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We give a sound and complete equational theory for 3-qubit quantum circuits over the Toffoli-
Hadamard gate set {X,CX,CCX ,H}. That is, we introduce a collection of true equations among
Toffoli-Hadamard circuits on three qubits that is sufficient to derive any other true equation between
such circuits. To obtain this equational theory, we first consider circuits over the Toffoli-K gate set
{X,CX,CCX,K}, where K = H® H. The Toffoli-Hadamard and Toffoli-K gate sets appear similar,
but they are crucially different on exactly three qubits. Indeed, in this case, the former generates
an infinite group of operators, while the latter generates the finite group of automorphisms of the
well-known Ejg lattice. We take advantage of this fact, and of the theory of automorphism groups of
lattices, to obtain a sound and complete collection of equations for Toffoli-K circuits. We then extend
this equational theory to one for Toffoli-Hadamard circuits by leveraging prior work of Li et al. on
Toffoli-Hadamard operators.

1 Introduction

The Toffoli-Hadamard gate set is obtained by extending the classical reversible gate set {X,CX,CCX}
with the Hadamard gate H. The addition of the Hadamard gate promotes the gate set {X,CX,CCX } from
one that is universal for classical reversible computation to one that is universal for quantum computation
[1, 23]. Because the Hadamard gate can introduce phases of (—1) and produce superpositions, one can
think of the addition of the Hadamard gate as a simple way to augment classical reversible computation
with these typically quantum features. In turn, this motivates the study of Toffoli-Hadamard circuits
[1,4,3,10, 18, 23, 25, 26].

In recent years, an important effort has been made to understand quantum circuits equationally. If G
is a set of quantum gates, an equational theory for G is given by a set of equations (or relations) among
the circuits over G. The equational theory is sound if it only equates circuits that correspond to the same
operator, and complete if it always equates circuits that correspond to the same operator. Equational
theories can be used to optimize and verify quantum circuits in practice, but, more fundamentally, they
can illuminate the mathematical structure underlying the gate set G. Sound and complete equational
theories have been found for several important gate sets [2, 7, 8, 11, 19, 22].

In this paper, we give a sound and complete equational theory for 3-qubit Toffoli-Hadamard circuits.
A presentation for the group of Toffoli-Hadamard operators was given in [18], but the presentation uses
1-, 2-, and 4-level operators as generators. While these operators can be represented by Toffoli-Hadamard
circuits, this leads to an unnatural presentation, from the perspective of quantum circuits. What is more,
the presentation of [18] contains over 2000 relations, even when restricted to 3-qubit operators. Many
of these relations can be presented concisely as relation schemas in the language of operators, but these
relations need to be expanded to be stated in the language of circuits. In contrast, our presentation
contains only 65 relations, most of which are natural from the perspective of quantum circuits.
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2 A Sound and Complete Equational Theory for 3-Qubit Toffoli-Hadamard Circuits

To obtain our presentation, we first consider circuits over the Toffoli-K gate set {X,CX,CCX,K},
where K = H ® H. The Toffoli-Hadamard and Toffoli-K gate sets appear similar, but they are crucially
different on exactly three qubits. Indeed, in this case, the former generates an infinite group of operators,
while the latter generates the finite group of automorphisms of the well-known Eg lattice. The corre-
spondence between 3-qubit Toffoli-K circuits and the automorphisms of the Eg lattice was previously
known (see [14, 21]). We take advantage of this correspondence, and of the theory of automorphism
groups of lattices, to obtain a sound and complete collection of equations for Toffoli-K circuits. The
automorphism group of the Eg lattice admits a finite Coxeter presentation, which enjoys many geometric
and combinatorial properties, and we use Tietze transformations to turn the Coxeter presentation of the
group of Toffoli-K operators into a concise circuit presentation. We then extend this equational theory
to one for Toffoli-Hadamard circuits by building upon [18]. Our paper therefore regards the group of
3-qubit Toffoli-Hadamard circuits as an extension of the automorphism group of the Eg lattice in order
to elucidate its underlying mathematical structure.

The paper is organized as follows. In Section 2, we define three groups of interest. In Section 3, we
recall prior results on finite group presentations and we review Tietze transformations. In Section 4, we
use the theory of Coxeter groups to obtain a presentation for the group of 3-qubit Toffoli-K circuits using
a minimal number of generators. We moreover show that every operator in this group can be represented
by a circuit of Toffoli-count at most 120. In Sections 5 and 6, the results of Li ef al. [18] are used to
extend this presentation to a presentation for 3-qubit circuits over the gate set {X,CX,CCX,K,CCZ}, and
then to one for 3-qubit Toffoli-Hadamard circuits. Our approach relies on a large number of derivations
and intricate rewriting proofs, which we relegate to several appendices and a supplement [5].

2 Three Groups and Their Generators

Let Z denote the ring of integers. The half-integers Z +1/2 are defined as Z+1/2 ={a+1/2|a € Z}
and the ring of dyadic fractions D is defined as D = Z[1/2] = {a/2* | a € Z and k € N}. Equivalently, D
is the smallest subring of Q that contains both Z and 1/2. The Eg lattice I's is the following collection
of 8-dimensional vectors,

Fy={xeZ°U(Z+1/2)* | Y xi=0 (mod2)}.

In other words, I'y consists of the vectors in R® whose components sum to an even integer and are
either all integers or all half-integers. The Eg lattice is well-studied because it enjoys many remarkable
properties [12]; in particular, it provides the densest sphere packing in dimension 8 [24].

We now introduce the three groups that will be the focus of this paper. Let R be a ring. For each
n € N, let GL(n,R) denote the general linear group over R in dimension n and let O(n,R) denote the
orthogonal group over R in dimension n. Define W(Eg) to be the subgroup of O(8,DD) consisting of
the elements of O(8,D) that fix the Eg lattice. Define TofH(n) to be the subgroup of O(2",Z[1/+/2)])
consisting of matrices M /+/2¥, where M is an integer matrix and k € N. We will be interested in the
groups W(Eg), O(8,D), and TofH(3). Note that we have W (Eg) < O(8,D) < TofH(3).

The above three groups are generated by well-known quantum gates. Let / denote the 2 x 2 identity
matrix and ® denote the Kronecker tensor product. Given a dimension 2 matrix M, define Mo =M QIR 1,
M =1®M®I, and M, =1®I®M. That is, M; applies operator M to the j-th qubit. Furthermore,
define CM jx to be the operator that sends each standard basis state |xox1x2) to (My)* |xox1x2). That is,
CM ;. applies operator M to the k-th qubit whenever the j-th qubit is in the basis state |1). Likewise,
define CCM j x to be the operator that sends each standard basis state |xoxix2) to (M;)** |xox;x2) for



M. Amy, N. J. Ross & S. Wesley 3

1 €{1,2,3}\ {j,k}. Thatis, CCM; applies operator M to the /-th qubit whenever the j-th and k-th
qubits are both in the basis state [1). The operators CM jx and CCM j ;. denote the usual controlled-M
gate and doubly-controlled-M gate, respectively. Now recall the Pauli X, Pauli Z, Hadamard, and K
matrices,

0 1 1 0 I (1 1
o R A P A

where (o) denotes matrix multiplication. Then CCX ; x denotes the Toffoli gate. Note that the matrices of
the form X;, K v, CX j 4, CCX j x, and CCZ; ;. belong to O(8,D). It is known that {X;,CX ; +,CCX  x, K }
is a generating set for W(Eg) [12]. Similarly it is known that {X;,CX ,CCX ,K;,CCZ;} and
{X;,CX jx,CCX jx,H,} are generating sets for O(8,D) and TofH(3), respectively [3]'.

3 Presentations and Tietze Transformations

We now recall key results from combinatorial group theory. In particular, we discuss monoid presenta-
tions, as well as Tietze transformations, which will play an important role in the rest of the paper.

3.1 Presentations

Let X be an alphabet (i.e., a set of symbols). Then X* is the free monoid on X. The elements of ¥* are
the words over X, the monoid operation is string concatenation, which we denote by (-), and the identity
element in £* is the empty word, which we denote by €.

If G is amonoid and Q is a quotient of G, then we write 7y : G — Q to denote the canonical projection
of G onto Q. Given a subset R of £* x £*, we write Q = (X | R) to denote the largest quotient of G = £*
such that 7y (gq) = mp(r) for all (¢,r) € R. If M = (¥ | R), then we say that (X | R) is a presentation of
M and write g =~ for each (g, r) € R. The elements of X are called generators and the elements of R are
called relations. If, for each x € £, there exists a w € X* such that 7y (x-w) = mp(€), then M is a group
and (X | R) is a monoid presentation for the group M. In either case, if £ and R are finite, then (£ | R) is a
finite presentation. We distinguish between the presentations (X | R) and (X | R') whenever R # R', even
if R and R’ generate the same quotient.

Certain aspects of presentations can be conveniently expressed in the language of string rewriting.
Let X be an alphabet and R C ¥* x X*. Fix some u € £* and v € X*. If there exists some (g,r) € R and
s,t €X*suchthatu=s-¢g-t and v=ys-r-t, then we write,

R
u—v.

. R R . R . e
If either u — v or u <— v, then we write u <> v. We say that u rewrites to v, denoted u ~g v, if either u = v
or there exists a finite sequence,

R R R R R
U WIS W > Wy <2 V.

That is, (~g) is the symmetric, transitive and reflexive closure of X, Importantly, mo(u) = mp(v) in
Q = (X,R) if and only if u ~g v [9, Ch. 7]. That is, two words u and v represent the same element in
G if and only if the relations in R suffice to rewrite u into v. In this sense, the relations in R define a
complete equational theory for the monoid Q with respect to the generators X. For further information
on presentations and on rewriting, the reader is encouraged to consult [17] and [9], respectively.

'The generator CCZ .k 1s necessary to apply these results to the ancilla-free three-qubit case.
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3.2 Tietze Transformations

The transformations, which we state formally below, allow one to add a generator, remove a generator,
add a relation, and remove a relation. Let X be an alphabet, R C X* x X*, and G = (X | R) be a monoid.

Gen(+). Let x be a symbol. If x ¢ £ and w € ¥, then G = (XU {x} | RU{x = w}).

Gen(—). Letx € X, x~pw, II=X\ {x},and Q =R\ {x = w}. If Q0 CIT* x IT*, then G = (IT| Q).
Rel(+). If g ~gr,then G = (£ | RU{g ~ r}).

Rel(—). Letg~grand Q=R\{g~r}. If g~pr,then G= (X | Q).

The Gen(+) rule states that one can add a generator if one also adds a relation defining it in terms of
the other generators. The Gen(—) rule states that a generator can be removed if it is defined in terms of
the other generators, and does not appear in any of the other relations. The Rel(+) rule states that if a
relation can be derived from the existing ones, then it can be added to the set of relations. Finally, the
Rel(—) rule conversely states that if a relation can be derived from other relations in the presentation, it
is redundant and can be removed.

Tietze transformations are sound and complete for the isomorphism of finite monoid presentations.
That is, two presentations (X | R) and (IT | Q) specify the same monoid if and only if (£ | R) can be
obtained from (IT | Q) through a finite sequence of Tietze transformations [ 15, Section 1].

The goal of this paper is to find presentations for groups of quantum operators in which each gener-
ator corresponds to a specific quantum gate. More explicitly, given a group G, a generating set X, and
a semantic interpretation [-]x : £ — G, our goal is to find a set of relations R C X* x X* such that [-]]
induces an isomorphism between (X | R) and G. In what follows, we start from a known presentation
(IT | Q) over different generators IT with a semantic interpretation [[-]ry : I — G, and obtain (X | R) via
a sequence of Tietze transformations. As these Tietze transformations act on the abstract group (I1 | Q),
one must ensure that the transformations respect the intended interpretation [-]x of the new generators
in X, as discussed further in Appendix A.

4 From Coxeter to Circuit Presentations of W (Ejg)

A Coxeter group is a group G which admits a group presentation of the form (ry,...,r, | (rjr)Vic =€),
where N is an n x n matrix over NU {eo} such that N;j=1and Nj; > 1 for all j # k [16]. The matrix
N is known as the Coxeter matrix of G. Note that since 75 (r; - r;) = € for each r;, then every Coxeter
presentation is automatically a monoid presentation for a group. Coxeter groups are an abstraction of
reflection groups and, in particular, for every finite Coxeter group G, there is a faithful group representa-
tion G — O(n) that maps each r; to a reflection in R” [16]. Recall that a Householder transformation is a

reflection about the hyperplane normal to some vector & € R” defined by v+ v—2 &‘3 a [16]. If ris the
reflection about the hyperplane normal to @ € R” and M € O(n), then M oro M~ ! is the reflection about
the hyperplane normal to M« [16, Prop. 1.2]. As a special case, v and —v define the same reflection.
The goal of this section is to construct a presentation for the Weyl group of the Eg lattice in terms of
Toffoli-K gates. Recall that the Weyl group for any lattice L C R" is the finite reflection group generated
by reflections about the roots of L (see [16, Sec. 2.9]). That is, given a root system & for L, the group
W(L) is generated by {rq : @ € ®} where ry is the reflection through the hyperplane normal to o.
Consequently, W(Eg) is a Coxeter group. A root system and the corresponding Coxeter matrix for

W (Eg) are given in Figure 1.
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1 0 0 0 0 0 0 —1/2] 1 3222222

—1 1 0 0 0 0 0 -1/2 31 3 2 2 2 2 2
0o -1 1 0 0 0 0 -1/2 2 31 3 2 2 2 2

0 0 -1 1 0 0 0 -1/2 2 2 3 13 2 2 2

0 0 0o -1 1 0 0 —-1/2 2 22 31 3 3 2

0 0 0 0 -1 1 1 —1/2 2 22 2 31 2 2

0 0 0 0 0o -1 1 -1/2 2 22 2 3 2 1 3

0 0 0 0 0 0 0 —1/2] 2 22222 3 1
(a) Eg Root System. (b) W(Eg) Coxeter Matrix.

Figure 1: The root system and Coxeter matrix for W (Eg). Note that the root system consists of 8 vectors
and are presented as the columns of an 8 x 8 matrix.

Gen(+)

Rel(+)
(Xgs | Res) ——— (ZpsUXp | Res URp(gs)) :

(Zes UZp | REs URp(£s) UREs(p))

Rel(+)

14

(Zes UZp | REs URp(£8) UREg(p) URD)

Rel(—)

<ZD | RD> (m <ZEg UXp | RES(D) URD> <T(—) <ZEg UXp | Rgs URES(D) URD>
Figure 2: A diagrammatic summary of the Tietze transformations used to obtain a presentation for
W (Eg). Note that in this diagram Xgg denotes the Coxeter generators, X denotes the dyadic Toffoli-
Hadamard gates, Rpgg) expresses the Xp in terms of Xgg, and Rgg(p) expresses Lgg in terms of Xp.

To obtain a presentation in terms of Toffoli-K gates, we begin with the Coxeter presentation of
W (Eg). The desired presentation is then obtained through a sequence of Tietze transformations. First,
the Gen(+) rule is used to introduce the dyadic Toffoli-K gates with their intended semantics. Second,
the Rel(+) rule is used to rewrite the Coxeter generators in terms of Toffoli-K gates (call these relations
Rgg(p))- Third, the Rel(+) rule is used to introduce well-known relations satisfied by the Toffoli-K gates
(see, e.g., [18, 19]). Given these new relations, the Rel(—) rule is used to eliminate all defining relations
for the Toffoli-K gates. In a similar fashion, the Rel(—) rule is also used to eliminate the Coxeter relations
of W(Eg). At this point, the Coxeter generators only appear in REg(p), and can be eliminated using the
Gen(—) rule. What remains is a presentation of W (Ejg) in terms of Toffoli-K gates. All steps of this proof
are summarized in Figure 2.

Each step of this proof requires numerous applications of the corresponding Tietze transformation.
To establish that each Gen(+) and Rel(+) transformation holds, an equation of 8 x 8 matrices must be
validated. To establish that each Rel(—) transformation holds, a derivational proof must be validated. In
both cases, the proof obligation is computational in nature. The validity of our Tietze transformations
have been machine-verified by the software package TIETZE”.

2 Available at: https://github.com/meamy/tietze.
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4.1 Introducing the Toffoli-K Gates

The generators of W (Eg) can be written as follows.

rp =Xo00X10CCXp10Xj0Xp ry =Xp0CX310CCXp0CX3 10Xy

r3 =XooCCXq,1 0 Xo r4 =CX0,10CX020CCX 20CXp20CX0,1

rs = X1 0CCXp 1 0X; re =CX210CCX010CX2

r7=CZp,1 0CX10CCXq 0CX310CZy rg =Kj20X10X,0CZy30CCX 20CZpp0X20X1 0K

These equations can be derived from the geometry of R®. First, note that CCX 0,1 1s a reflection about the
hyperplane normal to [b) = [1) ® 1) ®|—) where |+) = (|0) =|1))/+/2. Then for each generator rj with
normal vector |b;), it suffices to find an element M € W (Eg) such that M b) = |b ;). The corresponding
circuit would be M o CCX1,0M ~1. As an example of this technique, consider the Coxeter generator
r3 defined by the normal vector |b3) = |0) ® |1) ® |-). Since (Xo)[b) = |b3) with X, self-inverse, then
r3 = Xp o CCXy,1 0 Xp. The remaining cases are established in Appendix C.

Next, the Toffoli-K gates are introduced. For simplicity of presentation, we first introduce the swap
matrices 0, = CX j; 0 CXy joCX j where 0}, permutes the j-th qubit with the k-th qubit. Recall that

the Toffoli-K gates correspond to the following matrices’:
Zp = {Xj,CXi1,CCX 4, Z,CZ )k K j1,0ju | J k1 €{0, 1,2}, j <k, j# 1 #k}.

It turns out that all Toffoli-K gates are generated by Xo, CX1 0, CCX1 2, and K »>. To derive these primitive
gates, it helps to first derive several diagonal matrices over (£1). These are then used to derive the CCX ;
and Xy gates. From this, the swap matrices can be derived, after which, it is relatively straightforward
to construct the X, Ky, and CX¢; gates. This yields four words wy, wg, wex, and wecey, such that
[wx]gs = Xo, [Wex]zs = CX 1.0, [Weex] pg = CCX 12, and [wk ]|z = Ki 2, as outlined in Appendix D.

