N
N

N

HAL

open science

Higher-dimensional categories with finite derivation type
Yves Guiraud, Philippe Malbos

» To cite this version:

Yves Guiraud, Philippe Malbos. Higher-dimensional categories with finite derivation type.

hal-00326974v1

HAL Id: hal-00326974
https://hal.science/hal-00326974v1

Preprint submitted on 6 Oct 2008 (v1), last revised 20 Oct 2009 (v2)

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

2008.


https://hal.science/hal-00326974v1
https://hal.archives-ouvertes.fr
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Abstract — The finite derivation type property is a homotopical condition on monoids. Craig Squier
has proved that a monoid must satisfy it in order to admit a presentation by a finite and convergent
rewriting system. We generalise the property to n-categories presented by polygraphs and we recover
Squier’s theorem when n is 1. However, we prove that this result does not hold anymore for categories
of dimension 2 and above. We study several examples of 2-categories presented by finite convergent
polygraphs, with or without the property of finite derivation type, in order to illustrate sample cases.
Keywords — n-category, polygraph; finite derivation type; rewriting; low-dimensional topology.

INTRODUCTION

Monoids with finite derivation type

Craig Squier has proved that, if a monoid admits a presentation by a finite and convergent (i.e. terminat-
ing and confluent) word rewriting system [5]], then it has finite derivation type [19]. This is a homotopical
property of the monoid, independent of the chosen finite presentation. Squier has used it to prove that
finite convergent word rewriting systems did not provide a universal way to decide equality in monoids
presented by generators and relations.

The property of finite derivation type is defined on the Squier’s combinatorial 2-complex associated
to the word rewriting system: its vertices are the words, its arrows are generated by the rewriting steps
and their inverses, its 2-cells are the equivalence of rewriting paths (by commutation of rules that are
applied on disjoint parts of a word). Then the presentation (and the monoid) has finite derivation type
when one can fill all the holes of the complex by filling finitely many.

The property of finite derivation type can be interpreted computationally: it means that, in a word
rewriting system with this property, there are only finitely many choices that can be made during com-
putation. These choices correspond to the critical branchings of the rewriting system, where two rules
can be applied at the same place of a given word. Thus, the finite derivation type property ensures that
making a finite number of choices is sufficient to build a rewriting strategy that makes the computation
deterministic.

Generalisation to n-categories

There exist many types of rewriting systems, acting, for example, on terms, on elements of some sort
of algebra or on topological objects. For instance, permutations admit a graphical presentation by one
generator >< and two (directed) relations:
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Introduction

It turns out that word rewriting systems and this presentation of permutations are instances of the same
objects: polygraphs (or computads), which are presentations by “generators” and “relations” of some
higher-dimensional categories [20, 0], see also [21} 22]].

Indeed, monoids and word rewriting systems are special instances of 1-categories and 2-polygraphs,
respectively. And many usual types of rewriting systems have interpretations as 3-polygraphs, seen as
presentations of 2-categories, including the presentation of permutations, term rewriting systems [0, [13]
10], Petri nets [12] or formal proofs of propositional and linear logics [11].

The purpose of this document is to formalise the property of finite derivation type for n-categories
and to answer the following question:

For an n-category, does having a finite convergent presentation by an (n + 1)-polygraph
implies that it has finite derivation type?

As we have seen, Squier has proved that this was true when n is 1. Until now, several examples of finite
and convergent 3-polygraphs were studied and it was observed that all of them had finite derivation type.
However, it turns out that the answer is negative.

Overview of the document

In this document, we assume basic knowledge of theories of categories, of n-categories and of rewriting.
Good references to these fields include the books written by Saunders Mac Lane [15], by Eugenia Cheng
and Aaron Lauda [7] and by Franz Baader and Tobias Nipkow [1].

In Section |1/ we briefly recall notations and representations of n-categories. Then, in!1.4, we define
polygraphs and presentations of n-categories by polygraphs, as in [6] and [16].

Section 2/ contains several notions and tools we need, not directly to define the property of finite
derivation type or to prove the main results, but to study the examples. In particular, we recall the
definition of context of an n-category in2.1/and introduce the notions of module over an n-category and
of derivation of an n-category into a module, respectively in[2.3/and in 2.4.

In Section 3, we introduce the notion of track n-category, which is an n-category whose n-cells are
invertible, or an (n — 1)-category enriched in groupoid. This generalises the notion of track category,
used as an algebraic model of the homotopy 2-type [2]. The fundamental groupoid of the Squier’s
combinatorial 2-complex of a word rewriting system is a monoid enriched in groupoid [8]. For n-
polygraphs, we use track n-categories to define homotopy relations, yielding the notion of homotopy
basis of an n-category: a set of (n + 1)-cells that identifies all the parallel n-cells. Then an n-category
has finite derivation type when it admits a finite homotopy basis. In practice, we define this property on
polygraphs and prove Proposition 3.3.4: if two n-polygraphs present the same (n — 1)-category, both
have finite derivation type or neither has.

In Section 4, we study the links between the property of finite derivation type and the rewriting
properties of polygraphs. In particular, we prove Proposition 4.3.5: if a finite convergent polygraph
has a finite set of critical branchings, then it has finite derivation type. We get Squier’s result [19] as a
consequence since a finite convergent word rewriting system has a finite number of critical branchings.
Finally, Theorem 4.3.9 asserts that this result does not generalise to higher dimensions, as proved by a
counter-example that is studied in the final part:



1. Higher-dimensional categories presented by polygraphs

Theorem. For every natural number n with 1 > 2, there exists a n-category which does
not have finite derivation type and admits a presentation by a finite convergent (n + 1)-

polygraph.

In Section 5, we examine the case of 2-categories presented by 3-polygraphs. We give a classification
of their critical branchings and we use it to get additional sufficient conditions for a finite convergent
3-polygraph to have finite derivation type. Finally, we study three examples of finite and convergent
3-polygraph, in order to illustrate sample cases:

(5.2) The 3-polygraph of monoids has a finite number of critical branchings and, thus, has finite deriva-
tion type. We use this result to rediscover Mac Lane’s coherence theorem [15]: in a monoidal
category, all the diagrams built using the monoidal structure commute.

(5.4) The 3-polygraph of permutations has an infinite number of critical branchings. However, it was
observed by Yves Lafont [13] that, for confluence study, only a finite number of them were useful.
Following the same intuition, we prove that, despite the infinite number of critical branchings, this
3-polygraph has finite derivation type.

(5.5) The final 3-polygraph we study is the proof of Theorem 4.3.9: it is finite and convergent but
does not have finite derivation type. This 3-polygraph is an artificial counter-example, yet it has
a topological flavour: it presents a 2-category whose morphisms could be interpreted as (open-
closed, planar) necklaces with pearls, considered up to homotopy.

1. HIGHER-DIMENSIONAL CATEGORIES PRESENTED BY POLYGRAPHS

1.1. Generalities on n-categories and n-functors

Throughout this document, we only consider small, strict n-categories and strict n-functors between
them. We denote by Cat,, the (large) category they form.

1.1.1. Vocabulary and notations. If C is an n-category, we denote by Cy the set of k-cells of C. If
F: € — D is an n-functor, we denote by Fy the corresponding map from Cy to Dy.

In an n-category, sy and ty denote the k-source and k-target maps. If f is a k-cell, sy_1(f) and
ty_1(f) are respectively called its source and target and respectively denoted by s(f) and t(f). The
source and target maps satisfy the globular relations:

$i0Sit1 = ${ 0 tipg and  tiosip; =tioti.

Two cells f and g are parallel when they have same source and same target. A pair (f, g) of parallel
k-cells is called a k-sphere. The boundary of a k-cell is the (k — 1)-sphere 0f = (s(f), t(f)). The source
and target maps are extended to a k-sphere y = (f, g) by s(y) = fand t(y) = g.

A pair (f, g) of k-cells of C is i-composable when ti(f) = si(g) holds; when i = k — 1, one simply
says composable. The set of i-composable pairs of k-cells is denoted by Cy x; Cy. The i-composite
of (f, g) is denoted by f x; g, i.e.in the diagrammatic direction. The compositions satisfy the exchange
relation given, for every j < k and every possible cells f, f’, g and g’ by:

(fx5 ) *c (g x5 9") = (Fxc g) %5 (F *c g7).



1. Higher-dimensional categories presented by polygraphs

If f is a k-cell, we denote by Id¢ or 1¢ its identity (k + 1)-cell and, by abuse, all the higher-dimensional
identity cells it generates. When 1 is composed with cells of dimension k 4 1 or higher, we abusively
denote it by f to make expressions easier to read. A cell is degenerate when it is an identity cell. For
k < n, a k-category € can be seen as an n-category, with only degenerate cells above dimension k.

1.1.2. Graphical representations. Low-dimensional cells are writtenu:p — ¢, f:u=v,A:f=g¢g
and pictured as usual (and so are n-categories, omitting the degenerate cells):

) /J[\ ///N»‘
P p——mm4q P f q P f\gé/;g qg.

For readability, we also depict 3-cells as "rewriting rules" on 2-cells:

P s B

N

A%

%

For 2-cells, circuit-like diagrams are an alternative representations, where O-cells are parts of the plane,
1-cells are lines and 2-cells are points, inflated for emphasis:

u u u

1.2. Standard cells and spheres

1.2.1. The suspension functor. For every natural number n, the suspension functor
Sy : Cat,, — Cat g

informally lifts all the cells by one dimension, adding a formal 0-source and a formal O-target for all of
them; thus, in the (n 4 1)-category one gets, one has exactly the same compositions as in the original
one. More formally, given an n-category C, the (n + 1)-category S;,C has the following cells:

(SnClo = {=+}  and  (SnC)ip1 = CIl{—+}.

Every cell has 0-source — and O-target +. The (k+ 1)-source and (k 4 1)-target of a non-degenerate cell
are its k-source and k-target in C. The (k + 1)-composable pairs are the k-composable ones of C, plus
pairs where at least one of the cells is an identity of — or +.



1.3. Adjoining and collapsing cells

1.2.2. The standard n-cell and n-sphere. By induction on n, we define the n-categories £,, and S,
respectively called the standard n-cell and the standard n-sphere. Informally, we consider them as the
n-categorical equivalents of the standard topological n-ball and n-sphere, used to build the n-categorical
equivalents of (relative) CW-complexes.

The standard O-cell €y is defined as any chosen single-element set and the standard O-sphere as any
chosen set with two elements. Then, if n > 1, the n-categories €, and 8, are defined as the suspensions
of En_1and §_1:

En = Snq (871—1) and 8n = Sn1 (Sn—1 )

For coherence, we define 8_7 as the empty set. Thus, the standard n-cell £;; and n-sphere 8,, have
two non-degenerate k-cells e, and e]ir for every k in {0,...,n — 1}, plus a non-degenerate n-cell e,
in €. Using the cellular representations, the standard cells €y, €1, €, and €3 are respectively pictured
as follows (for 8 _1, Sp, 81 and 85, one removes the top-dimensional cell):

e; =
TN A R
€ ey L} el ey J‘/ez el e, € <<e§3>> el ef,
\/ N 7
ef ef
If € is an m-category then, for every k in {0,...,n}, the k-cells and k-spheres of C are in bijective

correspondence with the n-functors from €y to € and from Sy to C, respectively. When the context is
clear, we use the same notation for a k-cell or k-sphere and its corresponding n-functor.

As a consequence, if I is a set, the I-indexed families (f;)ic1 of k-cells and k-spheres of € are in
bijective correspondence with the n-functors from I - €4 to € and from I - 8y to C, respectively. We recall
that, for a set X and an n-category D, the copower X - D is the coproduct n-category [ [, -y D, whose
set of k-cells is the product X x Dy.

xeX

1.2.3. The inclusion and collapsing n-functors. For every n, the inclusion n-functor ], and the col-
lapsing n-functor Py,
Jn @ 8n — Enaa and Pn:8&n — &n

are respectively defined as the canonical inclusion of 8y, into €7 and as the n-functor sending both e;;
and e} to en, leaving the other cells unchanged.

