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The Strict w-Groupoid Interpretation of Type Theory

Michael A. Warren

ABSTRACT. Hofmann and Streicher showed that there is a model of the inten-
sional form of Martin-Lof’s type theory obtained by interpreting closed types
as groupoids. We show that there is also a model when closed types are in-
terpreted as strict w-groupoids. The nonderivability of various truncation and
uniqueness principles in intensional type theory is then an immediate conse-
quence. In the process of constructing the interpretation we develop some
w-categorical machinery including a version of the Grothendieck construction
for strict w-categories.

1. Introduction

In [9], Hofmann and Streicher established the existence of a model of the in-
tensional form of Martin-Lof’s type theory [16] using the category Gpd of small
groupoids. This seminal result —and the related observation that the identity types
in this theory form a kind of weak groupoid —is the starting point for much of the
subsequent research relating category theory, homotopy theory and type theory.
Type theoretically, the importance of the groupoid model is that it establishes the
nonderivability of certain type theoretic principles relating to the identity types.

Recall that in Martin-Lof’s type theory if A is a type and a,b are terms of
type A, then there exists a type A(a,b) called the identity types of A (from a to
b). Under the Curry—Howard correspondence A(a,b) may be thought of as the
proposition which asserts that a and b are equal. The distinguishing feature of
the intensional form of the theory from the extensional form is the absence in
the former of the reflection rule which states that if there exists a term of type
A(a,b), then a = b, where this latter equality is the primitive equality relation of
the theory. Thus, identity types are trivial in the extensional theory. Prior to [9]
it was unknown whether certain principles of a similar character to the reflection
rule were in fact derivable. For example, it was unknown whether there could be
more than one distinct “identity proof” I.e., whether f = g when f,g : A(a,b).
This principle is referred to as uniqueness of identity proofs in the literature and
it is refuted in the groupoid model. (Note that in ibid. the principle of uniqueness
of identity proofs really only refers to uniqueness up to propositional equality, but
the groupoid model refutes both of these principles.) For in the groupoid model, a
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(closed) type A is interpreted as a groupoid [A], a term a : A is interpreted as an
object of [A] and the identity type A(a,b) is interpreted as the (discrete) groupoid
consisting of all arrows [a] — [b] in [A]. Thus, any groupoid G containing a pair
of distinct parallel arrows refutes the uniqueness of identity proofs.

Although the groupoid model is useful for refuting certain type theoretic prin-
ciples such as uniqueness of identity proofs, it fails to adequately exhibit higher-
dimensional structure of the identity types. E.g., although the reflection rule is re-
futed the corresponding rule which asserts that all identity types of identity types
are trivial is valid in the model since identity types are interpreted as discrete
groupoids. Le., the rule

p:A(a,b)(f,9)

f =g: A(av b)

is valid. At the time Hofmann and Streicher conjectured that it should be possible
to obtain models which would refute such “truncation principles” by interpreting
types as some kind of higher-dimensional groupoids. It is the aim of this paper to
show that this is indeed the case. In particular, we construct a model of intensional
type theory which extends the original groupoid model by using strict w-groupoids.
As such, this is the first known model of intensional type theory (aside from the
syntactic model) which is truly higher-dimensional. In the terminology of [1] the
model refutes all of the truncation rules TR,,.

The interpretation of type theory using w-groupoids directly extends the orig-
inal groupoid interpretation. Contexts I' are interpreted as small w-groupoids
[T] and types I' - A in context are interpreted as morphisms (of w-categories)
[T] — w-Gpd. Aterm I - a : A is interpreted as a section of the projection
JTA] — [I] where [[A] denotes the (w-categorical version of the) Grothendieck
construction of [A]. For a closed type A, the identity type A(a,b) is then in-
terpreted as the w-groupoid which has as objects arrows [a] — [b] in [A]. As
in the groupoid model, the dependent sums and products are given by left- and
right-adjoints, respectively, to suitable reindexing functors.

Relation to other work. There has been much recent work on relating
Martin-Lof’s type theory to homotopy theory and higher-dimensional category the-
ory and we will now briefly summarize the relation of the current paper to other such
work. First, following a suggestion by Moerdijk, it was shown in [2] that intensional
type theory (at least the fragment containing identity types and dependent sums)
can be interpreted in weak factorization systems and Quillen’s model categories
which satisfy certain coherence conditions. It was then shown by Gambino and
Garner [5] that there is a weak factorization system in the category of contexts. It
was also shown, by van den Berg and Garner [25] and independently by Lumsdaine
[15], that the identity type construction gives rise to weak w-groupoids in the sense
of Batanin and Leinster [3,14]. Garner [6] has also introduced a “two-dimensional”
type theory which is a form of intensional type theory and he has proved that it
is sound and complete with respect to a semantics valued in the 2-categories (as
such, these theories necessarily satisfy the corresponding truncation rule). In [1] the
homotopy theory of the category of groupoids and a fortiori homotopy 1-types is
related to the homotopy theory of the 1-truncated form of intensional type theory.

We would also like to mention the recent work of Lafont, Métayer and Wory-
tkiewicz [12] in which they describe a model structure on the category of strict
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w-categories which corresponds to the “natural” or “folk” model structure on the
category of small categories. Ultimately we would like to be able to relate their
work to the model constructed here. In particular, one should be able to use ex-
ponentiation by the w-groupoid interval I—which is the co-w-groupoid object in
w-Cat with exactly two 0-cells, two invertible 1-cells between them, two invertable
2-cells between those, and so forth—to interpret identity types. (In the setting of
ordinary 1-dimensional groupoids this kind of construction has been studied in [27]
and related results on cocategory objects were obtained in [28].) Exponentiation
by I has been studied by Métayer [17] and is used in [12] for the construction of
path objects in the model structure. In order to develop such an approach using I
it appears to be necessary to generalize also the notion of split fibration to higher-
dimensions. The notion of Grothendieck 2-fibration has been studied by Hermida
[7] and, for 2-groupoids, by Moerdijk and Svennson [18]. However, we are unaware
of similar work in higher dimensions.