The remaining Toffoli-K gates are derived in terms of Kj >, CCX 2, Xo, and CX ;. To simplify this
process, we note that once a gate has been derived, it may then be used to derive other gates. This is
analogous to how the generator X, appears in the defining relation for CX¢ ;. Given a set of defining
relations, if the dependencies between the generators defined by the relations form an acyclic digraph,
then the defining relations arise from a valid sequence of Gen(+) transformations (see Appendix B.2).
Likewise, the derived generators can be eliminated by a valid sequence of Tietze transformation. The
defining relations for the remaining 19 gates are found in Appendix B.2. Since the dependencies among
these generators are acyclic, then they must arise from 19 valid applications of the Gen(+) rules. Let
Rp(kg) denote all 23 relations. Then W(Eg) = (Xgs UXp | REs URD(ES)>.

4.2 Deriving the W(Eg) Coxeter Generators

Recall the circuit definitions for the W(Eg) generators from Section 4.1. Let Rgg(py denote the set of
corresponding relations. For example, the relation corresponding to 73 is r3 & Xo - CCX ¢ 1 - Xo. Since these
relations hold by definition, then they may be introduced via 8 applications of Rel(+) and consequently
W(Es) = (Eps UZp | REs URp(£s) U REs(p))-

4.3 Elimination of the Coxeter Generators

In this section, the relations in Rgg and Rp(gg) are eliminated. To do this, some additional (Xp)-relations

are required. For the remainder of this section, let M, ,, . ) denote a gate M applied to the qubits xo

3For simplicity, we assume that all K gates are applied to adjacent qubits. This is sufficient, since Koo2 =Ko, 10K 5.
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ry-r1 — Xo-X1-CCXo1-X1-Xo-11 CXM - X1 — 00,1 -CX1,0-00,1Xq
— Xo-X1-CCXo1-X1-Xo-Xo-X;-CCXp1-X1-Xo — 00,1 -CX10- 00,1 00,1 X000,1
— Xo-X1-CCXp1-X1-X1-CCXp1-X1-Xo — 00,1 - CX1,0-Xp - 00,1
— Xp-X1-CCXp1-CCXp1-X1-Xo — 00,1 - X0-CX1,000,1
— Xo-X1-X1-Xo — 00,1-X0-00,1-00,1-CX10-00,1
— Xo-Xp — X1-00,1-CX1- 001
— € — X1-CXo1
(a) Deriving € from ry - ry. (b) Deriving X; - CXg 1 from CXg ; - X;.

Figure 3: Examples of derivations proofs which appear in the proof that W (Eg) = (Xp | Ro).

through to x;. For example, if M is a doubly-controlled X gate, then M 5 o) would correspond to CCX ;5.
Using this notation, we introduce the following families of relations, denoted Rp.

— Bifunctoriality. Ms- Ny = Ny - Mg, for all Mg, Ny € ¥p with SNT = &.

— Symmetry. o; ;- Ms-0; ; = Mo-,-,,-(s), for all Mg € Xp and integers 0 <i < j < 3.

— Order. M-M =g, forall M € Xp.

— Commutators. Ms- Ny = N -w, for all Mg, Ny € Xp with SNT # @ and w € (Xp)* minimal.
The relation 615 ~ CZ15-K17-CZ12-Ki2-CZ1 ;- K from [7] is also included for simplicity. From
these relations, all elements of Rp(E3) and Rgg can be derived. Since all elements of Xgg are self-inverse,
then it suffices to consider only the upper half of the Coxeter matrix for W(Eg). As an example, consider
the relation r| - r; = € in Rgg. The proof proceeds as in Figure 3a. Then € can be derived from r; - r|
using the relations in Rp. Similar methods can be used to eliminate the remaining (Rgg)-relations. All
derivations, for both Rpgg) and Rgg can be found in the supplement to this paper [5].

Theorem 4.1. W(Eg) = (Xp | Rp)

It follows immediately from Theorem 4.1 that given any circuit C over Xp, there exists a minimal
word w over the alphabet {ry,r2,...,rg} such [C]}, = [w] ;5. Then by the decompositions of Section 4.1,
there exists a circuit C’ over Xp such that [w];¢ = [C']}, such that C’ contains exactly |w| Toffoli gates.
By [16, Thm. 1.8], every minimal word in W (Ejg) has length at most n, where 7 is the cardinality of the
positive root system associated with W (Eg). By [16], the positive root system associated with W (Eg) has
cardinality 120. Therefore, C’ contains at most 120 Toffoli gates. This provides an upper-bound on the
Toffoli count for circuits over Xp, which can be thought of as a measure of computational complexity for
these three-qubit circuits.

Corollary 4.2. IfC € X;), then there exists C' € p with Toffoli count at most 120 such that [C|}, = [C']|},.

4.4 A Reduced Set of Relations for W (Eg)

The relations Rp from Section 4.3 are far from minimal. For example, the family of commutator relations
contains all relations of the form CX ; ;- X ~ X - CX ; ;. However, given all symmetry relations, it suffices
to include only CX o - Xo ~ Xo - CX o. The remaining commutator relations can be derived, as illustrated
in Figure 3b. Furthermore, many of the relations in Rp do not appear in any derivations of the supplement.
For example, the relation CX5 o - Xo ~ X - CX5 o does not appear, and therefore Theorem 4.1 holds with
respect to the relation set Rp \ {CX2-Xo =~ Xo - CX10}. Using both techniques, a new relation set Ry is
obtained, as illustrated in Figure 4. All derivations can be found in the supplement to this paper [5].
Corollary 4.3. W(Es) = (Xp | Ro)
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CZp,1 ~ Ki2-CXo,1-Ki2 [€))] CCX15-CCX1p ~ € 24)
X; ~ CXo1-X0-CXo,1-Xo 2) Ko,1 - Ko ~ € 25)

Zy = CZy,1 -CXp,1 -CZyp, -CXo, 3) CX12-Xo = Xo-CX12 (26)

Zy = Kip-X1-Ki2 ) Xo-Ki2 =~ K12 Xo (27)
CX20 ~ X;-CCX12-X1-CCX 1 5) X ~ 00,1 - X0 00,1 (28)
CXz1 =~ CX20-CXp,1-CX20-CXo,1 (6) CXp0 = 002 CXo2- 002 (29)
CX1p ~ Kip-CX21-Kip @ CX 12 = 0p,1-CXop2-0p,1 (30)
12~ CX12-CXy1-CXyp ®) CX51 =~ 0p,1-CX20-0p,1 3D
CXop =~ 012-CXo,1-012 (C)] CCXp,1 = 0pp-CCX 13- 002 (32)
002 ~ CXop-CX20-CXop (10) CCXp,1 = 012-CCXp - 0pp2 33
Ko,1 =~ 002 K12 002 (1) Zy = 00,1+ Zp- 00,1 34)
CX 10 ~ Ko,1 -CXo,1 - Ko,1 (12) Ko,1 =~ 00,1 -Ko,1 - 00,1 (35
00,1 ~ CXo,1-CX1,0-CXq,1 (13) CCX12-CX19 = CX10-CCX (36)
CCXpp ~ 0p,1-CCX12- 00,1 (14) Xo-CCX 15 = CCX - Xo 37
X, ~ 0p-Xo- 002 (15) Xo-CX10~=CX10-Xo (38)

Zy ~ 002 -Zy- 002 (16) Ko,1-Kip = Ki2-Ko1 39
CCXp,1 ~ K12-CCXpp-Kip an CZy,1-CZ1p = CZ1-CZy, (40)
CZpp =~ 012-CZp1 - 012 (18) Ko,1-Zo =~ Xo-Ko,1 41
CZp =~ 0p,1-CZpp - 0p,1 (19) Xo-CCXp1 ~ CCXp,1-CX12-Xo 42)
o120~ CZ12Ki2-CZ12-K12-CZ13-Ki (20) CXo,1-CZ1p = CZ1p-CZpy-CXo, (43)
Xo-Xo ~ € 21) CX12-CCX1p =~ CCX12-CX19-CX 2 (44)
CXp1-CXpy ~ € 22) CCX1-CXp, =~ CXp,1 -CCXpp-CCX15-CCXpp 45)
K|>2 -K1_2 ~ £ (23) CCX()‘l -CCX()ﬁz ~ CCX()Q -CCX()J -CCX()ﬁz -CCX(“ (46)

Figure 4: Relations for W(Es), denoted Ry.

4.5 A Minimal Generating Set for W (Eg)

Define Xy = {Xo,CXo,1,CCX2,K;»}. From Section 4.1, it is clear that X, generates W (Eg). In fact,
¥y is minimal in the sense that every proper subset of Xy generates a proper subgroup of W(Eg). In
other words, no proper subset of ¥, generates W (Eg). To show that X is a minimal generating set for
W (Es), it suffices to show that for every maximal proper subset ¥’ of X, there exists some 8 x 8 dyadic
matrix M such that M commutes with the elements of X’ but does not commute with the elements of X.
Intuitively, the subgroup generated by ¥’ commutes with M, whereas the subgroup generated by X does
not commute with M. This claim is proven in Appendix E, and the matrices are constructed.

Theorem 4.4. X is a minimal generating set for W (E3).

5 Extending to a Presentation of O(8,D)

Li ef al. [18] introduced a presentation for O(8,1D) using m-level operators. Let n > 0, I be the n x n
identity matrix, and [m] = {0,1,...,m — 1}. Then given an m x m matrix M with m < n, and a strictly
increasing sequence (o, .. .,an—1) over [m], define M, ., ) to be the n x n matrix such that:
1. For each pair of elements (j,k) over [m], the component (a;,ax) of My, .., is equal to the
component (a;,ax) of M;
2. For each pair of elements (j,k) over [n]\ {ao,ai,...,an}, the component (j,k) of M4 4 4, ]
equal to the component (a;,ax) of I.
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X' ~ € 47) Xipe) Xiap) = Xjae - Xipe (57)

(-’ ~e (48) Xiap) (= Dig = (=D Xjap) (58)
Kiapea® = € (49) Xiael Kiaped = Kieped  Xael (59)
Xiap) Xied) = Xiea) X[ap) (50) Xipe Klaped) = Kiaecd  Xipel (60)
Xiap) (= Dig = (=D Xy 6D Xied) Kiaped) ® Kiaped Xie (61)
Xiap) Kiede] = Kedef] Xap)  (62) Xiage] Kiaped = Kabee Xide (62)
(=Dia) Kpede = Kipeae (=D 53) Xiap) Kiaped = Kaped) Xiap) (=D (=g (63)
(=D (=D = (=D (=D 59 Xiv.e  Kiaped) = (=g Kiapea) (—Dia) Kiapea (=g (64)
Kiaped Kies.on = Kie.r.em Kiap.ea)(55) Xied) Kiaped) = Kiaped  Xpd (65)
Xiae] Xiap) = Xiep) Xlag (56) Kiaped Kipdes) = Kpdes] Kiaped (66)
(=Dia - (Do X(ae] " Pabedessh = Pabedessh Xiae (=D (=D (67)

Figure 5: The relations in %, from [18], for all valid choices of a,b,c,d,e,f,g,h € Z. We write
Pap,cde.fgh for the substring Kie o) Kiap.ed)  Xiae) Kiab.ed Kiesgn-

We say that M, 4, ) is an m-level operator of type M. When n = 8 for example, CCX¢; = X[57),
CCZy; = (_1)[7]’ and K14 5 67) is a controlled K-gate. Define the following for n > 3.

gn = {(_1)[11]aX[a,b]>K[a.,b7c,d] ]a,b,c,d €Zand0<a<b<c<d< n}

It was shown in [18] that O(n,D) = (¥, | #%,,), Where Z,, is given in Figure 5. The goal of this section is
to construct a sequence of Tietze transformations, starting from (% | %), such that the generators and
relations describing the subgroup W (Eg) are replaced by X and Ry, respectively. This process follows
similarly to Section 4. However, one should note that |%g| = 2113 (see Appendix F.1). Inspection of %,
reveals that many of these relations are either definitional, or obtained through permutations of indices.
For this reason, %, is partially reduced before carrying out the aforementioned Tietze transformations.
First, the permutations are eliminated via a sequence of Rel(—) transformations to obtain %,i Next,
some redundant commutator relations are eliminated via a sequence of Rel(—) transformations to obtain
2. Finally, the derived generators are eliminated to obtain Z>. All proofs can be found in Appendix F.

5.1 Permutation Groups and Reindexing

Let [n] ={0,1,...,n—1} and S(n) denote the group of permutations on [n]. For j,k € [n], let 7;x denote
the permutation that swaps j and k. For example, 71(0) =1, 7o,1(1) =0, and 701 (2) = 2. The group
S(n) is a finite reflection group generated by the transpositions {t; j+1 | j € [n]} (see [16]). The braiding
relations, which state that Tj j11 0 Tj11,j420Tj j+1 = Tj+1,j+20 Tj,j+1 0 Tj+1,j+2 for all j € [n—2], together
with the order relations are sound and complete for S(n) (see [17]). The standard representation of S(n)
as a reflection group sends each 7; to X; ;. This means that every two-level operator of type X can be
decomposed into sequence of transpositions. Intuitively, each Xj; 5 acts by permuting the standard basis
vectors |j) and |k), which can be achieved through a sequence of transpositions of basis vectors. Clearly,
S(8) — W(Es) < 0(8,D).

Many relations in %, are related via permutation of indices. The formal application of ¢ to a word
over ¢, is defined inductively as follows.

c(e)=¢ 0 (X[ap) W) = X[5(a),0()] - C(W)
o((=Dg*w) = (=Dio(a) -6 (W) O (Klapca) W) = Kio(a),0),0(c),0(a) - CW)
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Note that o(w) may yield m-level operators with invalid indices. For example, 71 2(X|; 2)) yields X, jj,
which is not a valid two-level operator since 2 > 1. The permutation o is a valid reindexing for w if all
symbols in o (w) are well-formed multi-level operators. If ¢ is valid for v and w, then & is valid for v-w.
Conversely, if o is valid for w, then o is valid for all subwords in w. Consider, for example, the word
w=K3345 K357 Which appears on the left-hand side of an instance of Relation (55). Let o € S(8)
be the cyclic permutation 7+— 5 — 3+ 1+ 6+ 4+ 2+ 0+ 7. Then o is a valid reindexing for w
since o(w) = K 0,125 K[1,3.4,5- In Appendix F.2, we show that all valid reindexings are derivable using
only the relations in Z; = {Relations (47), (51), (52), (56), (57), (58), (59), (60), (61) and (62)}.

5.2 Selecting Representative Relations for O(n,D)

As a consequence of Section 5.1, many relations in %, can be replaced by representative instances. For
example, let 7 denote instance (—1)(g - (—1)7) = (=1)[7) - (—1)[g) of Relation (54). Clearly 6 = 760 7 7
is a valid reindexing for r, where o (r) is (—1)j- (—=1);1) = (= 1)1 - (—=1)[o; Then by Appendix F.2, it is
possible to derive o(r) from r using Z, \ {c(r)}. Then (¥, | Z,) = (¥4, | %, \ {o(r)}) by Rel(—).

This process can be repeated, until all instances of Relation (54) have been eliminated, except for
the representative relation r. In a similar fashion, Relations (48), (49), (53), (55), (63), (64), (65), (66)
and (67) can be eliminated, since these relations do not appear in %,. Then O(n,D) = (¢, | %)) where
Z) is the set of representative relations (see Appendix F.3).

5.3 Selecting Representative Generators for O(n,D)

Define the new generator set,
gnl = {X[a,b}a | a,b,e Zand0<a<b< n} U {K[0717273]} U {(—1)[0}} .

Many of the generators in ¢, are redundant in the sense that they may be constructed using only the
generators in 4. This is because S(n) — ¥}, with 4! \ ¢, consisting of valid indexings of either K 0,1,2,3]
or (—1)[g. Furthermore, these reindexings follow from relations in Z). As an example, consider the
instance X971+ (—1)o; & (—1)[7) - X|0.7) of Relation (58). Using the order relation for X|g 7, the following
derivation holds.

(=D + (=Dp-Xp7° < X7 (=D X7

Similarly, the original relation can be obtained from this new relation using the order relation for X( 7.
Then through a Rel(+) transformation followed by a Rel(—) transformation, the commutator relation
X071 (=)o) = (=1) (71 X|0,7) can be replaced by the definitional relation (—1)7) = X071+ (—1)o* X[0,7)-
This process can be repeated for all instances of Relation (58).

To derive the four-level operators of type K, it suffices to note that the following family of relations
are valid with respect to [[]|},.

Kiapea) X0 X110 X2, X3.a) Kj0,1,23) " X3.a) X 2.) - X (18] X [0,9)

The cases where {a,b,c,d} N{0,1,2,3} # @& can be handled using the techniques of Appendix F.2.
These relations are introduced using a sequence of Rel(+) relations to obtain a new relation set R. In
this relation set, all multi-level operators of type (—1) and K are defined in terms of (—1)(o and Ko ; 5 3],
respectively. As outlined in Appendix B.2, these defining relations can be used to eliminate all generators
in 9!\ %9 via a finite sequence of Tietze transformations.
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X[a.a+1]2 ~E (68) Ki0,123) Kias567 ~ Kias67 K123 (75)
(*1)[0]2 ~E (69) Xigar1] Xjgar2) = Xjar 1,042 Xjaat1] (76)
Kio123° ~ € (70) Xiar1,) Xjaar1] = Xjap) Xjat19) an
Xt (=D & (=Djo) Xpppryy (71 X1 K123 = Kio123) Xy (=D - (=3 (78)
Xieern) Ko123) = Kjo123) Xieer)  (72) X112 K123 = (=Dp Ko.123 (= Doy Kjo.1.23 - (= Doy (79)
(=D K123 = K123 (=D~ (73) X3 K23 = Kjo123)X[1.3) (80)
(=Djo (=D = (=Dyg- (=D~ (74 K123 Kjiaas) ~ K 3as) K23 @1)
(=Do) - (=D Xjo41°p = p-Xpoa (=D (=D (82)

Figure 6: The reduced relations in ,%’3, for all valid choices of a,b,c € Z where b > 0 and ¢ > 3. We
write P for the Substring K[4,5,677] 'K[0717273] 'X[374] . K[071,273] . K[47576,7}'

The elimination process works as follows. Let M € 4!\ ¢,. Then M appears in some defining
relation M ~ w. If M appears in some relation r € R, then every instance of M will be replaced by w. For
example, Relation (54) will be replaced by the following relation.

