds the length of the array):

[ 67 Y ) Y ’ 227 ) ) ) ‘ 177 ]

This process then repeats iterative, halving the number of threads needed each time and doubling,
for each thread, the number of elements considered and the gap between its relevant elements. This
procedure follows as such:

[ 67 ) Y ) 227 ) ) ) ’ 177 }
[ 28’ ) ) ) ) ) ) ) | 177 ]
[ 287 9 i ) 9 I I i 177 ]
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Once the segment size exceeds the length of the array, the procedure is complete and the final result
(in this case 45) - being the sum of all the elements in the original array - is stored in the first element.

Theoretically, this method computes in as few as logyn iterations, rather than n. Realistically, how-
ever, as the number of threads on a GPU is finite, for sufficiently large arrays the theoretically paral-
lelised steps won’t all occur simultaneously but rather in locally parallelised batches. Nevertheless, even
as n — oo this method requires significantly fewer iterations than the naive approach. And lastly, note
that the method also works likewise for multiplication as well as summation.

The pseudocode for this method is provided in algorithm[I| where the PSum procedure computes in
parallel on n threads - with each given a successive thread index provided by GetThreadIndex().

This algorithm (or variations thereof) is used as described in the paper, for both multiplying the sub-
terms within each term as well as summing all the terms in the overall scalar. The only major difference
to note is that instead of the simple number summing calculation on line [/} the complex numbers are
summed (and later multiplied) according to the relations described in Lemmas [7]and [§]

Lemma 7. Tiwo complex numbers, v, ¢ € C, each expressed via four simple real values, A,,B,,Cy,D, €
R Vx, in the form:

w:AW+BWx@+i<Cw+DWﬁ)

(17)
0 =Ag+Byv2+i(Co+Dy2)
may be summed together, O = WY+ @, using only simple real arithmetic:
9 = Ay +Byv2+i(Co+DyV2) (18)
where here:
Ay = AI// —l—A(p (19)
By = By, + B¢
Dlg = DV/ —|—D¢

Lemma 8. Two complex numbers, ¥, ¢ € C, each expressed via four simple real values, Ay,By,Cy,D, €
R Vx, in the form:

w:AW+BW\6+i(CW+DW\@)

0 =Ag+Byv2+i(Co+Dy2) o
may be multiplied together, & = Y X ¢, using only simple real arithmetic:
O =Ap+BgV2+i(Co+DyV2) @1
where:
Ay =AyAy +2ByBy — CyCy — 2Dy Dy
By =AyBy +ByAy — CyDy — DyCy 22)

Cy = Aqu) + 2BWD¢ —{—CWA¢ + 2DWB¢
Dy = AWD¢ +BWC¢ +C1‘,B¢ +DWA¢
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Algorithm 1 The GPU-parallelised summation algorithm

Initialise and populate ARR[Ng1gus] > The array whose elements are to be summed

procedure PSUM(split,gap)<<n >> > This is a GPU kernel, executing on n threads
i < GETTHREADINDX() > This function returns the unique thread index
elem < i x split
if elem +gap < Ngreys — 1 then
ARR|[elem] < ARR|elem] + ARR[elem + gap]
end if
end procedure

R A i o

— =
—_ O

: split <2

cgap 1

. while gap < Ngrgys do

Nehunks < [NELEMS/Spli[I
PSuM(split, gap)<< Repunis >>
split < split x 2

gap < gap x2

: end while

e e e e e e
B A A

F Repeated weak simulation

In addition to the use-case of computing marginal probabilities via the summing method (left-hand side
of Figure [3)), this method may also be applied to repeated strong simulation, and indeed also repeated
weak simulation. Its relevance to the former is perhaps obvious, though to the latter may need further
explanation.

In this situation, each (1 < k < n) marginal probability computation of an n-qubit circuit, U, can
be computed parametrically (see right-hand side of Figure [3). With this approach, at each iteration
(i.e. in incrementing k) of computing the next marginal probability, one may deduce the next bit in
the final bitstring, for any number N of independent bitstrings. Hence, one will ultimately produce N
such bitstrings denoting N independent samples of weak simulation, while only ever reducing n doubled
ZX-diagram, given n qubits.

This is summarised in algorithm 2] where:

Play---a;) & (0---0[UT(Jay - ag) {ay - - x| @ L )U |0--- 0) (23)

denotes the reduction of the doubled marginal probability ZX-diagram (right-hand side of Figure [3)) to
a parameterised scalar expression, P(a; ---a;), denoting its outcome probability. P(B) then denotes a
GPU-based evaluation of this scalar expression for the bitstring B = a; - - -a;, where a; € B Vi. Mean-
while, X||Y denotes the concatenation of X and Y, such that [a,b,c|||d = |a,b,c,d], and Rand() returns a
random floating point number in the range [0, 1).

There are further optimisations that may be made to this algorithm, with some particular redundancy
among the first few iterations of k, where identical evaluations are inevitable. But such considerations
are perhaps superfluous.
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Algorithm 2 Algorithm for efficient repeated weak simulation

: Input: A quantum circuit U with ng,p;s qubits, and N,

1
2:
3 Bi=[] Vie{l,...,ngupis} > Initialise empty lists
4: for k =1 to ngupis do

5: P(aj---ag) & <0'~0|UT(|C11-"C£1(> (aj - ag|@1,_)U0---0)

6 for i =1 to N,,,, do

7

8

9

Pg,0 = P(Bi]|0) > GPU-based evaluation
b <0 if Rand() < Py, else 1
B; =Bi||b

10: end for

11: end for

12:

13: Qutput: B; Vi

G Sigmoid curves

The relationship between the speedup factor, Sy, and the number of evaluations, N, can be visualised as

a sigmoid curve of the form:
N

SNIN) =8 ——— 24)

( ) Ninﬂec +N
as in Figure 7| where Nj, .. is the inflection point: that is the value of N at which Sy = S../2. In fact, S
may be calculated as the ratio of the evaluation times of the two methods, while N;;, 7. may be calculated

as the ratio of the initialisation time against the evaluation time of the new method.

Seo

Speedup factor, Sy
s

1 L
1 N, inflec
log(Number of evaluations, N)

Figure 7: The relationship between the speedup factor, Sy, and the number of evaluations, N, for any
particular ZX-diagram may be visualised as a sigmoid curve. Note the logarithmic x-axis.
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Computational models typically assume that operations are applied in a fixed sequential order. In
recent years several works have looked at relaxing this assumption, considering computations with-
out any fixed causal structure and showing that such “causally indefinite” computations can provide
advantages in various tasks. Recently, the quantum query complexity of Boolean functions has been
used as a tool to probe their computational power in a standard complexity theoretic framework,
but no separation in exact query complexity has thus-far been found. In this paper, we investigate
this problem starting with the simpler and fully classical notion of deterministic query complexity
of Boolean functions, and using classical-deterministic processes — which may exhibit causal indef-
initeness — as a generalised computational framework. We first show that the standard polynomial
and certificate lower bounds of deterministic query complexity also hold in such generalised models.
Then, we formulate a Boolean function for which causal indefiniteness permits a reduction in query
complexity and show that this advantage can be amplified into a polynomial separation. Finally, with
the insights gained in the classical-deterministic setting, we give a Boolean function whose quantum
query complexity is reduced by causally indefinite computations.

1 Introduction

Computational models, both classical and quantum, typically assume that operations are applied in a
fixed, sequential “causal” order. There has been growing interest, however, in relaxing such assumptions
and exploring causally indefinite ways of processing information. On the one hand, quantum mechanics
allows the order in which quantum operations are applied to be controlled by other quantum systems and
hence rendered indefinite, as in the quantum switch [29]. Such processes, which formally correspond
to quantum supermaps [28, 29] and can be represented in the process-matrix formalism [39], have been
shown to provide advantages in several tasks in quantum information [25} [10} 21} 33]. On the other
hand, classical computational models exploiting closed timelike curves (CTCs) have been studied [23]
131 13, 4], and it is known that causal indefiniteness in the process matrix framework is not a property
unique to quantum processes. Indeed, logically consistent classical (even deterministic) processes can
be formulated that are incompatible with any causal explanation and can, for instance, exhibit maximally
noncausal correlations while remaining paradox-free [15} [19]].

Sparked by this, there has been growing interest in studying more rigorously the computational power
of these causally indefinite processes within a complexity theoretic framework. One approach has been
to connect quantum supermaps and their classical-deterministic counterpart, process functions [18]], to

A. Diaz-Caro, O. Oreshkov, and A.B. Sainz (Eds.): © A. A. Abbott, M. Mhalla & P. Pocreau
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computation with linear CTCs in order to study their computational complexity [12, 20]. Quantum
supermaps and process functions, however, are objects that most naturally describe how to compose
various “black-box” operations (be it in a causally ordered, or indefinite, way). It is perhaps most natural
then to study their computational power within a query complexity framework. While various works have
looked to quantify the number of queries needed to determine relative properties of multiple quantum
black-box operations provided as input [[10, 42]] or to compose them into another quantum operation
as a function of the input operations [35], these works fall outside the traditional framework of query
complexity.

In a prior work [5]], we extended the standard notion of quantum query complexity of Boolean func-
tions [24, 18] to general, potentially causally indefinite, quantum supermaps, showing that causal indefi-
niteness can indeed provide some advantages in this setting, with a reduction in error-probability obtained
for computing some Boolean functions with two queries. However, it remained an open question whether
asymptotic separations, or advantages in the exact (rather than bounded-error) setting, can be obtained.

In this paper, we propose to first take a step back and study the computational power of causal
indefiniteness in classical processes using the query complexity model. This simpler setting, in addition
to being interesting in its own rights, can provide useful insights for the quantum case. Working within
the framework of process functions, we introduce a standard notion of deterministic query complexity of
Boolean functions which generalises the well-known notion of decision tree complexity [24] to causally
indefinite deterministic computations.

We prove two lower bounds on this quantity for process functions based on the polynomial represen-
tation [24]] and the certificate complexity [24] of Boolean functions, and we show that causal indefinite-
ness can at best provide a quadratic advantage in query complexity. We then look for explicit speedups
obtainable using causal indefiniteness. First, starting from the so-called “Lugano” (or “AF/BW”) pro-
cess function [[15} [19] we construct an explicit Boolean function for which causal indefiniteness allows
the deterministic query complexity to be reduced from four queries to three. Then, we show that this
constant separation can be amplified into a polynomial separation via a recursive construction, proving
an asymptotic computational advantage from causal indefiniteness in the classical setting.

Finally, we build on these results in the classical-deterministic setting to prove that causal indefinite-
ness can also provide an equivalent constant advantage in quantum query complexity, improving upon [
where only a reduced error for a fixed number of queries in the bounded-error model was obtained, and
answering several questions left open in [J5].

2 The deterministic query model of computation

Recently, a generalised notion of quantum query complexity was used to compare the computational
power of sequential and causally indefinite quantum computations [5]. In this query complexity frame-
work, one aims to compute a Boolean function f : {0,1}" — {0,1} using an algorithm that can only
access the bits of the input x € {0,1}" via queries to an oracle. This oracle can be taken to be either
classical or quantum, and the computational complexity is quantified by counting the number of queries
to the oracle. This measure of complexity is a standard tool to compare different types of computa-
tions, including deterministic and probabilistic classical computations, or quantum computations [24].
In particular, most of the known quantum advantages over classical algorithms can be understood in this
framework [8]].

Whereas [5] studied the quantum query complexity of causally indefinite computations, in this paper
we first focus on the classical-deterministic query model of computation, where causal indefiniteness can
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also arise [19]. Here, the query oracle encoding x is given as a function O, : {1,...,n} — {0, 1} such
that O, (i) = x;. A sequential algorithm, which can be adaptive, can then be represented without loss of
generality as a decision tree whose internal nodes are queries to the oracle O, and whose leaves represent
the final outputs of the computation [24]. Such a decision tree is said to compute a Boolean function f
if, for all x, the evaluation of the tree outputs the value f(x). The decision tree complexity of f, which
we will refer to as deterministic query complexity, is defined as follows.

Definition 1 ([24]). The deterministic query complexity of a Boolean function f, denoted D(f), is the
minimum 7" for which there exists a decision tree of depth T computing f.

This sequential notion of deterministic query complexity serves as a baseline to assess the computa-
tional power of causal indefiniteness in classical-deterministic scenarios.

3 Classical-deterministic processes

To investigate the power of causal indefiniteness in the classical-deterministic query model, we will use
the process function formalism [[19]] to model more general causally indefinite classical computations.
This model encompasses standard sequential algorithms, and will allow us to compare them to causally
indefinite computations in a unified framework.

The process function formalism describes how some deterministic operations (i.e., functions) i =
(Wy,...,Ur), with . : F — Oy, can be composed together in a logically consistent way [19]. This
composition is described by the so-called process function w : & x X,{Zl Or — X,{Zl I X F, where &
and .# are, respectively, the domain and codomain of the function resulting from the composition. A
process function with 7' “slots” is thus defined in [19] as the most general kind of transformation that
maps the T functions [i into a function from £ to .7 F_-I Process functions can be elegantly characterised
through a fixed-point condition: for any choice of a € & and operations [i, the process function has a
unique ﬁxed—point?, as shown by the following proposition [[18].

Proposition 2 ([T9,[18])). A function w: P x X|_, Or — X}_, # x .F is a process function if and only
if, forallae P and all i = (U4, ..., Ur) with W = I — O,

37 wla i) = (@b). M

withi= (i1,...,ir) € X{_, Jx and b € F.

Whereas a standard query algorithm can be thought of as composing queries in a sequential order,
process functions do not assume any such causal order, yet remain classical and deterministicE] We will
thus refer to process functions as classical-deterministic processes.

To study the comparative computational power of causally definite and indefinite processes in this
framework, we begin by formalising the notion of a causally definite classical-deterministic process. To
this end, we first introduce the induced functions wy : & x X;{le Oy — I and wg : P x X,{,Zl Oy — F
defined as wy(a,0) = w(a,0) and wr(a,d) = w(a,d)# which specify the inputs given to the different

I'We assume throughout that 22, %, Gy,.% are all nonempty. Note that if any of these are singletons then their role is trivial
and they can be omitted from the specification of the process function. Note also that if &2 or .% is a singleton, then the resulting
function from £ to .% obtained from the process function is constant.

20ne could also consider classical processes that are not required to be deterministic, for instance to study the bounded-error
randomised query complexity of Boolean functions under indefinite causal order. Note, however, that the set of such classical
processes is not simply the convex hull of classical-deterministic ones; in particular, some classical processes exhibit a form of
so-called fine-tuning [19].
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operations L or output to .% [[17]. Note that, taken together, these uniquely define w. We will also make
use of the notion of a reduced process Wi : P x X}_, O — Xbr_, F x F obtained from w by fixing
Kk Kk
the kth operation p [17]. The reduced process w!“ : X,{Zl Or — X,{Zl I X F is similarly obtained
by fixing the value a in the past &2. Note that wi is a (T — 1)-slot classical-deterministic process,
while wl¢ is a T-slot process with trivial input (i.e., | 2| = 1), which we thus generally omit from its
specification. Finally, to compactly describe the composition of w and operations [i we will make use
of a classical version of the so-called “link product” [28]], written ‘x’. In particular, for any a € & and
operations [i, and writing iy = (ia1,---,lqr) the inputs of the corresponding fixed-point of w we have
(w i) (a) = wr (11 (ia,1), - -, M7 (ia,r)). Full definitions of these notions are given in Appendix
A classical-deterministic process is then said to be causally definite if it is compatible with the oper-
ations U being applied in a sequential order. This sequential order may be fixed by w, but importantly
it can also be dynamical: the choice of which operation to apply at step k might depend on the choice
of the previous operations applied (and their inputs), as well as the value of a € & given to the pro-
cess. We give a recursive definition inspired by the definition of multipartite causally separable quantum
supermaps [43]]. In Appendix|C.2]we show that these definitions are consistent if one represents classical-
deterministic processes as (diagonal, deterministic) process matrices.

Definition 3. A classical-deterministic process w : & X XZ:] Or — XZ:l F x Z is said to be causally
definite if and only if T =1, or

o if | 2] = 1, then there exists 1 < k < T such that the induced function wy is constant, and such that
for any operation i : .% — O, the reduced process wl* is itself causally definite;

e if | 2] > 1 (ie., & is non-trivial), then for all a € & the reduced process w!“ is itself causally
definite.

We end this section with an example of a causally indefinite classical-deterministic process, the so-
called Lugano (or AF/BW) process [15,119]. This is a three-slot classical-deterministic process Wi ugano
{0,1}3 — {0, 1} defined by the induced functions wy (for 1 < k < 3)

wi(01,02,03) = (1 @ 0kay1)Okey2s 2

where k@31 := [(k+1—1) mod 3]+ 1, for any [ € Z. Note that wyygano is defined with trivial &2 and
&, which are thus omitted from its definition above. One can show that wy ugano is logically consistent,
as it verifies the unique fixed-point characterisation of Proposition [2] [16]. Furthermore, it is causally
indefinite, as it is known to violate so-called causal inequalities [[18]]. The Lugano process will be an
important tool in our goal to prove query complexity advantages over causally definite computations in
Sections [§ and [7}

4 Generalised deterministic query complexity

In order to study the query complexity power of classical-deterministic processes, we first need to extend
the notion of deterministic query complexity introduced in Definition[T|beyond causally-definite compu-
tations — which can be seen as evaluating queries to the oracle O, in a decision tree — to the process func-
tion framework. This generalisation is extremely natural, and simply interprets classical-deterministic
processes as connecting the inputs and outputs of the different queries in a logically consistent way.
This generalisation is analogous to that proposed in [5]] for the quantum query complexity using general
quantum supermaps.
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Definition 4. The generalised deterministic query complexity of a Boolean function f, denoted D" ( f),
is the minimum 7 for which there exists a classical-deterministic process w : {0,1}7 — {1,...,n}T x
{0,1} computing f when making T queries to Oy, i.e., such that for all x € {0,1}" and writing 0, =
(Ox,...,0y), we have w* O, = f(x).

T

Note that, when computing a function f with a process function w, the output f(x) is thus obtained
in the “global future” .# = {0,1}. We show that when computing a Boolean function f in the query
model, decision trees and causally definite classical-deterministic processes are equivalent, justifying the
interpretation of D" ( f) as a generalisation of D(f).

Proposition 5. In the query model, there exists a decision tree of depth T computing a Boolean function
f if and only if there exists a T-slot causally definite classical-deterministic process computing f.

Proof sketch. The implication in the forward direction is straightforward, as any decision tree of depth
T can be easily seen as defining a causally definite 7'-slot classical-deterministic process.