Summary of the paper. In Section 2 we recall some basic facts and defini-
tions concerning w-categories. In Section 3 we extend the familiar Grothendieck
construction to the setting of w-categories and functors A: C — w-Cat. This con-
struction is crucial since it allows us to interpret context extension and it provides
the data necessary for the interpretation of open terms. In Section 4 we introduce
the notion of w-groupoid with which we will be concerned. We also describe a
“dual” version of the Grothendieck construction. For w-groupoid valued functors
there is an induced functor — relating the Grothendieck construction and its dual
which we will require in order to interpret identity types and dependent products.
In Section 5 we finally describe the interpretation of identity types. For closed
types A and terms a and b of type A the identity type A(a,bd) is easily described
as the w-groupoid which has as objects arrows @ — b and with (n + 1)-cells given
by (n + 2)-cells of A bounded in dimension 0 by a and b. However, in order to
most efficiently prove the soundness of the elimination rule for identity types it is
necessary to give an interpretation of the corresponding open identity type. This is
essentially a fibred version of the foregoing type, but is considerably more involved
in the case of w-groupoids than it was for groupoids. Section 6 is concerned with
the proof of the soundness of the introduction and elimination rules for identity
types. Finally, the main results of the paper (the soundness theorem and its con-
sequences) are collected in Section 7. Appendix A contains a summary of the rules
governing identity types, dependent products, and dependent sums in the theory
considered in this paper. Appendix B contains a brief description of the comma w-
categories featuring in the description of the universal property of the Grothendieck
construction and the proof that the Grothendieck construction does indeed possess
the correct universal property.

It is worth mentioning that we assume familiarity on the part of the reader
with Martin-Lof’s type theory and we refer the reader to [4,8,10,16,19,23,24] for
further details. There is also a brief survey of intensional type theory contained
in [1] which includes a summary of the kinds of truncation principles which are
refuted by the model.
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2. Generalities on w-categories

In this section we recall the definition of strict w-categories and w-groupoids, fix
notation and recall several useful facts about these structures. We refer the reader
to [14,21,22,26] for further details regarding the theory of strict w-categories.

2.1. w-categories, functors and transformations. Just as categories are
(directed) reflexive graphs equipped with the additional structure given by identities
and composition, so too n-categories are reflexive n-globular sets with additional
structure and w-categories are reflexive globular sets with additional structure.
Here we recall that reflezive globular sets A are the (unbounded) higher-dimensional
analogues of reflexive graphs and, as such, consists of sets A,, graded by nonnegative
integers n together with source, target and identity functions

T N T N T
Ao i A]_ i A2 i s
" - 7

t t t

such that the globular identities
sos=sot, tot=tos,
and the equations
soi =14, =to1
are satisfied. A (strict) w-category consists of a reflexive globular set A and, for all
p >0 and n > 0, composition functions

An ><Ap An *_p> A'ru
where A, x4, A, is the pullback

Ap X4, Ay — Ay,

Nz

A, —— Ap
g(n—p)
with
I*:=lolo---0ol,
————
k-times

for any k£ > 0 and [ = s,t. This data is required to satisfy the following conditions:

Domain and Codomain Laws.

1(g) *p U(f) if p<(n-1)
Wg*p f)=1q_)s(f) ifl=s .
- {t(g) g 1P (n=1).

for l = s,t.

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



w-GROUPOID INTERPRETATION 295

Associativity Laws. Each operation %, is associative.

Unit Laws. Given f in A,,
;(n—p) (t(n—p)(f)) spf=Ff=7F % i(n—p) (s(n—p)(f)).

Interchange Laws. Given ¢ < p < n and f,g,h,k in A, such that the
composites (y *q ), (kx4 h), (h*, f) and (k %, g) are defined,

(k*p g) xq (hxp ) = (k*q h)*p (g4 ),
and
i(g) *q i(f) = i(g *q [)-

Sometimes we refer to composition *q along 0-cells as horizontal composition.
Given two n-cells f and g, if s(f) = s(g) and t(f) = t(g), then we say that f and g
are parallel (to one another). For example, if f and g are n-cells such that (g *, f)
is defined, then s(*=P)(f), s("=P)(g), t(*=P)(f) and t("~P)(g) are all parallel. When
no confusion will result we often omit mention of identity maps. E.g., if f: x — y
is a 1-cell and a: g = h is a 2-cell with s(g) =y, we denote a *q i(f) by a ¢ f.

A (strict w-)functor F: C — B between w-categories is a map of globular sets
which preserves all composition and identities. We often refer to w-functors simply
as functors when it is understood that we are dealing with w-categories. The
category of small w-categories and functors between them is denoted by w-Cat.
Just as the category Cat of small categories and functors between them is monadic
over the category of directed graphs, so too w-Cat is monadic over the category of
globular sets (cf. [14] for an explicit description of the monad). Indeed, w-Cat is a
Cartesian closed category with all (small) limits and colimits. Henceforth we often
denote w-categories by C, B,. ... Clearly every w-category is also an n-category, for
1 < n and similarly for w-functors.

Given functors F,G: C = B between w-categories C and B, a natural transfor-
mation o: F' = G consists of an assignment of 1-cells a,: Fox — Gz for objects x
of C such that the following (somewhat schematic) diagram commutes:

Fz —= Gz
F¢ G¢

for every k-cell £ bounded by 0-cells z and y (see Section 2.2 for an explanation of
the notation employed here). Le., if £ is any k-cell, for & > 1, such that s*¢ = z
and tF¢ =y, then

(2.1) ay *9 F&E = GE % 0.

Passing up one dimension, suppose we are given functors F' and G as above together
with natural transformations « and 8 from F' to G. Then, a modification or 2-
transformation ¢: o = [ consists of an assignment of 2-cells ¢, : o, — B, of
B parameterized by objects z of C subject to the condition that, for any arrow
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f:x =y of C, the following diagram commutes:

Fz /I}> Gz
\ﬁ_x/’
Ff Gf
Fy | #v Gy
By
ILe.,
(2.2) oy 0 F'f = Gf %0 ¢

for f:  — y an arrow of C.

It is possible to generalize inductively to higher-dimensional transformations.
In particular, assuming we have defined n-transformations, for n > 2, in such a
way that the obvious boundary conditions are satisfied a (n + 1)-transformation
from an n-transformation v to a n-transformation § consists of a family of n-cells
Yz Yo = 0z in B parameterized by objects x of C such that, whenever f: x — y is
an arrow in C, the naturality condition

(2.3) Yy *o Ff = Gf*o ¢

is satisfied. With these definitions it is straightforward to verify that the following
more general naturality conditions are also satisfied:

Lemma 2.1. If £ is a k-cell of C bounded by 1-cells f,g: x = y and ¢ is a
(n + 1)-transformation bounded by functors F,G: C — B, then

oy x0 F& = GE *0 @y

With w-functors and these higher-dimensional transformations w-Cat itself ex-
hibits the combinatorial structure of an w-category.

Proposition 2.2. The category w-Cat is a large w-category with (n+ 1)-cells
given by n-transformations.