1.3. Adjoining and collapsing cells

1.3.1. Definition. Let C be an n-category, letkbein{0,...,n— T}, letIbeasetandletT :1-8x — C
be an n-functor. The adjoining of T" to € and the collapsing of T' in C are the n-categories respectively
denoted by C[I'] and €/T" and defined by the following pushouts in Cat:

1-]{ © J LP{ © J
I-8k+1—>€[F] Ekﬁe/r



1. Higher-dimensional categories presented by polygraphs

When k = n, one defines C[I'] by seeing C as an (n + 1)-category with degenerate (n + 1)-cells only.
By abuse, one denotes a sphere of " and the induced cell of C[I'] the same way.

To be more explicit, the n-category C[I'] has the same cells as € up to dimension k; its (k + 1)-cells
are all the formal composites made of the (k + 1)-cells of C, plus one extra (k + 1)-cell from I'(i, e, ) to
I, efg ); above dimension k + 1, its cells are the ones of C, plus the identities of each extra cell.

The n-category C/T has the same cells as € up to dimension k — 1; its k-cells are the equivalence
classes of k-cells of C, for the congruence relation generated by I'(i,e, ) ~ I'(i, e]t ), for every 1i; above
dimension k, its cells are the formal composites of the ones of €, but with sources and targets considered
modulo the previous congruence.

1.3.2. Extension of an n-functor. Let C and D be n-categories and let I' : T - 8 — € be an n-
functor. Then, by universal property of C[I'], one extends an n-functor F : ¢ — D to a unique n-functor
F: C[l' — D by fixing, for every y in T, a (k + 1)-cell F(y) in D, provided the following two equalities
hold:

s(F(v)) = F(s(y))  and  t(F(y)) = F(t(y)).

1.3.3. Occurrences. Here we see the group Z of integers as an n-category: it has one cell in each
dimension up to n — 1 and Z as set of n-cells; all the compositions of n-cells are given by the addition.
Let € be an n-category and let I' : I - 8§ — C be an n-functor. We denote by ||-[|- the n-functor
from C[I'] to Z defined by:
1 ifferl
Il = {

0 otherwise.

For every cell f, one calls |[f||- the number of occurrences of cells of T in f. Indeed, intuitively, ||f|[- is
the number of (k + 1)-cells of T that f contains.

The set of cells of T in f is the subset {f}- of I" that consists of all the cells 'y of I" such that ||1CHy > 1
holds. It is, intuitively, the set of cells of I" required to write f. This construction can also be seen as an
n-functor. One considers the set P(I") of parts of I as an n-category this way: it has one cell in each
dimension up to 1 — 1 and parts of " as n-cells; all the compositions of n-cells are given by the union.
Then {-}- is the n-functor from C[I'] to P(T") defined by:

) = {{f} iffer

0 otherwise.

1.3.4. The n-category presented by an (n + 1)-category. Let C be an (n + 1)-category. If f is an
(n + 1)-cell of C, then Of is an n-sphere of €. Thus, the set G, of (n 4 1)-cells of € yields an
(n 4 1)-functor from €41 - Sn to the underlying n-category of C: the n-category presented by C is the
n-category denoted by € one gets by collapsing the (n 4 1)-cells of € in its underlying n-category.

1.4. Polygraphs and presentations of n-categories

Polygraphs (or computads) are presentations by “generators” and “relations” of some higher-dimensional
categories [20, 6], see also [21}, 22]]. We define n-polygraphs by induction on the natural number n.



1.4. Polygraphs and presentations of n-categories

The category Poly of O-polygraphs and morphisms between them is the one of sets and maps. A
0-polygraph is finite when it is finite as a set. A O-cell of a O-polygraph is one of its elements. The free
O-category functor is the identity functor Poly — Caty. Now, let us fix a non-zero natural number n and
let us assume that we have defined the category Pol,, ;1 of (n — 1)-polygraphs and morphisms between
them, finite polygraphs, cells of a polygraph and the free (n — 1)-category functor Pol,,_; — Cat,_1,
sending an (n — 1)-polygraph X to the (n — 1)-category I*.

1.4.1. n-polygraphs. An n-polygraph is a pair X = (X, 1, X,,) made of an (n — 1)-polygraph Z,, 1
and a family X, of (n — 1)-spheres of the (n — 1)-category X7 ;.

An n-cell of X is an element of L, and, if k < n, a k-cell of L is a k-cell of the (n — 1)-
polygraph X.,_1. The set of k-cells of X is abusively denoted by Xy, thus identifying it to the k-polygraph
underlying X. An n-polygraph is finite when it has a finite number of cells in every dimension. The size
of a k-cell f in £*, denoted by ||f]|, is the natural number ||f|\zk, giving the number of k-cells of X that f
is made of. For 1-cells and 3-cells, we also use || and |||-||| instead of ||-||.

The original paper [6] contains an equivalent description of n-polygraphs, where they are defined as
diagrams

ZO Zl ( o ) anl Zn

-
ot L , 1t th1 sn,th
/So 0 ZJ; /1 t] ( )5/1 1 \L /”

Z*

50,to 51,4 Sn-1,tn1 o
of sets and maps such that, for any k in {0, ..., n — 1}, the following two conditions hold:
. o t teo1 _
e The diagram X} 213§ («++)$ 1% is a k-category.
B B Sk
1o 4 1 tr
e The diagram X} 238 («-)$ DI Y1 isa (k+ 1)-graph.
S0 B Sk—1 Sk

1.4.2. Morphisms of n-polygraphs. Let X and = be two n-polygraphs. A morphism of n-polygraphs
from L toZisapair F = (F,_1, F,) where F,,_1 is a morphism of (n—1)-polygraphs from £, jto =, 1
and where F,, is a map from X, to =, such that the following two diagrams commute:

F F

n — n —
Zn — > Zn Zn —— In
SnlJ— © Jﬁn1 tn]J— © J}nl
* —k * =k
Zn71 = ? =n—1- Zn71 = ? =n—1-
n—1 n—1

Alternatively, if 2, : - 87 — X3 _j;and =, : ] - 8,1 — X} _; are seen as (n — 1)-functors, then Fy,
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is a map from I to J such that the following diagram commutes in Cat,,_:

I-8pq —2 IF

Fn.]sn—]Jr © JVF:i]

J - 8n = SAp
We denote by Pol;, the category of polygraphs and morphisms between them.

1.4.3. The free n-category functor. Let > be an n-polygraph. The n-category freely generated by X
is the n-category X* defined as follows:

P S )

This construction extends to an n-functor (-)* : Pol,, — Caty, called the free n-category functor.

1.4.4. The n-category presented by an (n + 1)-polygraph. Let X be a (n + 1)-polygraph. The n-
category presented by ¥ is the n-category denoted by X and defined as follows:

f - Z;/Zn_._] .

Two n-polygraphs are Tietze-equivalent when the (n — 1)-categories they present are isomorphic. If C is
an n-category, a presentation of C is an (n+1)-polygraph  such that C is isomorphic to the n-category
presented by X. One says that an n-category C is finitely generated when it admits a presentation by an
(n + 1)-polygraph ~ whose underlying n-polygraph L., is finite. One says that C is finitely presented
when it admits a finite presentation.

1.4.5. Example : a presentation of the 2-category of permutations. The 2-category Perm of permu-
tations has one 0-cell, one 1-cell for each natural number and, for each pair (m, n) of natural number, its
set of 2-cells from m to n is the group Sy, of permutations if m = n and the empty set otherwise. The
0-composition of 1-cells is the addition of natural numbers. The 0-composition of two 2-cells 0 € Sy,
and T € S, is the permutation o %o T defined by:

oo (i) = o(i) if1 <i<m,
0 B T(i—mn) otherwise.

Finally the T-composition of 2-cells is the composition of permutations. The 2-category Perm is pre-
sented by the 3-polygraph with one 0-cell, one 1-cell, one 2-cell, pictured by ><, and the following two

3-cells:
S| wme Cee



2. Contexts, modules and derivations of n-categories

2. CONTEXTS, MODULES AND DERIVATIONS OF N-CATEGORIES

2.1. The category of contexts of an n-category

Throughout this section, 1 is a fixed natural number and C is a fixed n-category.

2.1.1. Contexts of an n-category. A context of C is a pair (x, C) made of an n-sphere x of € and an
n-cell C in C[x] such that [|C||, = 1. We often denote by C[x], or simply by C, such a context.

Let x and y be n-spheres of C and let f be an n-cell in C[x] such that 0f = y holds. We denote by
C[f] the image of a context C[y] of € by the functor

Clyl — Cx]

defined by extending the identity n-functor of € with y — f.

2.1.2. The category of contexts. The category of contexts of C is denoted by CC and defined as follows:
e Its objects are the n-cells of C.

e If f and g are n-cells of C, then the morphisms of CC from f to g are the contexts C[9f] of € such
that C[f] = g holds.

e IfC:f— gand D : g — hare morphisms of CCthen D o C: f — his D[C].
e The identity context It on an n-cell f of € is the context f[0f].

When X is an n-polygraph, one uses CX instead of CX*.

2.1.3. Proposition. Every context C of Clx] decomposes as follows:
Clxl = frxn1 (fno1*n2--- (fixox*091) ** *n-2 gn-1) *n-1 gn,

where, for every k in {1,...,n}, f and gy are n-cells in C. Moreover, one can chose these cells so
that fi and gy are (the identities of) k-cells.

Proof. The set of n-cells f of C[x] such that [|f||, = T is a quotient of the following inductively defined
set X:

e The n-cell x is in X.
e If Cisin X and f is an n-cell of € such that t;(f) = si(C) holds for some 1, then f x; C is in X.
e If Cisin X and f is a n-cell of € such that t;(C) = si(f) holds for some 1i, then C x f is in X.

Using the associativity and exchange relations satisfied by the compositions of €, one can order these
successive compositions to reach the required shape, or to reach the same shape with fy and gy being
identities of k-cells. U



2. Contexts, modules and derivations of n-categories

2.1.4. Whiskers. A whisker of C is a context C[x] with a decomposition
Cl] = frnoaxn2--(frxox*x0g1) - *n—2 gn-1

such that, for every kin{1,...,n — 1}, f and gy are k-cells. We denote by WC the subcategory of CC
with the same objects and with whiskers as morphisms. When X is an n-polygraph, we write WX instead
of WL*,

2.1.5. Proposition. Let ¥ be an n-polygraph and let f be an n-cell of X* with size k > 1. Then there
exist n-cells y1, ..., Yk in £ and whiskers Cq, ..., Cx of L* such that f decomposes as follows:

f = Cilyil xn—1 -+ *n_1 Clyil.

Proof. We proceed by induction on the size of the n-cell f.

If it has size 1, then it contains exactly one n-cell y of X, possibly composed with other ones of
lower dimension. Using the relations satisfied by compositions in an n-category, one can write f as C[y],
with C a context of X*. Moreover, this context must be a whisker, since f has size 1.

Now, let us assume that we have proved that every n-cell with size at most k, for a fixed non-zero
natural number k, admits a decomposition as in Proposition 2.1.5| Then let us consider an n-cell f with
size k + 1. Since [[f[| > 2 and by construction of Z* = X% ,[X,,], one gets that f can be written g ; h,
where (g, h) is a pair of i-composable n-cells of £*, for some i in {0,...,n — 1}, with [|g|| and [|h/|
at least 1. One can assume that i = n — 1 since, otherwise, one considers the following alternative
decomposition of f, thanks to the exchange relation between *; and xy, _1:

f = (g*is(h)) *n—1 (t(g) xi h).

Since |[f|| = ||g|| + ||hl|, one must have ||g|] < k and ||h|| < k. We use the induction hypothesis to
decompose g and h as in2.1.5, where j denotes ||g|l:

g = Cilyilsn1--%n1Gly;l  and  h = Cyurlyjial *n1---*n1 Cilvad.