For the other direction, while decision trees are always evaluated in a fixed sequential order, a
causally definite classical-deterministic processes w may be dynamical, meaning that the operation ap-
plied at each step can depend on the outputs of the previous operations. However, this dynamicality
is irrelevant when the T operations are identical, and one can always find an equivalent non-dynamical
classical-deterministic process whose action is the same as that of w on T queries to O,. This non-
dynamical process can then be seen as a depth 7' decision tree. See Appendix [A.2]for the full proof. [J

It follows that for any Boolean function, f, D9"( f) < D(f). By comparing the two complexities D
and DY we can compare, on an equal footing, the standard deterministic query model of computation,
which is intrinsically sequential, with the generalised one, allowing causally indefinite computations.
In particular, because the two complexities are defined relative to the same classical oracle, any sep-
aration between the two quantities provides proof of a computational advantage obtained from causal
indefiniteness.

4.1 Degree and certificate lower bounds

Before looking for such separations, we first show that some well-known lower bounds on D can be
generalised to D", Such lower bounds on D" are insightful, as they bound any possible advantages
obtainable from causal indefiniteness and provide insight into which Boolean functions are candidates
for obtaining an advantage.

The first lower bound we consider is based on the polynomial representation of Boolean functions.
A multilinear polynomial g : R” — R, is said to represent f if, for all x € {0,1}", f(x) = g(x). Itis
known that any Boolean function f has a unique multilinear polynomial representation, and that deg(f) <
D(f) < deg(f)?, where deg(f) denotes the degree of this representation [24]. We strengthen here this
and show that deg(f) is also a lower bound on D" (see Appendix for the proof).

Proposition 6. For any Boolean function f, deg(f) < DS(f).

It follows that for any Boolean function f, deg(f) < D%"(f) < D(f) < deg(f)?, meaning that for
functions such that deg(f) = D(f), there cannot be any computational advantage from causal indefinite-
ness.

A second lower bound is obtained by looking at the certificate complexity of f [24]. The certificate
complexity quantifies the number of bits of x one has to know, in the worst case, to compute f(x).
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Formally, a certificate for an input x € {0,1}" of f is a set of indices / C {1,...,n} such that, for all
y € {0,1}", y; = x; implies f(x) = f(y), where x|; denotes the restriction of x to the bits x; at indices
i € I. Writing C(f,x) the smallest certificate for x, the certificate complexity of of f is defined as C(f) :=
max, C(f,x). It is known that for any function f, C(f) < D(f) < C(f)? [24]. We show that C(f) is also
a lower bound of D" (see Appendix .

Proposition 7. For any Boolean function f, C(f) < DS"(f).

It follows that for any Boolean function f, C(f) < DS®*(f) < D(f) < C(f)?, meaning that to obtain a
separation between D" and D, one also needs first a separation between C and D and that, furthermore,
any separation will be at most quadratic.

These two lower bounds provide criteria for finding Boolean functions that could exhibit an advan-
tage from causal indefiniteness. In particular, it is known that almost all Boolean functions have full
degree, meaning that the fraction of Boolean functions with deg(f) < D(f) is o(1) [24]. Nevertheless,
we show in the next section the existence of a Boolean function satisfying both deg(f) < D(f) and
C(f) < D(f), and for which we obtain a separation between D(f) and D" (f).

5 A constant separation between DG" and D

In order to demonstrate a separation between D" and D and hence a query complexity advantage from
causal indefiniteness, we construct here a specific 6-bit Boolean function fs.. The function fs. can be
represented as the degree-3 polynomial

foc(x1s--,x6) = x4(1 D x2)x3 B xs (1B x3)x1 Bxe(1Bx1)x2 B x1x2x3, 3)

where @ denotes addition modulo 2 Note that the structure of fg. is similar to the induced functions of
the Lugano process (2)), with several monomials of the form xiy3(1 ® Xga,1)Xkeq2-

It follows from Eq. (3)) that deg(fs.) = 3 and one can readily show that C(fs.) = 3 as, for any x, the
value of fs.(x) can be obtained from three bits of x. Furthermore, it is easy to compute f. in a sequential
fashion using four queries, and indeed we show that four queries are also necessary, so that D( fs.) = 4.
These properties (for which we give detailed proofs in Appendix mean that fg. satisfies the two
conditions identified in Section [4.1] that make it a suitable candidate for a potential query complexity
advantage from causal indefiniteness.

The following result shows that there is indeed a causally indefinite classical-deterministic process
that computes fg. in three queries, yielding such an advantage.

Proposition 8. D" (fg.) = 3.

Proof sketch. The classical-deterministic process that computes fs. in three queries is based on the
Lugano process Wiygano : {0, 133 — {0,1}3. To consider the action of WeLugano 0N the query oracle O, :
{1,...,6} = {0,1}, we modify the process and consider the function Wi ygano : {0,1}° — {1,...,6}% x
{0, 1}, to which we have added a non-trivial future space .%# = {0, 1}, and which is defined by the induced
functions, for all 1 <k <3 and (01,02,03) € {0,1}3,

wi(01,02,03) =k+3-wi(01,02,03), (D)

30ne can easily check that Eq. (@) is equivalent (on Boolean inputs) to the multilinear polynomial g(xp,...,xs) = x4(1 —
x2)x3 +x5(1 —x3)x1 +x6(1 —x1)x2 + X1 20x3.
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where wi(01,02,03) = (1 @ 0a,1)0ka,2 are the induced functions of Wi ygano as in Eq. (2), and
Wr(01,02,03) = 01(1 @ 02)03 B 02(1 D 03)01 B o3(1 D 01)0r & 010203. %)

The logical consistency of this function can be proven from that of the original Lugano process. To
verify that it computes fg., one can check explicitly that wg (Ox(ix7 1): Ox(ix2), Ox(i x73)) = foc(x), where

iy = (ix,1,0x2,1x3) is the unique fixed-point of WLugano acting on three copies of O,. The detailed proof is
given in Appendix O

These results exhibit an explicit 6-bit function fs. with D( fs.) = 4 and D9"( fs.) = 3, showing that:
Theorem 9. There exists a Boolean function f for which DS*"(f) < D(f).

This result proves that causal indefiniteness can provide a computational advantage in the standard
framework of query complexity. In the next section, we show that this separation can serve as a stepping
stone towards an asymptotic separation between D" and D for a particular family of Boolean functions.

6 A polynomial advantage from causal indefiniteness

In this section we show that a polynomial query complexity advantage is possible by constructing a fam-
ily of Boolean functions based on a recursive iteration of the 6-bit function fs. defined in Eq. (3). Similar
recursive constructions have previously used to amplify constant separations between exact quantum
query complexity and deterministic query complexity into asymptotic ones (see, e.g., [22.[7,138]). Given
a Boolean function f: {0,1}" — {0, 1}, the construction considers the recursively defined functions

P ) = FFO @20 Ot - X)), ©

with f(1) := f. The deterministic query complexity of these recursively defined functions is determined
by the initial function f: if D(f) = T then D(f)) = T* [37].

By proving an analogous theorem for D", one could amplify any constant separation between D"
and D given by a function f (such as fs.) into a polynomial separation. Here we prove a slightly weaker
result, which is nevertheless sufficient to obtain such a separation, and leave open the question of whether
or not one can prove equality under composition for the generalised deterministic query complexity.

Theorem 10. For any Boolean function f and for any depth [ > 1,

DGen(f) =T — DGen(f(l)) < Tl. (7)

Proof sketch. Starting with a classical—deterministic process w : X,{Zl Oy — X,{Zl S X F computing f

(which necessarily has 0y =.% = {0, 1} and ,ﬂk ={1,...,n}) and another classical-deterministic process
! 1

D XZZI O — XZ 1 ) x F (with f ={1,...,n'}) computing 1), the goal is to construct a

process function w(/*1) computlng FuD,
1 1
We first construct a classical-deterministic process w(*) : 22 x X{Zl Oy — XZ:] fk(lﬂ) x Z, with

2 ={1,...,n}, that computes U on the n consecutive sequences of length n! of a bitstring x €
{0,1}""". It is defined by its induced functions W,(f)(a,ol yeoyopt) = (@a—1)n! +w,(€l) (01,...,071), and
Wl(pl) (a,01,...,071) = wg(o1,...,0p1), and its logical consistency can be seen to following from that of

w(®). In particular, this function is such that, for any x € {0, 1}”( " and a € P, we have (W) % 0,)(a) =
f(l)(x(afl)nu»lv e 7xan1)'
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We then construct a classical-deterministic process w‘+!) from w() that computes (1) in 7'+!
queries. This function is defined for any 7'+ operations fi = (fi1,..., fir), with fit = (g1, ..., g 1) as
W s = ws (WD s iy, ... W« i) € Z. (8)

It follows from the properties of w and ") that w(/*1) is logically consistent, and that it computes f{/*1)
in T + 1 queries. We provide a full proof in Appendix [A.4] O

Theorem[I0|shows that we can amplify the separation obtained in Section 5] for the function fs., such
that DYen( fé(?) < 3! while D(fs.) = 4'. With that, the family of functions { féi)}l gives us the following
result.

Theorem 11. There exists a family of Boolean functions { fi}; with D(f;) — o such that
DGen(fl) — O(D(ﬁ)0792) (9)

Theorem [T1] shows a polynomial separation between causally definite and indefinite computations
obtained in a standard complexity-theoretic model. It provides a clear proof that causal indefiniteness can
provide asymptotic advantages in query complexity, analogous to known separations between classical
and quantum computational models [[§]]. Note moreover that in the setting we regard both sequential and
causally indefinite computations are given access to the same type of oracle O, — something not true in
the comparison of classical and quantum query complexity.

Whether the separation we obtained is tight or not is an open question. As D%"( fs.) = 3, proving a
stronger version of Theorem[I0]with an equality instead of an upper-bound would imply a tight separation
for the family of function { féi)}l. Nevertheless, as shown in Section C(f) < DS (f) < D(f) <
C(f)?, and hence the largest possible separation is quadratic.

7 From a classical to quantum query complexity advantage

The asymptotic advantage in a fully classical setting shown in the previous section highlights the fact it
is not only interesting to study causally indefinite computations in quantum settings. Nonetheless, one of
our primary motivations for studying this classical scenario was to gather insight into the quantum case.
In [S)], where the quantum query complexity of Boolean functions was first studied, it was shown that
indefinite causal order can reduce the probability of error in computing some Boolean functions with a
fixed number of queries. However, no advantage in the number of queries to compute a function exactly
was found, nor was any asymptotic separation — either in the bounded-error or exact case — observed.
Inspired by the stronger results obtained in Section [3] for the classical-deterministic setting, we revisit
here the quantum setting and show that a constant separation in query complexity can also be obtained.

More precisely, to show a separation in the quantum setting, where both sequential and causally
indefinite processes can query superpositions of inputs, we consider another 6-bit Boolean function fg,,
obtained by modifying the function fs. used in Section[5] We show that while causally definite quantum
supermaps cannot compute this new function in three quantum queries, a modified quantum version of
the Lugano process can compute it in three quantum queries. We finish by discussing whether or not such
a constant advantage can be turned into an asymptotic with a similar method as that used in Section []in
the classical case.
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7.1 Quantum supermaps and the quantum query model of computation

We begin by briefly introducing the framework of quantum supermaps and the quantum query model of
computation, as well as some different mathematical tools and notation.

The process function formalism presented in Section [3] can be viewed as the classical, determin-
istic limit of a more general framework, that of quantum supermaps [19], which describes how quan-
tum operations can be consistently composed and transformed [27]. A quantum supermap . with T
“slots” is then the most general transformation that maps any T quantum channels .#; : £ (%) —
L (%) (i.e., completely positive (CP) and trace-preserving (TP) maps) into another quantum channel
S (M, ..., M) L(AT) — L(HT). To be operationally consistent, .7 is required to be T-linear,
completely CP-preserving and TP-preserving [27)]. Using the Choi-Jamiotkowski isomorphism [30, |34],
a quantum channel can be represented as a positive semidefinite matrix My = ¥, s [i)(i'| @ 4 ([i){(i']) €
L (A @ #%) satistying Tro, (My) = 1%, with Trp, being the partial trace over the system 7%,
Writing U0k = 740 = 71 @ #°, [T] = {1,.. T} and 1O = @i 1Ok, a quantum
supermap can be also represented in the Choi picture as a “process matrix” [39], a p051tlve semideﬁnite
matrix W € L (A" IOz 1) belonging to a specific subspace .#%" (see Appendix B of [3] for more
details) and satisfying a normalisation constraint [9} 43]]. Quantum supermaps that compose the .#} in
a fixed causal order represent standard quantum circuits or “quantum combs” [26], and correspond to
process matrices belonging to a subspace .Z5% C £ (see Appendix C of [5]]). We will generically
denote general and sequential quantum supermaps as .%" and .54, respectively.

The quantum query model of computation was extended from the standard, causally ordered set-
ting [24} [8] to general, potentially causally indefinite, quantum supermaps in [5]]. This generalisation is
analogous to that presented in Section2|for the classical setting, with the crucial conceptual difference be-
ing that the classical oracles O, must be generalised to unitary quantum oracles O, : ¢ — 2 where
2, 2 are isomorphic (n+ 1)-dimensional Hilbert spaces’|such that, for any index i € {0,...,n},

Oy li) = {(m K-~ (10)

i) otherwise.

In particular, this allows the input bits to be queried in superposmon Note that the case |i) = |0) is needed
to ensure O, is equivalent to the potentially more familiar oracle Oy |j,b) = |j,b®x ), with 1 < j <n,
b e {0,1} [6,18]. We denote the quantum channel associated to the unitary 5x as @, and its Choi matrix
as O,.

In this paper, we adopt the generalised definition of quantum query complexity formulated in [5]] in
terms of quantum supermaps. This formulation is the quantum analogue of the generalised classical-
deterministic query complexity (Definition[4), and allows one to compare the quantum query complexity
of causally definite and indefinite quantum supermaps on an equal footing.

Definition 12. The generalised quantum query complexity of a Boolean function f, QGe“( f), is the min-
imum 7 for which there exists a 7-slot quantum supermap .’ Gen such that for all x € {0, 1}, measuring
the qubit .7SN (O, ..., 0,) = p. € Z(HF) in the computational basis gives f(x) with probability 1)
"—T .
copies

When restricted to quantum supermaps that are sequential, i.e., supermaps .#54 whose process ma-
trix representation belongs to the linear subspace .£5% C 29", one then recovers a notion of sequential

4We distinguish here and below between isomorphic primed and unprimed spaces, indicating inputs and outputs, so that the
corresponding Choi matrices can be unambiguously composed, in particular with process matrices (cf. Fig. EI)
SWe focus in this paper on the exact complexity Qg’e“, but the bounded-error complexity Qge“ is also of interest [S].
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query complexity Qzeq (f) which is equivalent to the standard notion of exact query complexity Qg (f)

defined with quantum circuits. Note that it is known, for the particular task of computing Boolean func-
tions in the query model, that the optimal causally definite computation can always be assumed to be
sequential [3]], even if more general causally definite computations are generally possible (e.g., with
dynamical causal order) [44].

Some relations between the different query complexities introduced so far can be readily given. By
definition we have, for any f, Q9" (f) < Qg (f) and furthermore, as the polynomial lower bound on Q is

also a lower bound of Q%" [3], degT(f) < 0%en(f) < Qr(f) <deg(f)>. Because the classical-deterministic
processes are subsets of quantum supermaps [19] (see Appendix , one also has Qge“( f) < DS ().
It then follows, by the polynomial lower bound on Q%" and since DY"( f) < deg(f)* (see Section ,
that these two generalised query complexities are polynomially related. Finally, note that, in general, it
is unclear exactly how Qg (f) and DS"(f) are related.

From these bounds, we see that only Boolean functions for which Qp > deg(f)/2 (i.e., the polyno-
mial bound is not tight) are candidates to prove a separation between Q%" and Q. In the next section,

we show that such a separation is indeed possible.

7.2 A constant separation between Qr and Qge“.

The 6-bit function fg. studied in Section |5|can easily be seen to have Qge“ (foc) = 3, since WeLugano €an
itself be seen as a quantum supermap. However, while D(fs.) = 4 implies that Qg (fs.) < 4, it is not
immediate that this bound is tight in the quantum setting. Indeed, using a semidefinite programming
(SDP) formulation of the problem [[14] (cf. Appendix [D.I)), one finds (up to numerical precision in
the probability of obtaining the correct value of fe.(x)) that Qg(fs.) = 3, and hence no advantage is
obtained for this function in the quantum setting. To prove a separation in terms of exact quantum query
complexity, we instead modify the function fs. to define the new 6-bit Boolean function

foq(x1,...,%6) = foc(x1 ©x4,x2 D x5,X3 D X, X4,X5,Xp). (11)

This function differs from fg. in that the references to x;, x, and x3 are replaced by x; & x4, X2 P x5
and x3 @ x¢ respectively. The extra difficulty of computing the parity of certain input bits at the same
time as computing fg. itself will incur an extra cost in sequential algorithms, but, as we will see, can be
performed at no extra cost by general supermaps.

Because fg. can be computed in four classical queries, it follows that fg, can be computed in four
quantum queries, as the parity between two bits can be computed in a single quantum query [31]]. Indeed,

defining for 1 <i,j < n a unitary H; ; : #? — 5 such that H; ;|0) = % and H;;|1) = %

(and which is completed elsewhere to be unitary), we have H; j(;xHA i10) = (=1)% |x; ®x;). Using this
subroutine to compute the parity between x; & x4, x» B x5 and x3 & xg, one needs to query at most one of
X4,X5,Xe 1n order to compute fs, in the same manner that one computes fq. using four classical queries
to O,.

To prove that this sequential computation is optimal, we again use the SDP formulation of the prob-
lem due to [[14]] that we detail in Appendix This SDP allows one to obtain the minimum error £°( f)
with which one can compute a Boolean function f using 7 quantum queries. We find numerically that
£3S “d(foq) ~ 0.0207 > 0, and hence obtain the following proposition (see Appendix for details).
Proposition 13. Qz(fs,) = 4.