(=Doy X (0.5 (=D - Xjo,5) = X[o,5) - (= Do) Xo,51 - (= Do)
We introduce the following abbreviations for simplicity of presentation.

(=D = X0, - (=D - Xjo.q Kio,124) = X34 Kj0,12.3) X 3.a) Kio,1.ca) = X2 Kio,12.4) X [2.0]
Kiop.ca) = X1, - Kjo,1,c.a) - X[1,0] Kiap.ca) = X040 Kjo,p.c.a) * X[0.a]

Denote this new set of relations %2. Then O(n,D) = (4} | %2).

5.4 Eliminating Redundant Relations

It will now shown that many relations in %2 are redundant. First, the braiding relations and order
relations are used according to Appendix F.2 to eliminate all other relations over the two-level operators
of type X. This reduced relation set is then used to show that all instances of Relations (51) and (52) can
be derived using transpositions in place of swaps. Finally, it is shown that the relations Relations (59),
(60), (61) and (62) are entirely redundant. All derivations can be found in Appendix F.4. This new set of
relations is denoted %3 , and can be found in Figure 6. Then via a sequence of Rel(—) transformations,
the following presentation is obtained.

Theorem 5.1. O(n,D) = (4} | %3).

5.5 Introducing the W(Es) Generators

It this section, the circuit generators and relations for W (Eg) are introduced. Since CCX |, =X 6,7) then

without loss of generality, every instance of X 7) in %’g’ can be replaced by CCX ». Next, the generators
Xo and CX,; are introduced. This yields the following relations.

(rx) 1 Xo = X4 X115 X26) X 3.7 (rex) 1 CXo1 ~ X g Xp3,7)

It turns out that the K » gate decomposes into a word over Xo and K 1 3). This is because Kjg 1 53] is a
K| » gate which is applied when qubit 0 is in state | 1), and Xpo K 0,1,2,3 ©Xo is a K1 » gate which is applied
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(—1)[0]2 ~E (83) X156 Kj0,12,3 = Kpo,123] " X[5,6] (92)
K123 ~ € (84) X7 Kp0.123 = Kjo,1.23 " X[67) 93)
X (=D = (=D X119 (85) (=D Kp,123 = Kjo,123 - (=1 94)
X (=D = (=D X3 (86) (=D (=D = (=D (=g (95)
X4 (=Djg) = (=D X34 (87) Kio,123) K567 = Kiase7 Kpo,1.2.3] (96)
X5 (=D = (=D X3 (88) X, K23 = K123 X, (=D (=1 )
X5 (=D = (=Djo) - X[5,6) (89) X2 Koz = (=D K123 (= Do - Ko,1.2.31 - (= Do) 98)
X6, (=Djo) = (=D X(6.7) (90) Xp K23 = Koa23 X3 (99)
Xa5 K123 = Kpo,123 " X[4.5] o1 Kio123 Kiis45 =~ Kpizas) K23 (100)
(=D (=D X4 P = P X4 (=D (=D (101)

Figure 7: The relations in %y, sufficient to extend from W (Eg) to O(8,D).

when qubit 0 is in state |0). Together, these two words compose to a K; » gate without any controls. This
yields the following relation.

(rx) :Kip = Ky 567 Xo K s67Xo

The relations ry, rcx, and rg can be validated with respect to [[-]jo. These relations do not depend on
one-another, so the generators in Xy may be introduced via a sequence of Gen(+) transformations, as
outlined in Appendix B.2. Likewise, the derived generators in Xp \ £y may be introduced via a sequence
of Gen(+) transformations, as outlined in Appendix B.2. Finally, the relations in Ry may be introduced,
since Section 4.1 established the validity of these relations in W (Eg), which is a subgroup of O(8,D).
This sequence of transformations yields O(8,DD) = <€¢81 UXp | ,9?3 URyU{ryx,rcx, rK}>.

5.6 Eliminating the Multi-Level Operators

Using the generators in Xp and the relations in Ry, it is possible to eliminate all two-level operators of
type X. As a first step, it must be shown that the two-level operators can be decomposed into circuits
over Xp. This follows from the fact that £, generates W (Es), and S(n) — W (Eg).

X0,1) =X00X1 0CCXo,1 0 X1 0Xp X1 =X00CCXp,1 ©CCX20CCXo,1 ©Xo
X[2,3] = XpoCCXo,1 0Xo X[3,4] =Xp0X>0CCX0,10XgoCCX120CCXp20CCX 30Xg0CCXq,10X>0Xp
X[4'5] =X10CCXp 10X X[S,G] =CCXy,1 0CCXppoCCXq 1

These relations can be validated with respect to [[-]o, and consequently introduced via a sequence of
Gen(+) operations. These definitional relations can then be used to eliminate the two-level operators of
type X, as outlined in Appendix B.2.

In this new presentation, then relations Relations (47), (56) and (57) are replaced by relations over
Yp. Since Ry is complete for W (Eg), then these relations can be derived from Ry. Consequently, these
relations can be eliminated with a sequence of Rel(—) transformations. This yields a new set of relations,
denoted Z¢, which can be found in Figure 7. For simplicity of presentation, we used X 0,1] through to
X(6,7) as abbreviations for the circuits given above. Furthermore, we take CCZ = (— )[7] to be a generator
with (—1)g) an alias for Xy - X; - CCZ - X - Xo. Then define X; =XpU {K[O 123]> CCZ)} and Ry = Ry U %y,
where K| 1 5 3) corresponds to a negatively controlled K gate.

Theorem 5.2. O(8,D) = (X | Ry).
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Hy-Xo ~ Xo-H 102 Hy-CCZ = CCXo,1 - Hy (105)
H: gX o C(; 2[-1 E103; H>-Kip =~ K, -H> (106)
20X = CXxo1 12
Hy-Kip 123 = Kjo123 - H2 (107)
H), - CCX1p = Ky -Kip-CCZ-Ky-Kp,1-H (104)
' H Hy~ ¢ (108)

Figure 8: Additional relations for TofH(3).

5.7 A Minimal Generating Set for O(8,D)

It turns out that CCZ and K| 1 » 3) can be defined in terms of one-another, given that generators in Xp.
The decompositions are as follows.

cCzZ = K]ﬁz OCZ]‘Z OX() OK[071‘2‘3] OX() OCZ],Z OK[O,I,ZJ] OX[S‘()] K[0>1‘273] = (K],z OCCZ)3 DX[5‘6]

Given this observation, it seems natural to eliminate the K| ; 5 3], given that it is not a common generator
in quantum computation. However, the set £p U {CCZ} is minimal, whereas the set £p U {K{p 123} is
not. In other words, choosing the generator K|g 1 5 3) enables a smaller generating set, whereas choosing
the generator CCZ allows for more conventional circuit decompositions. For this reason, we choose to
keep both K|g 1 5 3) and CCZ in our presentation. The minimality of these generating sets are proven in
Appendix E, using the same techniques as in Section 4.5.

Theorem 5.3. The following generating sets are minimal for O(8,D).
1. Xk = {X0,CX0,1,CCX12,K)p1 27 }-
2. 7 ={X0,CX0,1,CCX,,K,,,CCZ}

6 Extending to the 3-Qubit Toffoli-Hadamard Circuits

We now give a presentation of TofH(3), by leveraging the presentation of O(8,ID) found in Section 5.
The argument in this section closely follows [18, Section 5]. From [3], it is known that TofH(3) is
obtained by adding the generator H, to O(8,DD). Let £, = £; U{H,} and R, extend the set R; with all
relations found in Figure 8. Using the relations in Figure 8, the generator H, can be moved from the
left-hand side to the right-hand side of any word over £;. Since H, is self-inverse, this is sufficient to
decide equality in TofH(3).

The proof proceeds as follows. In Lemma 6.1, it is shown that H, commutes with every word in over
Y| using only the relations in R,. This is used in Lemma 6.2, to show that every word over X, can be
rewritten as a word over X, followed by at most one H; gate. Since R; C R» is a complete equational
theory for O(8,D) with every element of TofH(3) of the form described in Lemma 6.2, it follows that R,
is a complete equational theory for TofH(3) (see Theorem 6.3).

Lemma 6.1. If w € X3, then there exists aw' € Y such that Hy -w ~pg> w' - Ha.

Proof. The proof follows by induction on |w|.
— Base Case. If |w| =0, then H, -w = w- H. Then Hy -w ~g, w- H, by the transitivity of (~g2).

— Inductive Case. Assume that for some k € N, if |w| = k, then there exists a w’ € X} such that
Hz W ~R2 W/ 'Hz.
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— Inductive Step. Assume that |w| = k+ 1. Then there exists a u € X} and x € X; such thatx-u = w.
It follows by one of Relations (102), (103), (104), (105), (106) and (107), that there exits a u’ € X}
such that Hy -w ~gy u'-Hp -u. Since |u| = k, then by the inductive hypothesis, there exists a
w e ZT such that H, - u ~po w -H,. Then u' - H> -u ~py u-w -H,. Then Hy - u ~pp u -w -H; by
the transitivity of (~g>), and the inductive case holds.

Then by the principle of induction, there exists a w' € Y} such that H> -w ~pgo w - H,. ]
Lemma 6.2. If w € X3, then there exists some w' € £} and £ € {0,1} such that w ~g, w' - Hj.

Proof. Let f: X5 — N map each word w € X3 to the number of H, symbols in w. The proof follows by
induction on f(w).

— Base Case. If f(w) =0, then w € £}. Then w ~g w-HY by the reflexivity of (~g2)

— Inductive Hypothesis. Assume that for some k € N, if f(w) = k, then there exists some w' € X}
and ¢ € {0,1} such that w ~g, w' -Hf.

— Inductive Step. Assume that f(w) = k+ 1. Then there exists w; € X5 and wy € X} such that
w =wj -Hp-wy with f(w;) = f(w) — 1. Then by Lemma 6.1, w ~gy w; -w} - H, for some w), € £].
Then f(w; -wh) = f(wi) = f(w) — 1. By the inductive hypothesis, there exists some w3 € L} and
¢ € {0,1} such that wy - w), ~g> w3 -HZZ. Then w ~gy w3 -Hg“. If ¢ =0, then w ~gy w3 -H, and
we are done. Otherwise, if £ = 1, then w ~gy w3 by Relation (108). In either case, there exists an
¢ € {0,1} such that w ~gy w3 -H} and the inductive step holds.

Then by the principle of induction, there exists some w’ € £; and £ € {0, 1} such that w ~g, w'-Hs. O
Theorem 6.3. For all wi,wy € X5, [wi]l}; = [wallj; if and only if wi ~go w».

Proof. It follows by matrix multiplication that the relations in Figure 8 are sound. It remains to be
shown that the relations in Figure 8 are complete. Let w; € X3 and w, € Z} such that [w;]];; = [w2];-
By Lemma 6.2, there exists ¢1, ¢, € {0, 1} and w/,w) € X} such that wi ~g, W) -HZZ1 and wy ~pgo Wh -sz.
Since [wi]lj; € O(8,D) = (X,R;) with R; C R,, then w) -Hfl ~Ry Wh 'Hfl. Assume for the intent of
contradiction that ¢; # ¢,. Then [w]]];; = [W5]}; © [H2]lu. Then W]} o [Ha]l}; € O(8,D). However,
W]l o [Ha]lw has a denominator of the form 1/(2%v/2), and therefore [wh]; o [Halln € O(8,D). By
contradiction, ¢; = ¢5. Since {; = {,, then w; ~gy w, by the transitivity and symmetry of (~g2). Since
w1 and wy were arbitrary, then the relations in Figure 8 are complete. O

7 Conclusion

We used the geometry of W (Ejg) to obtain a circuit presentation for the 3-qubit Toffoli-K circuits, and
then leveraged [18] to obtain a finite presentation of 3-qubit Toffoli-Hadamard circuits. Our presentation
contains 65 relations, compared to the 2113 relations of [18]. There are several directions for future work.
We hope to simplify our presentation by further reducing the number of relations. In addition, we plan to
explore the structural properties of the group of 3-qubit Toffoli-Hadamard circuits and of its subgroups.
In particular, it is known that the group O(8,ID) is generated by reflections, but it is not known whether
this group can be presented as an (infinite) Coexeter group. From an applied perspective, we also hope
to explore applications of these presentations to circuit optimization and equivalence checking.
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A Semantic Tietze Transformations

This section recalls what it means for a function to induce a monoid homomorphism. This is then used to
prove the soundness and completeness of Tietze transformations with respect to semantic interpretations.
The majority of this section is dedicated to proving that all induced homomorphisms are isomorphisms,
and in the case of Gen(+), the extension is unique. The uniqueness of this extension is necessary to
prove that each generator in Xp has the intended matrix semantics.

A.1 Induced Monoid Homomorphisms

Let X be an alphabet and M a monoid. For each function f : ¥ — M, define the function f* : £* — M such
that f*(xy-x2---x,) = Iygo f(x1) o f(xp) 00 f(x,) forall x; -xp - - -x, € £*. It can then be shown that f*
is the unique monoid homomorphism such that f*(x) = f(x) for all x € X [17]. Given a set of relations
R C ¥* x X*, it can then be asked whether f induces a monoid homomorphism between G = (X | R) and
M. This question is answered by the following theorem.

Theorem A.1 ([9]). Let M and G = (X | R) be monoids with f : ¥ — M. There there exists a unique
monoid homomorphism @ : G — M such that f* = @ o 1 if and only if f*(q) = f*(r) forall g =g r. In
this case, Im(¢) = (@(ng(X))).

Theorem A.1 characterizes when f induces a monoid homomorphism, and how to construct this in-
duced homomorphism ¢. It can then be asked how the construction of ¢ interacts with the introduction
or elimination of generators. As outlined by the following theorems, the elimination of generators corre-
sponds to certain restrictions of ¢, whereas the introduction of generators corresponds to certain unique
extensions of @.

Lemma A.2. Let ¥ be an alphabet, x € ¥, Y) =¥\ {x}, and D = {x = w} for some w € (L')*. If ¢ € L*,
then there exists a ¢ € (X')* such that g ~p ¢'.

Proof. Let f: X* — N count the x symbols in a word. Then the proof follows by induction on f(g).
— Base Case. If f(¢) =0, then g € (X')*.

— Inductive Hypothesis. Assume that for some k € N, if f(q) = k, then there exists some ¢’ € (X')*
such that g ~p ¢'.

— Inductive Step. Assume f(q) = k+ 1. Since f(g) > 1, then there exists some u,v € £* such
that g =u-x-v. Since k+1 = f(q) = f(u-x-v) = f(u) + f(x)+ f(v) = f(u) + f(v) + 1, then
k= f(u)+ f(v). Since x ~p w, then ¢ ~p u-w-v with f(u-w-v) = f(u) + f(v) = k. Then by the
inductive hypothesis, there exists some ¢’ € (X')* such that u-w-v ~p ¢'. Then ¢ ~ ¢'.

By the principle of induction, there exists some ¢’ € (X')* such that ¢ ~p ¢'. O

Theorem A.3. Let M and G = (X | R) be monoids with f : £ — M, and H = (EU{x} | RU{x =~ w}) be
a monoid for some x ¢ ¥ and w € X*. Define g : LU {x} — M such that g|y = f and g : x — f*(w). If f
induces a monoid homomorphism from G to M, then g is the unique extension of f to induce a monoid
homomorphism from H to M. Furthermore, if f induces an injection (resp. surjection) from G to M, then
g induces an injection (resp. surjection) from H to M.

Proof. LetI1=XU{x} and Q = RU{x~ w}. Assume that f induces a homomorphism from G to M.
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— (Induced Hom). Let g = r. Then either ¢ ~¢ r or (¢,r) = (x,w). First, assume that g ~g r. Then
f*(g) = f*(r) by Theorem A.1. Then g*(¢) = (g|z)" ( ) =f"(q) = f7(r) = (glz)"(r) = g"(r).
Next, assume that (g,r) = (x,w). Then g*(x) = g(x) = f*(w) = (g|z)* (w) = g*(w). In either case
g"(q) = g*(r). Since g ~p r was arbitrary, then g*(q) = g*(r) for all ¢ =g r. Then g induce a
monoid homomorphism from H to M by Theorem A.1.

— (Uniqueness). Assume that k : £U{x} — M is an extension of f which induces a monoid homo-
morphism. Since k induces a monoid homomorphism and x ~¢ w, then k*(x) = k*(w) by Theo-
rem A.1. Then k(x) = k*(x) = k*(w) = (k|z)*(w) = f*(w) = g(x) by construction of g. Moreover,
since k|yx = f = g|x, then k = g. Since k was arbitrary, then g is unique.

— (Injectivity). Let f induce ¢ and g induce p. Assume that @ is injective. Let ¢, r € IT* such that
p(mr(q)) = p(mu(r)). Since x =g w, then by Lemma A.2 there exists ¢’, 7" € £* such that g ~¢ ¢’
and r ~¢ r'. Then my(q) = my(q’) and 7y (r) = my(r'). Then p(my(q')) = p(mu(r')). Then
g*(¢') = g*(r'). Since ¢, € *, then f*(¢') = f*(r'). Then @(n5(q')) = @(ns(r')). Since @ is
injective, then 7 (q’) = mg(r'). Then ¢’ ~g r'. Since R C Q, then ¢’ ~¢ r'. Then my(q') = 7y (r').
Then 7y (q) = mp(r). Since g and r were arbitrary, then p is injective.

— (Surjectivity). Let f induce ¢ and g induce p. Assume that @ is surjective. Since @(7g(y)) =
() =g*(y) = p(mu(y)) for each y € X, then ¢(ng(X)) C Im(p). Since ¢ is surjective, then
H=Im(¢) = (p(ns(X))) <Im(p) < H and p is surjective.