We compose the right members and use the associativity of x,,_1 to conclude. 0

2.2. Contexts in low dimensions

2.2.1. Contexts of a 1-category as factorizations. From Proposition2.1.3| the contexts of a 1-category C
have the following shape:
fxoX %04,

where f and g are 1-cells of C. The morphisms in CC from h : u — vto h' : u/ — v’ are the pairs
(f:u" — u,g:v— V') of 1-cells of € such that the following diagram commutes in C:

10



2.2. Contexts in low dimensions

When € is freely generated by a 1-polygraph, the T-cells f and g are uniquely defined by the context.
Moreover, the contexts from h to h' are in bijective correspondence with the occurrences of the word h
in the word h'.

The category CC has been introduced by Quillen under the name category of factorizations of C [18]].
It has been used by Leech to introduce cohomological properties of congruences on monoids [14] and
by Baues and Wirsching for the cohomology of small categories [3]].

2.2.2. Contexts of 2-categories. Let C be a 2-category. From Proposition2.1.3} a context of C has the
following shape:
hxy (g1 %0 X *0 g2) %1 k

where g1, g2, h and k are 2-cells. Morphisms in CC from a 2-cell f to a 2-cell f’ are the contexts
C=hx (91 *0 X *0 g2) *1 k such that hx7 (g1 %o T x0 g2) *1 k = f’ holds:

Note that this decomposition is not unique. One proves that two decompositions
hxi(grox*og2) %1k and  h'xq(g]%0x %0 g3) x1 k'

represent the same context if and only if x = x’ and there exist 2-cells 1y, 13, my, m; such that the
following four relations are defined and hold in C:

11



2. Contexts, modules and derivations of n-categories

Thus, informally, two decompositions represent the same context when one can pass from one to the
other one by moving up and down 2-cells that one finds at the left side or the right side of the sphere x.

2.3. Modules over n-categories

2.3.1. Definition. Let € be an n-category. A module over C or C-module is a functor from the category
of contexts CC to the category Ab of abelian groups. Hence, a C-module M is given by:

e An abelian group M (f), for every n-cell f in C.

e A morphism M(C) : M(f) — M(g) of groups, for every context C(x) : f — g of €. When the
context C(x) is of the shape h*; X (resp. x x; h) and when no confusion may occur, then one writes
h %; m (resp. m *; h) instead of M(C)(m).

2.3.2. Proposition. Let X be an n-polygraph. A L*-module M is entirely and uniquely defined by its
values on the following contexts of C

Clep] *i x and x i Clo]
foreveryiin{0,...,n— 1}, every generating (1 + 1)-cell @ and every i-context C[0@].

Proof. Let f, g be two n-cells of Z* and let C[x] : f — g be a morphism of CX. We decompose C[x] as
follows:
Clx] = fron_1 %1 (f1xoX*0 g1) %1 *n—1 gn,

in such a way that, for every kin {1, ..., n}, fy and gy are k-cells. Thus, in the category CZX, the context
C[x] decomposes as
Clx] = Cnlxnl o0 Cilx1l,

where x; = x and, for every i in {1,...,n}, one has Ci[xi] = fi xi_1 Xi *i_1 gi and xi11 = 0Cy[xyl.
Moreover, each C;[x4] splits into:

Cilxi = (yi*i19i) o (fixiz1 x4)

where y; = 0(fi xi_1 xi). Thus, since M is a functor, it is entirely defined by its values on the contexts
with shape f x; x or x x; f, with 1in {0,...,n — 1} and f a non-degenerate (i + 1)-cell (indeed, when f
is degenerate as a i-cell, one has x x; f = x and M (x) is always an identity).

Now, let us consider the n-context f x; x, where f is an (i + 1)-cell of size k > 1. We decompose it
as in2.1.5¢

f = Cyl@q] *i - *i Cilowl,

where @1, ..., @y are generating (i + 1)-cells and Cy, ..., Cy are i-contexts. Thus, a context f *; x
decomposes into CX as follows:

fxix = (Ciloi] xix1) oo (Cylow *ixi),

where xj = x and xj = 0(Cj11[@j1] *i Xj41).
Proceeding similarly with contexts of the shape x *; f, one gets the result. O
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2.3. Modules over n-categories

2.3.3. Example: the trivial module. Let C be an n-category. The trivial C-module sends each n-cell
of C to Z and each context of C to the identity of Z.

2.3.4. Example of modules over 2-categories. Let V be a concrete category, i.e. a category equipped
with a faithful functor into Set. We view it as a 2-category with:

e One 0-cell.
e Objects as 1-cells. Their O-composition is given by the cartesian product.

e Morphisms as 2-cells. Their O-composition is given by the cartesian product of morphisms. Their
1-composition is the composition of morphisms in V, written in reverse order.

Let us fix a 2-category € and let us consider 2-functors X : € — Vand Y : C*° — 'V, where C% is C
where one has exchanged the source and target of every 2-cell. Then, for every internal abelian group G
in 'V, the following assignments yield a C-module M(X,Y, G):

e Every 2-cell f : u = v is sent to the abelian group of morphisms:

M(X,Y,G)(f) = V(X(u) x Y(v), G).

e Let Cbeacontext fromf:u = vtof :u = viandlet C = g %1 (W*gx*owW’)x7 g’ be a
decomposition of C, where g, g’ are 2-cells and w, w’ are 1-cells. By hypothesis, X(g) and Y(g’)
are morphisms in V:

X(g) : X(u') = X(w) x X(u) x X(w’) Y(g'): Y(V) = Y(w) x Y(v) x Y(W').

We denote by X(g) : X(u’) — X(u) and by Y(g’) : Y(v') — Y(v) the morphisms they induce,
thanks to the projections given by the cartesian structure. Then M(X,Y, G)(C) is defined as the
morphism of groups from M(X,Y, G)(f) to M(X,Y, G)(f’) that sends a morphism ¢ : X(u) x
Y(v) — G of V to the following one:

¢ o (X(g), Y(g") : X(u)xYM) = G.

When X or Y is trivial, i.e. sends all the cells of € to the terminal object of V, one denotes the corre-
sponding C-module by M (x,Y, G) or M(X, %, G). In particular, M (x, *, Z) is the trivial C-module.

By construction, a C-module M (X, Y, G) is uniquely and entirely defined by its values on the contexts
h x1 x and x %7 h, for every 2-cell h in C, i.e. by the objects X(u) and Y(u), for every 1-cell u, and
by the morphisms X(f) and Y(f) for every 2-cell f. As a consequence, when C is freely generated by a
2-polygraph X, the C-module M (X, Y, G) is uniquely and entirely determined by:

e The objects X(a) and Y(a) of V for every 1-cell a in Xy.
e The morphisms X(y) : X(u) — X(v) and Y(y) : Y(v) — Y(u) of V for every 2-cell y : u = v
in Xo.

In the sequel, we consider this kind of C-module with V being the category Set of sets and maps or the
category Ord of partially ordered sets and monotone maps. In this last situation, an internal abelian
group in Ord is a partially ordered set equipped with a structure of abelian group, such that group law is
monotone in both arguments.
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3. Higher-dimensional categories with finite derivation type

2.4. Derivations of n-categories

2.4.1. Definition. Let C be an n-category and let M be a C-module. A derivation of C into M is a map
sending every n-cell f of € to an element d(f) of M(f) such that the following relation holds, for every
i-composable pair (f, g) of n-cells of C:

d(fxig) = fxid(g) +d(f) % 9.

Given a derivation d on €, we define its values on contexts by

n
d(C)= ) frnxn 1 (fn1sn 2 (d(fi)*ia-- (frxoxHof 1) - xn1fn,

i=—mn

for any context C = %7+ (f1 xo X %0 T_1) - - - *n_1 f_nn in C[x]. This gives a mapping d(C) from
the set of 2-cells of € with boundary 0x to the abelian group M(0C). In this way a derivation from C
into M satisfies:

d(C[f]) = d(C)[f] + Cld(f)].

Given a derivation d of an n-category C and an n-functor ' : I - §,; — €, we define d on (n + 1)-cells
of C[I' by d(y) = d(sy) — d(ty). Let us note that this has no reason to be a derivation of C[I'].
If f is a degenerate n-cell, then d(f) = 0 holds. Indeed, one has:

d(f) = d(fxn1f) = fxp_1d(f) + d(f)xn_1 = 2-d(f).

2.4.2. Example: occurrences. If Cisann-category and I : -8, — C is an n-functor, we have defined
the n-functor ||-||- counting the number of occurrences of cells of " in a cell of €[I']. This construction is
a derivation of C into the trivial C-module, sending each n-cell of € to 0 and each n-cell of I' to 1.

2.4.3. Example of derivations of free 2-categories. Let us consider a 2-polygraph X, a concrete cat-
egory V and a module of the shape M (X, Y, G), as defined in 2.3.4. Then, by construction of I*, a
derivation d of X* into M(X,Y, G) is entirely and uniquely determined by a family (dy)cx, made of a
morphism

dy : X(u)xYWV) — G

of V for each 2-cell v : u = v of L. Indeed, every 2-cell of £* can be written as a formal composite of
2-cells of X and 1-cells of £*. Moreover, the relations satisfied by a derivation imply that such a map is
compatible with the axioms of n-category.

3. HIGHER-DIMENSIONAL CATEGORIES WITH FINITE DERIVATION TYPE

3.1. Track n-categories

3.1.1. Definitions. In an n-category C, a k-cell f is invertible when there exists a k-cell g from t(f)
to s(f) in C such that both fx,_1 g = s(f) and g*,_1f = t(f) hold. In that case, g is unique and denoted
by f~1. The following relations are satisfied:

f1xig™! ifi<k—1

1x . == ]x and f*' - -
(1) (f%ig) {91 *K1 =1 otherwise.
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3.2. Homotopy bases

Moreover, if F : € — D is an n-functor, one has:

A track n-category is an n-category whose n-cells are invertible, i.e. an (n — 1)-category enriched in
groupoid. We denote by Tck, the category of track n-categories and n-functors between them.

3.1.2. Example. Let € be an n-category. Given two n-cells f from u to v and g from v to win C, we
denote by I g the following n-sphere of C:

If‘g = (f*n71 g, 1u) .

If y = (f, g) is an n-sphere of €, we denote by Y~ the n-sphere (g, f) of C. Then we define the track
(n + 1)-category C(y) by:

Cly) =Chy,y '/ :

{Iv L v}

This construction is extended to a set I' of n-spheres, yielding a track (n + 1)-category C(T").

3.1.3. The free track category functor. Given an n-polygraph X, the track n-category freely generated
by I is the n-category denoted by £ and defined by:

1= (2w,

This construction extends into a functor (-) " : Pol,, — Tck,, called the free track n-category functor.

3.2. Homotopy bases

3.2.1. Homotopy relation. Let C be a n-category. A homotopy relation on C is a track (n + 1)-
category J with C as underlying n-category. Given an n-sphere (f, g) in G, one denotes by f ~5 g the
fact that there exists an (n. + 1)-cell from f to g in T If I" is a set of n-spheres of C, one simply uses ~r
instead of ~¢(ry and calls it the homotopy relation on C generated by T'.

One has f = g if and only if 7t(f) = 7t(g) holds, where 7t is the canonical projection from T to the
n-category T presented by T, i.e. C/T11. As a consequence, the relation ~ is a congruence relation
on the parallel n-cells of C, i.e. it is an equivalence relation compatible with every composition of C.

3.2.2. Homotopy basis. A set I' of n-spheres of C is a homotopy basis of C when, for every n-
sphere (f, g) of C, one has f ~r g. In other words, I" is a homotopy basis if and only if, for every
n-sphere y of €, there exists an (n + 1)-cell ¥ such that oy = <y holds, i.e. such that the following
diagram commutes in Cat, 4 1:

%
S

8n+1 *> v
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3. Higher-dimensional categories with finite derivation type

3.2.3. Proposition. Let C be an n-category and let T' be a homotopy basis of C. If C admits a finite
homotopy basis, then there exists a finite subset of T that is a homotopy basis of C.