2.2. Notation and conventions. It will be convenient to introduce some
conventions governing diagrams in higher dimension. In particular, we will often
want to describe the various boundaries of m-cells ¢ in w-categories. In particular,
we may wish to indicate diagrammatically the n-cells bounding such a ¢ even when
m > n + 2 so that drawing the details of the diagram would be cumbersome. As
such, we will instead often include diagrams such as the following:
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where a and b are n-cells and ¢ is an m-cell for m > n + 2. Such diagrams are
oriented from “top-to-bottom” unless otherwise stated. I.e., the diagram indicates
that
s"T )= f and M) =g

In the few cases where there is no “top-to-bottom” option available, the cells should
be oriented “left-to-right.” In this section, and throughout this chapter, we will often
be dealing with “hom-w-categories” of the form C(a, b) where C is an w-category and
a, b are parallel cells of C. In this setting, or similar ones, the index of a composition
(v #p, §) always refers to the dimension in C and not in C(a, b).

There exists an endofunctor (-)* on w-Cat called the dimension shift functor
which shifts the dimension of an w-category. Specifically, given an w-category C,
C™ has as objects 1-cells of C and, in general, n-cells of C* are (n + 1)-cells of C.
Similarly, given w-category C and objects x and y of C, the hom set C(z,y) can be
made into an w-category — which we sometimes denote by C;(z,y) to emphasize
the dimension — by defining 0-cells to be arrows f: x — y and (n + 1)-cells to be
n-cells in the obvious way. Similarly, given parallel (n + 1)-cells f, g of C, there is
an w-category Cp+2(f,g) which has 0-cells (n + 2)-cells a: f = g and so forth. For
parallel n-cells f and g with n > 1, there exists an inclusion functor

C(n+1) (f7 g) - (Cn(sf7 tg))+

which sends a (n 4+ 1)-cell a: f — g to itself, and similarly for higher-dimensional
cells. We will occasionally make use of such functors without giving them an explicit
name.

It will also be convenient to fix notation for dealing with functors A: C —
w-Cat. Given a small w-category C and a functor A: C — w-Cat we denote by
A, the category obtained by applying A to an object z of C and, when f: x — y
is an arrow in C, Ay: A, — A, denotes the induced functor. We employ similar
notation for higher-dimensional cells. This convention will later allow us to avoid
excessive use of parentheses. When z is any 0-cell of A, we denote A¢(z) by (z.f).
Similarly, by definition A, for v a (n 4 1)-cell with n > 1, is given by a family of
n-cells parameterized by 0-cells of its domain category (say) A, and we denote by
(z.7v) the n-cell (A,y)z. In many of the constructions given below we will deal with
w-categories having as their cells tuples of cells of other w-categories. Such tuples
will often be abbreviated using “vector” notation f

3. The w-categorical Grothendieck construction
When dealing with categories, there is, for each C, a monadic adjunction

L
—

[C, Cat] JP: Cat/C
of 2-categories where the left-adjoint is given by the comma category
L(F) = (F ),

for F: D — C, and the right-adjoint is given by taking the projection from the
Grothendieck construction

R(G):/GLC,
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for G: C — Cat. An analogous situation occurs in the case of w-categories and,
in particular, the 2-category [C,w-Cat] is also monadic over w-Cat/C. The right-
adjoint is again given by an w-categorical version of the Grothendieck construction.
This construction will feature prominently in the interpretation of type theory
since it allows us to interpret the extension of contexts. As in the case of Cat, the
Grothendieck construction [ A of a functor A: C — w-Cat (or category of elements
of A) can be described (in terms of its universal property) as the coend

(3.1) /m(xw) X Ay,

which exists since w-Cat is bicomplete. Here (z | C), like the comma construction
which gives the left-adjoint L, is a lax version of the usual comma category. l.e.,
instead of having as 1-cells commutative triangles, an arrow from an object g: © — y
to h: & — z is a pair (f, f') such that f: y — z and

T
/ .ffx
=
—_—— Z.
Y !
The higher-dimensional cells of this w-category will not be necessary for our pur-
poses and are described in Appendix B. Although (3.1) is a convenient description
of the Grothendieck construction of A, it will be useful for our purposes to have
a direct (combinatorial) description of this w-category. It is to this matter which
we now turn. (The verification that the combinatorial description given below of

the Grothendieck construction satisfies the universal property of the coend (3.1) is
contained in Appendix B.)

3.1. Combinatorial description of the Grothendieck construction. We
now give a direct description of the w-category [ A. We leave the proof that the data
given below constitutes an w-category to the reader (the proof can also be found
in [27]). In the first two dimensions [ A is the familiar Grothendieck construction
of A.

0-Cells. The 0-cells of [ A are pairs (z,z_) such that z is an object of C and
x_ is an object of A,.
1-Cells. The 1-cells (z,z_) — (y,y—) are pairs (f, f—) consisting of a 1-cell
frz—yinC and a l-cell f_: (x_.f) > y_ in A,.
Already at this low dimension there are several features of the definition which
should be emphasized. First, in order to define the component f_ of arrows in [ A
we have made a choice of “weight” or “orientation.” Namely, we have determined
that the codomain of f_ should be y_ where we could have as easily determined
that its domain should be this object of A,. Secondly, fixing objects & and ¥ of
| A, there exists a functor
ol o
Ci (‘Ta y) — Ay
defined by
0z () = (z_),
for any m-cell v of C(x,y). Although this functor depends on # and § we often
write 9! when no confusion will result. With this definition we observe that an
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arrow f: Z — ¥ has
s(f-) =0 (f).

In this situation, the object d1(f) is said to be the weighted face of f—. We will see
that the higher-dimensional cells resulting from the construction of [ A also possess
suitably “weighted” faces.

2-Cells. Given 1-cells f and ¢ with common source and target & and ¥, re-
spectively, a 2-cell f — § consists of a: f = g in C together with a 2-cell a_ of A,
as indicated in the following diagram:

Now, holding f and ¢ fixed, there exists a functor

Ca(f,9) = (Ay)1 (0% 5(f),y-)
defined by
U}g(v) = g- *o Dglz,g(V)
where 7 is a n-cell of Ca(f,g). Note that in this case ?'(7y) is a (n + 1)-cell of
Ay so that this definition makes sense. It is straightforward to verify that this is
functorial. Note that an arrow @: f — ¢ has

ta) = O?;’gq(a).

As above, 02(«) is the weighted face of a_. In general, we will see that (n + 1)-cells
of [ A are given by pairs (¢, p_) and that each component ¢_ comes equipped
with a weighted face. Namely, the weighted face of ¢_ is s(¢_) if (n + 1) is even
and it is t(p_) if (n+ 1) is odd. At each stage n we will construct, along with the
definition of the n-cells, a functor 9" (—) which gives an explicit description of the
weighted faces of n-cells.