Therefore, g is the unique extension of f to induce a monoid homomorphism from H to M, with g
inducing an injection (resp. surjection) whenever f induces an injection (resp. surjection). 0

Theorem A.4. Let M and G = (X | R) be monoids with f : ¥ — M and H = (I1| Q) where I1 =X\ {x} for
some x € Land Q =R\ {x =~ w} for some x ~gw. If Q CIT* X IT* and f induces a monoid homomorphism
from G to M, then f|r1 induces a monoid homomorphism from H to M. Furthermore, if f induces an
injection (resp. surjection) from G to M, then f|1y induces an injection (resp. surjection) from H to M.

Proof. Assume that f induces a homomorphism from G to M.

— (Induced Hom). Since f induces a monoid homomorphism, then f*(g) = f*(r) for all g ~g r
by Theorem A.1. Since Q C R and Q C IT* x IT*, then f|{;(q) = f*(q) = f*(r) = f|(r) for all
g ~¢ r. Then f|r induces a monoid homomorphism from H to M by Theorem A.1.

— (Injectivity). Let f induce ¢ and f|ry induce p. Assume that @ is injective. Let ¢, r € IT* such that
p(%14(q)) = p(14(r)). Then fliy(q) = I (7). Then f*(g) = /*(r). Then @(xe(q)) = p(ma(r)).
Since ¢ is an injective, then 75(q) = mg(r). Then g ~g r. Since Q = R\ {x = w}, O C IT* x IT",
and g,r € IT*, then g ~¢ r. Then 7y (q) = mu(r). Since g and r were arbitrary, then p is injective.

— (Surjectivity). Let f induce ¢ and f| induce p. Assume that ¢ is surjective. Since @(7g(y)) =
) = fln(y) = p(x(y)) € Im(p) for each y € TI, then <P(7TG( )) € Im(p). Since x ~¢ w, then
7(x) = 7 (w), and consequently @((x)) = @(TG(w)) = f*(w) = fliy(w) = p (T (w)) € Im(p).
Then ¢ (7g(X)) C Im(p). Since ¢ is surjective, then H = Im(¢){(@(ng(X)) <Im(p) < H and p
is surjective.

Therefore, f|r induces a monoid homomorphism from H to M with f|r; inducing an injection (resp.
surjection) whenever f induces an injection (resp. surjection). O
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A.2 Semantic Interpretations and Relations

Let G = (X | R) be amonoid presentation with an interpretation [[-| : £ +— H. The Rel(+) transformation
states that if r € X* and ¢ € £* with r ~g ¢, then (X | R) = (X | RU{r}). In practice, deriving ¢ from r
can be challenging, and on a theoretical level, this is known to be undecidable [ 13]. However, it is rarely
the case that one would try to prove r ~g g without some intuition that 75 (r) = 75(g). In the case of this
paper, this intuition comes from knowledge about operators in O(8,D). For example, if MoN = Ao B,
then for any complete set of relations R, it must be the case that M - N ~g A - B. More generally, if
[rlsx = [lg]s with [-]§ inducing an injection, then r ~g g. This claim is established by the following
theorem, and used freely throughout the paper to simplify derivations.

Definition A.5 (Valid Semantic Interpretation). A semantic interpretation [[-[|x : G — H for a presentation
G = (X | R) is valid if [¢]ly = [[r[s for all r =g q.

Theorem A.6. Let G = (X | R) be a presentation with a valid semantic interpretation [ ¢ : £+ H. If
(-1 is injective and [q]}5 = (], then q ~g r.

Proof. Since [-]x, is valid, then by Theorem A.1, [[]x induces a monoid homomorphism ¢ : G — H such
that [ = @ o 7. Assume that [[g]lz = [[rlz. Then ¢(76(q)) = [4ls = [r]s = ¢(76(r)). Since @ is
injective, then 75 (g) = mg(r). Then g ~g r. O

A.3 Semantics and Generator Introduction

In the previous section, it was assumed that [[-]x inducted an injection. This is a reasonable assumption.
For example, if G = (X | R) is a presentation for H, then there exists an isomorphism G = H from which
[-] can be extracted.

This can become problematic when trying to translate a known presentation to a desired generator set.
Assume that (IT | Q) is a known presentation with a semantic interpretation [[-]jry : IT — H, from with a
presentation (X | R) is derivable via a sequence of Tietze transformations. One would hope that after each
Tietze transformation, the semantic interpretation continues to induce an injection, so that Theorem A.6
continues to hold. Furthermore, one would hope that after all of the Tietze transformations, [[-]z is a
valid semantic interpretation.

It will be shown that under reasonable assumptions, all Tietze transformations satisfy these assump-
tions. The first concern is answered by Theorem A.3 and Theorem A.4, which state that after each
Gen(+) or Gen(—) transformation, [[-]J;; continues to induce a monoid homomorphism (resp. injection,
surjection, isomorphism). The only time injectivity might fail is after a new generator is added. In
Gen(+), the symbol x € X becomes an alias for w € IT*. Then it suffices to check that [[x]]x = [w].
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Figure 9: The derived generator graph for the defining relations in Ry.

B From Derivations to Tietze Transformations

This section describes higher-level structures to reason about Tietze transformations. It is proven that
each structure corresponds to a valid sequence of Tietze transformations, and is therefore sound for the
isomorphism of finite monoid presentations. The structures described in this section are used throughout
Section 4 and Section 5.

B.1 Digraphs and Termination

This section reviews the basics of directed graphs. A directed graph is a tuple (V,E) such thatV CE X E.
A vertex v is a child of u if (u,v) € E. A vertex v is a parent of u if (v,u) € E. A path in (V,E) is some
sequence (i, uy,...,u,) over V such that (ux_;,u;) € E forall k € {1,2,...,n}. A directed graph (V,E)
is acyclic if ug # uy, for all paths (ug,u;,...,u,) in (V,E).

Lemma B.1 ([6, Sect. 2.2]). If a digraph (V,E) is finite and acyclic, then for every vertex v € V, there
exists some path of length n ending (resp. starting) at v such that every path ending (resp. starting) at v
has length at most n. In particular, there exists a vertex v € V such that v has no children (resp. parents)

in (V,E).

Note that the original statement of Lemma B.1 concerned the termination of abstract rewriting sys-
tems (which can be modelled using paths through digraphs). In the proofs that follow, this intuition is
useful to keep in mind. Indeed, Lemma B.1 is used to argue that certain rewriting procedures terminate,
though the rewriting systems are never stated explicitly for simplicity.

B.2 Derived Generators and Tietze Transformations

In Section 4.1, it was claimed that 19 of the generators in X could be introduced freely, because their
defining relations formed an acyclic dependency graph. Later, in Appendix E, the same argument was
used to remove these 19 generators from the generating set for W (Eg). Similar arguments appear through-
out Section 5. The goal of this section is to establish both directions rigorously. First, formal definitions
are given for defining relations and derived generator graphs (i.e., the graph of dependencies between the
relations). Then, Theorem B.6 and Theorem B.11 are established to justify the claims of Section 4.1 and
Section 4.5 respectively. Finally, it is shown that these theorems apply to the generators in Section 4.
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Definition B.2 (Defining Relations). Let ¥ be an alphabet. A X-defining relation for x € X is a relation
of the form x &~ w where w € £*. A family of X-defining relations for I1 C ¥ is a set {r, | x € IT} such
that for each x € I1, r, is a X-defining relation for x.

Definition B.3 (Derived Generator Graph). Let D be a family of X-defining relations for IT C X. The
derived generator graph for D is the digraph I'p(D) := (IT,E) such that (x,y) € E if and only if there
exists w,w’ € * such that x ~ w-y-w' is a relation in D.

The proofs of Theorem B.6 and Theorem B.11 both rely heavily on derived generator graphs. Intu-
itively, a generator can be introduced (resp. eliminated) if it has no dependencies (resp. dependants) in
the derived generator graph. It is always possible to find such a generator, provided the graph is acyclic.
However, once a generator has been removed from the defining relations, it is important that the new
derived generator graph is also acyclic. In fact, the new derived generator graph is always a subgraph of
the previous derived generator graph, as outlined in Lemma B.4.

Lemma B.4. If D is a family of L-defining relations and D' C D, then U'p(D') is a subgraph of Tp(D).

Proof. If D is a family of X-defining relations for IT, then there exists IT" C IT such that D’ is a family
of X-defining relations for IT. Then I'p(D) = (I1,E) and I'p(D’) = (I, E’) for some E C IT x IT and
E' CII' x I Let (x,y) € E’, Then there exists some w,w’ € £* such that x ~py w-y-w'. Since D' C D,
then x ~p w-y-y'. Then (x,y) € E. Since (x,y) was arbitrary, then E' C E. Since [' CIT and E' CE,
then Tp(D') is a subgraph of I'p(D). O

B.2.1 Introduction of Derived Generators

The goal of this section is to prove Theorem B.6. First, Lemma B.5 is introduced to prove that every finite
set of defining relations with an acyclic graph must contain at least one defining relation x ~ w whose
right-hand side consists only of primitive generators. Since w is consists only of primitive generators,
then it may be introduced by a Gen(+) transformation. The proof then follows by induction on the
number of defining relations, as outlined below.

Lemma B.5. If D is a family of X-defining relations for I1 with Il finite and T'p(D) acyclic, then there
exists a relation x = w in D such that w € (£\ II)*.

Proof. Since I1 is finite and I'p(D) is acyclic, the by Lemma B.1, there exists some vertex x € IT such
that x has no children in I'p(D). Let x ~p w be the X-defining relation for x in D with n = |w|. Let
k € [n]. Assume for the intent of contradiction that wy € I1. Then there exists some w',w" € X* such that
w=w-wy-w". Then wy is a child of x by definition. However, x has no children by assumption. Then
wy ¢ I by contradiction. Since k was arbitrary, then w € (X \ IT)*. O

Theorem B.6. Let ¥ C T be an alphabet with 11 = E\Zﬁnite and R CX* x X*. If D is a family
of X-defining relations for I1 with T'p(D) acyclic, then there exists a length |I1| sequence of Gen(+)
transformations between (¥ | R) and (£ | RUD).

Proof. The proof follows by induction on |IT|.

— Base Case. Assume that |II| = 0. Then [D| =0 and (X | R) = (X' | RUD). Then there exists a
length 0 sequence of Gen(+) transformations between (X | R) and (X | RUD).

— Inductive Hypothesis. Assume that for some k € N, if [II| = k and IIp(D) is acyclic, then there
exists a length k sequence of Gen(+) transformations between (X | R) and (¥ | RUD).
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— Inductive Step. Assume that [II| = k+ 1 and I'p(D) is acylic. Since II is finite and I'p(D) is
acyclic, then by Lemma B.5 there exists a £-defining relation x ~ w in D. Let A = XU {x} and
Q0 =RU{x~ w}. Then D\ {r} is a family of £-defining relations for IT\ {x} and Q C A* x A*.
Since I'p(D\ {ry}) is a subgraph of I'p(D) by Lemma B.4 with I'p(D) acyclic, then I'p(D\ {ry})
is also acyclic. Since [IT\ {x}| = [II| =1 =k and I'p(D\ {ry}) is acyclic, then by the inductive
hypothesis, there exists a length k sequence of Gen(+) transformations from (A | Q) to X RUD).
Furthermore, (X | R) = (A | Q) by Gen(+). Then there exists a length k+ 1 sequence of Gen(+)
transformations between (X | D) and (X | RUD).

By the principle of induction, there exists a length |IT| sequence of Gen(+) transformations between
(X | D) and (X' | RUD). O

B.2.2 Tietze Transformations to Exchange Relations

The goal of this section is to introduce a technique necessary to prove that derived generators can be
eliminated via finite sequences of Tietze transformations. Using the Tietze transformations discussed so
far, it is possible to remove and introduce redundant relation. In practice, one often wishes to replace a
relation ¢ &~ w with a relation ¢’ ~ w’, where neither ¢ ~ w nor ¢’ ~ w’ is redundant without the other
relation. The following lemma gives a sufficient condition for when ¢ = w can be exchanged with ¢’ ~ w’,
and provides an upper bound on the number of Tietze transformations required to carry out the exchange.

Lemma B.7. Let G = (X | R) be a presentation with g ~w in R and Q = R\ {q~ w}. Ifthere exists g’ € L*
and w' € X* such that g ~¢ q' and w ~o W', then there exists a finite sequence of Tietze transformations
between G and (£ | QU{q = w'}) of length between 1 and 2.

Proof. Let S=RU{q¢' ~w'}and T = QU{q¢ =~ w'}. If ¢ =g w/, then (£ | R) = (£ | S). Assume instead
that g %6g w. Since Q C R, then g ~g ¢’ and w ~g w'. Then ¢’ ~g g by the symmetry of (~g). Since
q ~r q. q~grw,and w ~g w', then ¢’ ~g w by transitivity. Then (X | R) = (X | S) by a single Rel(+)
transformation. In either case, there exists a sequence of Tietze transformations between (X | R) and
(X ] S) of length at most one. Since Q C T, then g ~7 ¢’ and w ~7 w'. Then w' ~7 w by the symmetry
of (~7). Since g ~7 ¢, ¢ ~r W', and W' ~1 w, then g ~7 w by the transitivity of (~g). Since S # T,
then (X | S) = (X | T) by a single Rel(+) transformation. In conclusion, there exists a sequence of Tietze
transformations between (X | R) and (X | S) of length at between 1 and 2. O

B.2.3 Elimination of Derived Generators

The goal of this section is to prove Theorem B.11. The first step in this proof is to show that the set
of relations can be replaced by Q U D where Q is a set of relations over the primitive generators and
D is the set of defining relations. This follows by induction in Lemma B.9, where Lemma B.8 is used
to find new relations of the form, and then Lemma B.7 is used to exchange the relations. The second
step in this proof is to show that the derived generators can be eliminated through a finite sequence of
Tietze transformations. This follows by induction in Theorem B.11, where Lemma B.10 is used to find
a derived generator upon which non other derived generator depends. Such a generator is necessarily
redundant, and may be eliminated via a Rel(—) transformation.

Lemma B.8. Let X\ ¥ be an alphabet with 11 = by \X. If D is a family of i-deﬁning relations for I1 with
I'p(D) acyclic, then for each w € ¥, there exists some w' € (X')* such that w ~p w'.

Proof. The proof follows by induction on the size of II.
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— Base Case. Assume that |1 =0 and w € £*. Then IT= & and w € X*. Since w ~p w by the
symmetry of (~p), then there exists some w’ € £* such that w ~p w'.

— Inductive Hypothesis. Assume that for some k € N, if |I1| =k, ['p(D) is acyclic, and w € f‘,*, then
there exists some w' € X* such that w ~p w'.

— Inductive Step. Assume that [ITI| = k+ 1 and I'p(D) is acyclic. Since IT is finite and I'p(D)
is acyclic, then by Lemma B.10, there exists a X-defining relation x ~ ¢ in D such that D\ {r,}
is a family of (T {x})-defining relations for IT\ {x}. Then by Lemma A.2, there exists some
w' € (E\ {x})* such that w ~p w'. Since Tp(D\ {r,}) is a subgraph of I'p(D) by Lemma B.4 with
I'p(D) acyclic, then T'p(D\ {r,}) is also acyclic. Then D\ {r,} is a family of (£ \ {x})-defining
relations for IT\ {x} with Ip(D) acyclic and w’ € (£\ {x})*. Since |IT\ {x}| = [TI| — 1 =k, then
by the inductive hypothesis, there exists some w” € £* such that w ~p w”. Since D’ C D, then
w' ~p w". Since ~p is transitive, then w ~p w”. Then there exists a w” € £* such that w ~p w".

Since I'p(D) is acyclic, then by the principle of induction, there exists a w’ € X* such that w ~pw'. [

Lemma B.9. Let £ C ¥ be an alphabet with I1 = E\E and R C £* x & finite. If D C R is a family of
S-defining relations for I1 with Tpp(D) acyclic, then there exists a Q C £* x £* with |Q| < |[R\ D| and
a finite sequence of Tietze transformations between (X | R) and (£ | QU D) of length between k and 2k
where k = |R| — |RN (X* x X*)| — |D|.

Proof. Let S =RN(X* xX*) and S =R\ (SUD). Then R = SUDUS. The proof follows by induction
on || in this decomposition.

~

— Base Case. Assume that R decomposes into SLIDUS with |S| = 0. Then (X[ R)
Then there exists a length 0 sequence of Tietze transformations between < | R) an
Clearly |S| = |R\D|.

— Inductive Hypothesis. Assume that for some k € N, if R decomposes as SLUID LS with [S| =k,
then there exists some Q C £* x £* with |Q| < |R\ D| and a sequence of Tietze transformations
between (X | R) and (X | QU D) of length at most 2k.

— Inductive Step. Assume that R decomposes into SLDUS with [S| =k+ 1. Let g~ w in S.
Then by Lemma B.8, there exists ¢ € £* and ' € £* such that ¢ ~p ¢’ and r ~p r. Then by
Lemma B.7, there exists a finite sequence of Tietze transformations between (X | R) and (T | R')
of length between 1 and 2, where R’ = RU{¢ ~w'} \ {g ~ w}. Then R’ decomposes as §' UIDLIS
where S =SU{¢ ~r} and § =S\ {g~ r}. Since g~ r, then |S'| = |S| — 1 = k. Then the
inductive hypothesis holds, and there exists some Q C X* x X* with |Q| < |R"\ D| and a sequence
of Tietze transformations between (£ | R') and ( | Q UD) of length between k and 2. Then there
exists a sequence of Tietze transformatlons between (Z | R) and <Z | QUD) of length between k+ 1
and 2(k+1). Since |S'| < |S| and [S'| = [S|, then |Q| < |'| +|S'| < |S| +|S| = [R\ D|.

By the principle of induction, there exists a Q C X* x £* with |Q| < |R\ D| and a sequence of Tietze
transformations between (X | R) and (X | QU D) of length between |S| and 2|S]. O

Lemma B.10. If D is a family of X-defining relations for I1 with 1 finite and T'p(D) acyclic, then there
exists a relation x = w in D such that D\ {x = w} is a family of (£ \ {x})-defining relations for IT\ {x}.