Proof. Let T'' be a finite homotopy basis of €. Let 'y be an n-sphere of € in I'". Since I' is a homotopy
basis of €, there exists an (n+1)-cell ., in €(I") with boundary y. This defines an (n+1)-functor F from
C(I'") to C(T") which is the identity on cells of € and which sends each v in I'" to ¢~. For each ¢, we
fix a representative in C[I, '] and denote by { @+ the set of cells of I" occurring in this representative.
Let us denote by Iy the following subset of I"

rO = U {(Py}r )

yer’

consisting of all the cells of I" contained in the cells ¢-. The subset Iy is finite since I'" and every {¢-}
are. Now let us see that it is an homotopy basis of C. Let us fix an n-sphere (f, g) of C. By hypothesis,
there exists an (1. + 1)-cell A in G(T'’) with boundary (f, g). By application of F, one gets an (n + 1)-
cell F(A) in G(T") with boundary (f, g). Moreover, the (n + 1)-cell F(A) is a composite of cells of the
shape ¢~ hence, it lives in C(I). As a consequence, one gets f ~r, g, which concludes the proof. []

3.3. Polygraphs with finite derivation type
3.3.1. Definition. One says that an n-polygraph X has finite derivation type when it is finite and when

the track n-category L' it generates admits a finite homotopy basis.

3.3.2. Lemma. Let ¥ and £’ be n-polygraphs. We denote by m: £ | — Zandby ' : £'%_; — T’

the canonical (n — 1)-functors. Then every (n — 1)-functor F from Tt0L canbe lifted to an n-functor
F: 57 — £/ such that the following diagram commutes in Cat,_1:

Fl © J{F
PR 0 T
Proof. For every k-cell win £*, with k in {0,...,n — 2}, we take ?(u) = F(u). Since 7t and 71" are

identities on cells up to dimension n — 2, we have the relation F o 7t(u) = 7t/ o F(u).

Now, let us consider an (n —1)-cell win £,,_7. One arbitrarily chooses an (n — 1)-cell of Z’*, hence
of £/, that is sent on F o 7t(u) by 7/, and one fixes F(u) to that (n — 1)-cell. One extends Fto every
(n — 1)-cell of Z* thanks to the universal property of X*.

Then, let f be an n-cell from u to v in £,,. Then 7t(u) = 7t(v) holds by definition of 7t. Applying F
on both members and using the property satisfied by F, one gets 7t o F(u) =mn'o F(v). By definition
of 7' and of £, this means that there exists an n-cell from F(u) to F(v) in £’'. One takes one such
n-cell for F(f). Finally, one extends Fto every n-cell of £ 7. O
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3.3. Polygraphs with finite derivation type

3.3.3. Lemma. Ler £ and X' be n-polygraphs and let F : T — T be an n-functor. Given a set ' of
n-spheres of L', we define F(T') as the following set of n-spheres of L' T

F(M) = { (F(g),F(g") | (g,9") €T} .
Then, for every n-sphere (f,f') of 7 such that f ~r f holds, we have F(f) ~pr) F(f1).

Proof. It is an immediate consequence of functoriality of F. O

3.3.4. Proposition. Let X and L' be Tietze-equivalent finite n-polygraphs. Then L has finite derivation
type if and only if ¥’ has.

Proof. Let us assume that £ and X’ are n-polygraphs which present the same (n — 1)-category, say C.
Let us assume that X has finite derivation type, so that we can fix a finite homotopy basis I" of L.
Using Lemma 3.3.2 twice on the (n — 1)-functor Id(C), we get two n-functors F : £ — ¥’ T and
G:2'" = =7 such that the following diagrams commute in Cat,,_1:

I ——e I ——e
FJ, © \Id((ﬁ) GT © Wld(e)
PR —C PR —C

In particular, both 7t and 7t are the identity on k-cells, for every k < n — 1, hence so are F and G.
Let us consider an (n—1)-cell ain £; ;. Then ' 0o FG(a) = mo G(a) = ©/(a). Thus, there exists

an n-cell denoted by f from a to FG(a) in £’ . From these cells, we define f,, for every (n—1)-cellu
in £’*, hence of £’ ', using the following relations:

e For every degenerate (n — 1)-cell u, f,, is defined as w.
e For every i-composable pair (u,v) of (n — 1)-cells, fy.,,v is defined as fy, i f,.

We have that, for every (n — 1)-cell u, the n-cell f,; goes from u to FG(u): to check this, we argue
that FG is an n-functor which is the identity on degenerate (n — 1)-cells.

Now, let us consider an n-cell g from u to v in X’ T, We denote by fg the following n-cell from u
towin £’", with a cellular representation giving the intuition for the case n = 2:

f(g) =0 *n-1 fv *n—1 FG(9)71 *n—1 f;1
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3. Higher-dimensional categories with finite derivation type

Let us prove that, for any composable pair (g, h) of n-cells in X’ T, we have:
fg*n,1h = g*n-1 fh *n—1 971 *n—1 1:g-

For that, we assume that g has source u and target v, while h has source v and target w. Then we
compute:

—1
g*n—1Th*n-19" *n1 fg

= 0 *n—1 (h *n—1 fw *n—1 FG(h)71 *n—1 f\T])

*no19 ' Hn (9 st fy a1 FG(g) ! %ny fﬂ‘)
= gxn1 han 1 fwrn1 FG(N) " %1 FG(g) " xn £y
= (g *n—1 h) *n_1 i xn1 FG(gxn h) " an fy,’
= fgen_1h-
Now, let us consider an n-cell g and a whisker C[x] in £ ' such that x = 9(g,,_;)- We note that, by

definition of fg, it has the same (n — 1)-source and (n — 1)-target as g, so that C[f] is defined. Let us
prove that the following relation holds:

ferg) = Clfgl.

From the decomposition of contexts, it is sufficient to prove that the following relation holds
fusigry = Ukifgxiv

for every n-cell g, every possible k-cells u and v, with k < . — 1, and every i < k such that u x; g x; v
is defined. Let us assume that g has source w and target w’ and compute, from the left-hand side of this
relation:

1 —1

*n—1 fu*i WkiV

fu.*ig*-lv = (u *i g *i V) *n—1 fu*-lw’*iv *n—1 FG(u*i g *i V)i
= (Wi @i V) ko1 (Wi Fror xi V) xmo1 (ki FG(g) ! i) et (ki ) *iv)
= uxifgxiv.
Now, we denote by I'’ the set of n-spheres (fg, Id(g)). for every n-cell g in Z,. Then, it follows from
the previous relations that, for every n-cell g in X’ T one has:

fg ~r Ids(g) .

Let us consider an n-sphere (g, g’) in £'T. Then (G(g), G(g")) is an n-sphere in £ . Since T" is a ho-
motopy basis for £, we have G(g) ~r G(g’), so that, by Lemma[3.3.3, one gets FG(g) ~r) FG(g’).

Finally, let us denote I'" the set of n-spheres of £’ defined by I'” = I'" U F(T") and let us prove
that T is a finite homotopy basis of £’ . Since both £/, and T are finite, so is I'”. Let us consider an
n-sphere (g,g’) in I’ T, with source w and target w’, and let us prove that g ~p~ g’ holds. We start by
using the definition of f to get:

g = fgxn 1Ty *n1FG(g) xn 11y

Using the definition of 4/, one gets a similar formula for g’. We have seen that fg ~r w, fg/ = w
and FG(g) ~r» FG(g’) hold. Thus one gets g ~r~ ¢'. O
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4. Critical branchings and finite derivation type

Proposition 3.3.4/shows that the property is invariant by Tietze-equivalence for finite polygraphs. We
will illustrate in Example 4.3.10 that this is not the case for infinite ones. Thus we define

3.3.5. Definition. An n-category has finite derivation type when it admits a presentation by an (n+1)-
polygraph with finite derivation type.

4. CRITICAL BRANCHINGS AND FINITE DERIVATION TYPE

4.1. Rewriting properties of polygraphs

In this section we review abstract rewriting properties on polygraphs. Proof of claims in this section are
intuitively the same as the ones for abstract rewriting systems, which can be found in [1]. We fix an
(n 4+ 1)-polygraph X and an n-cell f in X*.

4.1.1. Reductions and normal forms. One says that f reduces into some n-cell g when there exists a
non-degenerate (n + 1)-cell A from f to g in Z*. A reduction sequence is a family (fy )y of n-cells such
that each fy reduces into fi1. One says that f is a normal form (for Z,,11) when every (n+ 1)-cell with
source f is degenerate, i.e. it reduces only in itself. A normal form for f is a normal form g such that f
reduces into g. The polygraph X is normalizing at f when f admits a normal form. It is normalizing
when it is at every n-cell of L*.

4.1.2. Termination. One says that X terminates at f when there exists no infinite reduction sequence
starting at f is stationary. One says that X terminates when it does at every n-cell of X*,

If ¥ terminates at f, then it is normalizing at f, i.e. every n-cell has at least one normal form.
Moreover, in case of termination, one can prove properties using a form of induction, usually called
Noetherian induction: for that, one proves the property on normal forms; then one fixes an n-cell f, one
assumes that the result holds for every g such that f reduces into g and one proves that, under those
hypotheses, the n-cell f satisfies the property.

4.1.3. Confluence. A branching of X is a pair (A,B) of (n + 1)-cells of X* with same source; this
n-cell is called the source of the branching (A, B). A branching (A, B) is local when ||A]| = ||B|| = 1. A
confluence of ¥ is a pair (A, B) of (n 4 1)-cells of £* with same target. A branching (A, B) is confluent
when there exists a confluence (A’, B’) such that both t,,(A) = s, (A’) and t(B) = s,,(B’) hold, as in

the following diagram:
N
NN

Such a pair (A’,B’) is called a confluence for (A, B). Branchings and confluences are only considered
up to symmetry, so that (A, B) and (B, A) are considered equal. The polygraph X is (locally) confluent
at f when every (local) branching with source f is confluent. It is (locally) confluent when it is at every
n-cell.
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4. Critical branchings and finite derivation type

If 2 is confluent then every n-cell of 2* has at most one normal form. Thus, normalization and
confluence imply that the n-cell f has exactly one normal form, written f. In a terminating polygraph,
local confluence and confluence are equivalent: this was proved in the case of word rewriting systems (a
subcase of 2-polygraphs) by Newman [17] and, since, the result is called Newman’s lemma.

4.1.4. Convergence. The polygraph X is convergent at f when it terminates and it is confluent at f. It
is convergent when it is at every n-cell.

If X is convergent at f, then f has exactly one normal form. Thanks to Newman’s lemma, one gets
convergence from termination and local confluence. If ¥ is convergent, we have f ~5_, gif and only if
f= g: thus, a convergent (n + 1)-polygraph provides a decision procedure to the equivalence of n-cells
in the n-category it presents.

4.1.5. Critical branchings in polygraphs. Given a branching b = (A, B) of £ with source f and a
whisker C[0f] of X*, the pair C[b] = (C[A], C[B]) is a branching of X, with source C[f]. Furthermore,
if b is local and C is a whisker, then C[b] is also local. We define by < the order relation on branchings
of X given by b < b’ when there exists a whisker C such that C[b] = b’ holds.

A branching is minimal when it is minimal for the order relation <. A branching is trivial when it
can be written either as (A, A), fora (n+ 1)-cell A, or as (A *i sn(B), sn(A) %i B), for (n+ 1)-cells A
and Bandaiin{0,...,n — 1}. A branching is critical when it is minimal and not trivial.

A polygraph is locally confluent if and only if all of its critical branchings are confluent. To prove that,
one checks that trivial branchings are always confluent and that a non-minimal branching is confluent if
and only if the corresponding minimal branching is (there is a minimal one by a size argument, allowed
by the fact that we work in a polygraph).

4.2. Using derivations for proving termination of a 3-polygraph

A method to prove termination of a 3-polygraph has been introduced in [9]], see also [10} [11]]; in special
cases, it can also provide complexity bounds [4]. It turns out that the method uses interpretations that are
a special case of derivations, as described here. Here we only give an outline of the proof.