In general, ([ A), is defined by induction on n alternating between even and
odd steps in such a way that the following conditions are satisfied:

(1) At each stage n an element of ([ A), is a pair (f, f—) such that f is an
n-cell of C and f_ is an n-cell of A,.

(2) At each stage (n + 1), for n > 1, there is also constructed, for each pair
a, 5 of parallel n-cells with source f and target ¢, a functor Dngl such that

a71.+1

Cn+1(0475) ﬂ) (Ay)n( ?‘7‘(;(0‘)79*)
if (n+4 1) is even and
D7L+1

Cos1(a, B) =5 (Ay)a(f-,0% (8))

if (n+1) is odd. The functor 9" *! is called the weighted face functor (in dimension
(n+1) determined by & and f).
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(3) At each stage (n+ 1), for n > 0, it is required that the following weighted
face conditions are satisfied:

e if (n+1) is even,
ste-) D;ﬁ‘%l (p) if (n+1) is odd;

and
"t (¢) if (n+ 1)is even,
t(p_) = ap . ]
8- if (n+ 1) is odd,

when @ is an (n + 1)-cell g: @ — f.

By the discussion above, the base cases n = 0, 1, 2 satisfy these conditions. We now
consider the induction steps.

(n + 1) is odd. Fix parallel n-cells f and g of JA. A (n+ 1)-cel f=3
consists of a pair (o, a_) with a: f = g an (n+1)-cell in C and a_ is a (n+1)-cell
of A, subject to conditions which we will now describe. Let ¥ = s(f) and @ = t(f).
Then ¢ and w are (n — 1)-cells of [ A and therefore, by the induction hypothesis,
there exists a weighted face functor 83 ;: Cp(v,w) — (Ay)n—1 (0" (v),w_). As
such, a_ is required to be a (n+1)-cell of A, as indicated in the following diagram:

f

Vo ————0(f)
Yoo (@)
g_
2"(g)

For the weighted functor, we hold f and ¢ fixed and define
3%;1)(7) =0"(7) *(n-1) f-,

for v a m-cell of C(,41)(f, g). The weighted face conditions are then trivially satis-
fied.

(n 4+ 1) is even. Given parallel n-cells fand gof [A, a(n+1)-cell f:> g
consists, as above, of a pair (o, «—) with a: f = ¢gin C and a_ a (n+1)-cell of A,
as indicated in the following diagram:

() — s w-

U,a_

2" ()

"(g)

Finally, we define:
(n+1)
%

for v a m-cell of C(,,41)(f,g). The weighted face conditions are then trivial.

(V) = g *(n—1) 0" (7),
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For horizontal composition, suppose we are given a pair of composable arrows
f:Z—yand h: y— Zin [ A. Then we obtain

AL () 22 Ay =0k L(h) 25 2

7
in A,. Moreover,
Ah(aglagf) = ApAs(z_) = 0%72(/1 o f),

and therefore we define
(i_i x0 f)— == h_ xo Ap(f-).

This is the familiar definition of composition in the (1-dimensional) category of
elements. Now, suppose that we are given m-cells g and v of [ A, for m > 1, which
are bounded by 0- and 1-cells as indicated in the following diagram:

S

7
7N
5/@\ ] " 4
N
Then,
t" Ap(p-) = An(tg-) = An(y-) = aglj',z_'(h)u
and we set

(4 %0 §)— = ¥ %0 An(pp-)-

For general composition, assume n > 0 and suppose we are given m-cells which
are composable along an n-cell as indicated in the following diagram:

7

(3.2)

]
Q@
S

h

where f,g and h are n-cells in [ A. Here, @ and E are the (n + 1)-cells bounding
3. Le., § = t(m=n=D3 otc. As such, when m = n+ 1 we have 3 = @ = @ and
similarly for 1/7 We would like to define the composite (1/7 %, @). Since the first
component will be the composite (¢ *, @) taken in C, it remains only to define
the second component (z/_f *n, @)—. The definition will alternate between those cases
where (n+1) is even and those where it is odd. First, assume (n+1) is even. Then
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we obtain the following diagram in A,:

where  and ¢ are the 0-cells bounding all of the cells in question. To see that
we have correctly identified the n-cells of A, bounding ¢_ and 1_ note that when
m =n + 1 this is trivially the case. When m > n + 1,

S (o) = s(a) = f-.

Similarly, t(™~™)_ = t3_ which, since (n + 1) is even, is equal to D?}l(ﬂ), as
required. Similar calculations show that ¢ _ is as indicated in the diagrém. Note
also that

05 5(0) *(n—1) 05 5(B) = 0"(d *, B),

by functoriality of d% ~(—). These observations suggest that, when (n + 1) is even,

we define (J *, @)_ to be the composite

(- #(n—1) O 5(B)) *n ©—.

Similarly, when (n + 1) is odd, we obtain

in A, and we may define (1/7 *, @) to be the analogous composite. Explicitly, given
@ and ¥ as above, we define

O ) 03,17(5)) *n o— if (n+1) is even,
W@ = {1/) *n (bg,qj(’)’) *(n—1) p—) if (n+1) is odd.

where 3 and 7 are the bounding (n 4 1)-cells as indicated in (3.2)).
With these definitions we obtain the following proposition, the detailed proof
of which can be found in [27]:

Proposition 3.1. Given a (small) w-category C and a functor A: C — w-Cat,
the Grothendieck construction [ A of A is a (small) w-category.
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4. w-groupoids

The purpose of this section is to introduce the particular notion of w-groupoid,
which we will be using in order to interpret type theory, and to present several
results and constructions on such w-groupoids. The definition adopted here is the
following:

Definition 4.1. A strict w-category C is a (strict) w-groupoid if every (n+1)-
cell f: a — b possesses a strict *,-inverse f~1: b — a. Le.,

(4.1) (f_1 *, [) = a,
and
(4.2) (f # 1) =b.

This definition generalizes both the usual definition of (1-)groupoid as well as
the definition of (strict) 2-groupoid occurring in the work of Moerdijk and Svensson
[18]. It should be contrasted with the weaker notions of w-groupoid, also defined
in the general setting of strict w-categories, due to Street [21], and Kapranov and
Voevodsky [11]. The essential difference with the definition from [21] is that there
the notion of inverse is weakened so that, instead of equations, it is required that
there exist (systems of) higher-dimensional cells (f~1 *, f) = a, etc. In [11] it
is further required that the higher-dimensional cells witnessing invertibility of f
satisfy additional coherence conditions.

With Definition 4.1 at hand we obtain the following corollary to Proposition 3.1:

Corollary 4.2. IfC is a (small) w-groupoid and A: C — w-Gpd, then [ A is
a (small) w-groupoid.