Proof. Since Il is finite and I'p(D) is acyclic, then by Lemma B.1, there exists some vertex x € IT such
that x has no parents in I'p(D). Since x is a vertex in I'p(D), then there exists a X-defining relation x ~ w
inD. Let D' = D\ {x ~ w}. Let y &~ g be a £-defining relation in D’ with n = |q|. Let k € [n]. Assume for
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the intent of contradiction that g; = x. Then there exists some ¢’,q"” € X* such that g = ¢’ - x-¢". Then x is
a child of y by definition. However, x has no parents by assumption. Then g; # x by contradiction. Since
k was arbitrary, then ¢ € (£ \ {x})*. Since y &~ ¢ was arbitrary, then D’ is a family of (X \ {x})-defining
relations for IT\ {x}. 0

Theorem B.11. Let ¥ C ¥ be an alphabet with T1 = £\ Y’ finite and R C X* x X* finite. If D C R
is a family of defining relations for I1 with I'p(D) acyclic, then there exists a Q C (X')* x (¥')* with
|0| < |[R\ D| and a sequence of Tietze transformations between (¥ | R) and (¥' | Q) of length between
n+k and 2n+k where n = |R| — |[RN ((X')* x (£')*)| — |D| and k = |T1].

Proof. By Lemma B.9, there exists a Q C (X')* x (X')* with |Q] < |R\ D| and a sequence of Tietze
transformations between (X | R) and (£ | QU D) of length between n and 2n. The proof follows by
induction on |IT].

— Base Case. If [II| = 0, then |D| = 0. Then (X | QUD) = (¥’ | Q). Then there exists a length 0
sequence of Tietze transformations between (X | QUD) and (¥’ | Q).

— Inductive Case. Assume that for some k € N, if |IT| = k and I1p (D) is acyclic, then there exists a
length k sequence of Tietze transformations between (X | QUD) and (¥’ | Q).

— Inductive Step. Assume that [IT| = k+ 1 and I'p(D) is acyclic. Since II is finite and I'p(D) is
acyclic, then by Lemma B.1 there exists some vertex x € IT such that x has no parents in I'p(D).
Define A =X\ {x} and D' = D\ {r,}. Let y = w and assume for the intent of contradiction that
w & A*. Then there exists w',w” € £* such that w =w'-x-w”. Then x is a child of y in I'p(D).
However, x has no parents by assumption. Then w € A* by contradiction. Since y ~p w was
arbitrary, then D' C A* x A*. Then QUD’ C A* x A*. Tt follows that (X | QUD) = (A | QUD')
by Gen(—). Furthermore, D' is a family of defining relations for IT\ {x}. Since |IT\ {x}| = k and
['p(D') is acyclic by Lemma B .4, then there exists a length k sequence of Tietze transformations
between (A | QUD') and (X' | Q) by the inductive hypothesis. Then there exists a length k4 1
sequence of Tietze transformations between (X | R) and (¥’ | Q).

Then by the principle of induction, there exists a length k sequence of Tietze transformations between
(£] QUD) and (¥’ | Q). Then there exists a sequence of Tietze transformations between (X | R) and
(X' | Q) of length between n + k and 2n + k. O

B.2.4 The Derived Generator Graph for W (Ejg)

The derived generators for W(Eg) are IT:=Xp \ {Xo,CX0,1,CCX 1 2,K; 2 }. The defining relations D C Ry
for Il C Xp are given by Relation (1) through to Relation (19) in Figure 4. An illustration of the derived
generator graph I'p(D) can be found in Figure 9. Since this graph is acyclic, then Theorem B.6 and
Theorem B.11 apply. The derived generator graphs for O(n,D) have paths of length at most one, and are
therefore trivially acyclic.

B.3 Derivational Proofs and Tietze Transformation

Assume that G = (X | R) with semantic interpretation [[-] . During proofs based on Tietze transforma-
tions, it is often necessary to find a sequence of Rel(—) and Rel(+) transformations between (X | R) and
(X| Q). For example, this case arises in Section 4, where R = Rgs URp(gg) and Q = Rpg(py URp. If [-]l6
induces an isomorphism and every relation w ~¢ w' satisfies [w]* = [[w/], then using Theorem A.6 there
exists a sequence of Tietze transformations between (X | R) and (X | R). Eliminating the relations in R
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requires more care. For example, if r € R is not derivable from (RUQ) \ {r}, then (X | RUQ) is a proper
quotient of (X | Q). Instead, it must be shown that for each w ~ w', it follows that w ~¢ w'. One way to
approach this problem is to first derive some auxiliary relations A from Q, and then use Q UA to derive
R. However, transforming these derivations into a sequence of Tietze transformations is often tedious,
and not well-aligned with the process of proof discovery. On the other hand, if the derivations are not
transformed into a valid sequence of Tietze transformations, then it is possible to obtain invalid proofs,
such as those with cyclic derivations (see Example B.16).

This section formalizes the ad-hoc proof technique described above,and identifies sufficient condi-
tions for when such a family of derivations induces a valid sequence of Tietze transformations between
(£|R) and (X | Q). In the following definitions, L(X) = N x (X* x £*) will represent a set of indexed
relations over X. For example, let (n, (w,w')) € L(X). The index n in (n, (w,w')) indicates that (n, (w,n"))
is a derived relation, and allows for multiple derivations of the same relation. More concretely, if n = 3,
w=a-b,andw =x-y-z, then (n,(w,w')) is the third derivation that yields a-b =~ x-y-z.

Definition B.12 (Derivational Proof). A derivational proofin (£ | R) is a subset P C L(X) x (L(X) UR)*
which satisfies the following conditions.

— Indexed. For all (¢,d) € P and (¢,d’) € P distinct, £ # /.
— Well-founded. For all (¢,d) € Pand k € {1,2,...,|d
some d’ € (L(X)UR)* such that (di,d’) € P.
— Valid. For all (¢,d) € P with (n,(w,w)) = £ and m = |d|, there exists some v € (X*)""! such that
Vi =W, Vg1 =W, and for all k € [m] either di € R and vy, ey Vi1 or (n',r) = dy and vy = v .
A set Q C X* x X* is entailed by P, written P = Q, if Q C RU{r | ((n,r),d) € P}.
Definition B.13 (Proof Substitution). Let P be a proof in (X | R). If (¢,d) € P, d € (L(X£) UR)*, and

P = (P\{(¢,d)})U{(¢,d")} is a proof for (£ | R), then we say that P’ is a substitution of P by d’ at ¢,
written P[{ — d'].

Definition B.14 (Derivation Graph). Let P be a proof in (X | R). The derivation graph for P is the
digraph I'p(P) = (V,E) such that V = {¢ | (¢,d) € P} and (¢,¢') € E if and only if there exists (¢,d) € P
and k € {1,2,...,|d|} such that dy = ¢'.

}, either di € R or dj, € L(X) and there exists

Example B.15 (Derivations and Substitutions). Consider G = (x,y | x? ~ €,y* ~ €). It is not hard to show
x-y-x-y>-x-y-x ~ €. However, it helps to first prove that x-y* - x ~ £. This can be written as a derivation
proof. There will be two derivations, with labels £ = (0, (x-y?-x,€)) and #' = (0, (x-y-x-y*-x-y-x,€))
respectively. Associated with ¢ and ¢’ are two derivations d and d’, defined as follows. Let r = (x,¢€)
and ' = (2, €).

d): x-yyxxxbe
(d): x-y-x-y-y-x-y-xgx-y-y-xg8

These pieces can be assembled into a derivational proof P = {(¢,d),(¢',d")}. This proof is indexed,
since £ and ¢’ each appear exactly once as labels. This proof is well-formed, since r, /, d, and d" are
all in-scope. The proof is valid, since each step of each derivation follows. Of course, it is possible to
expand out d’ using the steps of d. This yields a new derivation d” defined as follows.

4" v r v r
(d7): Xy Xy Yy Xy X=XYX-X-YPXFXYYXFXX>E
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This new derivational proof corresponds to the substitution P[¢' — d"]. In this new proof, the derivation
of ¢ no longer relies on the lemma /. Later in this section, lemma eliminating substitutions will be used
to extract Tietze transformations from derivational proofs with acyclic derivation graphs. 0

Example B.16 (Cyclic Derivations). Consider G = (x,y | x*> ~ €,y* ~ €). It is not hard to show that
G = 7y x 7y, where (x) denotes the free product of groups. It follows that G is non-abelian. In particular,
G (x-y) # g (y - x). Now, consider the proof P = {((0, (x-y,y-x)),d), ((0,(x-y*,y-x-y)),d")}, where d
and d’ are defined as follows. Let r = (y?,¢€), £ = (0,(x-y,y-x)) and ¢ = (0, (x-y,y-x-y?)).

(d): x-y<x-y E—,>y-x-y2L>y-x
(@) 2y S yexey?

This proof is indexed, well-formed, and valid. However, these derivations suggest that x-y ~ y-x. The
problem in this proof is that d depends on d’ and d’ depends on d. In other words, the proof is self-
referential. It will be shown later in this section that if I'p(P) is acyclic, then P is not self-referential.
This motivates the requirement that I'p(P) is acyclic throughout the rest of this section. O

B.3.1 Substitutions and Derivation Graphs

This section relates derivational proofs and substitutions to the derivation graphs they induce. When
a derivation (¢,d) depends on a derivation (¢',d’), we say that ¢’ is a lemma for ¢. In Lemma B.17,
lemma-free derivations are characterized by their vertices in a derivation graph. Similarly, Lemma B.18
characterizes lemma-free proofs in terms of their derivation graphs. As expected, Lemma B.19 shows
that if a substitution only eliminates the use of lemmas, such as in Example B.15, then the resulting
derivation graph is a subgraph of the original graph. To this end, Lemma B.20 provides sufficient condi-
tions for a valid substitution. Together, these four lemmas give a graph-theoretic characterization of the
lemma substitution in Example B.15.

Lemma B.17. Let P be a proof for (£ | R). If (¢,d) € P and ¥ has no children in T'p(P), then d € R*.

Proof. Letk € {1,2,...,|d|}. Assume for the intent of contradiction that di & R*. Then (¢,d}) is an edge
in I'p(P). However, ¢ has no children in I'p(P). Then dj € R. Since k was arbitrary, then d € R*. O

Lemma B.18. If P is a proof for (X | R), then T'p(P) is edgeless if and only if d € R* for all ({,d) € P.

Proof. LetI'p(P) = (V,E). Consider the contrapositive statement. Then there exists an (¢,¢') € E. This
is true if and only if there exists a (¢,d) € P and k € {1,2,...,|d|} such that d; = ¢'. This is true if and
only if there exists an (¢,d) € P such that d ¢ R*. O

Lemma B.19. Let P be a proof for (X | R) and (V,E) =T'p(P). If (¢,d) € P and there exists some d' € R*
such that P' = P[l — d'] is also a proof for (£ | R), then Tp(P") = (V,Eg) where Eg={({',{") € E | L # ('}

Proof. LetI'p(P') = (V',E").
— Vertices (C). Let ¢ € V'. Then there exists some & € (L(X) UR)* such that (¢',8) € P'. Then
either (¢/,8) e Por (¢',8) = (¢,d"). If (¢/,8) € P,then £ € V. If (¢/,8) = (¢,d’), then ¢' € V since
(¢,d) € P. In either case ¢’ € V. Since ¢’ was arbitrary, then V' C V.
— Vertices (2). Let ¢/ € V. Then there exists some 6 € (L(X) UR)* such that (¢,8) € P. Then
either ¢/ =Ll or ' £ (. If ' =, then ¢’ € V' since (¢',d") € P'. If ¢’ # {, then ¢’ € V' since
(¢',8) € P\{(¢,d)}. In either case, ¢ € V, Since ¢’ was arbitrary, then V' C V.



M. Amy, N. J. Ross & S. Wesley 27

— Edges (). Let (¢,¢") € E’. Then there exists some 6 € (L(X)UR)* and k € {1,2,...,|5|} such
that (¢/,8) € P' and 6 = ¢”. Then & ¢ R*. Consequently, § # d’. Then £ # ¢, since P’ is indexed.
Then (¢',6) € P. Consequently, (¢',¢") € E. Since ¢ # ¢, then (¢',¢") € E,. Since (¢',{") was
arbitrary, then E' C E,.

— Edges (D). Assume that (¢,¢") € Ey. Then ¢’ # ¢ and (¢',¢") € E. Then there exists some d €
(L(Z)UR)* and k € {1,2,...,|8|} such that (¢,8) € P and & = v. Since ¢’ # ¢, then (¢',8) € P
Then (¢,¢") € E'. Since (¢',¢") was arbitrary, then E; C E'.

Then I'p(P') = (V,Ey). O

Lemma B.20. Let P be a proof for (£ | R) and V = {{ | (¢,d) € P}. If ({,d) € P, d' € (VUR)*, and
(¢,d") is valid, then P[¢ — d'] is a proof for (£ | R).

Proof. Let P' = [+~ d']. It must be shown that P’ is indexed, well-formed, and valid.

— Indexed. Let (¢/,8) € P and (¢”,6") € P’ distinct. Without loss of generality, assume ¢’ # £. Then
(¢',8) € P. Now, these are two cases to consider, depending on whether ¢’ = ¢. If ¢ = ¢, then
(¢".d) € Pand ¢’ # ¢ since P is indexed. If ¢ # ¢, then (¢",8") € P and ¢’ # ¢ since P is indexed.
In either case ¢ # ¢'. Since (¢',6) and (¢”,8") were arbitrary, then P’ is indexed.

— Well-formed. Let (¢,8) € P'. There are two cases to consider, depending on whether ¢/ = /.

— If ¢/ =4, then 6 =d', since P’ is indexed. Then & € (VUR)*. Then forall k € {1,2,...,|0]|},
either 6 € Ror 6, € V. If § € V and & = ¢, then (&,d’) € P'. If & €V and & # ¢, then
there exists some 8’ € (L(X) UR)* such that (di,8’) € P. Since & # £, then (&, 8’) € P'. In
either case, if & € V, then there exists some &’ € (L(X) UR)* such that (dy,d”) € P’ Since k
was arbitrary, then (¢, §) is well-formed.

— If ¢/ # 4, then (¢,8) € P. Let k € {1,2,...,|6|}. Since P is well-formed, then either & € R
or there exists some 6’ € (L(X) UR)* such that (8, 5’) € P. There are two cases to consider,
depending on whether & = ¢. If & = ¢, then (¢,d’) € P'. If & # ¢, then (&,6') € P'. In
either case, there exists some &’ € (L(X) UR)* such that (&, 6’) € P'. Since k was arbitrary,
then (¢',8) is well-formed.

In either case, (¢, §) is well-formed. Since (¢, §) was arbitrary, then P’ is well-formed.

— Valid. Let (¢,8) € P". Now these are two cases to consider, depending on whether ¢/ = ¢. If
¢’ =/, then § = d’ since P’ is indexed, and consequently & is valid by assumption. If ¢ # ¢, then
(¢',8) € P and 9§ is valid by the validity of P. In either case, (¢',0) is valid. Since (¢,8) was
arbitrary, then P’ is valid.

Then P’ is a proof for (X | R). O

B.3.2 From Derivational Proofs to Tietze Transformations

Let (X | R) be a monoid presentation. The goal of this section is to prove Theorem B.25, which states
that acyclic derivational proofs are sound for the isomorphism of finite monoid presentations. The
completeness of acyclic derivational proofs follows immediately from the fact that every statement of
the form w ~g w' corresponds to at least one finite derivation. The proof proceeds as follows. First,
Lemma B.21 shows that the lemma substitutions outlined in Example B.15 preserve the structure of
derivational proofs. This is used in Lemma B.22 to show that if a derivation (¢,d) in a proof P depends
on a lemma (¢',d’) which follows directly from R, then d can be rewritten so that all dependencies on ¢’
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are removed without introducing any new dependencies. This is used repeated in Lemma B.23 to show
that any derivation (¢,d) which depends only on lemmas which follow directly from R, can be rewrit-
ten to also follow directly from R. This is extended in Lemma B.24 to show that any finite and acyclic
derivational proof P can be written into a proof P’ such that every derivation depends only on R. Then
each derivation in P’ follows from (~g), and Theorem B.25 follows immediately by induction.

Lemma B.21. Let P be a proof for (X | R). If (£,d) and (¢',d") are derivations in P and there exists
6,0 € (L(X)UR)* suchthatd = 6 -0’ - &', then P[{ — & -d' - §'] is a proof for (£ | R).

Proof. Let Lp = {(| (¢,d) € P},d" =6 -d' - &, and (x,(q,r)) = {. Since 8,d',8" € (L, UR)*, then
d" € (L, UR)*. Since P is valid, then there exists v € (£*)" ! such that vi = g, v, = r, and vy LN Vit
for all k € [n], where n = |d|. Let m = |8]|. Since P is valid and v,, K—/> Vms1, then there exists some

d/
u € (Z*)*! such that u; = v, 11 = Vi1, and ug — ugyq for all k € [s], where s = |d’|. Define
V= (Vi Vi ULy ey Uy Vin 1,5+ -+, V). Let k € {1,2,...,]d"|}. There are five cases to consider.

"

d
/ / 1 / Tk /
If k <m, then v = v, vi | = Viy1, and & = & = di. Then v, — vi ;.

d//
i !/ / _ _ " __ / k /
If k = m, then v} = vy, Vi | = U1 = V11, and d = &. Then v, — v ;.

d//
!/ / _ " __ ! / k /
Ifm<k<m+s,thenvi =ug_p, Vi | = tg—my1,and &)/ =d;_, . Thenvi — v, .
d//
— /! / _ _ "n __ gl / k /
— If k =m+s, then v, = u, Vie] = Vim+1 = Us1, and d; = d. Then v, — Vis1-
"

Then v, %5 v/
envk Vk+1.

/ / 1 !/
Ifk>m+s, then vy = ug_g, Vi | = g1, anddy =6, ..