4.2.1. Theorem. Let L be a 3-polygraph. Let X : L3 — Ord and Y : (Z*)5 — Ord be 2-functors,
let G be an abelian group in Ord and let d be a derivation of L5 into M(X, Y, G) such that the following
conditions hold:

e For every 1-cell ain X4, the sets X(a) and Y(a) are not empty.

e For every 3-cell from f to g in L3, the inequalities X(f) > X(g), Y(f) > Y(g) and d(f) > d(g)
are satisfied.

e The addition of G is strictly monotone in both arguments.
e Every bounded decreasing sequence of elements of G is stationary.
e There exists an element z in G such that, for every 2-cell f in L%, one has d(f) > z.

Then the 3-polygraph L terminates.
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4.3. Branchings and homotopy bases

Proof. Let us assume that A : f = g is a 3-cell of Z* with size 1. Then there exists a 3-cell x: @ =
of X and a context C of % such that A = Cl«] holds, i.e. such that f = C[¢] and g = C[1p] hold. Thus,
one gets:

d(f) = d(C)lel + Cld(@)]  and  d(g) = d(C)b] + Cld(W)].

We use the fact d(¢) > d(1) holds by hypothesis to get C[d(@)] > C[d(\)]. Moreover, since X and Y
are 2-functors into Ord and since d sends every 2-cell to a monotone map, one gets d(C)[¢@] > d(C)[p].
Finally, one uses the hypothesis on the strict monotony of addition in G to get d(f) > d(g). Then one
deduces that, for every non-degenerate 3-cell A : f = g, one has d(f) > d(g). Thus, every infinite
reduction sequence (fy )y would produce an infinite, strictly decreasing sequence (d(fy)x) in G, the
existence of which is prohibited by the last two hypotheses. 0

4.2.2. Special cases. The sequel contains several examples where derivations are used to prove termi-
nation. Other examples can be found in [10] or [4]. In some of those, we take at the trivial 2-functor
for at least one of the 2-functors X and Y. Also, we often take G to be Z, with the derivation satisfying
d(f) > O for every f. One can check that those situations match the hypotheses of Theorem 4.2.1.

4.3. Branchings and homotopy bases

In the case of convergent word rewriting systems, i.e. convergent 2-polygraphs with exactly one O-cell,
the critical branchings generate a homotopy basis [19]. In this section, we generalise this result to any
polygraph.

In particular, we recover Squier’s theorem as Corollary 4.3.7, stating that a finite convergent 2-
polygraph has finite derivation type. However, this result fails to generalise to higher-dimensional
polygraphs, as stated in Theorem 4.3.9. Indeed, starting with n = 3, there exist finite convergent n-
polygraphs with an infinite number of critical branchings. The detailed proof can be found in5.5.

4.3.1. Notation. When X is a locally confluent (n + 1)-polygraph, we assume that, for every critical
branching b = (A, B), a confluence (A’,B’) has been chosen. We denote by I's the set of all the
(n 4 1)-spheres (A x5 A’, B x, B’) of Z, for each critical branching b = (A, B).

4.3.2. Lemma. Let X be alocally confluent (n+1)-polygraph. Then every local branching b = (A, B)
admits a confluence (A',B’) such that A xn A’ =r; B *n B holds.

Proof. First, let us examine the case where b is a trivial branching. If A = B, then (t(A), tn(B)) is a
confluence that satisfies the required property. Otherwise, let us assume that there exist (n + 1)-cells A4
and Byin X*andaiin{0,...,n — 2} such that A = Aq %; s(B1) and B = s,,(A1) x{ B7 hold: then
(tn(A1) *i B1, A7 % tn(B1)) is a confluence that satisfies the required property.

Now, let us assume that b is not trivial. Let by = (A, B1) be a minimal branching such that by < b,
with a whisker C such that b = C[b4] holds. Since (A, B) is not trivial, then by cannot be trivial, so
that it is critical. Then we consider its fixed confluence (A’, B’). Then (C[A’], C[B’]) is a confluence for
(A, B). Furthermore, one has

A+ C[A'] = C[A1] % C[A'] = C[A]*n A']
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4. Critical branchings and finite derivation type

and, similarly, B x,, C[B’] = C[Bj * B’]. Since C is a whisker and since, by definition of C, one has
A1 xn A’ = By xn B’, one gets that (C[A’], C[B]) satisfies the required property. O

4.3.3. Lemma. Let L be a convergent (n+ 1)-polygraph and let (A, B) be a branching of ¥ such that
both tn(A) and tn(B) are in normal form. Then one has tn(A) = tn(B) and A ~r; B.

Proof. Since X is terminating, we can prove the result by induction on the source of the branching.

First, if this source f is a normal form, then by definition of normal form, both A and B must be
identities. Hence t,(A) and t,(B) are equal, and so do A and B. Thus A ~r, B holds.

Now, we fix a n-cell f, which is not a normal form. We assume that the result holds for every
branching (A, B) such that the targets of A and B are normal forms and such that there exists a non
trivial (1. 4+ 1)-cell from f to their source. Let (A, B) be a branching with source f and such that the
targets of A and B are normal forms. Since f is not a normal form, A and B cannot be identities, hence
one can decompose them into A = Aq %, As and B = By %, B> with A and B being (n + 1)-cells of
size 1.

The pair (A7, By) is a local branching. Thus, using Lemma4.3.2, one gets a confluence (A}, B}) for
(A1, B1) such that Ay xn A} =~ Bjxn B] holds. Let us denote by g the common target of A} and B,
by e its normal form and by A3 a n-cell from g to e.

Then we consider the branching (A, A{ *n A3), whose source is denoted by h. The targets of A,
and A} xn A3 are normal forms and A is a non trivial (n + 1)-cell from f to h: thus, the induction
hypothesis can be applied to this branching, yielding that A, has target e and that A, ~r; A] %n A3
holds.

We proceed similarly to prove that B, satisfies the same properties, so that one gets that A and B
have the same target and that A ~p; B holds. The constructions we have done are summarized in the
following diagram:

4.3.4. Proposition. Let ¥ be a convergent (n + 1)-polygraph. Then Ts is a homotopy basis for L.

Proof. Let (A,B) be an (n + 1)-sphere in £ T, with source and target denoted by f and g, respectively.
Since I is convergent, these n-cells share the same normal form, which we denote by e. Let A’ and B’
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4.3. Branchings and homotopy bases

be (n + 1)-cells in X*, from f to e and from g to e respectively:

We apply the previous result to the branching (A % B’, A’), yielding A *, B’ ~r, A’ and, hence,
A~ Al s B/ We proceed similarly with the branching (B xn B/, A’) to get B ~; A’ %n, B/
and, thus, A ~r; B. ]

4.3.5. Proposition. A finite convergent polygraph with a finite set of critical branchings has finite
derivation type.

Proof. 1f X has a finite set of critical branchings, then the set I'(X) is finite. ]
4.3.6. Corollary. A terminating polygraph with no critical branching has finite derivation type.

4.3.7. Corollary ([19]). A finite convergent 2-polygraph has finite derivation type.

Proof. If ¥ is a finite convergent 2-polygraph with one O-cell, i.e. a word rewriting system, then its set
of critical branchings is finite. Indeed, it is equal to the number of possible overlaps between the words
corresponding to the sources of 2-cells: there are finitely many 2-cells and finitely many letters in each
word. If X has more than one 0-cell, then the number of possible overlaps is bounded by the number of
overlaps in L', built from L by identification of all its 0-cells. O

From this result Squier has proved that, if a finitely presented monoid admits a presentation by a
finite convergent word rewriting system, then it has finite derivation type, [19]. Now we prove that this
result is false for n-categories when n > 2.

4.3.8. Proposition. For every natural number n withn > 3, there exists a finite convergent n-polygraph
without finite derivation type.

Proof. We consider the 3-polygraph £ with one 0-cell, one 1-cell, three 2-cells @, ), \UJ and the fol-
lowing four 3-cells:

¢1=(e. =2, (U=[ =]

The 3-polygraph X is finite and convergent. However, the first and second 3-cells create an infinite
number of critical branchings whose confluence diagrams cannot be presented by a finite homotopy
basis. These facts are proved in5.5.

Then we apply suspension functors on X to get an n-polygraph, for some n > 3. It has exactly the
same cells and compositions in dimensions 1 — 3, n — 2, n — 1 and n as X in dimensions 0, 1, 2 and 3;
on top of that, it has two cells in each dimension up to n — 4 and no other possible compositions, except
with degenerate cells. Thus, we conclude that the n-polygraph we have built is finite and convergent, yet
it still fails to have finite derivation type. O
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4. Critical branchings and finite derivation type

4.3.9. Theorem. For every natural number n with n > 2, there exists a n-category which does not
have finite derivation type and admits a presentation by a finite convergent (1 + 1)-polygraph.

Proof. Let m > 2, by Proposition 4.3.8, there exists a finite convergent (n 4 1)-polygraph X without
finite derivation type. Let denote by € the n-category presented by the polygraph X. By proposition
3.3.4] any finite (n + 1)-polygraph presenting € does not have finite derivation type. This proves that C
does not have finite derivation type. O

We end this section by an example which illustrates that the property of finite derivation type is not
Tietze-invariant for infinite polygraphs.

4.3.10. Example. Let C be the 2-category presented by the 3-polygraph X with one 0-cell, one 1-cell,
three 2-cells (7], @, ¢ and the following two 3-cells:

18297 wa 829

The polygraph X terminates and does not have critical branching. By Corollary 4.3.6/it follows that X
has finite derivation type and, thus, so does C.

Now let us consider another presentation of the 2-category C, namely the 3-polygraph = defined the
same way as X except for the 3-cells:

228w 828

The polygraph = still terminates, but it has the following non-confluent critical branching:
/ \

We define, by induction on the natural number k > 1, the 2-cell [:Z';lk as follows:

d

[:Z:]1 =[z]  and [Z]kJr] = é%‘ﬁ £
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4.3. Branchings and homotopy bases

Then, we complete the polygraph = into an infinite convergent polygraph =, == U {f, k > 1}, where

[y is the 3-cell:
k Bk J'z
% = k

We define 3¢ as (3. For any natural number k, we have the confluence diagrams:

. B
/]

@ Br+1

.
k+1
Jgfk

By Proposition 4.3.4, the set ' = {aBy | k € N} form a homotopy basis of = .
Let us prove that the polygraph =, does not have finite derivation type. On the contrary, suppose
that =, does have finite derivation type. Then, following Proposition 3.2.3| there is a finite subset Iy of

I" which is a homotopy base of EOTO. Subset Iy beeing finite, there is a natural number 1 > max{k | a3y €
Io} such that the 4-cell &3y is not in I'y. However, since Iy is a homotopy base we have

s (aPr) ~r, t(axpy).

That is there is a 4-cell ® in =1 () such that s® = s () and t® = t (xf3) hold. Thus there exist
4-cells @1, D, € =] (Ty) and a context C of =" such that

O = 07 x3 C[¥F] %3 D3,
where ¥ € Ty and ¢ € {—1,1}. We have
s2@ = s2(C[We]) = s2(C)[s2(W)].

Since ¥ € T, there exist k < 1 such that ¥ = «fy. Hence s,® = s,[C][«f]. In an other hand, we
have so® = sy(«f). This means that there are 2-cells f, f2, g1, g2 such that

21 (f1 %0 grk *0 91) *1 gzzgrp

holds in =7, which is impossible with k < 1. This proves that =, does not have finite derivation type.
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5. The case of 3-polygraphs

5. THE CASE OF 3-POLYGRAPHS

5.1. Classification of critical branchings

5.1.1. Definitions. Let X be a 3-polygraph and let (A, B) be a critical branching of X. Let us denote
by « and {3 the 3-cells of L that generate A and B. Then (A, B) falls in one of three cases.