In particular, the inverse (f)~! of f: # — 7 is the pair (f7Y Apa(f2)71) and,
for n > 0, the inverse of a (n + 1)-cell g: & = 3 is given by

(6)71 = (90717 410:1 *(n—1) a?&,t&((pil))
when (n 4 1) is even, and

(@)= (07 0aa(0 ™) # o) 071)
when (n + 1) is odd.

As mentioned above, when describing the Grothendieck construction [ A we
could well have chosen to orient our cells (in terms of the weighted faces) differ-
ently. For example, we could define an arrow & — ¢ in [ A to consist of f: z — y
and f_:y_ — z_.f. By choosing this orientation instead we obtain an w-category
which we call the dual Grothendieck construction of A and denote by [ A We
will give a quick sketch of this construction. When A: C — w-Gpd and C is an
w-groupoid, there is a functor —: [A — [ * A which will be required for the inter-
pretation of type theory. This functor is obtained from the isomorphism o: C — C°P
which extends the usual isomorphism which is the identity on objects and sends an
arrow f:a — bin C to f~1: a — b in C°P to the setting of w-groupoids. Informally,
— simply turns the various triangles from the Grothendieck construction “inside
out.”
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4.1. The dual Grothendieck construction. When a category C is an ordi-
nary l-dimensional groupoid, then there exists an isomorphism o: C — C°P which
is the identity on objects and sends an arrow f: x — y to its inverse f~! :y — .
Now, when C is an w-groupoid there is a corresponding functor ¢ which we now
consider. We write C°P for the w-category obtained by reversing only the 1-cells of
C. For example, given a 2-cell a : f — g in C, oa : f~' — g~! is defined to be

(g7 %o a "t xg f71). As a diagram:

g—l /\ f—l

y—2 sz U(fl y— s

Then, where ¢: o — [ is a 3-cell,
o) =g ko (Bl 1otk a ) xo L

At higher-dimensions the construction is the same, adding a new “inner” block
obtained by composing ¢! with the inverses of its boundary maps. The dual
Grothendieck construction [ “ A of a functor A: C — w-Cat can be described as
the coend

f*Az/w(Cia(a:))xAm,

for o: C°? — C as above. In concrete terms, f* A has the same 0O-cells as [ A, but
l-cells f: & — §jare given by f: 2 — yinC and f_:y_ — Af(xz_) in A,. As with
J A, the dual weighted face of such an arrow f_ is A¢(z_) and the dual weighted
face functor
0z, g
Crlay) 25 4,
is obtained by defining 5%717(7) to be z_.. Inductively, we then have the following:

(n+1) is even. A (n+1)-cell @: f = g, with f, §: ¥ = 0, is a pair consisting
ofa (n+1)-cella: f = ginC and a (n+1)-cell a_ in A, as indicated in the following
diagram:

The dual weighted face functor

6n+1

Cn+1(f7 g) f—@> (Ay)n(v—a Dn(g))

is given by defining 5;3;1 (7) to be 3™(v) *(n—1) f--
(n + 1) is odd. On the other hand, when (n+1) is odd a (n+1)-cell @: f =
is given by a:: f = g as above together with a (n +1)-cell of A, as indicated in the
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following diagram:

() Ua,
g—
0™(9)

Here the dual weighted face functor

6n+1

Cot1(£,9) =5 (Ay)n (3" (f),w-)
is obtained by defining D"fl( ) to be g_ (1) 0"(7).

In the case where C is an w-groupoid there are functors ,: (x | C) — (C°P | ),
for each object = of C, corresponding to o which send an object x — y of (z ] C)
to its inverse and which act on 1-cells by sending

x
u f/ v
=
—_— Z
y f
Y —>f 1
a(f)*of
==
ut vt
x

For higher-dimensional cells matters are even more straightforward since a n-cell

(o, &), with n > 1, is sent to («, o(a’) %¢ @). The maps 7, induce, by the universal
property of [ A, a canonical functor =: [ A — [* A such that the squares

fA—— A

[

(z1C) x Ay —242 (CoP | ) x A,

to

commute, where the vertical maps are the coend inclusions. Consequently, = com-
mutes with projections in the sense that the triangle

fA——— 74

NS

commutes. (This can also be seen from the direct, combinatorial construction of —
given in [27].) We refer to — as the duality functor and we will often denote the
second component of =(@) by —p_. Because the first component of () is ¢ in all
dimensions this should lead to no confusmn.
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5. The interpretation of identity types

We will now describe the interpretation of type theory using w-groupoids.
Roughly, the interpretation, which generalizes directly the Hofmann — Streicher [9]
interpretation using regular 1-dimensional groupoids, is obtained by interpreting
dependent types as “indexed w-categories.” However, before going into the details
several remarks are in order.

First, whereas in ibid. the entire logical framework is interpreted, we here only
interpret the basic form of intensional type theory theory (called Ty, in [1,27]). We
note, however, that we could just as well have interpreted the entire logical frame-
work in this setting. Secondly, the interpretation we give below can be organized
into a (large) comprehension category, or a category with attributes, or a category
with families. In this case we believe that the model most naturally can be de-
scribed as a category with attributes or a category with families [4]. We assume
that the reader is familiar with these forms of semantics (all of which are essentially
inspired by Lawvere’s notion of hyperdoctrine [13]). Because the ideas behind the
basic interpretation are not new, we do not go into the full details of the interpre-
tation of the basic syntax. Regarding dependent products and sums we note that,
because terms are interpreted (here and in the original groupoid model) as sections
of projections | A — C and not as morphisms of split fibrations they correspond, via
an equivalence of categories, to 1-cells in the category [C,w-Gpd],s which has the
same objects as [C, w-Gpd] but which has as 1-cells (w-categorical) pseudo natural
transformations. Explicitly, the notion of pseudo natural transformation employed
here can be extracted from the fact that [C,w-Gpd]ps is equivalent to be the cate-
gory of algebras and pseudo morphisms of algebras for the 2-monad on w-Gpd/C
which was mentioned in Section 3. We omit the direct combinatorial description of
pseudo natural transformations as it will not be required here and merely mention
these facts as they serve to provide some motivation for the constructions given
below. As such, where 7: [ A — C is a “dependent projection,” dependent sums
give the left-adjoint to the reindexing functor

[C, w-Gpd]ps AN [J A, w-Gpd]ps

and dependent products give the right-adjoint. For the right-adjoint we emphasize
that it is crucial that we are dealing with w-groupoids since the dual functors from
Section 4 are necessary (essentially this is because dependent products are homs
and therefore exhibit a certain contravariance). Both of these adjoints are described
explicitly in Section 7.1 below. The verification that these give the required adjoints
is by a lengthy, but routine, combinatorial argument which we omit. Finally, we
mention that the type of natural numbers is to be interpreted as the discrete w-
groupoid of natural numbers as in the original groupoid model.