"

d
In each case, v, = v}, . Since k was arbitrary, then (¢,d") is valid. Then P[{ — d"] is a proof by
Lemma B.20. O

Lemma B.22. Let P be a proof for (X | R). If (¢,0") is a maximal path rooted at £ in Tp(P), then there
exists a d € (L(X) UR)* such that P' = P — d) is a proof for (£ | R) and ¢ has one less child in Tpp(P').

Proof. Let f: (L(X£)UR)* — N count the number of occurrences of ¢’ in a derivation. Given a proof Q
for (X | R),let Cp: L(X) — (L) map each £ € L(X) to its children in I'p(Q). Since (¢,¢') is a maximal
path, then ¢’ has no children in I'p(P). The proof follows by induction on the number of occurrences of
" in the derivation.

— Base Case. Let d € (L(X)UR)* with P/ = P[{ — d] a proof for (£ | R) and Cp(£) = Cp (£) U{¢'}.
Assume that f(d) = 0. Then d; # ¢ for all k € [n], where n = |d|. Then (¢,¢') ¢ Tp(P'). Then
0" & Cpi(£). Then Cp/(£) = Cp(£)\ {¢'}. Since ¢' € Cp({), then |Cp/(£)| = |Cp(£)| — 1.

— Inductive Hypothesis. Let d' € (L(X) UR)* such that P’ = P[¢{ — d'] a proof for (£ | R) and
Cp(0) =Cp/(£)U{l'}. Assume that for some k € N, if f(d’) =k, then exists ad € (L(X) UR)* such
that P” = P[¢ — d] is a proof for (£ | R) and |Cpr(£)| = |Cp(£)| — 1.

— Inductive Step. Under the conditions of the inductive hypothesis, assume that f(d") =k+ 1. Then
there exists some 6,6’ € (L(X) UR)* such thatd’ = & -¢' - &'. Since ¢ is a vertex in I'p(P), then
there exists some d” € (L(X) UR)* such that (¢,d") € P. Defined = §-d” - §'. By Lemma B.21,
P" = P[l+ d) is a proof for (X | R). Let £ € Cp(¢)\ {¢'}. Then there exists some k € {1,2,...,|5|}
such that dy = ¢”. Since ¢” # ¢, then without loss of generality k < |8| and dy = & = ¢”. Then
0" € Cpr(£). Since ¢" was arbitrary, then Cp(¢) \ {¢'} C Cpr(£). Next, let £’ € Cpr(¢). Then there
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exists some k € {1,2,...,|d|} such that d; = ¢”. Since d € (R*), then without loss of generality
k < |8| and & =y = £". Then ¢" € Cp(f). Since ¢ was arbitrary, then Cps(¢) C Cp(£). Then
Cp(€) = Cpr(£) U{l'}. Since k+ 1= f(d') = f(8) + 1+ f(&), then f(d) = £(8) + f(§) = k.
Then by the inductive hypothesis, there exists some d’ € (L(X) UR)* such that Q = P'[{ — d'] is a
proof for (£ | R) and |Co(¢)| = |Cpi(€)| — 1 = |Cp(£)| — 1. Since Q = P[¢ — d'] by definition, then
the inductive step holds.

It follows by definition that d € (L(X) UR)* and P = P[{ — d]. Then by the principle of induction, there
exists a d € (L(X) UR)* such that P’ = P[{ — d| is a proof for (Z | R) and |Cpr(¢)| = |Cp(£)| — 1. O

Lemma B.23. Let P be a proof for (£ | R). If (¢,d) € P and all paths rooted at ¢ in Up(P) have length
at most one, then there exists a d € R* such that P[{ — d) is a proof for (X | R).

Proof. Let I'p(P) = (V,E). Since |V| = |P| and all paths rooted at ¢ have length at most one, then the
number of paths rooted at ¢ in I'p(P) is finite. The proof follows by induction on the number of paths
rooted at £ in I'p(P).

— Base Case. Assume that I'p(P) has zero paths rooted at ¢. Then d € R* by Lemma B.17. Then
P = P|l — d] withd € R*.

— Inductive Hypothesis. Assume that for some k € N, if I'p(P) has k paths rooted at ¢, then there
exists a d € R* such that P[¢ — d] is a proof for (Z | R).

— Inductive Step. Assume that I'p(P) has k+ 1 paths rooted at /. Then there exists at least one
path rooted at ¢ in I'p(P). Since all paths rooted at ¢ in I'p(P) have length one, then there exists
some path (¢,¢') in Tp(P) such that ¢ has no children in I'p(P). Then by Lemma B.22, there
exists some d’ € (L(X) UR)* such that P' = P[¢ — d'] is a proof for (¥ | R) and ¢ has k children in
I'p(P'). Since all paths rooted at ¢ have length one, then I'p(P’) has k paths rooted at £. Then by
the inductive hypothesis, then there exists a d € R* such that P[¢ ~ d] is a proof for (X | R). Then
the inductive step holds.

Then by the principle of induction, there exists a d € R* such that P[{ — d] is a proof for (Z | R). O

Lemma B.24. Let P be a finite proof for (£ | R') with R* C R CX* x £*. If P = R and T'p(P) is acyclic,
then there exists a proof P’ for (X | R') such that |P'| = |P|, P’ =R, and d € (R")* for all (¢,d) € P'.

Proof. Let f:L(X) X (L(£)UR’)* — N count the number of vertices with children in the derivation graph
of a proof. Since I'p(P) has |P| vertices, then f(P) < |P|. Since P is finite, then f(P) is also finite. The
proof follows by induction on f(P).

— Base Case. Assume that f(P) = 0. Then there are no edges in I'p(P). Then by Lemma B.18,
d e (R)* forall (¢,d) € P.

— Inductive Hypothesis Let Q be a proof for (X | R'). Assume that for some k € N, if f(Q) = k with
P =R and T'p(Q) is acyclic, then there exists a proof P’ for (X | R) such that |P'| = |Q|, P’ =R,
andd € (R")* forall (¢,d) € P'.

— Inductive Step. Let O be a proof for (£ | R'). Assume that f(Q) =k-+ 1 with Q =R and I'p(Q)
acyclic. Since f(Q) > 0, then there exists at least one edge (¢,¢') in I'p(Q). By Lemma B.1, there
exists some path (£, ...,¢,) in I'p(Q) such that ¢y = ¢ every path rooted at ¢ has length at most
n. Since (¢,¢') is a path of length one in I'p(Q) rooted at ¢, then n > 1. Assume for the intent
of contradiction that there exists a path of length at least 2 rooted at #,,_;. Then there exists a
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path (¢,—1,x,y) in I'p(Q). Then (4, ...,¢,—1,x,y) is a path of length n+ 1 in I'p(Q) rooted at .
However, all paths rooted at £ have length at most n. Therefore, all paths rooted at £,,_; have length
at most one. Since £,_; is a vertex in I'p(Q), then there exists some d € (L(X) UR’)* such that
(£4—1,d) € Q. Then by Lemma B.23, there exists some d’ € (R')* such that P = Q[(,_1 — d'] is
a proof for (X | R'). Let (zp—1,7m—1) = £y—1. Since Q |= R with respect to (X | R'), it follows that
RC R U{r|((m,r),d) € P}. Then,

RCR'U{r| ((z,r),d) € P\{ly—1,d)} U{ru_1} CR'U{r| ((m,r),d) € P'}.

Then P’ |= R with respect to (£ | R'). By Lemma B.19, I'p(P’) is also a subgraph of I'p(Q) with
f(P") = f(Q)—1=k. Since I'p(P’) is a subgraph of I'p(Q) with I'p(Q) acyclic, then I'p(P’)
is also acyclic. Then by the inductive hypothesis, there exists a proof P’ for (¥ | R) such that
|P"| =|P'|,P" =R, and d € (R")" for all (¢,d) € P". Then |P"| = (|Q| — 1)+ 1 = |Q|, since Q is
indexed. Then the inductive step holds.

Then by the principle of induction, there exists a proof P’ for (X | R) such that |P'| = |P|, P = R, and
d e (R)* forall (¢,d) € P. O

Theorem B.25. Let P be a finite proof for (£ |R') with R* C R CX* x X*. If P = R and T'p(P) is acyclic,
then there exists a length |R \ R'| sequence of Rel(+) transformations between (¥ | R') and (L | R).

Proof. By Lemma B.24, there exists a proof P’ for (£ | R') with P’ =R and d € (R')* for all (¢,d) € P.
The proof follows by induction on |R\ R'|.

— Base Case. If [R\R'| =0, then R C R CR. Then R =R’ and (X | R) = (X | R'). Then there exists
a length zero sequence of Rel(+) transformations between (X | R') and (X | R).

— Inductive Hypothesis. Let P’ be a proof with respect to (¥ | Q) with Q C R and P’ = R. Assume
that for some k € N, if |[R\ R'| = k, then there exists a length k sequence of Rel(+) transformations
between (X | Q) and (X | R).

— Inductive Step. Under the conditions of the inductive hypothesis, assume that |[R\ R'| = k+ 1.
Then there exists some r € R\ R', say (w,w’) = r. Since P’ = R and r € R', then there exists some
x € Nandd € (L(X)UR')* such that ((x,r),d) € P". Since d € (R')*, then w ~g W' by validity of
P'.Let Q=R U{r}. Then (£ | R') = (X | Q) by Rel(+). Since R' C Q and P’ |= R with respect to
(X | R'), then
RC R U{r|((n,r),d)eP}CQuU{r|((nr),d)eP}.

Then P’ |= R with respect to (¥ | Q). Since r € R\ R', then |[R\ Q| = |R\ R'| — 1 = k. Then by the
inductive hypothesis, there exists a length k sequence of Rel(+) transformations between (X | Q)
and (X | R). Then there exists a length k + 1 sequence of Rel(+) transformations between (X | R)
and (X | R). Then the inductive step holds.

Then by the principle of induction, there exists a length |R\ R’| sequence of Rel(+) transformations
between (X | R') and (X | R). O
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C Circuit Decompositions of Coxeter Generators

In Section 4.1, the Coxeter generator r3 was decomposed into a circuit over Xp. In this section, the
remaining 7 Coxeter generators are decomposed into circuits over Xp. Scalar multiples of the normal
vectors are used freely. Recall that CCX ; is a reflection about the normal vector |b) = [1) ® |1) @ |—).
Similarly, CX| » is a reflection about the normal vector |[b) = |—) ®|1) @ |1).

r.

.

r4.

rs.

re.

r7.

rs.

This generator is defined by the normal vector |b;) = |0) ®]0) ® |—). Since (XooX;)|b) = |b;)
with (X() OX1)71 = Xj0Xp, then r; =XpoX; OCCXOJ 0 X1 0Xp.

This generator is defined by the normal vector |by) = [0) ® (|1) ®|0) — [0) ® 1)) /v/2. Since |b,)
and — |b,) define the same hyperplane, then — |b;) also defines the same generator. Recall that r3
is a reflection about the normal vector |b3) = |0) ®|1) ® |—). Then (CX,1)|b3) = —|b2). Since
CX» 1 is self-inverse, then r, = CX5 1 0r30CX5 1. Since r3 = X0 CCX¢ 1 0 Xp with Xy and CX 5 ;
commuting, then r, = XpoCX510CCX10CX510Xp.

This generator is defined by the normal vector [b4) = (|0) ® [1) ® [1) —|1) ® |0) ® |0)) /+/2. Since
b) = (|0)@[1) @ 1) — [1) @ |1) @]|1)) //2, then (CX¢10CX02)|b) = |bs). Furthermore, since
(CX()J OCX()’z)il = CX072 OCX()’I, then rqg = CX()J OCXO’Z OCCX[}Z OCXO,Z OCX()’l.

This generator is defined by the normal vector |bs) = [1) ®[0) @ |—). Since (X;)|b) = |bs) with
X, self-inverse, then rs = X 0 CCX 1 0 Xj.

This generator is defined by the normal vector |bg) = |1) ® (|0)®[1) —|1) ®10)) /v/2. Since
(CX2,) |13> = |be) with CX7 ; self-inverse, then ro = CX5 1 0CCXp 1 0CX7 .

This generator is defined by the normal vector |b7) = |1) ® (|0) ®|1) + 1) ® |0)) /v/2. Recall that
re is a reflection about the normal vector |bg) = 1) ® (|0) ®|1) — [1) ®]0)) /v/2. It follows that
(CZoy,1) |be) = |b7). Since CZy is self-inverse, then r; = CZy; ors 0 CZy ;. Furthermore, since
re = CX271 OCCX()J OCX271, then r; = CZO’I OCX271 OCCX()J OCX271 oCZo,l.

The generator is defined by the normal vector |bg) = |+) ® |+) @ |+). First, define the operator
M =K;30X10X,0CZy,. Clearly, M= CZp) 0 X 0X) oK. Furthermore,

M|b) = (Ki20Xi0X) ([4) @ 1) @]1)) = K12(|+) ®]0) @0)) = [bg)

Therefore, rg = K172 OX1 OX2 o CZ()’Z o CCXLZ o CZ()72 OX2 OX1 OK172.

This establishes all decompositions of the Xgg in terms of Xp.
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D Constructing the Generators for W (Eg)

The section walks through the construction of Xy, CX¢ 1, CCX >, and K| > using the Coxeter generators
for W(Eg). As suggested in Section 4.1, this construction begins by deriving several diagonal matrices
over (£1).

W1 =1T16-17 W2 =T6"T5-W1 I5:T¢ W3 =T5:T4 W2 T4-T5

W4 =T4°T3-W3-T3-14 Ws =132 W4 12-13 W6 =T2T1W5-I1I2

For example, [wi]|;g = CZo,1 0CZ . It is then possible to derive CCX( | and X>.
W7 =T7:18:T6 W6 W4 W2 Vg W6 W4 W2 ¥ 1g-1I7 W8 =r1-r3-rs-wy

Then [w7]/;;,s = CCXo,1 and [wg] ;s = X>. Using CCXy 1, it is then possible to derive K ».

W9 =76 W7 W1 W7 T6 W10 =12 T6 W5 W3 Wy Ig W9 Ig - Ws: W3 Wy Wy
Then [wo] ;g is a diagonal matrix over (+1) and [wyo] 55 = K1 2. Next, the permutations are derived.

Wil = Wi T4 W8 F4-Wi0 W8 W2 =T12"T6 W3 = Wil Wiz Wi
It can be validated that [wi1];¢ = 012, [Wi2]lzg = 00,1, and [wi3]sg = Go2. As an immediate conse-
quence, [wi3-w7-wi3llpg = CCX 1 and [wi3 - wg - wi3]|zg = Xo. Then by three applications of Gen(+),
the generators K >, CCX >, and Xy are introduced, alongside the following relations.

K> =wi CCX1p=wiz-w7-wi3 Xo =~ w3 wg-wi3

Next, define wis = wiz - Xo - wig - Xo - wiz. It can be validated directly that [wi4]; = CXo,1. Then by
application of Gen(+), the generator CX ; is introduced, alongside the relation CX¢ 1 ~ wi4.
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E Establishing the Minimality of W (Eg) and O(8,D) Generators

This section establishes the minimality of certain generating sets for W (Eg) and O(8,ID). First, a general
result about minimal generating sets is established. This result is then applied to the generating sets of
interest, to prove their minimality.

E.1 Two Results on Minimal Generating Sets

Theorem E.1. Let G be a group withY) C X C G. If there exists a g € G such that g commutes with the
elements of ' and g does not commute with the elements of ¥, then (¥') is a proper subgroup of (X).

Proof. Assume that g € G, g commutes with every element of X', and (X') = (). It follows by induction
on the length of an element in (X'), that g commutes with every element in (X'). As a base case, if h € (¥')
corresponds to a word of length 0, then 4 is the identity and goh = g = hog. As an inductive hypothesis,
assume that for some n € N, if hy,hy,...,h, €Y andh=hjohyo---oh,, then goh = hog. To show that
the inductive step holds, let iy, hy, ... Ay, hyr 1 €X' and h=hyohyo---h, . By the inductive hypothesis,
goh =W ogwhere W =hjohyo---oh, Thengoh=goh' oh,,  =hogoh, i =hoh, jog=hog.
Then the inductive step holds, and g commutes with every element of (X'). In particular, g commutes
with . By the contrapositive, if g does not commute with £, then (¥') # (X). However, (¥') < (¥) since
Y/ C X. Therefore, (X'} is a proper subgroup of (X). O

Lemma E.2. Let G be a group with £ C G. If for every maximal proper subset ¥ of ¥, (¥') is a proper
subgroup of (¥), then ¥ is a minimal generating set for (L).

Proof. Let ¥’ be a proper subset of £. Then there exists some maximal proper subset IT of ¥ such that
Y CIICX. Then (¥) < (IT) < (X). Since IT is maximal, then by assumption, (IT) is a proper subgroup
of (X). Consequently, (¥') is a proper subgroup of (X). Since ¥’ was arbitrary, then X is a minimal
generating set for (X). O

E.2 Minimality for W (Ejg)

It must be shown that for every maximal proper subset X’ of X, there exists some 8 x 8 dyadic matrix
M such that M commutes with ¥’ but does not commute with X. The first three cases can be solved by
inspection. In fact, these matrices follow from well-known circuit relations.

1. Z, commutes with {Xy,CX0 1,CCX >} but does not commute with K] 5.
2. H, commutes with {Xo,CX¢ 1, K>} but does not commute with CCXj ».

3. Xo commutes with {Xy,CCX 2, K] >} but does not commute with CXy ;.

The final case is less obvious, but can be reduced to solving a linear integer program. Assume that there
exists such a matrix M. Since M is dyadic, then there exists some integer matrix N and integer k such
that M = N/2*. Clearly, M and N commute with the same matrices. Then M is characterized by the
following four equations.

XQON#NOX() CX()’]ON:NOCXOJ CCXLQONZNOCCXLQ K1120N=NOK1,2

Without loss of generality, K > can be replaced by its integral scalar multiple 2 - K 5. Then the entries
of N can be thought of as 64 integer variables, with each equation yielding 64 linear constraints. Using
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73 [20] as a solver, the following solution is obtained.

4 2 2 0 00 0 O
12 11 . . {0 0 0 0 | Noo Mo,
Noo = 211 0 Noi=Nipo=Ni1= 00 0 0 N= {Nl,o M1J
0 0 0O 00 0O

This establishes Theorem 4.4.