In the next section we construct a causally indefinite quantum supermap, once again based on the
Lugano process, which can compute the function fg, in three quantum queries, showing a quantum
query complexity advantage from causal indefiniteness.
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0 ={10 P 5 o) = {7 ev @
k 1) M /2 H Ok |51 3)
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2
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‘0>+Hk,k+3 —1Hox 0, H&k —H,i,k+3 {B
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Figure 1: Circuit diagram of the quantum subroutines G. Here, the Hilbert space .7°% has basis states
|i) for 0 <i <6, and H; ; are unitaries satisfying H; ;|0) = % and H; j|1) = % for 0 <i,j <6,
i # J, and which can be completed arbitrarily on the other inputs. The final operation is a swap operation
SWAP : Ok @ A% — % @ % such that for any a,b € {0,1}, SWAP |a)% |b)* = |b)%* |a)* and
for any ¢ € {2,...,6}, SWAP|a)% |¢)% = |a) %% |c)*.

7.2.1 A causally indefinite quantum supermap to compute fg,

As the function fg,, defined by Eq. (TT)), is constructed from fg., and because the latter can be computed
with the Lugano process in three queries, a modified version of the Lugano process is a natural candidate
to compute fg, in three queries. Although the Lugano process wyugano is a classical-deterministic process,
it can be viewed as a quantum supermap whose process matrix is diagonal in a fixed pointer basis [[19}
L1]. To compute fs, we will compose this supermap with some quantum subroutines to compute the
parity between two given bits in one quantum query. Such subroutines can themselves be viewed as
quantum supermaps taking a single quantum channel — here, the oracle — as input. We prove the following
proposition, whose full proof is given in Appendix [D.2]

Proposition 14. 0%"(f5,) = 3.

Proof sketch. The classical-deterministic Lugano process wpygano can be embedded in the process matrix
formalism as a process matrix Wi ugano € -2 (. (IO)BJ) where, for 1 < k < 3, the 7% and % are 2-
dimensional Hilbert spaces [19, [11]. Because the process is classical, we can further amend Wy ygano with
a future space .77 that keeps a copy of the classical values in the registers .#?19293_defining

Wiwgano = Y. |o1,02,03){01,02,0371 %%

01,02,03€{0,1} (12)
_ _ _ — — — LLI F
® [0203,0301,0102)(0203,0301,0102 27 ®01,02,03)(01,02,03|" ,

where oy := (1@ oy). We proceed by composing this process with some quantum subroutines Gy, for
k € {1,2,3}, which adapt the qubit slots of WLugano for the oracle 5x which operates on a 7-dimensional
input, and which can be used to compute the parity between different bits of x in one quantum query.
These subroutines, which correspond to 1-slot quantum supermaps whose additional outputs in the spaces
J% are also sent to the global future, as well as their actions on the query oracle O, are described in
Figure

The composition of WLugmo with the Gy in each slot defines a new three-slot quantum supermap with
global future 777 %1%2% _ Jts process matrix is given by the link product as Wféq = WLugano *G1xGrxG3 €
L (A 220:010,0:F010005) W then show that, for any value of x, when acting on three copies of the
query oracle O,, we can obtain enough information to compute fg, by measuring the resulting state
VNVqu +(0,®0,®0,) € L(HF1®2%) in the computational basis. O
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Together, the propositions above show that the explicit 6-bit Boolean function fg, implies the follow-
ing key result proving a separation in exact quantum query complexity obtained with a causally indefinite
supermap.

Theorem 15. There exists a Boolean function f for which Q%" (f) < Q(f).

Given that the constant separation obtained in Section [6] for the classical-deterministic setting could
be amplified into an asymptotic polynomial separation, it is extremely natural to wonder whether a sim-
ilar such separation can be obtained in the quantum case. The recursive approach that was utilised in
Section @ cannot, however, be directly applied to the constant quantum advantage obtained with VT/fﬁq,
despite this method previously being employed to exhibit quantum-over-classical query complexity ad-
vantages [7]. The main difficulty encountered is that wa does not describe a “clean” quantum su-

permap [2], meaning that the output space of Wfﬁq * 6?3 € L(#F*%%) contains information about
feq(x), but also some additional information that cannot be uncomputed without additional queries to
O, — which would negate the advantage obtained from causal indefiniteness. While this is not a prob-
lem when computing fg,(x), it is an issue if one wants to coherently call this supermap recursively as a
subroutine (see Appendix for further discussion).

8 Discussion

In this paper we studied the potential of causally indefinite computations to provide advantages in query
complexity, both in the classical-deterministic and quantum settings. In the classical setting, we showed
that classical-deterministic process functions can be used to obtain an asymptotic polynomial advantage
in the query complexity of a Boolean function over causally ordered computations. Although based on
the well-studied Lugano process [[15} [19], our asymptotic separation required recursively composing to-
gether such processes to efficiently compute the function we constructed, an approach that has not previ-
ously been exploited when studying causally indefinite information processing. Our results highlight that
interest in causally indefinite computation is not restricted to the quantum setting where most advantages
have been studied [20]. Here we focused exclusively on the deterministic setting, but it would be inter-
esting to study also the potential advantages obtainable with more general (non-deterministic, stochastic)
classical processes — which are not simply described as the convex-hull of classical-deterministic pro-
cesses [19] — in both the exact and bounded-error query complexity settings.

With the insights obtained from the study of the simpler classical-deterministic setting, we then
proved a constant separation between the exact quantum query complexity Qf and its generalised version
Qgen introduced in [5]], answering several questions that were left open therein. This reinforces the
observation that causal indefiniteness can be a resource for computation even in more standard “classical”
problems — such as computing a Boolean function — and not only in inherently quantum problems with
no classical analogue, as most previous studies have investigated [10l 42| 135]. Nevertheless, in contrast
to the classical setting, we failed to amplify the observed separation with a recursive construction, and
highlighted the need to uncompute the “garbage” ancillary qubits using additional queries [2] as a barrier
to exploiting this technique. We leave it as an open question to find an asymptotic separation in quantum
query complexity in this setting.

Finally, we note that it would be interesting to study the query complexity for partial Boolean func-
tions, i.e., with a promise on their inputs. Indeed, even in standard quantum computational settings it is
only possible to obtain super-polynomial quantum-over-classical advantages in query complexity for par-
tial functions [14], as is the case, e.g., for the Deutsch-Jozsa problem [32, [31]] or Simon’s problem [41]].
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We showed that for total functions one can, at best, have a polynomial advantage from indefinite causal
order in both classical-deterministic and quantum settings, but for partial functions larger advantages
have not been ruled out.
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A Classical-deterministic supermaps and generalised deterministic query
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A.1 Classical-deterministic processes

In this appendix, we give some more details regarding classical-deterministic processes, which were
introduced in Section [3] In particular, we provide detailed formal definitions of the notions of induced
functions, reduced process and of the link product between a classical-deterministic process and a set of
functions. We start by recalling the fixed-point characterisation of process functions (which we concisely
refer to as classical-deterministic processes).
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317 w(a, (7)) = (i,b), (1)

with i = (i1y...,iT) € X,{Zl,ﬂk andb € F.

A classical-deterministic process is uniquely defined by its so-called induced functions. These func-
tions single out the input of a given operation inserted into a “slot” of the process.
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Definition 16 (Induced function [17]]). Given a function w : & x X,{Zl Oy — X,{Zl S x F, the in-
duced functions wy : & X X;Zl Ow — I, for 1 <k < T, are defined such that for all a € & and
0= (01 ... ,OT) S Xl{’:l ﬁk/,

wi(a,0) =w(a,0)x = (i1, .,ir,b)k = ix. (13)

Similarly, for .#, we define wp : &2 X XIS:I Oy — %, such that for all a € & and 0 = (0;...,07) €
X/Z;:l ﬁk"
WF(aaa):W(ava)\.?z:(ila-'-aiTab)L?:b' (14)

The induced functions wy, are the restrictions of w on the output spaces %, while wr is its restriction on
F.

Note that for w to be logically consistent, it is necessary that for 1 < k < T, the input i received by the
function p is independent of its output og. If this is not the case, it opens the possibility for signalling
“back in time” through w, from the output of ( to its input, which can lead to logical contradictions
such as grandfather paradoxes [19]. At the level of the induced functions, this means that for any ¢ =
(01,...,01) € X,{,Zl Oy, forany a € & and any 1 <k < T, wi(a,d) is independent of o, and we can
thus unambiguously write w(a,d\y), where 0\, = (01, ...,0k-1,0k11,---,07).

The definition of classical-deterministic processes also implies that, by inserting an operation L into
the kth slot of a T-slot classical-deterministic process while leaving all the other slots empty, one obtains
a (T — 1)-slot classical-deterministic process wi*, which we call a reduced process. One can similarly
define a reduced process w!“ by fixing a value a € &2. More formally, we have the following definition.

Definition 17 (Reduced process [17]). Given a classical-deterministic process w : & X le’:l Oy —
X/Z/:l I x F, for any 1 <k < T and any function py : % — Oy, the reduced process wlt : P x

X/{':1 Oy — X;{/;l I x F is the (T — 1)-slot classical-deterministic process uniquely defined by the
K #k K #k

following induced functions, for all ¥’ # k, for all 5\k = (01y-++y0k—1,0k+1,---,0T) € ><1T21 O} and for all
I£k
ac .
WLl/lk (a,(_)'\k) = wy (a, [ﬁ\k,uk (wk(a,b’\k))]) , and (15)
W|I~Hk (a76\k) = Wr (Cl, [5\knuk (Wk(aaa\k))]) ) (16)
where we use the shorthand notation [\ g, tx (wi(a,0\x))] := (01, ..., 061, k(W (@, B\r) ), 0k41, - - 07).

Similarly, one can define for any a € 2 the reduced process wi® : XIY;’:l Oy — X,{,Zl I X F, defined
by the following induced functions, forall 1 <k < T and all 6 € ><sz1 Oy:

wi(3) = wy(a,3) and (17)

wr(a,d). (18)

wi ()

We finish this appendix by defining a version of the so-called “link product” between a classical-
deterministic process w and some operations ,ELE] This operation allows one to easily represent the result-
ing function from & to .# obtained when w acts on the operations [i.

The link product was defined in [28]] to describe the composition of quantum maps (cf. Appendix . By extension, it
can be used to describe the composition of different functions as well as that of stochastic channels. For the purpose of this
paper, however, we only explicitly define the composition of classical-deterministic processes with a set of functions.
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Definition 18 (Link product between a classical-deterministic process and a list of functions). The link
product, denoted ‘x’, between a classical-deterministic process w : & X X,f: Ok — X,{Zl I x F and a
list of functions fi = (Uy,...,Ur) is the function wx i : & — .F defined as, for any a € & and writing
i = (ig1,---,lq,r) the fixed-point of w under the action of a and the functions i = (uy,...,HUr),

(w*ﬁ)(a) :WF(‘LLl(ia’]),...,‘LLT(I'LLT)). (19)

A.2 Causally definite classical-deterministic processes and decision trees

In this appendix, we give a proof of Proposition[5 showing the equivalence of decision trees and causally
definite classical-deterministic processes in the query model of computation.

Proposition 5. In the query model, there exists a decision tree of depth T computing a Boolean function
f if and only if there exists a T-slot causally definite classical-deterministic process computing f.

Proof. We start by proving the necessary condition. Consider a binary decision tree of depth 7' com-
puting a Boolean function f : {0,1}* — {0,1}. Each internal node of the tree is labelled by an index
i € {1,...,n} specifying a bit x; to query (i.e., the input i for the oracle), and its leaves are labelled
by binary values specifying the output of the computation. Note that we can assume, without loss of
generality, that the tree is complete. Every path from the root to a leaf of the tree can then be en-
coded as a binary string (o1,...,0r) € {0,1}7 specifying which branch choice (i.e., left or right) to
make at each internal node. The decision tree is then in one-to-one correspondence with the functions
N; {0, 1}=1 = {1,...,n} for 1 <1 < T+ 1 which specify the label of each node at depth  — 1 reached
by following the path (oy,...,0;—1). Note that Nj(A), where A is the empty string, is a constant (i.e.,
a function with no input) labelling the root (i.e., the node at depth 0), while Ny (o1,...,0r) specifies
the label of the leaf reached at the end of the corresponding path. Defining recursively the inputs for the
oracle specified by the decision tree as j; :== N (A) and j; :== N;(xj,,...,x;,_,) for{=2,...,T, the output
of the decision tree is thus Ny (xj,,...,Xj; ).

The functions N; can then be used to define a classical-deterministic process wrpee : {0,1}7 —
{1,...,n}" x {0,1} via the induced functions wy(o1,...,07) := Ni(01,...,05_1), forall 1 <k < T, and
wg(o1,...,0r) = Nry1(o1,...,0r). The logical consistency of this process follows from the struc-
ture of the decision tree, as for any set of operations fi = (ii,...,Hz), the vector i = (if,...,ir) with
i1:=Ny(A) and, for 1 <k <T, i := Nk(,ul(il), ... ,uk,l(ik,l)) will be the unique fixed-point of Wryee
under fi. We thus see that, when ; = Oy for k = 1,...,T so that u(ix) = x;,, we have precisely
wr (A (@) = Nri1(xi,, ..., x;,) and hence w computes f.

For the sufficient condition, note that while a decision tree is always evaluated in a fixed sequential
order, a causally definite classical-deterministic process can have dynamical order, making the mapping
more difficult. Consider such process w: {0,1}7 — {1,...,n}T x {0,1} with T slots that computes f.
It follows from Definition [3| that there exists a k; € [T] such that the induced function wy, outputs a
constant 7, and, for any operation L, , the reduced function wik s causally definite. We can thus define
the function Ny(A) := wy, (3") = i, specifying the root of the decision tree, where & € {0,1}7 can be
taken to be an arbitrary string since wy, is constant. Note that the reduced process ik depends only on
[o1]

|y,

the value iy, (ix,) € {0,1}, so it is sufficient to consider the reduced processes w corresponding to

the constant functions /.L,E‘l”](-) =0, foro; € {0,1}.

Following the recursive nature of Definition [3| let us then introduce the recursively defined notation
o1--0]] lor-o—1] | o] [og-07_1]
witi = (w'“"l'"klfl )‘“kl for [ > 1, where the k; are those such that each (w‘“"l'"k/fl )k, is constant. We

then define, for 1 < < T and arbitrary ¢’ € {0, I}T*(l*”, the functions
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[01-01-1]

Ni(o1,...01—1) == (Wluk"”k’*‘ )i (8, (20)
and
“J'["l---"T—l]
Nrii(o1,...,or) = (w k-1 )p(or), 2D
‘“ loy-07_1]

where the reduced functions (w'"*-#-1 ), do not depend on &’ since they are constant.

To see that the decision tree defined by the functions N, for 1 <1 < T +1 indeed computes f, consider
the unique ﬁxed—point?: (i1,...,ir) of wacting on T copies of O, and let ki, ..., k7 be the order in which
these operations are applied (which, except k1, will in general depend on x). The output of the process is
then

b, - ,kT_l]
Wi (o xig) = W50 ) () = Nra (5, ), (22)

which is precisely the output of the decision tree thus defined. O

A.3 Degree and certificate lower bounds

In this appendix, we prove the extended degree and certificate lower bounds for the generalised deter-
ministic query complexity.

Proposition 6. For any Boolean function f, deg(f) < DS(f).

Proof. Let f:{0,1}" — {0,1} be a Boolean function with DS"( f) = T. Then, by definition, there exists

a T-slot classical-deterministic process w : {0,1}7 — {1,...,n}T x {0,1} such that, for all x € {0,1}",
there exists a unique i, satisfying

wr (Ox(ix1), .-, Ox(ixt)) = f(x). (23)

We write the set of fixed-points for the strings x that evaluate to 1 as I(!); note that different strings
can have the same fixed-point, e.g., if the value of f is independent of some bits in x. Then, for each
fixed-point i, € / (1) we define a monomial of degree T as

T
Hym [10:@ ). (24)

=1

Ox (l\ k) ( )
These monomials have the property that, for any bitstring y € {0,1}7, Ry (y) = 1 implies that i, = ?}

and f(x) = f(y) = 1. This means that for all y there exist a unique monomial R; such that R; (y) = 1 if
f(y) =1 and none if f(y) = 0. This implies that the polynomial

Z R; ( (25)
tXGI
of degree T represents f, and therefore that deg(f) < DS"(f). O

The second result generalises the certificate complexity bound to the generalised deterministic query
complexity.

Proposition 7. For any Boolean function f, C(f) < DS(f).
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Proof. Let f:{0,1}" — {0,1} a Boolean function with DS®"(f) = T. Then, by definition, there exists a
classical-deterministic process w: {0,1}7 — {1,...,n}T x {0, 1} such that, for all x, there exists a unique
i satisfying

wr (Ox(ix1), ..., Oxlixy)) = f(x). (26)

This implies that the set I, = {iy1,...,ixr} is a certificate for x. Indeed, suppose we have a y such that
Y|r, = Xz, then i, will also be a fixed-point under the queries to 0,,1ie.,

Wi (Ox(ix1), .., Oxlivy)) =wr (0y(ix1), ..., Oy(ixy)) = f(x). (27)

By the unicity of fixed-points of classical-deterministic processes, we have ?y =7 and f(x) = f(y).

Therefore, for all x, C(f,x) < |I| =T and hence C(f) <T. O

A.4 Composition of the generalised deterministic query complexity

In this appendix, we prove the recursive composition theorem for the generalised deterministic query
complexity of Boolean functions.

Theorem 10. For any Boolean function f and for any depth | > 1,
DGen(f) —T — DGen(f(l)) < Tl (7

Proof. To prove this theorem, it is sufficient to show that from a classical-deterministic process comput-
ing f in T queries, one can build a classical-deterministic process that computes f() in T queries. We
will construct this process by induction.

Letw: X,{ Or — X,{ F X F be a classical-deterministic process computing f, (which thus necessar-
ily has 0, =F ={0,1} and .%, = {1,...,n}) and w(¥) : X,{l Ox — X,{l fk(” X .7 aclassical-deterministic
process computing f(), where fk(l) ={1,...,n'}.