5.1. Contexts, types and terms. The idea of the interpretation, which
should be familiar in light of the discussions in the foregoing chapters, is to regard
closed types as w-groupoids. Explicitly, contexts I' are interpreted as small w-
groupoids. To begin with, the empty context () is interpreted as the terminal
w-groupoid:

[0 =1.
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Now, given a context I' together with its interpretation [I'] as an w-groupoid,
judgements of the form I' = A : type are interpreted as functors

[T

The extended context (I',z : A) is then interpreted as the w-groupoid given by
applying the Grothendieck construction from Section 3 to the functor in question:

[T,z : A] = /[[I‘I— A : type].

A judgement of the form I' - a : A is then interpreted as a section

[T A:type] w-Gpd.

[I]—— [T+ A: type]
1[& /
[r]

of the projection functor.

5.2. Sections of projection functors. Because terms are interpreted as sec-
tions of projection functors it will be useful to give a detailed analysis of such
sections. A section F of a projection m: [ A — C as indicated in the following

diagram:
c T A
C

consists exactly of the following data:

Objects. To each object = of C there is assigned an object xp of A,. le.,
(z,zp) = F(x).

1-Cells. To an arrow f: x — y in C there is assigned an arrow fp: b}?(x),F(y) fH
— YF of Ay

(n + 1)-Cells. When (n + 1) is even, there is assigned to an (n + 1)-cell

a: f = gan (n+ 1)-cell ap: fr = 024(';)71,(9)(@) of A,. When (n + 1) is odd,

ap: D}'{;),F(g)(a) = gp.

Note that such an assignment is made into a map of globular sets by defining
F(¢) := (¢, 0or). These assignments are required to be functorial in the sense of
preserving identities and composition. Preservation of composition amounts to the
following. Given m-cells, for m > 0, ¢ and ¢ in C such that (¢ %g ¢) is defined, it
is required in order for the assignment (—)r to constitute a section that

(¢ *0 @) F = YF *0 An(@F).

Assume that the composite (¢ *,,¢) is defined and that t™~""1p = g and s™ "1
= v. Furthermore, let u and v be the (n — 1)-cells bounding both ¢ and 1. Then
it is required that

(Y *n )F = (¥F *n-1) a%‘u,FU(/B)) x, op if (n+ 1) is even,
n 'l/}F *p (D%u,FU(V) *(n—1) SOF) if (TL + ]_) is odd.
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We also note that given any functor o: D — C, there exists a functor {c}4: [(Ao
o) — [ A such that the following diagram is a pullback in w-Cat:

J(Aoog) —24 14

| |

D—— ¢

Namely, {o}4 sends Z in [ Ao to (¢(z), a) and similarly for cells in all dimensions.
Consequently, there corresponds to any section F of the projection [A — C a
canonical section F|o] of [ Ac — D for which

Foo={o}soFlo].

Finally, note that, by taking D to be [ A itself and o to be 7, we obtain [ Ar as
the pullback of 7 along itself and there exists a canonical map d4: [A — [Am
induced by the identity functor 1 [a

5.3. Substitution and weakening. Suppose we are given an w-groupoid C
interpreting a context I' together with A: C — w-Gpd, B: [ A — w-Gpd and
C: [ B — w-Gpd interpreting judgements

'k A:type, I,xz:AF B(z):type, and T',z:A,y:B(z)kF C(x,y): type,
respectively. Moreover, let a section a interpreting the judgement I' - a : A be
given. Then the judgement I' + Bla/z] is interpreted as the composite functor

c% /A i>w—Gpd.

Similarly,
[T,y : Ba) F Cla,y) : type] := Co{a}p,
in the notation of Section 5.2. Finally, if ¢ is a section of [ C' — [ B interpreting
the judgement I',x : A,y : B(z) F ¢(z,y) : C(x,y) we define
[T,y : B(a)F c(a,y) : C(a,y)] = cla)].
Finally, for weakening, we note that when functors A, B: C — w-Gpd interpret the

judgements I' = A : type and T' - B : type, the “weakened” judgement ',z : A
B : type is interpreted by the composite

/A T, 2y u-Gpd.

5.4. Identity types. When A: C — w-Gpd has as its domain an w-groupoid
C, the identity type (for A) is a functor In: [ Am — w-Gpd where 7: [ A — C is
the projection. By definition, [ Ao is has as objects tuples Z = (z,x_,z) where

x_ and x4 are themselves objects of A,. Similarly, n-cells f in [ Am are tuples
(f, f=, f+) such that both (f, f-) and (f, f+) are n-cells in [ A. Le., the following
diagram is a pullback

JAT —— [ A

L

JA——C
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with the nameless functors the obvious projections. With this in mind, it is straight-
forward to describe the action of I4 on objects. Namely, I4(z, 2,2, ) is defined
to be the w-groupoid A, (z_,x,). Perhaps though, in light of the discussion of the
combinatorics of the Grothendieck construction from the previous sections, matters
are more complicated in higher dimensions. It is to this task which we now turn.

Remark 5.1. Because, when [ A is involved, we are dealing with two in-
stances of the Grothendieck construction f A it will be convenient to introduce
some notation to describe the various weighted face functors. In particular, be-
cause we adopt the convention of notating cells f of [[Am by (f, f-, f+) we will
also notate the corresponding weighted face functors accordingly. I.e., we write
0" (f) and 0% (f) for the instances of these functors corresponding to the appro-
priate “negative” and “positive” projections [ Ar — [ A. When subscripts are
necessary we write, e.g., D’iﬁg with £ = +,—. We adopt also a corresponding
convention for the “co-weighted face” functors.

5.5. Identity types in dimensions 1 and 2. Given an arrow f: T — yin
[ Ar, 14(f) is the functor

Am(x—vx-l-) - Ay($_,$+)

which sends any cell v of A, (x_, 1) to the following composite:

. /\ .

oot A R —

~_

Le., 14(f)(7) is defined to be (fy o As(y) %0 f=1). Already at this stage we have
tacitly made use of the dual functor — since —~f_ is f—*.