The first possibility is that there exists a context C of X3 such that sx = C[spB] holds. Then, the
source of the branching (A, B) is:

In that case, (A, B) is an inclusion critical branching.
If the branching (A, B) is not an inclusion one, the second possibility is that there exist 1-cells u, v
and 2-cells f, g, h such that sx and s3 decompose in one of the following ways.

e One has sac = f %7 (Wxo h) and s = (h g V) *7 g, so that the source of (A, B) is:

If (A, B) matches one of these cases, then it is called a regular critical branching.
Finally, when the branching (A, B) is not an inclusion or regular one, there exist 1-cells u, v and
2-cells f, g, h such sx and s3 decompose in one of the following ways.
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5.1. Classification of critical branchings

e One has sox = f %1 (hxpu) and sp = (hxo V) x7 g, so that there exists a 2-cell k such that the
source of (A, B) is:

In that case, one can write (A, B) = (C[k], D[k]) for appropriate contexts C and D of £*. The
family (C[k], D[k])x, where k ranges over the 2-cells with appropriate boundary and such that
(C[k], D[K]) is a minimal branching, is called a right-indexed critical branching.

e One has sox = fx7 (W*g h) and sp = (v xg h) x7 g, so that there exists a 2-cell k such that the
source of (A, B) is:

In that case, one can write (A, B) = (C[k], D[k]) for appropriate contexts C and D of £*. The
family (C[k], D[k])x, where k ranges over the 2-cells with appropriate boundary and such that
(C[k], D[Kk]) is a minimal branching, is called a left-indexed critical branching.

e One is not in the right-indexed or left-indexed cases and one has

sot = fxy (Wo*o g *o Uy %0 N kg -+ %0 Un—1 *0 My %0 Un)

and
sB = (voxohi*0Vi*ohaxp %0 Vn_1%0hn*ovn) %19,

so that there exist 2-cells ko, . . ., kn such that the source of (A, B) is as follows, where we write p
instead of n — 1 for size reasons:

_ empen nene
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5. The case of 3-polygraphs

In that case, one can write (A,B) = (Clko,...,knl, Dlko,...,knl) for appropriate 3-cells C
and D in some Z*[xo, . .., xn]. The family (Clko,...,kn], Dlko, ..., knl)k,,... kn» Where the ki’s
range over the 2-cells with appropriate boundary and such that (C[ko, ..., knl, D[ko,...,knl) is
a minimal branching, is called a multi-indexed critical branching.

In all those cases, the branching (A, B) is said to be an instance of the corresponding right-indexed or
left-indexed or multi-indexed one. It is a normal instance when the indexing 2-cell k (resp. 2-cells ko,
..., Kp) is a normal form (resp. are normal forms).

A 3-polygraph is non-indexed when each of its critical branchings is an inclusion one or a regular
one. Itis right-indexed (resp. left-indexed) when each of its critical branchings is either an inclusion one,
a regular one or an instance of a right-indexed (resp. left-indexed) one.

5.1.2. Proposition. A 3-polygraph with a finite set of 3-cells has a finite number of inclusion and regular
critical branchings.

Proof. Let L be a polygraph with 3 = {o1,..., &y} finite. Given i € {1,...,p}, L3 being finite, the
set J of j such that there is a morphism s(&;) — s(«;) in WX is finite. Moreover, for a j € J, the set of
morphisms of WX from s(«;) to s(a;) is finite. This proves that there is a finite set of inclusion critical
branchings.

Now, let us prove that X has a finite number of regular critical branchings. Let us fix some 1 and j
in {1,...,p} and let us assume that there exist two whiskers C and D of X* such that (Cle;], D[oy])
is a regular branching, with source f. Then there exist a 2-cell h and whiskers C’ and D’ of I*
such that C[s(a)i] = C’[h] = D’[h] = D[s(«x;)] holds. But the sets WX(s(ot;), ), WX(s(o),f),
WZ(h, Cl[s(xq)]) and WX (h, C[s(«;)]) are finite. Hence there exist finitely regular branchings of this
form, with 1 and j fixed. Since X3 is finite, the 3-polygraph X has finitely many regular branchings. [

5.1.3. Theorem. A finite convergent non-indexed 3-polygraph has finite derivation type.

Proof. We use the previous result and, then, we apply Proposition 4.3.5. O

5.2. Mac Lane’s coherence theorem revisited

5.2.1. Monoidal categories. A monoidal category is a data (€, ®, e, a,1,r) made of a category C, a
bifunctor ® : € x € — C, an object e of C and three natural isomorphisms

ryz : (X@Y)®z = x@(Yy®2z), Iy : e®@x — X, Ty I X®e — X,

such that 1, = 7 holds and such that the following two diagrams commute in C:
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5.2. Mac Lane’s coherence theorem revisited

Mac Lane’s coherence theorem [15] states that, in a such monoidal category, all the diagrams whose
arrows are built from ®, e, | and v commute. Thereafter, we give a proof of this fact by building a
homotopy basis of a 3-polygraph.

5.2.2. The 3-polygraph of monoids. We denote by Lo, the 3-polygraph with one O-cell, one 1-cell,
two 2-cells ' and @ and the following three 3-cells:

Yo ¥al el

We denote by I" the set made of the following 4-cells «x, xp and Ap, where we commit the abuse of
denoting a 3-cell of X* with size 1 like its generating 3-cell:

= AN\
7 | \ Yoo
LIRS

[
P

5.2.3. Theorem. The set " of 4-cells form a homotopy basis of the track 3-category Z;,on.

Proof. Let us prove that Zyjo, terminates by using a derivation. We consider the Z3-module M(X, *, Z)
generated by the following values:

X([) =N\{0}, X(W)ij) =i+j, Xe) =1.
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5. The case of 3-polygraphs

The functor X satisfies the following equalities:

x<w> (4,j,k) = i+j+k = x<v> ,
X<Q> i) =1 = X(D(i) and x(Q) (i) = 1= x(‘)m.

Now, let d be the derivation of X into M(X, x, Z) generated by the following values:
dv¥(i,j) =1 and de = 0.

The derivation d satisfies the following strict inequalities:

4% ik = 245 > 145 = a(§F) im,

We apply Theorem 4.2.1/to conclude.

The 3-polygraph has five critical branchings, all of the regular type, and all of them are confluent.
Their confluence diagrams are given by the boundaries of the 4-cells of I', plus the following two ones:

QJ

w
w\\///7v v\\\;u/_/ﬁf

A P

Since X terminates and has all its critical branchings confluent, it is convergent as a consequence of
Newman’s lemma. Thus we know that the set {axx, Ap, Ax, xp, pa} of 4-cells is a (finite) homotopy
basis of .

To get the result, we check that Ax and p« are superfluous in this homotopy basis, since their bound-
aries are also the boundaries of 4-cells of £ (T"). Let us detail the proof for Ax.

We consider the 4-cell (@ @ | | ) *1 ccox of £T (T"). We partially fill its boundary with other 4-cells of
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5.2. Mac Lane’s coherence theorem revisited

¥ T(T") and equalities, yielding a 3-sphere of £ denoted by y:

TS

I o«

R

v

U
pgw o v A

\,/

As a consequence of this construction, we have sy ~r ty. Then we build the following diagram, proving
that s(Ao) ~r t(Ax) also holds:

o

For the 4-cell px, one proceeds in a similar way, starting with the 4-cell (| | @ @ ) *7 ao. O

5.2.4. Corollary (Mac Lane’s coherence theorem [15]). In a monoidal category (C, ®,e, a,l,1), all
the diagrams whose arrows are built from ®, e, a, | and r are commutative.

Proof. We see Cat; as a (large) 3-category with one O-cell, categories as 1-cells, functors as 2-cells
and natural transformations as 3-cells. The 0-composition is the cartesian product of categories, the 1-
composition is the composition of functors and the 2-composition is the "vertical" composition of natural
transformations.
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5. The case of 3-polygraphs

Then monoidal categories are exactly the 3-functors from £ to Cat; such that the source and target
of every 4-cell of I are identified. The correspondence between a monoidal category (C, ®, e, a, 1, ) and
such a 3-functor M is given by:

M(]) =¢ M(W¥) =1 M@ =e¢ M =a MA =1 M@p =r

As a consequence, a diagram D in € whose arrows are built from ®, e, a, 1 and v is the image by M of
a 3-sphere y of £ . Since I' is a homotopy basis of £, we have sy ~r ty. Since M is a 3-functor and
since it identifies the source and the target of every 3-sphere of T', it does the same with the ones of vy,
i.e. we have M(sy) = M(ty), which means that the diagram D commutes. ]

5.3. Right-indexed and left-indexed polygraphs

5.3.1. Proposition. Let L be a terminating right-indexed (resp. left-indexed) 3-polygraph. Then X is
confluent if and only if the following two conditions are satisfied:

1. Each of its inclusion and regular critical branchings is confluent.

2. Each normal instance of each of its right-indexed (resp. left-indexed) critical branchings is con-
fluent.

Proof. If ¥ is confluent then, by definition, all of its branchings are confluent: in particular, its inclusion
and regular critical branchings and the normal instances of its right-indexed or left-indexed ones.

Conversely, let us assume that X has all of its inclusion and regular critical branchings and all of the
normal instances of its right-indexed (resp. left-indexed) critical branchings that are confluent. Since X is
terminating, we know that it is sufficient to prove that it is locally confluent. Moreover, since X is right-
indexed (resp. left-indexed), there remain to prove that every non normal instance of the right-indexed
(resp. left-indexed) critical branching is confluent.

From now on, we assume that X is right-indexed, the proof in the left-indexed case being similar. Let
us consider a right-indexed critical branching (A[k], B[k])x, which has the following shape by definition:

Now, let f be a 2-cell such that (A[f], B[f]) is a non normal instance of (A[k], B[k])x. Since X is termi-
nating, f admits a normal form, say g. We denote by F a 3-cell from f to g. Since g is in normal form,
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5.3. Right-indexed and left-indexed polygraphs

the branching (A[g], B[g]) is a normal instance of (A[k], B[k])y so that, by hypothesis, it is confluent: let
us denote by (G, H) a confluence for this branching, with target h. With all those ingredients, one builds
the following confluence diagram for the critical branching (A[f], B[f]), thus concluding the proof:

O]

5.3.2. Homotopy bases of indexed 3-polygraphs. Let I be alocally confluent and right-indexed (resp.
left-indexed) 3-polygraph. We assume that a confluence has been chosen for:

e FEach inclusion and regular critical branching.
e Each normal instance of each right-indexed (resp. left-indexed) critical branching.

We denote by I's the collection of the 2-spheres of Z* corresponding to these confluence diagrams.

5.3.3. Proposition. Let L be a convergent right-indexed (resp. left-indexed) 3-polygraph. Then Ts is a
homotopy basis of L.

Proof. The proof follows the same scheme than the results of 4.3, where it was proved that the family of
3-spheres associated to the confluence diagrams of all the critical branchings was a homotopy basis.

First, we prove that every local branching of (A, B) of L admits a confluence (A’, B’) such that
A %2 A’ =, B %2 B’ holds. The proof is the same as in 4.3 when (A, B) is a trivial or when it is
generated by an inclusion or a regular critical branching.

There remains to check the cases of local branchings of the shape C(A[f], B[f]), where (A[k], B[k]))
is a right-indexed (resp. left-indexed) critical branching and where C is a context. For that, we proceed
by Noetherian induction on the indexing 2-cell f, thanks to the termination of X.

When f is a normal form, then (A[f], B[f]) is a normal instance of the branching (A[k], B[k])x. To
build I's we have fixed a confluence for this branching, say (A’, B’). Then we have:

CIA[fll x2 A" ~r, CI[B[fl]] x2 B’
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5. The case of 3-polygraphs

Let us assume that f is a non normal 2-cell such that (A[f], B[f]) is an instance of the branching
(Alkl, B[k])x. Moreover, we assume that, for every 2-cell g such that f reduces into g and (A[g], B[g]) is
an instance of (A[k], B[k])y, there exists a confluence (A’, B') for (A[g], Bg]) such that A[g] x, A" ~r,
B[g] x> B’ holds.

Since f in not in normal form, we can choose a 2-cell g such that f reduces into g, through a 3-cell F.
Since f and g have the same boundary, we have an instance (A[g], Blg]) of the branching (A[k], B[k]).
We apply the induction hypothesis to g to get a confluence (A’, B’), with target denoted by h, such that
Algl %2 A" ~r, B[g] x2 B’ holds. Moreover, the branchings (C[A[f]], C[sA[F]]) and (C[B[f]], C[sB[FI])
are trivial branchings, yielding:

CIA[f]] x2 CItA[F] ~r ClsA[F]] 2 C[A[g]]

and
CIB[f]] 2 C[tB[F]] ~r. CI[sB[F]] x> C[Blgll.