We begin by constructing a classical-deterministic process w) that can compute f () on the n con-
secutive sequences of length n' of a bitstring x € {0, 1}"”1. The construction is based on w") which is
extended with a global past & in which it receives as input an offset a € & = {1,...,n}. Itis this offset
that determines on which sequence of n' bits the function f) is computed. Concretely the process is
defined as w(") : 2 x XZI:I Oy — le:l Jk(lﬂ) x Z through its induced functions

Wk)(a,ol,...,oT/) =(a— l)nl—%w,(f)(ol,...,oTz)7 (28)

and
Wg,-”(a,ol,...,oTz):wF(ol,...,oTz). (29)
We now show that ") is logically consistent, and hence a valid classical-deterministic process. For
any a € & and for any set of functions { ﬂk},{; with fi : ,ﬂk(lﬂ) — Oy, we define the functions { ua,k},{;

with L, 4 : ,ﬂk(l)

point of w(¥) under the functions {,ua?k},{;l, then the vector j = (ji, ..., jz) with jx = (@ — 1)n’ + i will

— Oy such that t, (i) = fix ((a— 1)n' +i). Now, denote i=(i1,...,ip) the unique fixed-

be a fixed-point of () under a and the functions {fi; }7_:

@t o) = (@ = D) @)oo () e
= (a— l)nl + W](cl) (,uaJ(il)’ s ’Na,T](iT/))7 (31)
= (a—Dn' +i, (32)

= Jk- (33)
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For the unicity of the fixed-point, suppose that j' = ( J1s+++»Jp1) is a fixed-point of w(®) under a € & and

the functions { ﬂk}kT]:l, then there exists an i/ = (#},-..,i7;) such that
OV . Dfe /o -
W/(g)(aafllv" '7];"1) = (a_ 1)nl +W](¢)(nu1(Jll)> .- 7.“T’(J;"l))> (34)
= (a—1)n' +i, (35)
= Ji- (36)
Thus, @ = (), ,i7;) will be a fixed-point of w() under the functions {.“a,k}/il’ and because w(®) is

logically consistent we have, by definition, i=1 implying ;’ =7

Furthermore, notice that for any x € {0, 1}"(”]) , with T/ copies of the oracle O, and for any a € &

W (a,04(j1)s- - Ox(irt)) = F (g tyul1s -+ Xant ) 37)
meaning that ") can compute f on any of the n consecutive sequence of ' bits of x € {0, 1}”’“.

The last step is to build a classical-deterministic process w1 from w) that computes ' in
T'*1 queries. Consider a list of 7'*! operations fi = (fli, ..., fir), where each Jix = (T, .., [ 7+) and
notice that for all 1 < k < T, the function w'") « [i is a function from 2 to .%, which are isomorphic,
respectively, to the .#;’s and 0)’s. Let us then consider the value

I+1)

w (W iy, w s lip) e Z. (38)
As such, the function w(/*1) sz Oy — XZM Oy x F is defined for any T'*! operations i as
w D s it = wx (wU)*ﬁl,...,w(’)*ﬁT), (39)

and is a classical-deterministic process whose logical consistency follows from that of w and w(".
It follows from Eq. and because w computes f that, for any x € {0,1}*! and by writing O, =
(Oy,...,0,), we have
N——

T!
wi (W s Oy, WD 5 0y) = (Dt ) f Oyt X)) (40)
T
= (), 1)
thus completing the proof. O

B Properties of the Boolean function fg.

In this appendix, we prove different properties of the Boolean function fg., regarding its certificate com-
plexity and its standard and generalised deterministic query complexity. In particular, we show that
causal indefiniteness reduces the number of queries that are necessary to compute fg.. The 6-bit Boolean
function is represented by the following degree three polynomial.

Joc(x1,...,x6) = xa(1 —2x2)x3 +x5(1 —x3)x1 +x6(1 —x1)x2 +x1X2x3, (42)
=x4(1Dx2)x3 Bxs5(1 D x3)x1 Bxe(1Bxy)xn B x1x2x3, 43)
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where & denotes addition modulo 2. These two ways of writing the polynomial representing fg. are
equivalent, and the multilinear polynomial representation (42)) is unique, so deg(fs.) = 3. The truth table
for fe. is also shown in Table

Table 1: Simplified truth table of the Boolean function fg,.

X1 x2 %3 | feelx)
0O 0 O 0

1 0 O X5

0O 1 0 X6

0 0 1 X4

1 1 0 X5

1 0 1 X4

0 1 1 X6

1 1 1 1

We start by proving the following result on the certificate complexity of f..
Proposition 19. C(fs.) = 3.

Proof. The proof that C(fs.) = 3 comes from observing Eq. and verifying that, for any value of
x € {0,1}°, the value of fs.(x) depends only on three bits of the input.

Indeed, when x,x, and x3 are all equal to zero or to one, the value of fs. is independent of x4,xs
and xg, meaning that {1,2,3} is a certificate of size three. When x, = 0 and x3 = 1, the value of fg, is
independent of x;,xs and xg, and {2,3,4} is a size three certificate. When x3 =0 and x; = 1, {1,3,5}
is a certificate. Lastly, when x; = 0 and x, = 1,{1,2,6} is a certificate. In each case, it is clear that one
can’t give a smaller certificate, as the output depends on each bit in the certificate. For every x € {0, 1}6
we thus have C(fe.,x) = 3, and hence C(fs.) = 3. O

We also prove the following result regarding the deterministic query complexity of f..

Proposition 20. D(fs.) = 4.

Proof. Let us first note that one can indeed compute fg. with 4 queries. Suppose one first queries x;, x»
and x3. If one obtains x; = x; = x3, then the polynomial representation (43)) reduces to fs.(x) = x1x2x3
and we are done. Otherwise, a single further query to either x4, x5 or x¢ is necessary, depending on
whether (x,x3) = (0,1), (x1,x3) = (1,0) or (x1,x2) = (0, 1), respectively.

To see that one cannot compute fs. sequentially with 3 queries, let us first suppose that the first
query is to x4, x5 or xg. But then if x; = x, = x3 three more queries will be needed to evaluate the
monomial x;xpx3, so one of these bits must be queried first if one is to use only three queries. Imagine
then, without loss of generality, that the first query is to x;. If x; = 0, then Eq. (43) reduces to fs.(x) =
x4(1 @ x2)x3 @ x6x2, and we see that, whichever of x;,x3,x4,x6 is chosen to be queried second, at least
two further queries are needed in the worst case, giving a total of four queries, and hence no sequential
adaptive algorithm can compute fg. in three queries for all x. 0

These results show that fg, satisfies the two conditions identified in Section[4.T|that make a function a
candidate for exhibiting a query complexity advantage from causal indefiniteness, namely that deg(f) <
D(f) and C(f) < D(f). We now prove Proposition |8, showing that such a query complexity separation
is obtained for fg,.
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Proposition 8. D" (fs.) = 3.

Proof. To compute the Boolean function fg. in three queries, we take as a starting point the Lugano pro-
Cess Wiygano : 10,1} — {0,1} defined by its induced functions as in Eq. (2). In order to use the Lugano
process to query several copies of the query oracle O, : {1,...,6} — {0, 1}, we slightly modify the pro-
cess so that the slots receive 6-dimensional inputs and we add a non-trivial future space .# = {0,1},
giving a function Wrygano : {0,1}° — {1,...,6} x {0,1}. Wiygano is defined by its induced functions
which are, for all (01,02,03) € {0,1}* and any 1 < k <3,

Wi (01,02,03) = k+3-wi(01,02,03), (44)
where wy, are the induced functions of the standard Lugano process as defined in Eq. (2)), and
WF(Ol ,07, 03) = 0] (1 D 02)03 D 02(1 D 03)01 D 03(1 D 01)02 @D 010203. 45)

Before showing that Wi ygano computes fs. in three queries, we first prove that it is logically consistent.

Consider three arbitrary functions (i )re(1,2,33> With i, : {1,...,6} — {0,1}, and define the three
functions (th)req1.2,3y> With g : {0,1} — {0,1}, such that py (i) = i, (k + 3i). Because wrygano is a
classical-deterministic process, it has a unique fixed-point (i1,i2,i3) € {0,1}> under the action of the
we’s. Then (ji, jo, j3) € {1,6}3 with ji = k+3i; will be a fixed-point of Wrugano under the actions of the
,’s. Indeed,

Wi (71 (1), (2) s () = k43 wie (I () o (), 3 (73)) (46)
= k43w ( (i), o (ia), 13 (33)) S
—k+3-qp, (48)
= ji. (49)

To prove the unicity, suppose that (7|, /5, j5) € {0, 119 is another fixed-point of WeLugano under the func-
tions (fI;)ke(1,2,3}- Then there exist (i}, i, ) € {0,1}* such that

Wi (I, (1), 1, () T3 (J3)) = k+3-wie (7, (1), 1o () 13 (/) (50)
=k+3-i, (51)
= Ji- (52)

This shows that (i,i5,#3) must also be a fixed-point of wrygano under the functions {i }ref1 23}, but
because the Lugano is logically consistent this fixed-point is unique, and we have for 1 <k <3, i} =i
and therefore j; = ji.

Finally, to show that Wyygano computes fq., we verify that for any x € {0, 1}6 and writing 6x =
(Oy, Oy, 0y), we have
N——

3
WLugano * O, = f(x) (53)

To see this, consider the first two columns of Table @ which show the unique fixed-points of Wy ygano for
different values of x, under three copies of the query oracle O,. These depend only on the values of x, x>
and x3 and one can verify that they are the unique fixed-points of Wy ygano by checking that, for each row
and forany 1 <k <3, wy (Ox(jl ), 0x(J2), Ox<j3)) = Wk(le 7xj27xj3) = Jk-

The last two columns of Table[2]give the different outputs of the queries for the different fixed-points
together with the value obtained in .%, which gives the output of the computation. We see that together,
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the first and last columns correspond exactly to the truth table of fg. in Table [I] This shows that the
classical-deterministic process Wi ugano computes fs. in three queries to O,. Because C(fs.) = 3, this
implies that D" ( fg.) = 3. O

Table 2: Fixed-points and outputs of the classical-deterministic process Wi ygano On three copies of the
query oracle Oy, for all x € {0,1}5. In the table, j; = Wi(01,02,03) and o = O,(jix) = xj,. The last
column follows from Eq. {#3).

X1 X2 X3 | j1 j2 J3|o1 02 03| Wr(01,02,03)
o o o1 2 3]0 0 O 0

1 0 O |1 5 3|1 x5 O X5

0 1 0 1 2 6 0 1 X6 X6

0O 0 1 (4 2 3 |x4 1 X4

1 1 0 1 5 3 1 X5 0 X5

1 0 114 2 3 |x4 O 1 X4

0 1 1 1 2 6 1|0 1 x X6

1 1 1 1 2 3 1 1 1 1

C Process functions, process matrices and causal separability

C.1 Process functions as process matrices

We begin by discussing the restriction of the process matrix framework to classical-deterministic maps,
and providing a short proof of the equivalence to process functions in this setting [[19, [18]]. We fix a
canonical computational “classical” basis, and consider an operation (a channel, CP map, or a process)
to be classical if its Choi matrix is diagonal in that basis. For clarity, we will denote in this appendix the
Choi matrices of such operations with a bar, e.g. as M. Moreover, an operation is considered deterministic
if it transforms pure classical states into pure classical states, in which case its Choi matrix contains only
zeros and ones, and will generically be denoted in this appendix with a tilde, e.g. as M. A classical-
deterministic channel, for example, corresponds to a function y : .# — &, and can be written in the Choi
picture as the matrix My, = ¥c » |i)(i' @ |u(@))u(i)|° € L(A#7°). In a slight abuse of language, we
will sometimes identify a channel with its Choi matrix, the two being isomorphic.

Let us introduce the notation U0k = 770 = ! @ #° and #10m = Qrer) U0k with
[T]:={1,...,T}, as well as do, = dim('%), dy, = dim (%), do,,, = [xe[r)do, and di,; = [lke(r) di,-
We then begin by defining classical-deterministic process matrices, where without loss of generality we
take the global past 7" and global future .7# to be trivial and therefore omit them [43]. We will make
use of the link product [26 28], which allows the composition of quantum maps, potentially over a subset
of their input/output systems, to be computed directly in the Choi picture. The link product is defined
for any matrices MXY € Z(#%Y) and N"# € Z(7%), as MXY «NY% = Try [(M¥Y @ 14)Tr (1¥ @
NY2)] € L (#X7), where -T7 denotes the partial transpose over the Hilbert space .72 with respect to
the computational basis.

Definition 21 (7-slot classical-deterministic process matrix). A T-slot classical-deterministic process
matrix is a diagonal positive semidefinite matrix W € Z(# (IO)[T]) whose diagonal is composed only
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of zeros and ones, and such that for any T classical-deterministic channels (|\~/|1,...,|\~/IT) with l\~/|k €
LAk, wehave W (M| ®--- @ My) = 1

Note that it is sufficient to require that classical-deterministic process matrices be well normalised on
the set of classical-deterministic channels, as for any T quantum channels (My,...,Mr), with My €
L(A1OK), we have W x (M @ --- @ Mz) = W * (M} ® --- ® My), with the Mk = TTx(Mg) being
classical channels, where T is the projector onto the classical computational basis, i.e. (M) :=
Y 10)(i| Mg |i)(i]. Since any classical channel can be written as a convex combination of classical-
deterministic channels, it follows from linearity that W x Mi®---®@Mrg) =1, and W is thus a valid
process matrix.

A classical-deterministic process matrix W can also be seen as the Choi matrix of a classical-
deterministic channel from .2 (#°111) to £ (1)),

Lemma 22. For any T-slot classical-deterministic process matrix Wed (H (UO)) 1) there exists a func-
tion w: X,_, Ox = Xi_, Ji with 6, = {0,...,do, — 1} and I = {0, ..., dj, — 1}, such that

W= Y[R @ wk))wk)|"m, (54)
ke

where O(r) = Xjc(r) Ok and VK| = ki ..k )k .. k.

We note also that the characterisation of process functions given in Section [3] simplifies slightly in
the case considered here, in which &2 and .% are trivial and therefore omitted.

Proposition 23 (Process function without &2 or % [18]). A function w : X,{Zl O — X,{Zl . is called
a process function if and only if, for all T functions i = (Wi,. .., Ur) with ty = I — Oy,

A w(i(@) =1, (55)
With7: (i],. . .,iT) c ><l{:1 fk, and ﬁ(;) = (ﬂ](il),. .. ,uT(iT))

We can now show the equivalence between process functions and classical-deterministic process
matrices, by noticing that the unique fixed-point condition of Proposition [23]is equivalent to the normal-
isation constraint of Definition This result was first shown in [[19] and later in [[18], but we give an
explicit self-contained proof here for completeness, as it will prove instructive for the following section.

Proposition 24. A function w : X,{Zl Or — X,{Zl Ik, with the spaces Oy ={0,...,do, — 1} and I, =
{0,...,d;, — 1} is a process function if and only if the matrix W e .,2”(,%”(10)[”) defined as

W= Y [ @ wk))wk)| (56)
ke

is a T-slot classical-deterministic process matrix.

Proof. Letw: X,{ ] ﬁk — X,{ lfk, with ﬁ’k ={0,...,do, — 1} and % = {0,... —1}bea process
function, and define W = Zkeﬁ KK 0T @ |w(k))w(k) |1 e 2(210m), By Constructlon W is a
diagonal positive semidefinite matrlx whose diagonal is composed only of zeros and ones. Now consider

"This constraint of being well normalised on the set of classical-deterministic channels can also be framed in term of a
normalisation constraint and a projection constraint, as it is done for general process matrix in SectionE] 139,19} 143]
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any T classical-deterministic channels (I\~/I Lise s M ur) labelled with their corresponding functions g :
Ok — Fx, such that My, = ¥,c 5 G @ | () ()| %% . We have, writing A1) = Xer) Tho

We(Mi@-aMp) =T (Y BE @ wi)w@l™ - ¥ B @ BOXEOI) 67

ke =
=T Y ROEDIT e (@) (@) (58)
€Sy
w(n@){)}:?
—1, (59)

where the last line follows from the existence of a unique i such that w(ﬁ (7)) = 7. Conversely, if we

assume that W is a valid classical-deterministic process matrix so that W M®-® |\7|T) =1, we find
in the same way that there must exist a unique i such that w( ﬁ(?)) =1 O

C.2 Causal separability in classical-deterministic settings

In Definition [3] we proposed a definition of causally definite classical-deterministic processes to de-
scribe processes that connect the various operations they take as input in a well-defined causal order.
This definition is analogous in spirit to that of causal separability for process matrices (or, equivalently,
quantum supermaps), as defined in [43]]. The goal of this appendix is to demonstrate that our definition,
formulated in the process function formalism, is indeed consistent with the more general notion of causal
separability defined for process matrices when restricted to classical-deterministic process matrices.

As in the discussion of classical process matrices in the previous section, we consider without loss
of generality process matrices W € £ (# u 0)[“) that are defined with trivial past and future space #"
and #T . We begin by recalling the definition of causal separability for process matrices.

Definition 25 (Causal separability of process matrices [43]). For T = 1, any T-slot process matrix is
causally separable. For T > 2, a T-slot process matrix W is said to be causally separable if and only if,
for any extension ¢ 111 of the slots’ input spaces and any ancillary quantum state p € £ (. lir L, Wep
can be decomposed as
Weop= Y aWh, (60)
ke(T)
with g > 0, ¥, g« = 1, and where for each k, W(i) e L(H (I /O)m) is a T-slot process matrix compatible

with the kth operation acting first, and is such that for any CP map M; € .Z (% ur /0)"), the conditional
(T — 1)-slot process matrix (W(’;))‘M = W(‘]){) * My is itself causally separable (up to normalisation).

A process matrix that cannot be decomposed as in Definition [25|is said to be causally nonseparable.
In this definition, the extension with a state p € .Z(. 7 I[/TJ) is important to rule out the possibility of
“activation” of causal indefiniteness, wherein a process matrices that can be decomposed as in Eq. (60)
when extended with any separable state can become causally nonseparable when extended with some
entangled state [40, 43l]. The following proposition shows how this definition is simplified when the
process we consider is classical, i.e., when its process matrix is diagonal in the computational basis.
Proposition 26 (Causal separability of classical process matrices). For T = 1, any T-slot classical pro-
cess matrix is causally separable. For T > 2, a T-slot classical process matrix W is causally separable
if and only if it can be decomposed as

W= Z aW (1), (61)
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with g > 0, Y1 qr = 1, and where for each k, W( K€L (# (0)m 1) is a classical process matrix compat-
ible with the kth operation acting first, and is such that for any classical CP map My, € L (A (z O)k), the
conditional (T — 1)-slot classical process matrix (W(k))lm = W(k) * My is itself causally separable (up
to normalisation).

Proof. Clearly, if W is causally separable then it has a decomposition of the form of Eq. (61)) with the
desired properties since Definition [25] includes the case of a trivial ancillary system and requires the
recursive condition to hold for all CP maps My, which includes classical CP maps M;. We hence focus
on proving the converse statement.

We will prove that the simplified conditions above imply causal separability for classical process
matrices inductively. Clearly, for T = 1 this is the case, since any 1-slot process matrix, classical or not,
is causally separable.