E.3 Minimality of X for O(8,D)

First, it will be shown that Lk is a minimal generating set for O(8,1D). To see that Xx generates O(8,D)
simply note that Xx U {K] 2} generates O(8,10) with K » = K| 1 531 © X 0 Ko 1 2,3 © Xo. It remains to be
shown that for every maximal proper subset ¥ of X, there exists some 8 x 8 dyadic matrix M such that
M commutes with ¥’ but does not commute with Xg. The first three cases are also solved by inspection,
using well-known circuit relations.

1. Z; commutes with {Xo,CX,1,CCX 2} but does not commute with Kg | 5 3.
2. H, commutes with {Xo,CX 0,1,K [071’2,3]} but does not commute with CCX .

3. X,0CZy,0X, commutes with {CX(), 1,CCX12,K [071’273]} but does not commute with Xj.

Using Z3 as in the W(E3g), it is then possible to find an integer matrix L such that L commutes with
{XO,CCX 12,K [07172’3]} but does not commute with CX¢ ;. The solution is as follows.

12 2 0 000 0
20 -1 0 oo o0 o Lo L

L=l -1 0 of ™M=loo0o0o0 L_[Ll Lo]
00 0 -3 000 0

This establishes the first claim of Theorem 5.3.

E.4 Minimality of £  for O(8,D)

The proof the Y7 is minimal proves more challenging. However, the minimality of Xk can be used
to simplify this argument significantly. Clearly, £p = X7\ {CCZ} does not generate O(8,D), since
(Ep) =W (Es) < O(8,D). Three of the remaining four cases can be solved by inspection.

1. Recall N from Appendix E.2. By construction, this matrix commutes with {CXOJ ,CCX 1’2,K112}
and does not commute with Xy. Furthermore, CCZoN = N o CCZ, since the 8-th row and 8-th
column of N contain only zeros.

2. 01 commutes with {Xy,CCX 2, Kj »,CCZ} but does not commute with CX ;.

3. Z, commutes with {Xo,CXo,1,CCX»,CCZ} but does not commute with K] ».

The case of CCX » requires more care. There is no obvious operation which commutes with all gener-
ators except for CCX . Furthermore, Z3 fails to find an solution to the corresponding integer program.
Instead, consider the automorphism f : M — H, oM o H, of O(8,D). Since f fixes {Xo,CXo.1,K)1 2.} and
maps CCZ to CCX ;, then f induces an isomorphism between the subgroups (Xo,CXo 1,K)2,CCZ) and
<X0,CX0’1,K1_’2,CCX071> of O(8,D). Since X(),CXO’], K172,,CCX071 S W(Eg) with W(Eg) finite, then

|(X0,CX0,1,K12,CCZ)| = |(X0,CX0,1,K12,CCX12)| < |W(Eg)| < oo.

Since O(8,DD) is an infinite group, then (Xo,CXy 1,K;2,CCZ) < O(8,D). This establishes the second
claim of Theorem 5.3.
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F Proof Details for a Presentation of O(8,D)

In Section 5, many informal claims were made about the relations in ¢,, and the derivations that are
possible using these relations. This section restates each claim as a lemma or theorem, provides a proof
for each claim, and then explains how these claims establish the lemmas and theorems in Section 5.

F.1 Counting the Relations in %,

This section validates the claim that ¢, contains 2039 relations. We say that two relations (g,7) € % and
(¢',1') € Gy are distinct if g # ¢’ or r # r’. This means, for example, that the relations Ko 1 >3- K[4,5.67]
K567 Kiase7 and Kyse7 - Kjo1,23) = Kjo,1,23] - Kj4.56,7) are distinct The techniques used in this
section can be generalized to count the number of relations in ¥,.

First, consider the relations whose parameters are linearly ordered. If a relation schema r has m lin-
early ordered parameters, then each choice of m distinct numbers in [n] corresponds to a unique instance
of r. It follows that a relation schema with m linearly ordered parameters corresponds to ( . ) unique re-
lations. For each choice of m, we compute (i) and count the number of relations with m linearly ordered
parameters.

— If m =1, then there are (?) = 8 instances. The only relation with a single parameter is Rela-

tion (48). Then this case contributes 8 relations.

— If m = 2, then there are (g) = 28 instances. The only relations with two parameters, all linearly

ordered, are Relations (47) and (58). Then this case contributes 56 relations.

— If m = 3, then there are (g) = 56 instances. The only relations with three parameters, all linearly

ordered, are Relations (56) and (57). Then this case contributes 102 relations.

— If m =4, then there are (i) =70 instances. The relations Relations (49), (63), (64) and (65) all have
exactly four parameters, which are all linearly ordered. Then this case contributes 280 relations.

— If m =25, then there are (2) = 56 instances. The relations Relations (59), (60), (61) and (62) all have
exactly five parameters, which are all linearly ordered. This this case contributes 224 relations.

— If m = 6, then there are (g) =28 instances. The only relation with a six parameters is Relation (66).

Then this case contributes 28 relations.

— If m = 8, then there are (2) = 1 instances. The only relation with eight parameters is Relation (67).

Then this case contributes 1 relations.

In total, the relation schemata with linearly ordered parameters contribute 699 instances.

The remaining six schemata induce a partial order on the parameters. For example, in Relation (55),
the term Ky, 5, o 4 - K[e 7., Indicates that a < b < ¢ < d and e < f < g < h. However, the choices of
(a,b,c,d) are independent from the choices of (e, f, g, /), except that all choices must be distinct. In this
example, there are (Z) ways to select the four indices in the first order. Then n — m indices remain, from
which there are (”24) choices. In general, for two independent linear orders with m and k parameters
n—m

respectively, there will be (,’:l) . ( i ) choices. The six schemata are described below.

In Relation (54), m = 1 and k = 1, resulting in (?) . G) = 56 choices.

? ;) = 168 choices.
) = 280 choices.
) = 420 choices.

In Relation (51), m = 1 and k = 2, resulting in

In Relation (53), m = 1 and k = 4, resulting in (213) : 471
In Relation (50), m = 2 and k = 2, resulting in (g) : g
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— In Relation (52), m = 2 and k = 4, resulting in (g) . (g) =420 choices.
— In Relation (55), m = 4 and k = 4, resulting in (i) . (:) =70 choices

In total, the relations partially ordered parameters contribute 1414 instances. Then |%g| = 2113.

F.2 Correctness of Relation Reindexing

This section justifies the reindexing of relations via permutations. First, recall that every permutation on
[1] can be represented by a permutation of the basis vectors in R, with Ta,p corresponding to X, 5. The
intuition is that every ¢ can be represented by a word w over generators of type X, and that conjugation
by w corresponds to formal reindexing when ¢ is valid.

First, a subset #2 of %, is identified, for which all of the order and braiding relations for generators of
type X hold. Consequently, %2 is complete for words over generators of type X. Then %5 is extended to
asubset Z? of %, for which all formal reindexings are derivable. The result is proven first, for individual
generators, and then extended to entire words.

F.2.1 Deriving the Braiding Relations

First, define the set of relations,
%;f = {X[avaJrl]z ~e|lac Z} U {X[a,a+1] ‘X[a,b] %X[a+1,b] ‘X[avaJrl] |a,beZ witha+1< b} .

This set is sufficient to decompose all swaps into transpositions, as proven in Lemma F.1. Of interest in
this section is the following extension of %},

%f = %; U {X[a+1,a+2] 'X[a,a—l—l] ~ X[a,a+2] 'X[a+1,a+2] | ac Z} :
The relations in %% entail the braiding and order relations for S(n), as shown in Lemma F.2, and are
therefore complete for equality of words over generators of type X. Of important note is that Z5 C %,.
Lemma F.1. Let R be a set of relations over &, which contains all well-formed relations in Z. If v is a
word over two-level operators of type X, then there exists a word u over transpositions such that v ~g u.
Proof. Consider a valid two-level operator X, ;). The proof follows by induction on b —a > 0.
— Base Case. If b—a =1, then X, ;) = X4 441)-

— Inductive Hypothesis. Assume that for some k € N+, if b —a = k, then there exists a word w

— Inductive Step. Assume that b —a =k+ 1. Since k > 0, then a+ 1 # b, and the following
derivation holds.
Xiap) X[a,a+1]2 Xiap) = Xjaat1] Xja+1.6) X [aa+1]
Since b — (a+ 1) = k, then by the inductive hypothesis, there exists a word w over transpositions
such that X, 15 ~r w. Then X, 4] ~r X{gar1] W Xaat1)- SInCe X[y q41]- W X[gqy1] 1s @ word
over transpositions, then the inductive hypothesis holds.

Then for each symbol M in w, there exists a decomposition of M into transpositions. Then by Ap-
pendix B.2, there exists a word v over transpositions such that w ~g v. O

Lemma F.2. Let R be a set of relations over 4, which contains all well-formed relations in #2. If v and
w are words over two-level operators of type X and [[v]|s, = [w]l;,, then v ~z_w.
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Proof. Since v and w are words over two-level operators of type X with Z7 C %2, then by Lemma F.1
there exists words v and W over transpositions such that ¥ ~ . Then ¥ and W are words in the braid
representation of S(n). If R contains all order and braiding relations for the transpositions in ¢,, then R
is complete for words over the transpositions in ¢,. Let a € [n — 2]. Then the following derivation holds
using the relations in Z5.

Xigat+1) Xjat1.a+2)  Xjaat+1) < X[n.a+l]2 Xiga+2) = Xjaat2) < Xjaa+2) 'X[a+l.a+2]2 — Xiat1.a+2)  Xjagat+1)  X(at+1,a+2)

Then X[a,a-i—l] 'X[a+l,a+2] 'X[a,a-H] ~R X[a+1,a+2} 'X[a#l-‘rl} 'X[a+17a+2]' Since a was arbitrary, then R is
complete for S(n). Since v ~g ¥ and w ~g W, then [[v]|;, = [?]], and [w]j, = [W]5. Then [V]|}, = [W]}.
Then ¥ ~g W by the completeness of R. Then v ~ w by the transitivity of (~g). O

F.2.2 Formal Inverses for Self-Inverse Generators

For each w = wy -wy---w, over ¥, define w = w,, ---w> - wy. Since each element in ¥, is self-inverse,
then [W]}, is the inverse of [w]|;, in O(8,ID). One can prove that given a complete set of relations, both
u-u and u - u always derive to €. For the purposes of this proof, only the case for X-type generators is
necessary.

Lemma F.3. Let R be a set of relations over 9, which contains all well-formed relations in the set below.
{Xuar)?? mela € ZYU{X uarn) Xiap) ~ Xjr10) Xjasn) | 6.0 € ZYU{X (01042 Xjwart) ® Xjwar@]  Xjat1.as2) | a € L}

If u is a word over two-level operators of type X, then u-u ~g € and u-u ~g €. Furthermore, if v is a
word over two-level operators of type X and u ~g v, then u ~g V.

Proof. Since [[-]|;, maps each generator in &, to a self-inverse matrix, then [i]], is the inverse to [ul]7,.
Then [[u-u]);, = [€]];, = [u-ull},. Since u is a word over two-level operators of type X, then u-u ~ € and
u-u~p &by Lemma F.2. Now assume that v is a word over two-level operators of type X with u ~g v.
Then [[u]]j, = [[v]]}- Since @ is the inverse to u and v is the inverse to v, then [[u])}, = [V]},. Then & ~g v
by Lemma F.2. O

F.2.3 Permuting the Indices in Multi-Level Operators

Theorem F4. If 6 € S(n) is a valid reindexing for a two-level operator M of type X, then there exists a
word v over the two-level operators of type X, such that [v]|, = [o]|s and (M) ~z_ v-M -V.

Proof. Since M is a two-level operator of type X, then there exists an increasing sequence (a,b) over [n]
such that M = X, ;). Let 010030+ 00y, be the decomposition of ¢ into a sequence of transpositions.
Then define v = [[o1]|s - [02]ls - - - [[Om]]s- Clearly v is a word over two-level operators of type X satisfying
[v]5 = [[o]ls- Furthermore, [o(M)]} = [To(a).0()]ls = [0 - Tup- 05 = [[v- M - V]}. Since 6(M) and
v-M -v are words over two-level operators of type X, then (M) ~z_v-M-v by Lemma F.2. 0

Theorem F.5. If 6 € S(n) and M is a one-level operator of type (—1), then there exists a word v of
transpositions, such that [v];, = [o]s and 6(M) ~g_v-M V.

Proof. Since M is a one-level operator of type (—1), then there exists an a € [a] such that M = (—1)(y.
Let v Let 61 00,00 Gy, be the decomposition of ¢ into a sequence of transpositions. Then define
v=[o1]s-[02]s-- - [0On]s. It follows by induction on m that 6(M) ~z_v-M-¥.
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— Base Case. Assume that m = 0. Then v =7 = € and 6(M) = M. Then 6(M) ~4_v-M -V by the
reflexivity of (~z_).

— Inductive Hypothesis. Assume that for some k € N, if m =k, then 6(M) ~5_v-M-¥.

— Inductive Step. Assume that m = k+ 1 and define u = [[o1]|s - [02]ls- - - [Ok]ls. Then by the in-
ductive hypothesis 6(M) ~4_u-6,,(M)-u. Since o, is a transposition, then there exists some
Jj € [n— 1] such that 6, = 7 j+1. Furthermore, [[0u]ls = X j41)- If j = a, then 6,,(M) = (—1) 44
then the following derivation holds using only Relations (47) and (58).

(=Das1) = D) X X (D X )

The case when j+ 1 = a follows symmetrically. When j # a and j+ 1 # a, then ©,,(M) = M and
the following derivation holds using only Relations (47) and (51).

(=D = (=D Xy X (D Xy

In either case, 6,,(M) ~z,_ [[On]ls-M - [On]|s. Then 6,,(M) ~z_ u-Gu(M) -1~z v-M-vand the
inductive step is established.

Then by the principle of induction, (M) ~z_v-M-v. Clearly [v] = [o]s. O

Lemma F.6. For each four-level operator M of type K, there exists a valid reindexing ¢ for M and a
word v over two-level operators of type X, such that [[v], = [o]|s and K| 23] ~z, v-M - V.

Proof. Since M is a four-level operator of type K, then there exists an increasing sequence (ao,a,a2,as)
over [n] such that M = (—1)(4) 4).a5,a5]- Since (ao,a1,a3,a4) is increasing, then k < a; for k € [4]. Then
for each k € [4], define oy to be Ty 4, if k # ay, or identity otherwise. Then the following equations hold.

60(M) = (=D,a.a2.03) 61(00(M)) = (= D)jo,1,a3,a3]
62(01(00(M))) = (=1)j0,1,2.05] 03(02(01(00(M)))) = (=Do,1.2.3

Let v=[o3]s - [02]ls - [01]ls - [00]]s- Then the following derivations hold by Relations (47), (59), (60),
(61) and (62). We assume that each oy is not the identity, else the derivation is trivial.

G0(M) < X(0.40)”  K(o.ay.az.as] = X(0.a0) * Klaguar.ar.as) * X 0.a0)
01(00(M)) = X (101> Ko, aras) = X[1ar] * K(0ar.anas) * X[1ar] = X[1,ay] - G0 (M) - X1 0]
02(01(00(M))) < Xpay)® Kio1.2.035) = X20) K 10.1.00.05] X [20) = X [2.y]  01(00(M)) X .0y
) < Xpas)” K

\_/v

X303 Ki0.123) = X3.a5]  K(0.1.2.05) X 3ras] = X [3.05) - 01 (00(M)) - X [3.45]

03(02(01(00(M) s

It follows that 6(M) ~4_v-M -V where 6 = 03 - 02 - 01 - 0p. Clearly [[v];, = [o]s. O

Lemma E7. Let M = K|y 1 2.3 be a four-level operator of dimension n. For any increasing sequence
(ap,ay,az,az) over [n|, there exists a valid reindexing & for M and a word v over two-level operators of
type X, such that 6(M) = K|y a4, 4,05 [V]o = [O]ls, and K{ay 4, ar.a5) ~22, V- M V.

Proof. Since (ag,a1,as,as) is increasing, then k < gy for k € [4]. Then for each k € [4], define oy to be
Tk.q, If k # ay, or identity otherwise. Then the following equations hold.

03(M) = (=1)[0,12.45] 02(03(M)) = (=) [0,1.ay.3)
61(02(03(M))) = (= 1){0.0 00,05 60(61(02(03(M)))) = (= D)ag az.a3.as]



M. Amy, N. J. Ross & S. Wesley 39
Let v=[oo]s- [01]s- [02]s - [03]]s. Then the following derivations hold by Relations (47), (59), (60),
(61) and (62). We assume that each oy, is not the identity, else the derivation is trivial.

03 (M
[0} (63 (M

K123 Xpas]” ¢ Xpag) Ko 205 X 3]
Ko aras) X ol Xpas) K01, 205) X 2aa) = X[20) O3 (M) - X p 0
<_I(Oal Lap.a3) X[lal] <_X[lu1] K[Olaza;] X[Ia]]:X[lal] Gz(O";(M)) X[l.al]

 Klag.ay aras) X 0ao)”  X(0a0) K00y anas] X 10.00) = X[0.00) - O1(02(03(M))) - X g,

o1 (62(03(

oo (01(02(03(M)

=z Zz Z =

)
)
)

It follows that 6(M) ~4_v-M -V where 6 = 0y - 01 - 02 - 03. Clearly [[v];, = [o]s. O

Lemma F.8. If o € S(n) is a valid reindexing for a four-level operator M of type K and o(M) = M, then
there exists a word v over the two-level operators of type X, such that [v];, = [C]ls and M ~4_v-M -v.

Proof. Since M is a four-level operator of type K, then there exists an increasing sequence (a,b,c,d)
over [n] such that M = (—1){gpcq- Since 6(M) = M, then o fixes {a,b,c,d}. Then o restricts to
a permutation on [n] \ {a,b,c,d}. Decompose this restriction of ¢ into a sequence of transpositions
100,000, on [n]\ {a,b,c,d}. Since o fixes {a,b,c,d}, then 6 = 60030 0 G, When viewing
each 0; as a permutation on [n]. Define v = [[o1]|s - [02]ls- - - [On]]s. It follows by induction on m that
M ~z,V M -v.