Now, given a 2-cell @: f = § we must provide a natural transformation 14 (@)
as indicated in the following diagram:

La(f)
Ax(m—’x+ H/IA y y+)
Ia(9)

Fixing an object h: ©_ — x4 of A,(z_, x4 ), the component [4(&), of this trans-
formation at h is described by the composite of the following diagram in A,:

/ L) o \
(5.1) ma- || ol () Yo+

\ . /

g(h
where the middle square commutes (on the nose) by naturality of A,. Explicitly,
I4(Q)p = (f4 %0 Ag(h) %0 nar_) %1 (ay %o Ap(h) %o 2 f_).

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



310 M. A. WARREN

With this definition in mind, we now turn to the introduction of some auxiliary
functors which will allow us to describe the identity types in higher dimensions.

5.6. Auxiliary functors. Holding an arrow f : & — g of [ Ar fixed together
with an object h of A,(z_,z4) we define functors

(A1 (05 (F).s) 225 (A )1y y),

(A1 (50 (1)) 22 ()1 (y— . 1s)

by setting
Ui, () = (%0 Aphxo = f-),
\i/}ih(f) = (fy 0 Aph o).

As usual, we omit either one or both of the subscripts when no confusion will result.
The first thing we observe about these functors is that

(5.2) V(f1) = Vi),

The next feature which should be emphasized is that these functors interact in an
important way with the usual weighted face functors. In particular, the following
diagram (of w-categories) commutes:

62

Ca(f,9) — "= (A1 (y-, 3 (9))

—
ot
w

=

k=4

L

Q

I

i, 1
Vi

(A1 (L (), y4) " (Ay1(y—,y+)

To see this, we note that
li/}j(ég (7)) = g+ *0 Agh 0 0L (7) %0 ~f—
= g4+ %0 0L.(7) *0 Ash %o —f—
= U(03.(7)),
where the second equation is by naturality of A,. We now observe that, when &

is as above, the component I4(d) at h can be described using these functors as
follows:

1@ = W} (~a) 1 U (ar)
In particular, I4(&), is obtained by composing

V(o) Bh(os)

(54) W) L W02 () = BA(32 (0) 2 Bl = Whigs).

As such, we have employed both (5.2) and (5.3) in order to show that the composite
defining 4 (&), makes sense. We emphasize this point because it provides the first
look at what will be required in higher dimensions.
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At the next stage, holding a 2-cell a': f — ¢ and an arrow h: x_ — x4 as
above fixed, we define functors

(A (F 0% 5, (@) 25 (A,)a (WL, (£4). W, (01).

,(a)a —|g,) ﬂ) (Ay)2 (\I];?’h(fﬂL)a \Ilgl'j,h(gnL))

as follows

The motivation for these definitions can perhaps best be seen in consultation with
(5.1). Tt follows, using the same reasoning from (5.4), that these functors are well-
defined and possess the appropriate boundaries. An immediate consequence of the
definition is that

U5 (ag) = WF ,(nas).
Moreover, (5.3) also generalizes to dimension 2 to give:

R A .
Cs(a, B) B (A)2(3% (), ~g-)
DZ,E;Jr ‘i’za,h

(A)2(F1:0%(B)) ———— (A)a(Th, (1), ¥},(91))

v,
when @, E f are fixed 2-cells. To see that the equation holds we reason as
follows:
UL, (02(9) = 95, (=6-) x1 ¥k, (03.(9)

= \ilglj (=8-) ; (O%r 7)) *1 f

= W (58-) %1 95, (02 (7)) +1 }

= W5 (-8- 1 92(7)) % ‘I’}* o)

B )

= W54 (0% (7)),

where the third equation is by (5.3). We will now show that this construction can
be generalized to all dimensions (n + 1) with n > 2. In particular we will prove
that at each stage (n+ 1), for every (n + 1)-cell g: & — § and arrow h: x_ — x4,
there exist functors \I/gj;: and \i/g:;l satisfying the following conditions:

(1) When (n+ 1) is odd,

(a0 (9). 82) 2 (A, (W), W3, (1)),
(Ao (a3 (@) TE (4, (W (04). W, (80)).
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Similarly, when (n 4+ 1) is even,

n+41

(Ay)n-‘rl (04+7 ag:g;_i_(@)) e (Ay)n-‘rl (\I’g,h (aq), \I/g‘)h(ﬁ+))a
S

(AyLHJ(ﬁz;igr‘¢)fﬂﬁf)‘_i£+(Ay%HJ(@gﬁ(a+)vW%ﬁ(ﬂ+n
(2) When ¢ is an (n + 1)-cell as above,
(5.5) LN py) = Uik (=po).

(3) Let parallel (n + 1)-cells @,¢: @ = § be given. When (n + 1) is odd, the
following diagram commutes:

6”t2ﬁ L .
Crt2(ip, ) —— s (Ay)nt1(~a—, 3" (y))
(5.6) A 0

(Ay)nt1 (03 (0), B+) T (Ay)nt1 (\Ilg‘j]_ﬁ,l(a-ﬁ-)a ‘I’zj;l (B4))

Z.h
And, when (n + 1) is even,
gtz
— @, — v
Cot1(0,9) ———— (Ay)n+1 (027 (), =6-)
(5.7) onte L

(Ay)ns1 (ar, 057 (1) o Ay (0% 4 (04), %, (B4))

b,k
commutes.

Lemma 5.2. The conditions (1)—(3) described above are satisfied when, for
G:a — B an (n+ 1)-cell of [ Am and h: x_ — x4 as above, the functors \I/g‘;l

and \ilg?;l are defined as follows:

\I/EJrl(f) — W%,h(_mp_) ik" lI/g',h(f) if (n+1) is even,
%, () 0 WE (o) if (n+1) s odds

and
‘I’%’h(*) *n ‘IJ%h(Ler) if (n+1) is even,

NSRS . .
@, \II% W (04) 50 WG (5) if (n+1) ds odd.
PROOF. We give the proof in the case where (n + 1) is odd as the case where

it is even is essentially dual. First, to see that \Ifg“ is well defined and possesses

the source and target as stated in condition (1) above, suppose we are given a m-
cell ¢ of (Ay)nt1(07 ¢, B1). Then, ¢ is a (m + 1)-cell of (A,),(f+,03) where
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52,5: f:& g. As such, we may apply \I/% to obtain

/\

) U0 UHE)

\_/

By definition of ~@, we have also ¢ _: ~a_ — 0""!(p). By the induction hypoth-
esis,

(57 () = WO (9).
and therefore applying \il;ﬁ to —p_ yields

n In \ig(_‘tp*) n (N7
(o) = #(nas) LECED, g onti(y).