Let us then assume that any (7 — 1)-slot classical process matrix with a decomposition following
Eq. (61)) with the required properties is causally separable. Consider then a classical process matrix
W that can be decomposed following Eq. (61) and where for every k € [T] and any classical CP map
My € ZL(H# u 0)"), W(k) * My is a causally separable (7 — 1)-slot classical process matrix. To show

that W is itself causally nonseparable, we will then show that for any extension A0 of the parties’
Hilbert spaces, any quantum state p € .Z (%lfﬂ), and any (not necessarily classical) CP map M, €
A4 (”/O)k), the extended process W @ p = Yke[T] 9k (W(k) ® p) indeed has the property that for any &
and My € Z(110k), (W) ® p) * My is causally separable.

Let us first note that because W ;) is diagonal it satisfies

= 10 = 10
Wy = Z (Hz( & ]1(10)[T]\k)w(k) (Hz( & ]1(10)[1]\k)7 (62)
l
where Hglo)k = |i)(i ]( 9% and the |i >(10) are the computational basis vectors of .2#/O)_ It then follows,
using the definition of the link product, that

(W(k) ®p) * M, = Z ((H( Ok ® ]1(10)[7 \k)W( )(H(IO)k ®]1(10)[T]\k) ®p) * My, (63)

i
i

TS *Z o 1M, (MY @ 1), (64)

Writing My = ¥, [i)(j | k ®vlj’

semidefinite, and hence the matrices v;; € Z(# Il/c) are also positive semidefinite. We then have, follow-

ing Eq. (64),

we note that since My is the Choi matrix of a CP map it is positive

Wy @p)«Mi= (W @p) *Z\ k®v” (65)
:Z W(k)* |1) i ")®(p*vill.’é) (66)
:Zri— ; .(10>k)®pi (67)

_Z” w0+ M) @y, (68)
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where r; :=Tr (p * vi];‘ ) , Pii= r% p * v e’ (%” I\t) are ancillary states for the remaining 7 — 1 parties,
r:=Y,r;, and the M,@ =rli)i |(10)k are classical (diagonal) CP maps. By the inductive assumption, for
o = W *M,(!) is causally separable and hence,

by Definition 25, (W ))IM ) @ p; is also a causally separable (7 — 1)-slot process matrix. Since causal

each i, the (T — 1)-slot classical process matrix (W (x)) —

separability is preserved under convex combinations, we thus find conclude that (W () @ p)* My is itself
causally separable, thereby completing the proof. O

For classical process matrices W that are moreover deterministic, causal separability can be charac-
terised even more simply. Indeed, it turns out that in this case one only needs to consider the reduced
process matrices obtained by classical-deterministic actions |\7Ik, and moreover it is sufficient to con-
sider CPTP maps (i.e., channels) rather than arbitrary classical CP maps. We hence find that, for such
processes, causal separability is equivalent to the following simpler condition.

Proposition 27 (Causally separable classical-deterministic process matrix). For T =1, any T-slot clas-
sical-deterministic process matrix is causally separable. For T > 2, a T-slot classical-deterministic
process matrix W is causally separable if and only if there exists a k for which w is compatlble with the
kth operation acting first, and such that for any classical-deterministic channel l\/lk e’ (ﬁf Ok k), the
(T —1)-slot classical-deterministic process matrix W‘ =WxM k is itself causally separable.

Proof. Clearly, if W is causally separable according to Proposition then it also satisfies to conditions
of this proposition, as classical-deterministic channels are a subset of classical CP maps, and the fact that
W is deterministic means that it cannot be decomposed as a mixture of classical processes. We hence
focus on proving the converse statement.

We will prove that a classical-deterministic process matrix satisfying the conditions of the proposition
is also causally separable according to Proposition[26] Clearly, for 7 = 1 this is the case, since any 1-slot
process matrix is causally separable.

Consider now that W is a classical-deterministic process matrix which is compatible with slot k being
applied first and for which, for any classical-deterministic channel |\7Ik SPAC 4 ’ O)k), W\M is causally

separable. We want to show that for any classical CP map, My, the conditional process matrix W My is
also causally separable according to Proposition [26] (and hence also according to Definition [25).
Consider the maps { M) = [i)(i* & |1)(1|%};/, fori € {0,...,d;, — 1} and I € {0, ..., do, — 1}, which
form a basis for the space of classical-deterministic CP maps on .’ (% ( O)k). In particular, any CP map
1]

M can be decomposed as My = Y ui71|\~/ll[<’ for some coefficients ; ; > 0.

Because W is deterministic, there exists a unique i € {0,...,d;, — 1} (the input that slot k, which is

applied first, receives) such that for any /, W |\7|,[<i’” = 0, and it follows by linearity that

il]

=Zu,lW*M[ (69)
Forany [, } |\7|,[<j’” is a CPTP map and W Y I\N/I,[Cj’l] =W« I\7I,[j’l]. It then follows that
W*Mk_zu,lW*M[’” (70)

:ZUi,lW*ZM/[CjJ]> 1)
z ;
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e

matrix. The conditional process matrix W % My is therefore, by linearity, also causally separable (up to
normalisation), which concludes the proof. O

and, by assumption, WY, j M[J is a causally separable (T — 1)-slot classical-deterministic process

Following the equivalence of classical-deterministic process matrices and process functions (see Ap-
pendix [C.1)), we obtain the following corollary.

Corollary 28. A classical-deterministic process w : X/{:] Oy — X/{:] S is causally definite if and only

if the corresponding classical-deterministic process matrix W € £ (101 defined as in Eq. (56) is
causally separable.

This proves the consistency of our proposed definition of causally definite process functions with the
established notion of causal separability for process matrices. We reiterate that this equivalence holds
also in the case where &2 and .# are nontrivial, simply be reinterpreting these as additional slots with
trivial input and output spaces, respectively.

D Properties of the function fq,

D.1 A numerical method to compute the quantum query complexity of fg,

In this appendix, we give some details on the semidefinite program (SDP) mentioned in Section to
show that the Boolean function fg, cannot be computed sequentially with less than four quantum queries.
The SDP is due to [[14] and was used in [38] to obtain the minimum error S;Cq( f) with which one can
compute a Boolean function f in T queries to the quantum oracle OX, i.e., for which there exists a T-slot
supermap .#5%4 such that for all x, measuring the qubit state .7 Seq(ﬁ e 0, t) = Py in the computational
basis gives the outcome f(x) with probability greater than 1 — Seq (f). The SDP is formulated as follows,
where o is the Hadamard (entry-wise) matrix product.

Theorem 29 ([[14]). The minimum bounded error E;eq (f) for which there exists a sequential supermap
54 that computes f:{0,1}" — {0,1} in T quantum queries is given by the SDP

e(f) = min € (72)
£, {M },,1"0 1"1

. Y MY =k, (73)

ZM ZEOM )\ for1<j<T-—1, (74)

Lot Ty =Y Bom™ ), (75)

i=0
FyoTy=(1-¢)F, (76)
Fioly = (1-¢)F, (77)

where the {Mi(])}i,j (for0<i<nand0< j<T—1)and'y,I'| are all 2"-dimensional real symmetric
positive semidefinite matrices, Ey is the constant 1 matrix and for 1 <i < n the E; are defined such that
(x| E;ly) = (=1)%", and where Fy and F\ are diagonal matrices such that (x| F,|x) = 1 if and only if
f(x) =z otherwise (x| F,|x) = 0.
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This method was used in [38] to compute the sequential quantum query complexity of symmetric
Boolean functions up to 6 bits in order to prove some separations between D and Qg. However, because
Jfeq 1s not symmetric, the computation was not performed for this specific function. Solving numerically
the SDP, we obtain the following result.

Proposition 13. Qg (fs,) = 4.

Proof. By fixing the number of queries to 7 = 3, and solving the SDP of Theorem [29] we obtain
£3S “d(foq) = 0.0207. This result is subject to numerical imprecisions, but with both the primal and dual
converging to the same values and with constraints that are violated only up to a magnitude of 1078, this
value of eg’ “d can be judged sufficiently far from O to assert with confidence that feq cannot be computed
in three queriesﬂ The proof is completed by recalling that fg, can be computed in four quantum queries

as described in Section [7.2] O

Our code is freely accessible on Githubﬂ with the SDP of Theorem [29| being formulated using the
package Yalmip [36]] and solved using Mosek [[1].

D.2 A causally indefinite quantum supermap computing f,

We finish by providing a more detailed proof the a causally indefinite quantum supermap that can com-
pute the Boolean function fg, in three quantum queries. The truth table for fg, is shown in Table E], and
will be useful for the following proposition.

Table 3: Simplified truth table of the Boolean function fg,.

X1 DXy | 2Dx5 | 3D X6 | foq(x1,...,X6)
0 0 0 0
1 0 0 X5
0 1 0 X6
0 0 1 X4
1 1 0 X5
1 0 1 X4
0 1 1 X6
1 1 1 1

Proposition 14. Q%"(f5,) = 3.

Proof. Recall that the classical-deterministic Lugano process is defined as a function wyygano mapping
the binary output sets &) x 0, x O3 to the binary input sets . X . x .#3 such that wy(01,02,03) =
(1 0ra,s1)0keq2 (see Section . This classical-deterministic process can be described a process matrix
Wiugano € ZL(H (’ 0)[31) where, for 1 < k < 3, the 7% and ¢ are two-dimensional Hilbert spaces,

Wisgano = Y, [01,02,03){(01,02,03”' % ©[0,03,0301,0102)(0203,0301,0102/"2" | (78)
01,02,03€{0,1}

8To obtain a rigorous lower-bound on 835 4, one could extract a certificate from the dual SDP of Theorem , in a method
similar to that developed in [21]].
nttps://github.com/pierrepocreau/Classical-QuantumQueryComplexity_ICO
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Figure 2: Circuit diagram of the quantum subroutines Gi. The unitary H; ; satisfies H; ;|0) = %
and H; ; 1) = |i>\}y ) for 0 <i,j <6,i# j, and can be completed arbitrarily on the other inputs. The

final operation is a swap operation SWAP : H% @ H% — H% ® H% such that for any a and b in {0, 1},
SWAP|a) % |b)% = |b)% |a)® and for any ¢ € {2,...,6}, SWAP |a) % |¢)% = |a) %% |c)%.

with 0 := (1@ oy ). Note that any classical-deterministic process can be embedded in such a way [[19}11]];
see also Appendix [C.1] Because this process is classical, we can extend it with a (8-dimensional) future
space .Z (") which keeps a copy of the classical values in the output registers £ (72919203, defining
the process

Wiggano = Y. lo1,02,03){01,02,03/71 %%

01,02,03€{0,1} (79)
® [0203,0301,0102)(0203,0301 75102\111213 ® \01702703><01702703‘F-

We now define some quantum subroutines that can be used to compute the parity between different
bits in one quantum query. These subroutines, indexed by k € {1,2,3}, are formally one-slot quantum
supermaps with corresponding Choi representations (i.e., process matrices) Gy € £ (7 IkaQ;cOk“k), and
take a quantum channel from .% (%) to . (%) as input, with both #% and % being Hilbert
spaces of dimension 7, and where the /7% are also a Hilbert spaces of dimension 7. We show a circuit
description of these supermaps in Figure 2l When acting on the query oracle O, the Gy, act as follows:
if the qubit in .7#% is |0), then the output qubit in 7% will be |x; ® xx3); however, if the qubit in .7#
is |1), then the output in 7% is |x;,3). This dependency on the value of the qubit in 7 is similar to
the behaviour of the classical-deterministic process Wi ygano defined in the proof of Proposition|8} Indeed,
that process was defined as a modification of the original wiygano such that if a function fj received 0
(resp. 1) in the process wiugano, it would receive k (resp. k + 3) in Wiugano-

The last step is thus to compose the Lugano supermap with these quantum subroutines. This compo-
sition can be expressed at the level of their Choi matrices via the link product as

Wf@ — WLugano %G1 xGr%G3 € g(%QleQsQ'l 0,04 Fay o), (80)

This process matrix characterises a quantum supermap that we write .#/ss, which takes three channels
as input, from £ (%) to L(%), for 1 < k < 3 and with a global future space .2 (7 %1%%) We
summarise in Table 4 its action for any x € {0,1}° on three copies of the query oracle Oy (with Choi
matrix 5x), which produces the output state

Wy, * 053 € Z(AFnames), 1)

where we write, with a slight abuse of notation, 0% = O, ® 0, ® O, € .Z(#212:0:212:0%),
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Table 4: Values of the registers .7# and .7#* %% when the supermap characterised by wa acts on three
copies of 5x, for different values of x.

X1DPx4 | X2D x5 | Xx3D X6 HF TN 0203 f6q(x)
0 0 0 |000) |000) 0
1 0 0 |1)C50> |010> X5
0 1 0 ]01x6> |001> X6
0 0 1 |x401) |100) X4
1 1 0 ’1X50> ’010> X5
1 0 1 |x401) |100) X4
0 1 1 ]01x6> ’001> X6
1 1 1 [111) |000) 1

We can see from Table {4] that by measuring the three states in /% in the computational basis
{1i) }icf0....6}» one obtains the necessary information to extract the value of f(x) from the register 2",
for any x € {0,1}°. Indeed, if the measurement result is 000, then measuring any qubit of 7 in the
computational basis outputs the value of f(x). If the measurement result contains a 1, then measuring,
in the computational basis, the qubit of /7 that is in the same position as that 1 also gives the values
of f(x). This measurement procedure can be seen as a channel ./ : Z("*1%%) — 2(") with
dim(s#") = 2, which post-processes the output such that measuring VT/fﬁq *OP3 xM € Z(7) in the
computational basis outputs fg,(x) with probability one, concluding the proof. O

In this proof, the final composition with the channel .# described above highlights that the causally
indefinite computation we described does not compute fg, “cleanly”. Indeed, because the state Wy,

093 € L(AF®%) contains information about feq(x) but also on x (see Table , this channel .#
erases this additional information about x. This extra information prevents us from directly amplifying
this quantum query separation, as it prevents us from using this supermap as a coherent subroutine to
compute a recursive composition of fg,.
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Drazin inverses are a special kind of generalized inverses that can be defined for endomorphisms in
any category. A natural question to ask is whether one can somehow extend the notion of Drazin
inverse to arbitrary maps — not simply endomorphisms. It turns out that this is possible and, indeed,
natural to do so for dagger categories. This paper, thus, introduces the notion of a dagger-Drazin in-
verse, which is a new kind of generalized inverse appropriate for arbitrary maps in a dagger category.
This inverse is closely related to the Drazin inverse, for having dagger-Drazin inverses is equiva-
lent to asking that positive maps have Drazin inverses. Moreover, dagger-Drazin inverses are also
closely related to Moore-Penrose inverses as we observe that a map has a Moore-Penrose inverse if
and only if it is a Drazin inverse. Furthermore, we explain how Drazin inverses of opposing pairs
correspond precisely to dagger-Drazin inverses in cofree dagger categories. We also give examples
of dagger-Drazin inverses for matrices over (involutive) fields, bounded linear operators, and partial
injections.

1 Introduction

Generalized inverses are of particular interest in matrix theory [4] since they allow one to solve linear
equations AX = ¥ even when A is not necessarily invertible. One such kind of generalized inverse that is
of interest is the Drazin inverse [4, Chap 7] — named after Michael P. Drazin who originally introduced
the concept under the name “pseudo-inverse” [10]. Every square matrix over a field has a Drazin inverse
[4, Def 7.2.3], and can be used to solve linear differential equations [4, Chap 9].

While Drazin inverses have been extensively studied in matrix theory, the notion of a Drazin inverse
can more generally be defined in an arbitrary semigroup [10} [19] and they have also been well studied
in ring theory, as they are deeply connected to strong m-regularity [[1] and Fitting’s Lemma/Theorem
[L1]. As such, one can consider Drazin inverses of matrices over a ring [21]], linear endomorphisms of
modules [28]], and even bounded linear endomorphisms of Banach spaces [15]] or Hilbert spaces [29]].
The Drazin inverse is a useful tool for computation and thus has found many applications. In particular,
for quantum information theory, Drazin inverses have been used to characterize quantum gates [30], for
quantum Turing automata [3]], in quantum error mitigation [S]], and quantum thermodynamics [7} 16} [17].

There has also been renewed interest in studying Drazin inverses in categories. They arise naturally
since for any object A in a category X, the homset X(A,A) is a semigroup (in fact a monoid) with
respect to composition. As such, we may consider Drazin inverses in X(A,A). Thus, we may talk about
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Drazin inverses of endomorphisms in an arbitrary category (Def[3.1]). Drazin inverses in categories were
introduced by Puystjens and Robinson in their 1987 paper [25], where they were particularly interested
in generalized inverses in additive categories. Unfortunately, a deeper categorical approach to Drazin
inverses was never initiated until very recently. In [9], the authors further developed the theory of Drazin
inverse in category theory. While, as one might expect, one can generalize ring theoretic Drazin inverse
results to additive/abelian categories [9, Sec 6], the categorical perspective also broaden the theory of
Drazin inverses in unexpected ways, such as relating Drazin inverses to the idempotent completion [9,
Sec 5] and to the notion of eventual image duality [[16]. However, arriving with categorical eyes to the
subject of Drazin inverses it is natural to want to have a notion of a Drazin inverse for arbitrary maps, not
simply endomorphisms. The main purpose of this paper is to explain how this is quite natural in dagger
categories.

Recall that a dagger category (which we write as f-category) is a category equipped with an invo-
lution 1 on maps. The term “dagger category” was introduced by Selinger in [27]] based on the use in
physics of the symbol { for conjugate transpose. The theory of f-categories is now a firmly established
sub-field of category theory with a rich literature. In particular, f-categories are a fundamental com-
ponent of categorical quantum mechanics. In this paper, we introduce the notion of a dagger-Drazin
inverse (which we write as T-Drazin inverses), which is a new kind of generalized inverse for maps in a
t-category (Def[2.1)). In particular, f-Drazin inverses can be defined for maps of any type and not simply
endomorphisms. While a -Drazin inverse of a map may not always exist, if it does it is unique (Prop
2.2). As the name suggests, T-Drazin inverses are in fact deeply connected to Drazin inverses (Sec [3).
First of all, for self-adjoint maps (which are always endomorphisms), the notion of {-Drazin inverses and
Drazin inverses coincide (Lemma [3.4). Having {-Drazin inverses it transpires corresponds precisely to
positive maps (which recall are always self-adjoint endomorphisms) having Drazin inverses (Thm [3.6).
We give examples of T-Drazin inverses for matrices over fields (Ex [3.10), matrices over involutive fields
(Ex[B.11] & 4.4)), bounded linear operators between Hilbert spaces (Ex &[4.6)), and partial injections
(ExB.I2&B.13).