With these constructions, we build the following diagram, where we have assumed that the considered
branching was right-indexed — the case of a left-indexed critical branching is similar:

CItA[F]

ClsA[F]]
ClsBI[F]]

C[tB[F]]

Hence, composing the three 4-cells of £ T (I's ) of that diagram, one proves that the confluence ( C[tA [F]]x,
C[A'], C[tB[F]] x2 C[B']) satisfies the required

CIA[f]] %2 C[tA[Fll x2 CIA'] ~r. CIBIfl] x2 C[tB[F]] 2 C[B'],

thus concluding the first part of the proof.
The remainder of the proof is exactly the same as in 4.3, with the following two steps:

e For every branching (A, B) such that tA and tB are in normal form, one has tA = tB and A ~r;
B. For that, we use the first part of the proof and we proceed by noetherian induction on the source
fo the branching (A, B).
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e We consider two parallel 3-cells A and B in £ and prove that A ~ry B holds.

O

5.3.4. Theorem. A finite convergent 3-polygraph with finitely many normal instances of indexed critical
branchings has finite derivation type.

5.4. The 3-polygraph of permutations

Here we see an example of a 3-polygraph that is finite, convergent, right-indexed and, thus, with an
infinite number of critical branchings, yet with finite derivation type. Another proof for termination and
the ideas for proving confluence we use here can be found in [13].

5.4.1. Definition. The 3-polygraph Xpe.y, has one O-cell %, one 1-cell | one 2-cell >< and the following

two 3-cells:
o B

5.4.2. Termination. We consider the (Zperm)3-module M (X, x, Z) with:
X(]) =N and X)) = (G+1,1).

Then we consider the derivation d of (Zperm )3 into M(X, , Z) given by:
d(><) (1,j) = i

The 2-functors X, Y and the derivation d satisfy the conditions of Theorem4.2.1. Indeed, the derivation

d sends every 2-cell of L§_,, to a map with values in N and the following inequalities hold:

X<§§> (i) = (i+1,i+1) = (i) = X(| |) (i,3),

x(i}{) (1,3,k) = (k+2,j+1,i) = x(}{j) (1,7, k),
d<§§> (1,j) = i+j+1 >0 = d(‘ D (i),

d(i%) (i,j,k) = 2i+j+1 = 2i+j = d(}{j) (1,3, k).
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5. The case of 3-polygraphs

5.4.3. Normal forms. Let f be a 2-cell of Ly, satisfying:

Then f is in normal form. Otherwise, there exists a context C and a 2-cell g such that f = C[g] holds
and g is the source of one of the two 3-cells of Zpe,. As a consequence, there exists a family (i1, ...,1n)
of natural numbers, with n = 2 or n = 3, such that the following inequalities hold:

d(f)(0,...,0) = d(g)(i1,...,in) = 1.
Let us define N as the set of 2-cells given by the following inductive construction:

*z%or%.

First, we check that the following holds:

X (5%) i1,y ind) = (101, ).

We proceed by structural induction, using the definition and the functoriality of X:
X(>) 1,3) = G+1,1)
and

X <H<>ﬁ> (1, e d) = (X(5%) x Idy) (- iny§ + 1y i)

= (j+n+]vi1>"~»in+])'

Now, let us prove that the 2-cells of Ny are in normal form, still by structural induction. For the base
case, we have, by definition of d:
d(><) (0,0) = 0.

Then, for the inductive case, we have, using the fact that d is a derivation:

d(%) (0,...,0) = d (%) (0,...,0) +d (5<) (0,0) = 0.

Let us denote by N the set of 2-cells of L5, given by the following inductive graphical scheme:

Let us prove that the 2-cells of N are in normal form, by structural induction. First, one has d(x) = 0
since d is a derivation. Then, one gets:

d(| @ED) i, i+ 1) = d(]) (i) +d (@) iz, i) = 0.
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5.4. The 3-polygraph of permutations

And, finally, using the values of X on N:

d(fﬂ) i1y i dy Ky ey K

—d(52=) (i1,... imj) + d (‘) (i1, imu K1y e k) = O.
Finally, we prove that every 2-cell of X§_. in normal form is in N. We proceed by induction on the pair
(m, n) of natural numbers, where m is the size of the 2-cells and n is the size of their source.

The only 2-cells of L§_,,,, with size O are the 1,,, where n denotes the 1-cell with size n. All of them
are in normal form. Moreover, they belong to N: 14 is * and, for every natural numbern, 1,, 11 = T1xo1n.

The only 2-cell of X, whose source has size O is 1o = *, which is in normal form and belongs
to N.

Then, let us fix two non-zero natural numbers m and n. We assume that, every 2-cell g of Xy
which is in normal form and such that (||g]|,|sg|) < (m,n) holds is in N, where compare pairs of
natural numbers with the product order.

Let us consider a 2-cell f of Xp,,, in normal form, with size m and whose source has size n. Since
[[f|| = m > 1 and since >< is the only 2-cell of Xpem, there exists a 2-cell g such that f decomposes into:

Since f is in normal form, then so does g. Moreover, g has size m — 1 and its source has size n. We
apply the induction hypothesis to g: this 2-cell is in N. Its source is 1 > 1, so that g 7 x; there remains
two possibilities, by definition of N:

In the first case, the 2-cell h is in normal form, has size m — 1 and its source has size n — 1. By induction
hypothesis, we know that h is in N. There are two subcases for the decomposition of f:

The first decomposition is a proof that f is in N, since h is in N and >< is in No. The second decom-
position tells us that f = | xo f’, where ' is in normal form (otherwise f would not), has size m and its
source has size n — 1; we apply the induction hypothesis to get that f’ is in N; then we get that f is in N.
Now, let us examine the second case: the 2-cell h is in normal form, has size at most m — 2 and its
source has size n — 1; hence, by induction hypothesis, h is in N. There are three subpossibilities:

The first subcase is, in fact, impossible since f would contain the source of a 3-cell, which contradicts
the assumption that f is in normal form. The second case gives that f is in N. In the third case, we have
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5. The case of 3-polygraphs

a decomposition of f into (f' xo 1p,) 1 (11 %o ") where f” is in N and f” is a normal form (otherwise f
would not), has size at most m — 1 and has source n — 1: thus, we apply the induction hypothesis to get
that f” and, hence, f are in N.

5.4.4. Confluence. The 3-polygraph Xpeq, has three regular critical branchings, with the following

sources:
S | é% , % ,

plus a right-indexed critical branching, with source:

From Theorem 5.3.1, we know that, to get confluence of Xp., it is sufficient to prove that the three
regular critical branchings are confluent and that each normal instance of the right-indexed one is.

In the following confluence diagrams, we commit the abuse of naming 3-cells with their generator
only. First, we check that the three regular critical branchings are confluent:

)

v
=2

l Yl MaN
A N

From the inductive characterization of the set N of normal forms we have given, we deduce that there
are two normal instances of the right-indexed critical branching: for k = | and k = ><. We check that
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5.4. The 3-polygraph of permutations

both are confluent:

BB(1) | >=<

and:

BB(><)

5.4.5. Theorem. The 3-polygraph ¥p.., has finite derivation type.

Proof. Indeed, the 3-polygraph Xpey, is finite, convergent, right-indexed and has finitely many normal
instances of its right-indexed critical branchings. Thus Theorem|5.3.3/tells us that X pep, has finite deriva-
tion type. More precisely, the five 4-cells oo, &3, B, B3 ( | ) and 3 ( > ) form a homotopy basis of
the track 3-category X, O

Perm*
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5. The case of 3-polygraphs

5.5. Main counterexample

Let us consider the 3-polygraph X with one 0-cell, one 1-cell, three 2-cells @, ™ and \_J and the follow-
ing four 3-cells:

O3 Y=l U3 N3

We define by induction on the natural number k the 2-cell #k as follows:
0 k+1 Kk
¢ —=| ad e =6 e

5.5.1. Termination. To prove that the 3-polygraph ¥ terminates, we use two subsequent derivations
of 23, as in Theorem 4.2, 1.

We consider the derivation ||-|| ~» into the trivial module M (%, %, Z). One checks that the following
holds:

lodl~ =0, B~ =0 Il =1 [l =1,
Let us note that one would have the same results with the derivation ||-||_,. As a consequence, one gets

that the 3-polygraph X terminates if and only if the 3-polygraph {x, 3} terminates. To prove the latter,
we consider the derivation d into the Z5-module M(X, Y, Z), with:

X(I) =N, X(M) =00, X(®)@) =1i+1.
Y() =N, Y(U) =00, Y@@ =i+l

(M) L,j) =1, d(Y)4,j) =1, d(e)(i,j) = o.

Since d is a derivation, one gets:

do =d(¢7) = ((s)
—a () @) + s @@ %0 1) — A() 51 (19) — A (] x0d (@)

Thus, for every natural numbers i and j, one gets:

dx(i,j) =d (M) (i+1,j) +d(8) (0,i) —d (M) (i,j +1)—d (¢) (0,])
i+1)4+0—1—0
1.

Similarly, one gets d(i,j) = 1 for every natural numbers i and j, yielding the termination of {«, $} and,
thus, of X.
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5.5.2. Normal forms. Let f be a 2-cell of Z*, that cannot be reduced by the 3-cells y and & and which
satisfies:
d(f)(0,...,0) = 0.

Then f is in normal form. Indeed, otherwise there exists a context C such that f = Clg], with either
g = sxor g = sf. As a consequence, there exist two natural numbers i and j such that the following
inequalities hold:

daf(0,...,0) > dg(i,j) > 1.

Now, we define N as the set of 2-cells given by the following inductive construction scheme:

W - 0 o o (@ o © (@@
L k . g
or (d) @ . or e) & - )
We use the special graphical representations @ , 48 and $ggy for 2-cells of N which have, respectively,
degenerate source and target, degenerate source, degenerate target.
We start by checking that the 2-cells of N are in normal form. For that, one proceeds by structural

induction, using the construction scheme, in order to prove two properties.
The first one is that each 2-cell of N is irreducible by the 3-cells v and d: this is an observation that

the given construction scheme do not allow any 2-cell of N to contain either m or UU
The second one is that, for a 2-cell f of N, one has df(0,...,0) = 0. For the base case (a), one has
d(*) = 0 since d is a derivation. Then, for the induction, there are four cases:

(b) d(@k ”) (0,...,0)

=d (M) (0,K) + d(J) (0,k) + k-d(9)(0,0) + d (@) + d () (©0,...,0)
0.

© d(/@me @)0,...,0
= (M) (0,%) + k-d(8)(0,0) + d (€M) (0,...,0) + d (W) (0,...,0)

=0.

(d) d(@k .) 0,...,0)

=d (W) (0,k) + k-d(8)(0,0) + d (&) (0,...,0) + & ((@) (©,...,0)
0

© d(e"@),...,0
—k-d(9)(0,0) + d (@) ©,...,0)
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5. The case of 3-polygraphs

Now, let us prove that every 2-cell of Z* that is in normal form is contained in the set N. We proceed
by induction on the triple (m, n, p) of natural numbers, where m is the size of the 2-cells, n the size of
their source, p the size of their target.

The only 2-cells of X* with size O are the 1,,, where n denotes the 1-cell with size n. All of them are
in normal form and belong to N. Indeed, each 1,, can be formed, from *, by n subsequent applications
of the construction rule (e) with k = 0.

The 2-cells of Z* with size 1 are the 1, xo ¢ %o 14, where @ is one of (), \_ and @. Such a 2-cell is
always in normal form and belongs to N. Indeed, we have seen that 14 isin N. Then ¢ %o 14 isin N by

using the following case, with . = 14, depending on @:
o If @ = \: case (c) with 8 = and k = 0.
o if ¢ =\UJ: case (d) with @y = * and k = 0.
o If ¢ = @: case (e) withk = 1.