— Base Case. If m =0, then v =7 = €. Then M ~4_v-M -V by the reflexivity of (~z,_).
— Inductive Hypothesis. Assume that for some k € N, if m =k, then M ~ %, VM-V

— Inductive Step. Assume that m = k+ 1 and define u = [[01]|s - [02]|s - - - [Ok]|s. Then by the induc-
tive hypothesis M ~4_u-M -u. Since G, is a transposition of elements in [1] \ {a,b,c,d}, then
there exists some j,! € [n]\ {a,b,c,d} such that 6,, = 7;;. Furthermore, [0,]s = X|;;. Since
J,l &{a,b,c,d}, then the following derivation holds by Relations (47) and (52).

Kiapea < Xﬁ;k] Kiaped) = X Kiapea) X[jg

Then M ~g_[[On]ls-M - [On]ls- Then M ~g_ u-M T~z v-M-V.

Then by the principle of induction, M ~_v-M -v. Clearly [v];, = [o]s. O

Theorem F.9. If 6 € S(n) is a valid reindexing for a four-level operator M of type K, then there exists a
word v over the two-level operators of type X, such that [v];, = [o]ls and c(M) ~z_v-M-¥.

Proof. Since M is a four-level operator of type K, then there exists an increasing sequence (ag,a;,d2,a3)
over [n] such that M = (—1) (4 4.as.05]- By Lemma F.6, there exists a word u over two-level operators of
type X, and a permutation 61 such that 61(M) = (—1)0.1 2,3 [01]s = [u]5, and ©1(M) ~5, u-M -a.
By Lemma FE.7, there exists a word v over two-level operators of type X, and a permutation o, such
that 65(01(M)) = (—1)(6(a),6(),0(b),0(c)] = O(M), [G2]ls = [V]§. and 02(61(M)) ~z, v- 61(M) - V. Then
define 63 =600, 00, . Then 03(c(ar)) = 6(0, ' (05 ' (o(ar)))) = 6(0, ' (k) = o (ay) for all k € [4].
Then o3 is a valid reindexing for M with o3(02(01(M))) = M. By Lemma E.8, there exists a word
w over two-level operators of type X, such that [o3]]s = [w ]]; and o6(M) ~z_w-02(01(M))-w. It
follows that 6(M) ~z_w-0c2(01(M))W ~g5 w-u-01(M)-W-it ~gz w-u-v-M-w-u-v. Moreover,
w-u-vlo = [Wlp o [ullp o V] = [oslls o [o2]ls o [on]ls = [[G]]s- O
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F.2.4 Permuting the Indices in Relations Over Multi-Level Operators
Theorem F.10. For each ¢ € S(n), there exits a set of words Ls with the following properties.
1. Ifvi € Lg and vy € Lg, then vy ~g_v».

2. If o is a valid reindexing for w, then there exists a v € Lg such that 6(w) ~g_v-w-7.

Proof. Let L be the set of all words v over the two-level operators of type X, such that [v];, = [[o]s. Let
vi € Lg and v € Lg. Then [v1], = [[o]ls = [v2]l;,- Then v; ~¢_vs. Since v; and v, were arbitrary, then
Property (1) holds. Now assume that o is a valid reindexing for w. Property (2) follows by induction on
the length of w.

— Base Case. If |w| =0, then o(w) =w. Let 6j00,0:---00, be a decomposition of ¢ into
transpositions. Define v = [[0]]s - [02]ls - [Om]. Then [¥]), = [[c~!]|s since V is the inverse to v.
Since v-w -, then 6(w) ~z_v-w-vby Lemma F.3.

— Inductive Hypothesis. Assume that for some k € N, if |w| = k, then there exists a v € Ls such that
o(w) ~g v-w-v.

— Inductive Step. Assume that |w| = k+ 1. Then there exists some word W over ¢, and some
M € ¢, such that w = w - M with |W| = k. Clearly, M is either of type X, type (—1), or type K.
In any case, there exists a word v over the two-level operators of type X such that [v]);, = [[o]s
and 6(M) ~4_v-M-v. Then v € Ls. By the inductive hypothesis, there exists a u € L such
that 6(W) ~g_ u-W-u. Since u € Ly and v € Lg, then u ~4_v by Property (1). Furthermore
v-v~g €byLemmaF3. Thenv-u~g V-v~g_ €. Since o(w) =c(W)- o (M), then it follows
o(w)~g, v W-V-6(M)~g v-W-V-u-M-l~g v-W-M-U~g_ u w-uand the inductive step
is established.

Then by the principle of induction, Property (2) holds. O

Corollary F.11. Let v and w be words over 9,. If © is a valid reindexing for u and w, then &(w) is
derivable from o (u) using Z5\J{u~ w}.

Proof. Let Q =%5U{u~w}. By Theorem F.10, there exists words v; and v, over two-level operators of
type X, such that v ~0 V2, G(u) ~o ViUV and G(W) ~Q V2 WV, Since vy ~0 V2, then [[Vl]]z = [[Vz]]g
Then [v1]];, = [v2]];- Since v; and v, are words over two-level operators of type X, then V| ~¢ v, by
Lemma F.2. Then the following derivation holds over Q.

o(u) = vi-u-vy = va-u-vp = vy-w-vy = va-w-vy — 6(w)

Then o (w) is derivable from o (w) using Q. O

F.3 The Set of Representative Relations

In Section 5.2, a set of representative relations were selected from %,. These relations are illustrated
in Figure 10. In some sense, the choice of representative relations were arbitrary, since all choices
are equivalent up to permutation. However, preference was given to the parameters [0], [4], [0,1,2,3],
[4,5,6,7], since these correspond well to controlled qubit operators.



M. Amy, N. J. Ross & S. Wesley 41

X' ~ € (109) Xlat1,a+2] Xfaa+1] = X(ga+2) X[at1,a+2] (119)

(D’ ~e (110) Xiap) (=Dig = (=D)p) - Xap] (120)
K[04,1‘2,3]2 ~E (111) X Kiaped) = Kieved) Xael (121)

Xiap) Xiea) = Xiea) X[ap) (112) Xipo Kaped) = Kiaeed Xl (122)
Xiap) (=Dig = (=D Xjaw) (113) Xieo) Kapea) = Kiaped) X (123)
Xap) Kiedes] = Kede ] Xap) — (114) Xia.e) Kiaped) = Klapee Xae (124)
(=D Ko,123 = K123 (=g (115) X, Kpp,.23 = K123 X, (=Dpy - (=) (125)
(=D (=D = (=D (=D~ (116) X2 K23 = (Do) Kjo,1.23 - (=D - Kp,1.2.3 - (=D (126)
Kio,123 " Kuser = Kuser Koz (117) X3 Kjoa 23] = Kjo,1.23) X[13) 127
Xaar2) Xjgar1] = Xjat1,a12) Xjgat2) (118) Kio123 K345 = Kpizas)-Kpi23) (128)
(=D (=D X104 P = P Xjoa)* (=D (=) (129)

Figure 10: The representative relations in %’,1, for all valid choices of a,b,c,d,e, f € Z. We write p for
the substring K4 567 - Kj0,1,2,3) - X34 K[0,1,23] ' K[4,5,6,7) - X [0.4]-

F.4 Proving the Redundant Relations are Derivable

This section makes use of the braiding relations and the inverse relations, to derive several bifunctoriality
and commutator relations. Each proof follows the same structure. First, the special case is proven
where all generators of type (—1) or K have consecutive indices starting from 0. In all other cases,
there is a generator of type (—1) or K conjugated by a permutation. The braiding relations are used to
obtain a convenient decomposition for each permutation. The commutativity and bifunctoriality follow
immediately from these decompositions.

Lemma F.12. [ (0,a,b) is an increasing sequence over [n], then X () - (—1)jo ~z2 (—1)jo] * X [a,0]-
Proof. Let 0 = 7,. Since 3 < a < b, then there exists a decomposition T, ¢, 110 Tey e, 419 Te,pemt1 OF

o into transpositions such that 0 < ¢ for all k € [n]. Define u = X (¢, ¢, +1] X[, .co41] =" X[e.cnt1]- Then
[X1ap)lo = [[o]s = [[u]5- Then X4 ) ~4s u by Lemma E.2. The proof follows by induction on .

— Base Case. If [u| =0, then u- (—1)jg) = (—1)[g - u- Then u- (—1)g) ~z3 (—1)(g] - u by reflexivity.
— Inductive Hypothesis. Assume that for some k € N, if [u| =, then u- (—1)[g) ~z3 (—1) (o] - 1.

— Inductive Step. Assume that m =k + 1. Define v =X, ¢, 11" X(cy.c41] " X[ep,cp+1]- Then by
definition u =v-X|., ., +1]- Since ¢, > 0, then u- (—1)jg) ~g V- (—1)(0] * X¢,.c,,+1) DY the rela-
tion X, ¢, +1) (= Do) @3 (=1)j0) * X[¢,p.cr+1]- Furthermore, since [v| = k, then by the inductive
hypothesis v - (—1)[0] ~ %03 (—1)[0] -v. Then v- (—1)[0] 'X[cm,cm-i—l] ~ %3 (—1)[0] -u. Then by the
transitivity of (~s), u- (—1)[g] ~z3 (—1)[) - u and the inductive step is established.

Then u- (—1)jo) ~z3 (—1)[g - u by the principle of induction. Since X4 - (—1)o] ~g3 u- (—1)[) and
(_l)[O] U~ gp3 (—1)[0] ~X[a7b], then X[a.,b] . (—1)[0] ~ %3 (—1)[0] ’X[a,b] by the transitivity of (N%;) [

Theorem F.13. All instances of Relation (51) are derivable from .

Proof. Let {a,b,c} € [n]. Define 6 € S(n) such that & is 7, if ¢ > 0, or identity otherwise. Likewise,
define u to be Xg . if ¢ > 0, or € otherwise. Clearly 7,506 = 60 T5(,) 5(5)- Then,

[Xap) - ullo = [Tab o O]s = [0 0 Toa),0m)]s = [#* X(o(a).00)]0-
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Then X, p) - tt ~g3 u-X[5(a),6(p)) DY Lemma F2. Likewise, X(6(4),0(p)) - U ~23 U~ X[sp) by Lemma E3.
Since {a,b,c} are distinct, then 6(a) > 0 and o(b) > 0. Then X 54,65 - (—1)jo] ~2 (=)o) * X[6a,08] DY
Lemma F.12. Then the following derivation holds.

Xigp) - (=1D)jo) U~z - X(o@).om) (= Do) T r~ggs u- (=o)X (o(@),0m) T~z u (=)o) -1 X[gp)
Since {a,b,c} were arbitrary, then all instances of Relation (51) are derivable from Z-. Ul
Lemma F.14. If (3,a,b) is an increasing sequence over [n], then X (4 - Kjo,12,3] ~23 K[0,1,2,3]* X[a)-

Proof. Let 0 =1, Since 3 < a < b, then there exists a decomposition T¢, ¢, 110 Teycr 410+ * Teppcmt1 OF
o into transpositions such that 3 < ¢ for all k € [n]. Define u = X ¢, ¢, 11) X[, .c41] " X[ep.cnt1]- Then
(X015 = [0]s = [ull- Then X4 ~z3 u by Lemma F.2. The proof follows by induction on m.

— Base Case. If [u| = 0, then u- K1 23] ~43 K0,12,3) - u by reflexivity.
— Inductive Hypothesis. Assume that for some k € N, if [u| =k, then u- Ko 1 2.3 ~ 42 Kjo,1,2,3) - U-

— Inductive Step. Assume that m = k+ 1. Define v =X, ¢, 11" X(c;.c041] " " X[epup+1]- Then by
definition u = v- X, . 1. Since ¢, > 3, then u- Kjg 23 ~a V- Kio123  X[c,cnt1) bY the
relation X, .+ 1] K(0,12.3) 3 K(0.1.2.3) " X[ep.cn+1)- SinCE |[v| =k, then by the inductive hypothesis
1% K[0717273] N@}l K[0717273] -v. Then v- K[07172’3] 'X[Cmycm+1} Na]’? K[0717273} -u. Then by the transitivity
of (~g), u-Ko,123 ~2 Kjo,1,2,3 - u and the inductive step is established.

Then u-Kjg 1 23] ~23 Kjo,1,2,3) - u by the principle of induction. Since X1, ) - K0,123] ~23 u-K,123 and
K[071’273] u N@g K[071,2’3] 'X[a,b}’ then X[a,b] 'K[0’17273] Naf;:» K[0’17273] 'X[a,b} by the transitivity of (Ngg) O

Theorem F.15. All instances of Relation (52) are derivable from .

Proof. Let (cg,c1,c2,¢3) an increasing sequence over [n]. Since (co,c1,c2,c¢3) is increasing, then k < ¢
for k € [4]. Then for each k € [4], define o} to be Ty, if k # ¢k, or identity otherwise, and define
G = 0po 0] 0 0y 0 03. Likewise, for each k € [4], define u; to be X lk.ei] if kK # ck, or € otherwise, and let
U=up-uj-uy-us. Clearly Tqp©0O =00 Tc(a),c(b)- Then,

(X105 ullo = [Tap 0 0lls = [0 0 To(a),00) )5 = [ X[6(a),0(0))] -

Then X[a,b] U~ gp3 U X[G(a),c(b)] by Lemma F.2. Likewise, X[G(a),c(b)] 7 ~ 3 u- X[a,b] by Lemma F.3.
Since a,b &l {60,61762,63}, then G(Cl) > 3 and G(b) > 3. Then X[O'a,cb] . K[07172’3] ~ %3 K[0717273] 'X[Ga,ob]
by Lemma F.14. Then the following derivation holds.

Xiap) - Kjo123) U~z - X(o(a)6p)] Kjo1,23) %~z K123 X(o@),om) %~z 4 Ko123 % Xap)
Since {a,b,cy,c1,ca,c3} were arbitrary, then all instances of Relation (52) are derivable from Z>. O

Lemma F.16. Let (co,a,c1,c2,c3) be an increasing sequence over [n). For each k € [4], define oy, to be
Tk, If k # ck, or identity otherwise. If 6 = 0y - 01 -02-03 and p = Ty, - O - O - O3, then there exists an
a € S(n) such that 7., ,0 6 = p o @ with  fixing [4].

Proof. By definition, p(0) = a = 7.,4(0(0)), p(1) = ¢1 = Ty .a(0(0)), p(1) = 2 = 7,.a(0(0)), and
P(2) =c2 =T, 4(0(0)). Since S(n) is a group, then there exists an & € S(n) such that 7, ;oo =poa.
Assume that there exists a k € [4] such that (k) # k. Then (7., ,00)(a(k)) # (T¢y.a00)(k) = p (k). Then
by contradiction, « fixes [4]. Then o decomposes into a sequence of transpositions over [n] \ [4]. O
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Lemma F.17. Let w = X4 po] " X(ay b1+ X [a,p] SUCh that ay >3 and by >3 for all k € [m+1]. Then
w-Ko,12,3 ~a3 Kjo,12,3 " W-

Proof. Let proof follows by induction on |w|.
— Base Case. If [w| = 0, then w = € and w- K[ 1 23] ~3 K[0,12,3] - W by the transitivity of (~s).
— Inductive Hypothesis. Assume that for some k € N, if [w| = k, then w- Ko 1 23] ~ 4 Kjo,123 ' W

— Inductive Step. Assume that |w| =k+ 1. Define v = X, p1 - X (4, 5] X|a,,5,]- Then by def-
inition w = v 'X[amybm]' Since a,, > 3 and b,, > 3, then X[amabm] . K[0717273] ~ %3 K[0717273] ~X[am7bm]
by Lemma F.14. As a result, w-Kjo 123 ~%3 V- Kj0,123] - X[4,.6,]- Then by the inductive hy-
pothesis, v Kjo 123 ~%: Kjo,123-v- As aresult, v-Kjo123) X4, .6, ~% Ko,12,3 - w. Then
w-Kjo123] ~ Kjo,1,23) - w by the transitivity of (~ %}%) and the inductive step is established.

Then by the principle of induction, w- Kjo 1 23] ~3 Kj0,123] - W- O

Theorem F.18. All instances of Relations (59), (60), (61) and (62) are derivable from %’3

Proof. Let be (cg,a,ci,c2,c3) an increasing sequence. For each k € [4], define oy to be T, if k # c,
or identity otherwise. Then define 0 = 6po061006,003 and p = Ty, - 01 - 02 - 03. By Lemma F.16,
there exists a sequence of transpositions & = 0y o ¢ o --- ¢, such that 7., , 06 = p o . Then define
w = [ao]ls - [au1]ls- - [@n]ls- Next, for each k € [4], define u; to be X, if k # ¢, or € otherwise.
Then define u = ug-uy - uz - uz, v= X 4 w1 Uz u3, and w = [owolls - [anlls- - - [[o4m]s- It follows that
[ulp = [tepa00lls =[poa]s=[v-w]. Since u, v, and w are words over two-level operators of type X,
then X, ) - u ~ g3 v-w. Likewise, by Lemma F.3, w- X, 4 ~4 W-V. Then X, , - u acts by conjugation
on Kjg 1 2,3 as follows.

Xicg.a] "4 Kjo12,3) 8- Xieg 1] ~3 V- W Ko 1231 Xieg 1) ~3 V- w-Kjo123 WV

Then by Lemma F.17, w- Ko 1 23] ~43 K0,1,2,3] - w- Furthermore, w-w ~ 43 € Lemma FE.3. Then w acts
by conjugation on K| ; 5 3] as follows.

w-Kio 123 W~z Ko123 W W~z Kjo123
Since X [Cw]z ~ g3 € by Lemma F.2, then the following derivation also holds.
KXico.a) "4 Kjo123) U ~z3 Xjega - Kjo12,3] 'E'X[co,l]z ~ayVow K23 W VX 1)~z v-Kjo123) V- X 1)

Since {a,b,co,c1,c2,c3} were all arbitrary, then all instances of Relation (59) holds. The cases of Rela-
tions (60), (61) and (62) follow symmetrically. ]
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