Moreover, t-Drazin inverses are related to another kind of generalized inverse: the Moore-Penrose
inverse. It is named after E. H. Moore and R. Penrose: Moore introduced the notion in 1920 [18]], and
it was independently rediscovered by Penrose in 1955 [20]. The Moore-Penrose inverse is arguably the
most well-known generalized inverse, with many interesting applications [2]. In particular, every com-
plex matrix has a Moore-Penrose inverse constructed using Singular Value Decomposition [4, Chap 1].
Moore-Penrose inverses can also be defined in f-categories, as was first done by Puystjens and Robinson
in a series of papers in the 1980s [22] 23] 24} 25] 26]], and later picked up again by the first and second
named author in [8]] for QPL2023. It turns out that one can give a novel alternative characterization of
the Moore-Penrose inverse using f-Drazin inverses. Indeed, a map has a Moore-Penrose inverse if and
only if it is a -Drazin inverse (Thm , and in this case the Moore-Penrose inverse is the f-Drazin
inverse.

We also explain how f-Drazin inverses are connected to the notion of Drazin inverses for opposing
pairs [9), Sec 7] (which was the authors’ first attempt at generalizing Drazin inverses for arbitrary maps in
a category) via cofree -categories. For any category, there is a cofree f-category over it [12]], and cofree
t-categories are used in reversible computation [14]. It turns out that Drazin inverses for opposing pairs
correspond precisely to T-Drazin inverses in cofree f-categories (Thm[3.4).

Lastly, it is important to note the perhaps subtle distinction we make throughout this paper between
being a T-Drazin inverse and having a t-Drazin inverse: the former is a stronger requirement than the
latter. Thus, when a map has a T-Drazin inverse, it is not necessarily the case that it is a T-Drazin inverse.
In particular, a map with a f-Drazin inverse is not in general the t-Drazin inverse of its T-Drazin inverse.



J.R.B. Cockett, J.-S. P. Lemay, & P. V. Srinivasan 303

On the other hand, every f-Drazin inverse does have a 7-Drazin inverse and, in this case, it is also the
t-Drazin inverse of its T-Drazin inverse (Prop 2.6l (iv)+(@)).

2 Dagger-Drazin Inverses

In this section we introduce the main novel concept of this paper: dagger-Drazin inverses, which is a
new kind of generalized inverses in a dagger category that is, as we will see in the next section, deeply
connected to the notion of Drazin inverses.

For an arbitrary category X, we denote objects by capital letters A, B,C, etc. and maps by lowercase
letters f,g,x,y, etc. Identity maps are denoted as 14 : A — A. Composition is written in diagrammatic
order, that is, the composition of a map f : A — B followed by g : B — C is denoted fg: A — C. Then
recall that a dagger on a category X is a contravariant functor (_)" : X — X which is the identity on
objects and involutive. We refer to fT as the adjoint of f. A f-category is a category X equipped
with a chosen dagger . Concretely, a f-category can be described as a category X where for each map
f:A — B, there is a chosen map of dual type /' : B— A such that 11; =14, (fe) =¢"fT,and (/) = 1.
For a more in-depth introduction to dagger categories, we refer the reader to [13]].

Definition 2.1 In a t-category, a t-Drazin inverse of a map f : A — B is a map of dual type f° : B— A
such that:

[D*.1] There is a k € N such thal (ff)ef£0 = (£ and f2£(f7£)F = (f7f)k;

[D*.2] 2117 = f7

[D".31 (ff7)" = ff”:

D741 (f71)" = f°F.

If f has a t-Drazin inverse, we say that f is t-Drazin invertible or simply t-Drazin. We call the smallest
natural number k such that [D'.1] holds the t-Drazin index of f, which we denote by inda( f). A+-
Drazin category is a t-category such that every map is T-Drazin.

Proposition 2.2 In a t-category, if a map has a T-Drazin inverse, then it is unique.

PROOF: Suppose that a map f has two possible T-Drazin inverses fa and f5. To show that these maps
are indeed equal, it will be useful to first compute that for any n € N the following equalities hold:

£ =" (0 )) £ =(PE) Py M

Clearly these hold for m = 0. Then for m > 1, to compute the above equality on the left, we recursively
use [D'.2], [D.3], and [D".4] as follows:

£ p0 g FOpYF7 = pip? g A g (0 g p2yi g0 — g g0 gt g0 g0
= £ P 0 Y = = () (07 )

Similarly, we can also prove the right equality of (). Now by [D.1], there exists a k; € N such that
(FFO%fFf7 = (ff)%, and there also exists a k> € N such that £ £(fT f)% = (f f)*2. Then we compute:

k i k
PRGN P = () P R s
k2 i k2
Lysr ey 2 (0 ) = ) (0 0)) T R

By convention, for an endomorphism x, x0 = 14.

m

o [D'.4] ( 5 D]
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So 9 = fa, and therefore we conclude that T-Drazin inverses are unique. O

Therefore, we can now speak of the 7-Drazin inverse of a map. This also implies that for a T-category,
being f-Drazin is a property rather than structure. We give examples of f-Drazin inverses/categories in
the following sections. We also remark that there is some redundancy in the above definition since [D'.1]
can be expressed in other equivalent ways.

Lemma 2.3 In a f-category, given maps f : A — B and fa : B — A which together satisfy [D'.3] and
[D".4], then [D".1] is equivalent to any of the following statements:

[D7.5] There is a j € N such that ff°(ffH) = (ffH);

[D7.6] There is a k € N such that (ff) ff° = (ffHk;

[DF.7] There is an m € N such that 7 f(f1 )" = (f1 )"

[D7.8] There is an n € N such that (f* f)"f° f = (f7 f)".

Moreover if f is t-Drazin, then [DY.5]-[D".8] all hold for all k > ind® (f).

PROOF: We will first explain why [D'.5]-[D".8] are all equivalent. For [D'.5] = [D'.6], suppose we
have that 11 (ff) = (ff")/ for some j. Then setting k = j, we compute that:

5 D3] ( " n's] ((

UYL = Y = (Y ) = (£ ) Y = (Y

For [D'.6] = [D.7], suppose we have that (ff")*ff? = (ff")¥ for some k. Setting m = k+ 1, we
compute that:

k1

PIU B (2t = (20 (o = (T ) = (),
LS () = () = () =

For the remaining parts, [D.7]1= [D'.8]is proven is similar fashion to how [D'.5] = [D'.6] was proved
(though using [D'.4] instead), while [D'.8] = [D'.5]is proven similar fashion to how we showed [D'.6]
= [D".7] (but where we use [D'.3] instead). Next note that [D'.1]is precisely [D'.6] and [D.7] together,
and therefore is indeed equivalent to any of [D7.5]-[D".8]. Lastly, it is straightforward to check that if f
is -Drazin, then [D'.5]-[D*.8] all hold for all k > ind?(f). O

Corollary 2.4 In a f-category, for a map f : A — B, a map of dual type fa : B — A is the t-Drazin
inverse of f if and only if f and f° satisfies [D'.2], [D".3], [D'.4], and any one of [D'.5]-[D".8].
In any t-category, there are certain maps which are f-Drazin by default:

Lemma 2.5 In a f-category,

(i) Identity maps 14 are t-Drazin where 19 = 14 and inda(lA) =0;

(ii) If f is an isomorphism then f is T-Drazin where f° = f~' and inda(f) =0;
(iii) If f is a partial isometry (i.e. ffTf = f) then f is t-Drazin where f° = f* and inda(f) <1
(iv) If f is unitary (i.e. ffT =1and fTf =1) then f is t-Drazin where f° = f' and ind® (f) = 0;

)

(v) Ifeis a f-idempotent (i.e. ee = e and e’ = e) then e is T-Drazin where e° = e. Furthermore, when

e # 14, ind? () = 1 and ind? (e) = 0 precisely when e = 14.
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PROOF: These are straightforward to check, so we leave them as an exercise for the reader. O

Having a dagger-inverse has a number of consequences:
Proposition 2.6 In a t-category, if a map f is t-Drazin then:
(i) f£7=f7"f and f2f = £117';
(ii) 12 =117 = 21 and 17 = (7P = 1P 1
(iii) f' is also t-Drazin where £1° = 7% and ind® (f) = ind? (£1);
(iv) f? is t-Drazin where f7° = ff° f and ind®(f?) < 1;
(v) f999 — f9.
(vi) If f0 = f% then f is a partial isometry;
(vii) Ifinda(f) =0 then f is an isomorphism and f~' = fa;
wiii) If 10 = " and inda(f) = 0 then f is unitary;
(ix) ff" and 7 f are t-Drazin where (ff1)? = fTafa and (fTf)? = fafTa;
(x) ff° and f°f are partial isometries and so t-Drazin where (f£°)° = ff° and (f°f)° = f°f.

PROOF: For (@), this is just expanding out [D.3] and [D'.4] expanded out. For (i), this follows from

[D?.2] and ). For (i), suppose that ind’(f) = k. We show that fJr = fa satisfies the necessary
axioms to be a t-Drazin inverse of f':

D76 (/7 )5 r 17 ()t p2T Rty f T (g
(D21 f17f1 17 & g7 gt 07— (40 g0y T 02 ot &b g0

731 (71777) < (prp0") R g gy g2 p 8 gt ot o2
a1 (57 7) L (21 p) R gy N o @ g gt i g

So we conclude that f is -Drazin. It is straightforward to check that ind? (f) = ind? (f). For (@), we
show that f 99 ., =ff d f satisfies the necessary axioms to be f-Drazin inverse of . d

[D'.6] 217" 299 L 42 g7 g0 pp0 ¢ ® 0 g7 i 0T _ o g0 p oy L2 o o

LE

Ta def T def

[DT 2]

[D7.2] 29 12 99 L g0 o o g2 00 g0 pIOL21 o det 13
(D3] (f2£29)7CE (2 112 )t P2 (42 gy DL 19 0121 43 g et 0 20
(D741 (122 2)1 b (2 £p2)7 P2 (01 L3 £ 0 IOL21 0 0 e 00 0

So we conclude that faa =f fa f is the f-Drazin inverse of fa . It easy to check that inda( fa) <1
Now for (©), applying to f7 we get that f9? is also -Drazin where f99? = 9 99 9 Expanding
this out further, we compute that £299 % 3 799 (3 &b 03 000 000 L2 pea W2 g0 3 46 he
f-Drazin inverse of f°°. For (vi), suppose that f© = f%. Then [D'.2] tells us that T ff" = f7, which
says that f7 is a partial isometry. Then applying the dagger to this equality gives ff'f = f, and so we
have that f is a partial isometry. For (vii)), suppose that inda( f) = 0. This means that f f9 =1 and
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fa f =1, which is precisely that f is an isomorphism with inverse f~! = fa. Then (viil) immediately

follows from and (vil). We will prove (ix)) in Thm For (X)), note that we can easily check that
[D.3] [D.2] [D.2] o

S =2 2 f 10 £47 7= 2 ff° 7= £, and similarly that £ f(f° )T f7f = f2f. So

both ff? and f? f are partial isometries, so by Lemma 2.3] (i), they are both F-Drazin and their adjoints

are their -Drazin inverse. However by [D'.3] and [D'.4], we get (f°)? = ff? and (f°f)° = f°f. O

Unfortunately, like other generalized inverses (such as the Drazin inverse and the Moore-Penrose
inverse), t-Drazin inverses do not necessarily play well with composition. Indeed, even if f and g are
t-Drazin, fg is may not be t-Drazin, and even if it was, (f, g)a may not equal ga fa.

We conclude this section by discussing the special case of having a f-Drazin index less than or equal
to 1. In classical Drazin inverse theory, having Drazin index less than or equal to 1 corresponds precisely
to another special kind of generalized inverse called a group inverse [4, Def 7.2.4] — which can be defined
without explicitly mentioning Drazin inverses. Borrowing this terminology, we introduce the notion of a
t-group inverse.

Definition 2.7 In a T-category, a t-group inverse of a map f : A — B is a map of dual type f° : B — A
such that:

[G'.La] ffiff=fff
[G™.Lb] foffif=f1f
[G'.2] fff7 = f2;
[G.3] (£1°)" = ff?;
[G.4] (f21)" =fF.

Lemma 2.8 In a t-category, a map f: A — B has a T-group inverse if and only if f is T-Drazin with
inda( f) < 1. Moreover, in this case, the T-group inverse coincides with the t-Drazin inverse, and the
following equalities also hold:

[G'.Lel ffofff =fft
[G.1d] fTffof=ff

PROOF: For the = direction, suppose that f has a T-group inverse f 7. Then we clearly see that [G'.1.a]
and [G'.1.b] combined is [D.1] for k = 1, while [G".2], [GT.3], and [G".4] are precisely [D'.2], [D'.3],
and [D'.4] respectively. So f is t-Drazin with f-Drazin being its f-group inverse, and moreover [G'.1.a]
and [G'.1.b] tells us precisely that inda( f) < 1. For the < direction, suppose that f is f-Drazin with
f-Drazin inverse f? ind’(f) < 1. Then clearly, [D'.2], [D'.3], and [D".4] are the same as [G'.2], [G*.3],
and [G'.4] respectively, while ind? (f) < 1tells us that [D'.1] holds for k = 1 which is precisely [GT.1.a]
and [G'.1.b]. Lastly, it follows from Lemma[2.3]that [G'.1.c] and [G'.1.d] hold, as they are [D".5] and
[D.8] fork = 1. O

Since f-group inverses are special cases of T-Drazin inverses, they are unique as well. Moreover,
Lemma 2.3l (i), (i), and (@) tells us that isomorphisms (in particular, identity maps and unitary maps),
partial isometries, and f-idempotents all have f-group inverses. Moreover, observe that by combining
Lemma 23] (@) and Prop 2.6/(i), we see that a map f is {-Drazin with ind () = 0 if and only if f is
an isomorphism, and in this case its T-group inverse is its inverse, 7 = f~'. As such, the maps with
t-Drazin index 1 are precisely those that have a f-group inverse and are not an isomorphism.
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3 Comparing Dagger-Drazin and Drazin

In this section, we explain the relationship between Drazin inverses and {-Drazin inverses. In particular,
the main result of this section is that having f-Drazin inverses is equivalent to having Drazin inverses of
positive maps. For a full detailed introduction to Drazin inverses in categories, see [9].

Definition 3.1 /9, Def 2.1] In a category, a Drazin inverse of an endomorphism x : A — A is an endo-
morphism x : A — A such that:

[D.1] There is a k € N such that x*t1xP = xk;

[D.2] xPxxP =xP;

[D.3] xx” =xPx.

If x has a Drazin inverse, we say that x is Drazin invertible or simply Drazin. We call the smallest natural

number k such that [D.1] holds the Drazin index of x, which we denote by ind” (x). A Drazin category
is a category such that every map is Drazin.

Drazin inverses are unique [9, Prop 2.3], so again we may speak of the Drazin inverse of a map and
that being Drazin is a property rather than structure. Many examples and properties of Drazin inverses
can be found in [9], including the fact that having a Drazin index less than or equal to 1 corresponds
precisely to the notion of a group inverse:

Definition 3.2 /9, Def 3.8] In a category, a group inverse of an endomorphism x : A — A is an endo-
morphism x : A — A such that:

[G.1] xxPx=x;
[G.2] xPxxP =xP;
[G.3] xPx=xxP

In [9) Lemma 3.9] it is proven that x is Drazin with ind(x) < 1 if and only if x has a group inverse .
As such, a group inverse is the Drazin inverse for endomorphisms with Drazin index less than or equal
to 1.

We now add dagger structure back into the story. Thankfully, Drazin inverses behave well in a
t-category.

Lemma 3.3 /9 Lemma 7.22] In a t-category, an endomorphism x is Drazin if and only if x" is Drazin.
Moreover, if x is Drazin then xTD = xDT.

Let us now begin exploring the connection between Drazin inverses and f-Drazin inverses. We first
observe that for self-adjoint maps], the two notions coincide.

Lemma 3.4 In a t-category, a self-adjoint map x (that is, x = x") is t-Drazin if and only if x is Drazin.
Moreover, if x is self-adjoint and (t-)Drazin, then its (1-)Drazin inverse is also self-adjoint and xP = x7.

PROOF: Let x be self-adjoint, so x = x". For =, suppose that x is {-Drazin. We will show that its -
Drazin inverse x? is also its Drazin inverse. Now since x is self-adjoint, we can rewrite [D.6] as saying
there exists a k € N such that x*+1x? = x% which implies that [D.1] holds. Note that [D.2] and [D.2]
are the same. Next, observe that by Prop 2.6l(ii), we have that Prap )cJfa = x9, so x? is self-adjoint.
Therefore, we may rewrite both [D7.3] and [D'.4] as xx? = xax, which is precisely [D.3]. Therefore,

ZNote that self-adjoint maps are always endomorphisms.
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we conclude that x is Drazin with Drazin inverse x = x?. For <, suppose that x is Drazin. We will
show that its Drazin inverse x2 is also its T-Drazin inverse. Now if ind” (x) =k, [9, Lemma 2.2.(i)] tells
us that for all n > k, we have that ¥*"1x? = x*. In particular this gives us that X2 H1xD — x%k which
since x is self-adjoint is precisely [D.6]. As before, note that [D.2] and [D'.2] are the same. Next, by
Lemma [3.3] since x is self-adjoint, x” is also self-adjoint. Then by self-adjointness and [D.3], we have
that (xxP)" = xPx = xxP = (xPx), which gives both [D".3] and [D".4]. Therefore, we conclude that x is
+-Drazin with f-Drazin inverse x? =xP. O

An important class of self-adjoint maps are the positive maps. Recall that in a f-category, a positive
map is an endomorphism p : A — A such that there exists a map f : A — B such that p = ff7.

Corollary 3.5 In a t-category, a positive map is T-Drazin if and only if it is Drazin.

Now for any map f in a f-category, we have two positive maps associated to it: ff7 and fTf. We
will now show that f being f-Drazin is equivalent to either one of these positive maps being Drazin.

Theorem 3.6 In a f-category, for a map f, the following are equivalent:
(i) fis t-Drazin;

(ii) f" is t-Drazin;

(iii) ff" is (+-)Drazin;

(iv) f'f is (+-)Drazin.

Moreover, if f is T-Drazin, then:

i) f2 = (11T = (FINPF and [1 = F(F1 1P = (F£1)P;

vii) ()P = 11 f7 and (£ )P = 1277
(viii) ind?(f) = max{ind®(£7),ind® (1 £)}.