Finally, 1, xo @ xo 14 is in N, thanks to case (e), applied p times in sequence, each time with k = 0.
Now, let us fix a non-zero natural number m and two natural numbers n and p. We assume that we
have proved the result for each g in normal form of size at most m — 1 or with size m and such that the
inequality (|sgl, [tg]) < (n,p) holds.
Let us consider a 2-cell f, in normal form and such that ||f|| = m, |sf| = n and |tf| = p hold. Since f
has size at least 1, there exists a 2-cell g such that f decomposes in one of the three following ways:

One denotes by @ the corresponding generating 2-cell. Since f is in normal form, so does g and g has
size m — 1: we apply the induction hypothesis to it, so that we know that g is in N. Thus, g decomposes
into one of the five following ways:

. = (a) = or (b) @k ' or () m“ .
or (d) @k . or (e) #k.

We study all the possible decompositions of f, depending on the one of g and on @. In case (a), i.e. when
g = *, we have @ = U, since this is the only possibility to have t¢ degenerate. We have already seen
that \_ is in N. In case (b), one has the following possibilities, depending on @:

IRy - RO Y

The following 2-cells must be in normal form, since f is, and they have size at most m — 2:

We apply the induction hypothesis to each one: they belong to N. Thus f is in N by case (b). The

proof for case (c) is obtained from case (b) by replacing the 2-cell @k by @k . In case (d), the
reasoning depends on @:

42



5.5. Main counterexample

e When ¢ = M, one has the following possibilities, depending where ¢ connects to g:

A - Q@w e« m
- e o o Gl

The first and third case cannot occur. Indeed, one proves, by structural induction that a normal
form with source of size at least 1 and with degenerate target has the following shape:

@k @k N2

As a consequence, such a decomposition of f would contain either m or m, preventing it
from being in normal form.

For the second case, one applies the induction hypothesis to the 2-cell @ indeed, it is a
2-cell with size at most m — 1 that must be in normal form, otherwise f would not. Thus, f is built
from 2-cells of N following case (d) and, as such, is in N.

The fourth decomposition contains either ﬂ or m, respectively when k > 1 and k = 0. Thus
it is not possible that f decomposes this way, since it is a normal form.

For the fifth decomposition, one applies the induction hypothesis to w, which is a 2-cell

that must be in normal form, with size at most m — 1.

e When ¢ = U, one has the following possible decompositions of f:

The first case shows that f is in N: it is built with case (d), applied with ' = @k .,
which is g that we already know to belong to N, with & = * and k = 0.

In the second case, we apply the induction hypothesis to w it is a normal form of size at
most m — 1. Thus f is built from case (d).

U -
In the third case, one applies the induction hypothesis to H: it is a normal form of size at

most m — 1. Thus f is built from case (d).

e When ¢ = @, the 2-cell can decompose as follows:
o @@ o (@S W
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5. The case of 3-polygraphs

The first case cannot occur: otherwise, f would contain U and, thus, it would not be in normal
form.

In the second case, we apply the induction hypothesis to w this is a normal form with size at
most m — 1. This proves that f is in N, built following case (d).

In the third case, f is in N, built following case (d).

In the fourth case, we apply the induction hypothesis to : this is a normal form with size at

most m — 1. Thus f is in N, built from case (d).

Case (e) depends on the values of ¢:
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e When ¢ = ), we have the following possible decompositions of f:

e -
® - (e o e
In the first case, one must have k = 0: otherwise, f would contain ﬂ which is not a normal form.

Thus the 2-cell h is a normal form of size m — 1: we apply the induction hypothesis to get that h
is in N. Then, by structural induction on h, one shows that it decomposes in one of the following

two ways:
ok e s
N kX ]
The first decomposition is impossible since, otherwise, f would contain m and, thus, it would

not be a normal form. The second decomposition gives that f is in N, built from case (c).

When ¢ = \_J, we have the following possible decompositions of f:

® - U o S
In the first case, f is in N, built from h in two subsequent steps: with case (e), then with case (d).

In the second case, one applies the induction hypothesis to which is a 2-cell in normal

form, with either size at most m — 1, when k > 0, or with size m and source of size . — 1. Thus
this 2-cell is in N, and so does f, which is built following case (e).

When ¢ = @, we have the following possible decompositions of f:

U R
In the first case, f is built from h by application of case (e) and, as such, is in N.

In the second case, one applies the induction hypothesis to , which is a 2-cell in normal

form, with either size at most m — 1, when k > 0, or with size m and source of sizen — 1. As a
consequence, this 2-cell is in N, proving that f is built following case (e) and, thus, it is in N.



5.5. Main counterexample

We have proved that the 2-cell of Z* that are in normal form are exactly the 2-cells of N. In particular,
we denote by Ny the set of normal forms with degenerate source and target, which are defined by the

following inductive scheme:
3
@ = =x or @ Q.

5.5.3. Confluence. Let us examine the critical branchings of X. The 3-polygraph X has four regular
critical branchings whose sources are:

AVATERVAUNEY AU AT

plus one right-indexed critical branching, generated by o« and [3, with source:

Thus X is a terminating and right-indexed 3-polygraph. By application of Theorem 5.3.1, we get conflu-
ence of X by proving that its four regular critical branchings and all normal instances of its right-indexed

critical branchings are confluent.
For the regular ones, we have the following confluence diagrams:

mﬂ wﬂ
NS NS

fUd?ﬂ) BLﬂ“?U?
VAR VA I

From the characterization of normal forms of X, the normal instances of the right-indexed critical branch-
ing &4 are the instances corresponding to the following 2-cells:

®=-= @-n &=
plus:
®=09,

for every @ in Np and n in N.
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5. The case of 3-polygraphs

Now we check that, for each one of these 2-cells, the corresponding critical branching ofe, is
confluent. Let us note that, for the first three, there are several possible confluence diagrams, because

they also contain regular critical branchings of X. For ¢ = \J , we choose the following one:

M

=S ==

= () ‘
\ 5

== 1=U e
Foréh = M |:

o4 m 5

@ «B()1) (e
(=)= *

Forg = (J|:
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5.5. Main counterexample

Finally, for € = @ #n:

[0

Z -\
e
W .

V

5.5.4. Homotopy basis. The 3-polygraph X is convergent and right-indexed. Thus, Theorem5.3.3/tells
us that the following 4-cells form a homotopy basis of £ '

Y5, 8y, ay, B8, ap (H) B (A1), B (L),
plus, for every @ in Ny and 1 in N, the 4-cell

B (@ e7).

In fact, the 4-cells «f3 <%>, «f (m |) and «f3 (U |) are superfluous. Indeed, their source and target

are the boundary of 4-cells in £ " ({acy, p8}), as proved thereafter.

For af3 (%) :
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5. The case of 3-polygraphs

For B () 1) m
éﬂ
) : 2

RS
3
il

N
()=

/QJJ%Q’)\
@\ , /u
p ®$U p

We denote by Iy the family made of the 4-cells yd, &y, ovy and 38. Then, for every natural number 1,
one defines:

And, for o} ({_J |) :

Myt =Th U {aB (@ @"), ® €No} .
Thus, the following set of 4-cells is a homotopy basis of X:

r= Urn.

neN

For every natural number 1, we denote by &y, the 4-cell o3 (™).

5.5.5. Lemma. Letn be a natural number. There is no 4-cell of £ (Ty) which is parallel to &, i.e.:

s&n #Fo tén.

Proof. Let us assume, on the contrary, that there exists a 4-cell @ in £ () such that s® = s&, and
t® = t&; hold. We build the derivation d of X* into the trivial X*-module that takes the following
values on the generating 3-cells:

da=1, dp =-1, dy =0, dé = 0.
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5.5. Main counterexample

Then d induces a derivation of T into the trivial £ " -module: we define d(f~') = —d(f) and we verify
that, with those values, d is compatible with the inverse relations.

Then, we check that, for any 4-cell ¥ of ¥ T(Ty), the extension of d satisfies d¥ = 0. Since d is a
derivation, it is sufficient to check this on the generating 4-cells:

e d(yd)=dy—ddé=0.
e d(by)=ddb—dy=0.
e dlay)=da+dp+dy—dy=1—-1=0.
e d(Bd)=dp+dax+dd—dd=—-1+1=0.
Thus, since @ is in ' (Iy), one must have d® = 0. However, one has:
d® = da—dp =1 — (—1) = 2.

This proves that @ cannot be in £ (). O

5.5.6. Lemma. Letrn be a natural number. There is no 4-cell of £ (T') which is parallel to &, i.e.:

sén %Fn tén.

Proof. On the contrary, let us assume that @ is a 4-cell of (') such that s® = s&,, and t® = t&,
hold.

. . . 3 .
First, we prove that @ cannot contain any occurrence of a generating 4-cell of3 (O ® ) or its

inverse, with k < m. For that, we define the derivation d of L} into the module M(X, %, G) given
thereafter:

e The 2-functor X : L5 — Set is generated by the values:
X() =N, X(M) =000, X(®)H =i+l

e The abelian group G is freely generated by the set N of natural numbers. The natural number n,
seen as a generator of G, is denoted by a,.

e The derivation d is given by:
d(M) =0, d()Lj) =a, d@) @ =o.

Now, let us assume that there exist 4-cells Wq, ¥, in ZT ('), a context C of £, an ¢ in {—1, 1}, a 2-cell
@ andakin{0,...,n — 1} such that the 4-cell ® decomposes this way:

O =VYix3C [(XB (O ¢k>€} *3 W5,
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5. The case of 3-polygraphs

Then we have so® = (s5C) [szocB <. #k)] In particular, both 2-cells are sent by d to the same
element of G. But, on the one hand, by hypothesis, one gets:

qu) = Sz&n = {}n ,

d(s2®) = an.

so that the following holds:

And, on the other hand, one has:

(520) [s208 (@ #¥)] = @

Then, using the fact that d is a derivation, one computes:

d @ = d<°)+d(8k>+d(0) = d(f) + ax,

where f = (s,C) [‘] Thus, we have a,, = ayx + d(f), with k < n and f in Z3. This is impossible
because G is freely generated and d sends any 2-cell to an element of G written using the a;i’s with
positive coefficients.

Thus, we conclude that the 4-cell @ must be built using the 4-cells of Iy and their inverses, i.e. @ is
a4-cell of £ (Iy). However, this would contradict the previous result. O

5.5.7. Theorem. The 3-polygraph X does not have finite derivation type.

Proof. On the contrary, let us assume that £ does have finite derivation type. Then, by application of
Proposition 3.2.3} there exists a finite subfamily '’ of " which is a homotopy basis of £ .

Since T’ is finite, there exists some natural number n such that I'” is contained in I',. In particular,
the 4-cell &, is not in I'’. However, since ' is a homotopy basis and since I’ is contained in I}, we have:

s&n N tén.

We have seen that this is not possible, thus contradicting the fact that one can extract a finite homotopy
basis from I'. As a consequence, the 3-polygraph £ does not have finite derivation type. O

5.5.8. A variant of the counterexample. In the previous 3-polygraph, one can think that the problem
comes from the complicated normal forms, especially from the fact that one can find normal forms @
of Ny everywhere in a given 2-cell. Here we give another example, similar to the first one but with
more simple normal forms. It is a bit more contrived, which led us to prefer the other one for the main
exposition.

Let = be the 3-polygraph with the following generating cells:
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Two 0-cells, denoted by & and n and, in the diagrammatic representations, respectively pictured
by a white background and by a gray one.

Two 1-cells &—"n and n—1se. By abuse, both are pictured by a wire, leaving the back-
grounds discriminate them.

Four 2-cells @, @, ¢, and [ .

Two 3-cells a %, 6 andg [33/ ’

Following the same reasoning steps as for the previous example one proves that the finite 3-polygraph =
is convergent and that it does not have finite derivation type. Indeed, the following family of 4-cells,
indexed by the natural number n, form a homotopy basis of =" and cannot be reduced further:

(1]
(2]

(3]

(4]

(5]
(6]

(7]
(8]

(9]

[10]

[11]
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