PROOF: First note that (i) < (i) follows from Prop [2.6/(iil). On the other hand, (iii) < (iv) follows
from the fact in any category, for maps g: A — B and h: B — A, gh is Drazin if and only if g is Drazin

[9] Lemma 7.3]. Then combining this fact with Cor 3.5 we get that ff7 is (f-)Drazin if and only if 7 f
is (f-)Drazin. So to prove the desired statement, it remains to show that (i) < (iif).

For (i) = (iii), suppose that f is {-Drazin. We will show that (ff7)P := f‘ﬂf§ satisfies the three
axioms of a Drazin inverse.

D] (fF) (P S ()t 2T 0 = (i prt 27 PPV ro P (p
D21 (FF1)PFf (£ f21 40 gyt g0 o POPRA® 137 15 o L2 297 o del oty

D31 (f£1)Pfft L p37 g2 1 POPEOD £ 5 207 i PP B v 29T o el ot )0

So we conclude that ff' Drazin.

For (iii) = (i), suppose that f T is Drazin. We will show that 7 := fT(ffT)? satisfies the necessary
axioms to be a f-Drazin inverse of f.

) Prop. 2B

p D]

D761 (F11Vfr0 S (FrOEri(rriP = (Friyt(rm)P 2 (rpt )k

D721 2117 FAPEF TP 2 ()P p2
For the remaining two axioms, recall that by Lemma[3.3] since f fT is self-adjoint then so is (f fT)D‘
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p D3]

def. def.
™31 (Ff)" = (L) = £GP =1 (P = £
def. def.
D41 (f71)" = (FH PN == 10f
So we conclude that f is f-Drazin. Therefore, we have that (i) < (ii) < (iii) < (iv) as desired.
Now for (i), we have already shown that 1o = ff (ffH)P. For the other part of the equality we
will need the only following fact: for maps g: A — B and / : B — A such that gh and hg are Drazin,
then (gh)Pg = g(hg)P and h(gh)P = (hg)hP [9, Lemma 7.5]. Therefore, we indeed have that f? =

fIffHP = (fT£)PfT. Then by Prop. and Lemma [3.3] we also get that fTa = f(fTHP =
(ffHPf. For (vii), we have already shown that (ff7)? = f‘ﬂfa, so by Prop. 2.6l(1) we get that
(ffHP = fTafa, and then applying the same formula to f*, we get that (f7 f)P = fafTa. Lastly, by the
arguments made in the above computations, it is straightforward to check that holds. O

It immediately follows that, unsurprisingly, having a f-group inverse corresponds to both induced
positive maps having a group inverse.

Corollary 3.7 In a t-category, a map f has a t-group inverse if and only if ff' and f' f have group
inverses.

PROOF: For the = direction, suppose that f has a f-group inverse. Which implies that f is f-Drazin
with ind§(f) < 1. Then by Thm 3.6, we have that £ and f*f are Drazin, and also that ind?(ffT) <
inda(f) <1andind®(f7f) < inda(f) < 1. This implies that £f7 and f7 f have group inverses. Con-
versely, for the < direction, suppose that ff7 and f7f both have group inverses. So they are both
Drazin and ind?(ff%) < 1 and ind?(fTf) < 1. Then by Thm we have that f is f-Drazin and
ind? (f) = max{ind®(ff"),ind?(ff)} < 1. Therefore, f has a f-group inverse. O

We also obtain an equivalent characterization of f-Drazin categories:
Corollary 3.8 A f-category is t-Drazin if and only if every positive map is Drazin.

This also allows us to conclude that a Drazin category, which has a {, is automatically a f-Drazin
category.

Corollary 3.9 Every Drazin t-category (by which we mean a t-category whose underlying category is
Drazin) is t-Drazin. In particular, if X is a Drazin category, then for any dagger 7 on X, X is 7-Drazin.

We are now in a position to give examples of T-Drazin inverses. Our first examples are matrices over
a field. For any field, every matrix over the field has a f-Drazin inverse with respect to the transpose op-
erator. Moreover, a matrix over an involutive field also has f-Drazin inverse with respect to the conjugate
transpose operator.

Example 3.10 For a field K, let MAT (K) be the category whose objects are natural numbers n € N and
where a map A : n — m is an n X m K-matrix. Every square K-matrix has a Drazin inverse, and therefore
MAT (K) is a Drazin category — see [9) Sec 3.2] for how to construct the Drazin inverse. Moreover, the
Drazin index of a square matrix B corresponds precisely to the index of B [4, Def 7.2.1], that is, the least
k € N such that rank(B*1) = rank(B¥). On the other hand, MAT (K) is a t-category whose dagger is the
transpose operator T, AT (i, j) = A(j,i). As such, MAT(K) is a Drazin +-category, and so in particular
also t-Drazin. So every K-matrix A has a T-Drazin inverse given by A% =AT (AATP. Furthermore, the
T-Drazin index of a matrix A is the maximum between the index of AA" and the index of ATA.
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Example 3.11 If K is an involutive field, with involution x — X, then MAT (K) has another dagger this
time given by the conjugate transpose operator x, A*(i, j) = A(j,i). Then MAT(K) is still a Drazin
t-category with respect to *, and so in particular also T-Drazin. So every K-matrix A has a x-Drazin
inverse given by A° = A*(AA*)P, and where the x-Drazin index of A is the maximum between the index of
AA* and the index of A*A. We will revisit this example when K is the involutive field of complex numbers

in Ex below.

The converse of Cor is not true, that is, there are f-Drazin categories that are not Drazin. An
example arises from considering inverse categories.

Example 3.12 An inverse category may be viewed as a T-category in which every map is a partial
isometry (that is, ff'f = f)and for all parallel maps f and g, ff gg" = gg" ff'. Recall that by Lemma
23 ({id), every partial isometry is t-Drazin with T-Drazin inverse being its adjoint and T-Drazin index
less than or equal to 1. Therefore every inverse category is T-Drazin.

Example 3.13 Let PINJ be the category of sets and partial injections. Then PINJ is an inverse category
where for a partial injection f:X =Y, f°:Y — X is defined as f°(y) = x if f(x) =y and is undefined
otherwise. As PINJ is an inverse category it is certainly T-Drazin, and so every partial injection f is
t-Drazin with f° = f°. However, PINJ is not Drazin. Consider the successor function s : N — N,
s(n) = n+ 1. Suppose that s had a Drazin inverse s” : N — N and ind(s) = k. By [D.3], we would have
that sP(n) = sP(s"(0)) = s"(sP(0)) = s2(0) +n. So s is completely determined by sP(0). If s°(0) is
defined, then by [D.1] we compute that k = s*(0) = sP (s*1(0)) = sP (k+ 1) = sP(0) + k+ 1. This implies
that 0 = sP(0) + 1 — which is a contradiction since sP(0) € N. On the other hand if s°(0) is undefined,
then s*(0) = sP(s*71(0)) = s**1(sP(0)) would also be undefined, but this is a contradiction since s* is
total. So the successor function does not have a Drazin inverse, and therefore PINJ is not Drazin.

Even in f-categories that are neither Drazin nor f-Drazin, it is sometimes possible to characterize the
maps that are f-Drazin.

Example 3.14 Let HILB be the category of (complex) Hilbert spaces and bounded linear operators
between them. Then HILB is a T-category where the dagger is given by the adjoint %, that is, for a
bounded linear operator f: Hy — H,, f*: Hy — H) is the unique bounded linear operator such that
(f(xX)|y) = (x|f*(y)) for all x € Hy and y € H,. HILB is not Drazin, nor is it t-Drazin. Nevertheless, we
can still characterize the x-Drazin maps in HILB, since there is a characterization of when a bounded
linear operator is Drazin. For a bounded linear operator f : Hy — Hy, let N(f) denote its null space
and R(f) its range space. A bounded linear operator g : H — H is said to be has finite ascent (resp.
descent) if there exists a k € N such that N(gF) = N(g**1) (resp. R(g") = R(g"")), and the least such
k is called the ascent (resp. descent) of g. Then a bounded linear operator g : H — H is Drazin if and
only if it has both finite ascent and finite descent [15) 29], and furthermore its Drazin index corresponds
to its ascent (or equivalently its descent, which are equal in this). Therefore, it follows that a bounded
linear operator f : Hy — Hj is x-Drazin if and only if ff* (or equivalently f*f) has both finite ascent
and finite descent. In this case, the x-Drazin of f is equal to the maximum of the ascent (or equivalently

descent) of ff* or f*f.

4 Comparing Dagger-Drazin and Moore-Penrose

In this section, we explain the relationship between f-Drazin inverses and Moore-Penrose inverses. In
particular, the main result of this section is that having a Moore-Penrose inverse is equivalent to being a
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t-Drazin inverse (which we stress is different than simply being f-Drazin inverse and having a -Drazin
inverse). For a detailed introduction to Moore-Penrose inverses in dagger categories, we invite the reader
to see [8]].

Definition 4.1 /8| Def 2.3] In a T-category, a Moore-Penrose inverse of a map f : A — B is a map of
dual type f° : B — A such that:

[MP.1] ff°f=f
[MP.2] f°ff°=f°
[MP.3] (ff°)" = ff°
[MP.4] (f°f)" =f°f

If f has a Moore-Penrose inverse, we say that f is Moore-Penrose invertible or simply Moore-Penrose.
A Moore-Penrose t-category is a t-category such that every map is Moore-Penrose.

Moore-Penrose inverses are unique [8, Lemma 2.4], so again we may speak of the Moore-Penrose
inverse of a map and that being Moore-Penrose is a property rather than structure. Many examples and
properties of Moore-Penrose inverses and Moore-Penrose dagger categories can be found in [8].

We now show that having a Moore-Penrose inverse is equivalent to being a f-Drazin inverse. It is
important to note that being a t-Drazin inverse is strictly stronger than being f-Drazin. Indeed, while
every f-Drazin inverse is t-Drazin, not every -Drazin map is itself a T-Drazin inverse. A f-Drazin map
is a T-Drazin inverse precisely when it is the T-Drazin inverse of its T-Drazin inverse.

Theorem 4.2 In a f-category, the following are equivalent for a map f:
(i) fis Moore-Penrose;

(ii) f is a t-Drazin inverse;

(iii) f is t-Drazin and f°° = f.

Therefore, if f is Moore-Penrose then f is t-Drazin where f° = f° and ind&( f) <1 (in other words, f°
is the T-group inverse of f), and, moreover, f is the t-Drazin inverse of f°, that is, foa =f.

PROOF: We will prove (i) = (iii) = (ii) = (i). So for (i) = (iii), suppose that f is Moore-Penrose. We
will show that its Moore-Penrose inverse f° is also its t-Drazin inverse. However observe that [D'.2] is
[MP.1], [D".3] is [MP.4], and [D".4] is [MP.3]. It remains to show [D".5]. So set j = 1, then we easily
have that f7ffH < o prt MBI £4t Qo f2 is the +-Drazin inverse of f. Lastly, by Prop Z.6l(,
f99 = f is precisely [MP.1]. Next note (iii) = (ii) is automatic by assumption that f%? = f. So it
remains to show that (ii) = (i). So suppose that f is a {-Drazin inverse for map g, that is, f = g°.
By Prop 2.6l (iv)), we know that f is also f-Drazin where fa = gfg. We will show that fa is also the
Moore-Penrose inverse of f. To do so, recall that by Prop 2.61(@) that f9? = g?99 = g2 = f. So f is the
t-Drazin inverse of fa . Since f is the T-Drazin inverse of f' 7, by [D'.2] we have that f fa f=f,whichis
[MP.1]. On the other hand, since f? is the T-Drazin inverse of f, [D'.2] gives us 2 £ = f7, which is
[MP.2]. Lastly, [MP.3] and [MP.4] are precisely [D'.3] and [D'.4] as well. So f is Moore-Penrose. O

This also allows us to give an equivalent characterization of Moore-Penrose | categories as special
kind of {-Drazin category.

Corollary 4.3 A t-category is Moore-Penrose if and only if it is T-Drazin where every map is also a
t-Drazin inverse.
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We already know from Ex that complex matrices have f-Drazin inverses (with respect to the
conjugate transpose dagger). However we now have an alternative explanation as to why, and an alterna-
tive description of its f-Drazin inverse from the perspective of Moore Penrose inverse.

Example 4.4 Ler C be the field of complex numbers. MAT (C) with the conjugate transpose dagger  is
a Moore-Penrose T-category where the Moore-Penrose inverse of a complex matrix can be constructed
from its singular value decomposition [|8) Ex 2.9]. Therefore, every complex matrix is x-Drazin and its
x-Drazin inverse is its Moore-Penrose inverse. Of course, we can also say that every complex matrix is
the x-Drazin inverse of its Moore-Penrose inverse.

It is important to note that while for any (involutive) field, its category of matrices is always f-Drazin,
it may not be Moore-Penrose.

Example 4.5 Consider MAT (C) this time with simply the transpose T dagger, which we know is -
Drazin from Ex[310| that is, every complex matrix has a T-Drazin inverse. However, MAT(C) is not
Moore-Penrose with the transpose dagger, in particular, the matrix [i 1] does not have a Moore-Penrose
inverse with respect to the transpose [8| Ex 2.10]. However [i 1] does have a T-Drazin inverse. In fact,

since i 1][i 117 =0, it follows that [i 1] =10 0]".

Recall that in Ex 3.14] we characterized f-Drazin maps in the category of Hilbert spaces. We can
now take a look at the subcategory of finite dimensional Hilbert spaces.

Example 4.6 HILB is not Moore-Penrose but we can again characterize when bounded linear maps are
Moore-Penrose — they are precisely those whose range is closed [8| Ex 2.12]. Moreover, for appropriate
bounded linear maps, it is sometimes possible to formulate the Drazin inverse (and hence the t-Drazin
inverse) in terms of the Moore-Penrose inverse [29, Lemma 2.1]. Now let FHILB be the subcategory
of finite dimensional Hilbert spaces. FHILB is a Moore-Penrose t-category [8, Ex 2.12], and therefore
FHILB is also t-Drazin. So every linear operator between finite dimensional Hilbert spaces is x-Drazin,
where its x-Drazin inverse is its Moore-Penrose inverse.

5 Revisiting Drazin Opposing Pairs

In [9]], the authors introduced the notion of Drazin inverses for opposing pairs, which was the authors first
attempt to generalize the notion of Drazin inverses to maps of arbitrary type. In section, we relate Drazin
inverse of opposing pairs to T-Drazin inverses. In particular, we show that Drazin inverse of opposing
pairs correspond precisely to T-Drazin inverses in cofree dagger categories.

It is useful to understand the original motivation for considering Drazin inverses of opposing pairs.
A fundamental idea behind Drazin inverses is that certain endomorphisms can be undone after iterating
them a certain number of times. Thus if one wishes to give a generalization of a Drazin inverse for a map
f:A — Bin an arbitrary category, then one also needs a map of dual type g : B — A so that the Drazin
iteration axiom can be expressed. Thus, in an arbitrary category X, an opposing pair (f,g) :A — B
is a pair (f,g) consisting of maps of dual type, so f: A — B and g : B— A. Such an opposing pair,
(f,g) : A — B, induces two endomorphism fg:A — A and gf : B — B for which we can seek Drazin
inverses. These in turn — if they exist — induce an opposing pair in the opposite direction. This provides
a notion of inverse for an arbitrary pairs of opposing maps.

Definition 5.1 [9) Def 7.1] In a category X, a Drazin inverse of an opposing pair (f,g) : A — B is an
D D
opposing pair of dual type (f,g)° = (f*,g7) : B— A such that:
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[DV.1] There is a k € N such that (fg)*ffs = (fg)* and (gf)kgg? = (g)k;

[DV.2] f5ff% = f¥ andg7gg’ =g’

[DV.3] f£% =g7gand 7 f=gg’.

We say that an opposing pair (f,g) is Drazin if it has a Drazin inverse. The map f § : B — A is called
D

the Drazin inverse of f over g, while the map g7 : A — B is called the Drazin inverse of g over f. The

Drazin index of (f,g) is the smallest k € N such that [DV.1] holds, which we denote by ind®(f,g) = k.

Drazin inverses of opposing pairs share many of the same properties as Drazin inverses of endomor-
phisms, see [9, Sec 7]. In particular, the Drazin inverse of an opposing pair is unique [9, Prop 7.7]. One
can also recover Drazin inverses of endomorphisms by considering the Drazin inverse of the opposing
pair consisting of an endomorphism and the identity [9, Lemma 7.10]. Moreover, since every opposing
pair induces two endomorphisms, it turns out that Drazin opposing pairs can also be characterized in
terms of Drazin inverses.

Theorem 5.2 [[9 Thm 7.6] In a category X, the following are equivalent for an opposing pair (f,g):
(i) (f,g) is Drazin;
(ii) fg is Drazin;
(iii) gf is Drazin.
In particular, if (f,g) is Drazin then [9, Cor 7.8]:
: p_ L,D pD_ DD
(iv) (fg)” =g’ f¢« and (gf)” = feg’;
L D D 2 D D
(v) fr=8(f8)" = (8f)"gand g7 = f(f)" = (f8)"f:
(vi) ind”(f,g) = max{ind”(fg),ind"(gf)}.

Now in a f-category, every map and its adjoint form an opposing pair, which we call an adjoint
opposing pair. Then, it is straightforward to see that a map being f-Drazin is equivalent to its adjoint
opposing pair being Drazin.

Proposition 5.3 In a f-category, a map f is t-Drazin if and only if the opposing pair (f, f') is Drazin.
L D
Moreover, if f is T-Drazin then 7 = f° and f17 = f‘ﬂ, and also that inda(f) = ind?(f,g).

PROOF: By combining Thm and Thm [5.2] we get that f is t-Drazin if and only if ff' is Drazin
if and only if (f,f") is Drazin. By Thm and Thm 5.21@), we get that f/% = fH(ffHP = f2
and fT? = f(fT P = fTa — 7. Lastly, Thm and Thm B2L() give us that ind?(f) =
max{ind”(ff7),ind”(f1f)} = ind”(f.g). O

We now turn our attention to proving that Drazin inverses of opposing pairs correspond to the -
Drazin inverses in cofree dagger categories. This makes sense since maps in cofree dagger categories are
precisely opposing pairs [12, Def 3.1.16]. Indeed, given a category X, let X~ be the category that has
the same objects as X and where a map is an opposing pair (f,g) : A — B in X. Composition is defined
as (f,g)(h,k) = (fh,kg) and the identity is (14,14). Then X~ is a f-category where (f,g)" = (g, f).
Moreover X is the cofree t-category over X [12, Thm 3.1.17].

Theorem 5.4 In a category X, an opposing pair (f,g) in X is Drazin if and only if (f,g) is T-Drazin in
XZ. Moreover in this case, (f,8)° = (f,g)° and ind®(f,g) = ind?(f,g).
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D
g

PROOF: For the = direction, suppose that (f,g) is Drazin in X. We show that (f,g)° = (f ,g?) is the

f-Drazin inverse of (f,g) in X~. We begin by checking [D.2]-[D".4].

[D".2] (£,8)°(f.8)(f.8)° = (f*.87)(f.9)(f5.87) = (F5fF*.87887) "= (£%,67) < (f,8)°
D3] (£.9)(f.9)° & (£.8)(f%.87) = (11,87 8) "= (¢, f£5) = (fF5 .87 )" = ((£.8)(f.8)°)"
D741 (£,9)°(f,8) & (F%.87)(f,8) = (f* f.887) "= (eg7 , £5 ) = (£% f.887) = ((£,8)° (£.8))"

For [D'.6], we first note that fgff ¢ "o fog7 g P r% fg. So feff% = ff* fg. Therefore [DV.1]

tells us that there is a k € N such that (fg)kffg = (fo) ff (fg)k. So then we compute that:

[DV 2] , D
g

D
g

(£ (£:8)(F.8) & ((Fr0) e /) (Fr8) (87
= (&) (187 8) = (1) 1% g

D
g

= (f8.f9)" (ff%.879)
8(f2)")
Y (ro)rrt 1% (7)) P (£t (£9)) = ((£.8)(F.)")

So [D'.6] holds. So we conclude that (f,g) is f-Drazin in X,
For the < direction, suppose that (f,g) is f-Drazin in X~. Let (f ,g)a be its T-Drazin, which we

denote as (f,g)? = (f%,g?). We will show that (f,g) is Drazin in X where (fg,g?) is its Drazin
inverse. To do so, let us expand out the f-Drazin inverse axioms. Starting with [D'.2], we get:

D D

¢ = (127 " (1,007 (£,0)(£,8)” = (f%.87)(f,0)(F7.87) = (F5 ££ 87 gg7)

va\b
oy

(e,

This give us that f = f § ff g and glf_)' = g? gg?, which is [DV.2]. Next we expand out [D'.3] and
[D.4]:

(5870 = (1ot eh) = (100 "= ((Far.e7) = (7% sf )" = (s arr®)

D

D D D i D D D D
(7% r,881) = (5,87)(F.0) = (1,0 (£.0) "= (7,07 (F0)) = (£ £.887)" = (g87 %)
So we get that ff = g?'g and f g f= gg?, so [DV.3] holds. Next we expand out [D'.6] and [D.7]:

(£ (F)) = ((£,0)(£:0D) = ((£,0) (1)) (1,8)(£:0)? = ((f:8) (& f)* (-8) (7 &7
<fg,fg> (ffg ,g?g> ((f K, (FR) ) (5,87 8) = (fo) ff% .27 8(f2)") = (fQ) %, £F5 (f2))

(/)5 (NN = ((F-2)"(£,0))" = (£,2)°(f:8) (£-2) (£,0)) =T (2,67)(f.8) (2 1) ()"
= (¥ f.887) (8f8/) = (fF £.887) ()", (ef)") = (FF f(8f). (8 887) = (g87 (8f). (8/) sg7)

So we get that (fg)kfflf3 = (fg)* and (gf)kgg? = (gf)¥, so [DV.1] holds. So we conclude that (f,g) is
Drazin in X. O



J.R.B. Cockett, J.-S. P. Lemay, & P. V. Srinivasan 315

References

[1]

(2]

(3]

[10]

[11]

[18]

[19]

G. Azumaya (1954): Strongly m-regular rings. Journal of the Faculty of Science Hokkaido University. Ser. 1
Mathematics 13(1), pp. 034—039. Available athttp://hdl.handle.net/2115/55983,

O. M. Baksalary & G. Trenkler (2021): The Moore—Penrose inverse: a hundred years on a frontline of physics
research. The European Physical Journal H 46, pp. 1-10, doi;10.1140/epjh/s13129-021-00011-y.

M. Bartha (2014): Quantum Turing automata. In Benedikt Lowe & Glynn Winskel, editors: Proceedings
8th International Workshop on Developments in Computational Models, Cambridge, United Kingdom, 17
June 2012, Electronic Proceedings in Theoretical Computer Science 143, Open Publishing Association, pp.
17-31, doii10.4204/EPTCS . 143.2|

S. Campbell & C. Meyer (2009): Generalized inverses of linear transformations. SIAM, doii10.1137/1.
9780898719048,

N. Cao, J. Lin, D. Kribs, Y.-T. Poon, B. Zeng & R. Laflamme (2021): NISQ: Error correction, mitigation,
and noise simulation. arXiv preprint arXiv:2111.02345.

J. Chen, Y. Wang, J. Chen & S. Su (2023): Optimal figure of merit of low-dissipation quantum refrigerators.
Physical Review E 107(4), p. 044118, doi:10.1103/PhysRevE.107.044118,

J.-F. Chen, C. Sun & H. Dong (2021): Extrapolating the thermodynamic length with finite-time measure-
ments. Physical Review E 104(3), p. 034117, do0ij10.1103/PhysRevE.104.034117,

J.R.B. Cockett & J-S. P. Lemay (2023): Moore-Penrose Dagger Categories. In: Proceedings of the Twentieth
International Conference on Quantum Physics and Logic, Paris, France, 17-21st July 2023, Electronic Pro-
ceedings in Theoretical Computer Science 384, Open Publishing Association, pp. 171-186, doii10.4204/
EPTCS.384.10.

R. Cockett, J.-S. P. Lemay & P. V. Srinivasan (2024): Drazin Inverses in Categories. Theory and Applica-
tions of Categories 43(14), pp. 455-519. Available at http://www.tac.mta.ca/tac/volumes/43/14/
43-14abs.html.

M. P. Drazin (1958): Pseudo-inverses in associative rings and semigroups. The American mathematical
monthly 65(7), pp. 506-514, doii10.2307/2308576.

H. Fitting (1933): Die Theorie der Automorphismenringe Abelscher Gruppen und ihr Analogon bei nicht
kommutativen Gruppen. Mathematische Annalen 107, pp. 514-542, doi:10.1007/BF01448909.

C. Heunen (2009): Categorical quantum models and logics. Amsterdam University Press, doi:10.5117/
9789085550242,

C. Heunen & J. Vicary (2019): Categories for Quantum Theory: an Introduction. Oxford University Press,
doi:10.1093/0s0/9780198739623.001.0001.

B. Jacobs, C. Heunen & 1. Hasuo (2009): Categorical semantics for arrows. Journal of functional program-
ming 19(3-4), pp. 403-438, d0i;10.1017/50956796809007308.

C. F. King (1977): A note on Drazin inverses. Pacific Journal of Mathematics 70, pp. 383-390, doi{10.
2140/pjm.1977.70.383,

T. Leinster (2023): The eventual image. Theory and Applications of Categories. Available at http://www.
tac.mta.ca/tac/volumes/42/9/42-09abs.html.

H. Miller, M. Scandi, J. Anders & M. Perarnau-Llobet (2019): Work fluctuations in slow processes: quantum
signatures and optimal control. Physical review letters 123(23), p. 230603, doi:10.1103/PhysRevLett.
123.230603.

E. H. Moore (1920): On the reciprocal of the general algebraic matrix. Bull. Am. Math. Soc. 26, pp. 394—
395, doij10.1090/380002-9904-1920-03322-7.

W. D. Munn (1961): Pseudo-inverses in semigroups. In: Mathematical Proceedings of the Cambridge Philo-
sophical Society, 57, Cambridge University Press, pp. 247-250, doi:10.1017/50305004100035143,


http://hdl.handle.net/2115/55983
https://doi.org/10.1140/epjh/s13129-021-00011-y
https://doi.org/10.4204/EPTCS.143.2
https://doi.org/10.1137/1.9780898719048
https://doi.org/10.1137/1.9780898719048
https://doi.org/10.1103/PhysRevE.107.044118
https://doi.org/10.1103/PhysRevE.104.034117
https://doi.org/10.4204/EPTCS.384.10
https://doi.org/10.4204/EPTCS.384.10
http://www.tac.mta.ca/tac/volumes/43/14/43-14abs.html
http://www.tac.mta.ca/tac/volumes/43/14/43-14abs.html
https://doi.org/10.2307/2308576
https://doi.org/10.1007/BF01448909
https://doi.org/10.5117/9789085550242
https://doi.org/10.5117/9789085550242
https://doi.org/10.1093/oso/9780198739623.001.0001
https://doi.org/10.1017/S0956796809007308
https://doi.org/10.2140/pjm.1977.70.383
https://doi.org/10.2140/pjm.1977.70.383
http://www.tac.mta.ca/tac/volumes/42/9/42-09abs.html
http://www.tac.mta.ca/tac/volumes/42/9/42-09abs.html
https://doi.org/10.1103/PhysRevLett.123.230603
https://doi.org/10.1103/PhysRevLett.123.230603
https://doi.org/10.1090/S0002-9904-1920-03322-7
https://doi.org/10.1017/S0305004100035143

[24]

[25]

[26]

[27]

(28]

[29]

[30]

Dagger-Drazin Inverses

R. Penrose (1955): A generalized inverse for matrices. In: Mathematical proceedings of the Cambridge
philosophical society, 51, Cambridge University Press, pp. 406—413, doi:10.1017/50305004100030401.

R. Puystjens & M.C. Gouveia (2004): Drazin invertibility for matrices over an arbitrary ring. Linear algebra
and its applications 385, pp. 105-116, doi:10.1016/50024-3795(03) 00618-9,

R. Puystjens & D. w. Robinson (1981): The Moore-Penrose inverse of a morphism with factorization. Linear
Algebra and its Applications 40, pp. 129-141, doi;10.1016/0024-3795(81)90145-2,

R. Puystjens & D. W. Robinson (1984): The Moore-Penrose inverse of a morphism in an additive category.
Communications in algebra 12(3), pp. 287-299, doi:10.1080/00927878408823004.

R. Puystjens & D. W. Robinson (1985): EP morphisms. Linear algebra and its applications 64, pp. 157-174,
doi;10.1016/0024-3795(85)90273-3.

R. Puystjens & D. W. Robinson (1987): Generalized inverses of morphisms with kernels. Linear Algebra and
Its Applications 96, pp. 65-86, doi{10.1016/0024-3795 (87)90336-3.

R. Puystjens & D. W. Robinson (1990): Symmetric morphisms and the existence of Moore-Penrose inverses.
Linear Algebra and Its Applications 131, pp. 51-69, doi:10.1016/0024-3795(90) 90374-L.

P. Selinger (2007): Dagger compact closed categories and completely positive maps. Electronic Notes in
Theoretical computer science 170, pp. 139-163, doi:10.1016/j .entcs.2006.12.018,

Z. Wang (2017): A class of Drazin inverses in rings. Filomat 31(6), pp. 1781-1789, doi:10.2298/
FIL1706781W.

Y. Wei & S. Qiao (2003): The representation and approximation of the Drazin inverse of a linear
operator in Hilbert space. Applied Mathematics and Computation 138(1), pp. 77-89, doi:10.1016/
S0096-3003(02)00100-5,

Z. Wu, S. Zhang & C. Zhu (2014): Remarks on generalized quantum gates. Hacettepe Journal of Math-
ematics and Statistics 43(3), pp. 451-460. Available at https://dergipark.org.tr/tr/download/
article-file/649195.


https://doi.org/10.1017/S0305004100030401
https://doi.org/10.1016/S0024-3795(03)00618-9
https://doi.org/10.1016/0024-3795(81)90145-2
https://doi.org/10.1080/00927878408823004
https://doi.org/10.1016/0024-3795(85)90273-3
https://doi.org/10.1016/0024-3795(87)90336-3
https://doi.org/10.1016/0024-3795(90)90374-L
https://doi.org/10.1016/j.entcs.2006.12.018
https://doi.org/10.2298/FIL1706781W
https://doi.org/10.2298/FIL1706781W
https://doi.org/10.1016/S0096-3003(02)00100-5
https://doi.org/10.1016/S0096-3003(02)00100-5
https://dergipark.org.tr/tr/download/article-file/649195
https://dergipark.org.tr/tr/download/article-file/649195

	Introduction
	Reversing, control, and with-computed
	Modalities for reversing and control
	Related work
	Contributions

	Controlling a permutation circuit
	A formal model of reversing, control and with-computed
	A type system for reversing, control and with-computed
	Syntax
	Typing rules

	Operational semantics
	Evaluation rules
	Type preservation

	A categorical semantics for reversing and control
	The abstract model
	Interpretation
	Soundness of operational semantics

	Conclusion
	Controlling a CCZ gate
	The categorical interpretation of the typing rules
	Proof of soundness
	Introduction
	Preliminaries
	Clifford Groups and Circuits
	Clifford Conjugation on the Pauli Group

	A Normal Form for Multi-Qutrit Clifford Circuits
	A Complete Set of Relations for Multi-Qutrit Clifford Circuits
	Conclusion
	Complementary Definitions
	Complementary Proofs
	Scalars of Cn
	Proofs of Lemmas 3.5, 3.6, 3.7, 3.8, and Proposition 3.9
	Proof of Corollary 3.10

	A Complete Set of Box Relations
	Zero-Qutrit Box Relations
	Single-Qutrit Box Relations
	Two-Qutrit Box Relations
	Three-Qutrit Box Relations

	Actions of the Clifford Generators
	Designing the Normal Boxes
	Designing the Single-Qutrit Normal Boxes
	Designing the Two-Qutrit Normal Boxes

	Introduction
	Background
	Dagger categories
	Matrices
	Dagger idempotents
	Trace

	Contractions
	Basic properties
	Contractions and definiteness

	Pseudoinverses
	Definition of pseudoinverse
	EP maps

	Proof of the main result
	The pseudotrace is not a trace
	Non-physicality of the trace?
	More on pseudoinverses
	Counterexamples
	Introduction
	Preliminaries
	Flow properties
	Algebraic Pauli flow
	Further properties of Pauli flow
	ZX-calculus toolkit for MBQC

	YZ-insertion into patterns with extended causal flow
	YZ-insertion into patterns with gflow and Pauli flow
	Inserting vertices with other measurement labels
	Conclusions
	Proofs for Section 3
	Proofs for Section 4
	Proofs for Section 5
	Introduction
	Finite-Dimensional ZX-calculus
	Generators
	Interpretation
	Notations
	Axiomatization
	Explanation of Axioms


	Finite-Dimensional ZW-calculus
	Generators
	Interpretation
	Axioms

	Completeness from Translation
	ZX-to-ZW Translation
	ZW-to-ZX Translation
	Proof of Completeness

	Conclusion and Further Work
	Lemmas
	General Derivations
	Recovering Generators
	Proving Axioms of ZW

	Introduction
	Surface codes and defect braiding
	Braiding of defects as a graphical calculus: the category KNOT
	Interpreting the diagrams
	A partial logical semantics of KNOT via the ZX-calculus
	Double defects
	Tangle-like and ribbon-like structures


	Conclusions
	ZX-calculus
	ZX-calculus
	Soundness and completeness of KNOT_doubled for the (0, )-fragment of ZX-calculus

	Soundness of KNOT for the evolution of logical operators
	Overview
	Background preliminaries
	Homological algebra
	Affine Lagrangian relations

	Homology within surface codes and Lagrangian relations
	Soundness of KNOT for Affine Lagrangian relations

	Lemmas
	Introduction
	Summary of main results

	Background
	Strong nonlocality
	Three-qubit nonlocality paradoxes

	Technical preliminaries
	Impossible events in quantum tripartite models
	Logical structure of three-qubit nonlocality paradoxes using interpolant states
	Maximally impossible quantum scenarios

	Main results
	New families of paradoxes
	A partial classification of three-qubit nonlocality paradoxes
	A path to a complete classification of three-qubit nonlocality paradoxes

	Illustrations of the paradoxes
	Proofs of select results
	Proof of Theorem 4.7
	Proof of Lemma 4.14

	Introduction
	Background
	Fault-Tolerant Unitary Synthesis

	Formalizing Unitary Synthesis
	Synthesis as a Markov Decision Process

	Diagonalization
	The Diagonal Distance
	Synthesizing Diagonal Unitaries

	Experiments
	Synthesis of Controlled Rotations
	Synthesis of Complex Unitaries from Quantum Algorithms
	End-to-End Circuit Compilation Workflow

	Discussion
	The Utility of Diagonalization for Compilation Tasks

	Conclusion
	Introduction
	Background
	Contributions

	Rings
	Cyclotomic integers
	The ring Z[zeta12]

	Matrices and circuits
	Determinants
	Catalytic embeddings
	Clifford-cyclotomic circuits of degree 2ᵏ
	Clifford-cyclotomic circuits of degree 3*2ᵏ
	Generating Un(R[z12]
	Exact synthesis

	Conclusion
	A Proof of Lemma 1.2
	Introduction
	Background
	ZX-calculus
	Classical simulation
	GPU parallelism

	Methods
	Parameterising ZX-calculus
	Parametric scalar expressions
	GPU-parallelised evaluation

	Results
	Conclusions and Future Directions
	Preserving parametric symmetry
	Additional polar-parameterised rewrite rules
	Equivalence of subterm types
	Coalescing the data
	Parallelised summation algorithm
	Repeated weak simulation
	Sigmoid curves
	Introduction
	The deterministic query model of computation
	Classical-deterministic processes
	Generalised deterministic query complexity
	Degree and certificate lower bounds

	A constant separation between DGen and D
	A polynomial advantage from causal indefiniteness
	From a classical to quantum query complexity advantage
	Quantum supermaps and the quantum query model of computation
	A constant separation between Q_E and Q_EGen.
	A causally indefinite quantum supermap to compute f_6q


	Discussion
	Classical-deterministic supermaps and generalised deterministic query complexity
	Classical-deterministic processes
	Causally definite classical-deterministic processes and decision trees
	Degree and certificate lower bounds
	Composition of the generalised deterministic query complexity

	Properties of the Boolean function f_6c
	Process functions, process matrices and causal separability
	Process functions as process matrices
	Causal separability in classical-deterministic settings

	Properties of the function f_6q
	A numerical method to compute the quantum query complexity of f_6q
	A causally indefinite quantum supermap computing f_6q

	Introduction
	Dagger-Drazin Inverses
	Comparing Dagger-Drazin and Drazin
	Comparing Dagger-Drazin and Moore-Penrose
	Revisiting Drazin Opposing Pairs