Here the equation is by the induction hypothesis. As such, the composite
W(Q) = WHQ) e W)
is defined and possesses the correct boundary. A similar argument shows that
\I!g+1 is well-defined with the appropriate boundary. Note also that, with these
definitions, condition (2) from above is trivially satisfied.
Finally, to see that (3) is satisfied we note that, when ¢ and ¢ are parallel

(n 4+ 1)-cells as above and v is a cell of C,y2(p, V),
V(02 (7)) = VR4 (9) #a Ui(—-)

[e3

= U % 01 (7)) #0 U (—0-)

|
LS|
3
+
==
~—~
U<
|3
+
N
—~
@)
S~—
N—

where the fourth equation is by the induction hypothesis. O

5.7. Definition of the identity types. With the functors ¥" and U at
our disposal it is possible to give a very eflicient description of the “identity type”
functor I4: f Ar — w-Gpd. In particular, the official definition of I4 in all
dimensions is as follows:

Objects. I4(z, x_,x+) is given by the w- groupmd Az(z_,24).
1-Cells. Given f: Z — , the functor I4(f): I(Z 7) — I(y) is defined by setting

La(F)(y) = fr 0 Ap(y) %0 ~f -,
for any m-cell v of A,(z_,z4).
2-Cells. A 2-cell &: f = § is sent to the natural transformation I4(&) which
is defined, for an object h: x_ — x4 of A, (x_, x4 ), as follows:

La(@)n = Vg (o) = W5 (mas).
That I4(&);, possesses the correct domain and codomain is an immediate conse-
quence of the results of Section 5.6.
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(n + 1)-Cells. In general, given an (n+1)-cell 3: & = f§ in [Amand h: x_ —
x4, we define
La@n = () = U (me-).
Again, that I4(F), possesses the correct domain and codomain follows directly

from the definition of I4 at lower dimensional cells together with the results of
Section 5.6.

It remains only to verify that 4 is functorial. To this end, we first prove that the
data given in the definition are of the appropriate kinds. E.g., that I(&) is a natural
transformation, etc.

Lemma 5.3. As defined above, when &: f = § is a 2-cell of [Arm, I4(d) is
an w-natural transformation.

Proor. Explicitly, we must show that, for any m-cell v of A,(z_,z) with
m > 0 such that s™(y) = h and t"™(y) = k, the following “schematic” diagram
commutes:

in Ay(y—,y+). Le., we must prove that

(5-8) La(@)r #1 La(F)() = La(@) () %1 La(@)n-
By definition of W% , (o) and interchange it follows that the right-hand side of
(5.8) is equal to
(9+ %0 Ag(y) %o ma—) #1 U (ary).
Because A, is itself a transformation Ay = A, we obtain

ol (a) #0 Ay () = Ag(7) %0 2L ().

Thus,
Ag(7) xo ma = (Ag(k) ¥1 Ag(7)) *o (ma— 192 (a))
= (Ag(k) o —a) 1 (Ag(y) %0 0% (a))
= (Ag(k) %o ~a—) *1 (04 () %0 Ap(7) %0 f21).
Thus, the right-hand side of (5.8) is equal to
(5.9) U (ma) 1 (03(@) %o Ap(7) %0 f21) ¥ U, ().

Moreover, the interchange and unit laws yield

(0% () %o Ay(7) xo f21) %1 U p(ag) = ay %o Ag(7) %0 f2.
Thus, the right-hand side of (5.8) is equal to

WL o (mas) 1 (g %o Ap() x0 f21) = La(@)k *1 La(F) (),

as required. O

A similar argument yields the following fact:
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Lemma 5.4. Given parallel n-cells @ and 5 in [ Am bounded by 1-cells f,g: T
= ¢ together with a (n+1)-cell g: & = A, I14(P), as defined above, is a modification
1a(@) = La(B).

Proposition 5.5. As defined, 14 is a functor [(Aom) — w-Gpd.

PrOOF. First we consider the case of vertical composition. Let p-cells ¢ and
1 be given, for p > m > n + 1 > 1, which are bounded by 0-cells  and % and by
n-cells f, g and h as indicated in the following diagram:

i

2
Q
S

h

Then, for any object k: x_ — x4 of A (x_,zy), we will prove by induction on m
the stronger fact that when m is odd

‘IJ:: m( ((1/) *n ‘»5)+) = \I/:?pﬂn),/zk(d’-&-) *n \I/:E‘p,m)@k(gp+),
wz-7n<a*,,L¢>,k<ﬂ<w* P)-) =W (0 o Wz ()
and
\I’:; m(w*nw) k((w *n 95)4-) = \I/Zp—m)gk(w-l‘) *n \I’?(lp—M)@‘7k(Lp+)7
\IIW; " (Pend), ( (1 = ‘»5)*) \Ijmp m), k(_‘w ) *n \I/Z?p,m)@k(ﬂcp,);
when m is even.
First, assume m = n + 1 is even. We also assume that n 4+ 1 > 2 since the case

where n + 1 = 2 is a straightforward calculation (using ideas essentially the same
as those used here). Then

And this is equal by definition of composition, to
(5.10) W2 (=0 %y (37 (8) *(n—1) 2B-)) * n WY+ %(n-1) 01 (8)) #n 0+)

Now we will investigate in more detail each of the larger terms in this composite.
First:

U2 (6 sy (37 (8) #(n—1) B=)) = WH(=0_) sy WL (8) #(n—1) =B-)).
By definition of ¥” and functoriality this is equal to
W2 (=0-) 0 (W5 () ¥y U1 (076)) %) W51 (=62)),
which by (5.7) is equal to:
U (=0_) s (WEH () () W
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Similarly, the other half of (5.10) is equal to
(W2 (4 *n1) V21 @™H(B))) #n Ur(o)-
By these observations and a routine calculation it follows that (5.10) is equal to
TR (202 ) s (W51 (94) #ny U5 H(282)) %0 Wi
Finally, using the unit and interchange laws this is seen to be the same as ‘I’?H (Y1)

*p \Il;ﬁ+1(go+). The base cases where n 4 1 is odd are dual and the induction steps
are trivial. Thus, I, is a functor. |

6. Reflexivity and elimination terms

In this section we define the functors which will interpret reflexivity and elim-
ination terms. As in [9] we will interpret terms as sections of the projection map
J A — C associated to the functor A which interprets their type. We begin by
summarizing some of the basic facts about such sections and the related structures
resulting from the Grothendieck construction.

6.1. Reflexivity terms. We end this section by describing briefly the “reflex-
ivity term” associated to a functor A: C — w-Gpd. By definition, the reflexivity
term should be a section r4:

6 N

where §4 is as in Section 5.2. However, we will require the explicit description of
this map and we will also introduce some notation related to this map. For objects,
given an object Z of [ A, we must provide an object @, of Ia(z,x_,z_). Le., &,
should be an arrow z_ — z_ in A,. We define #,. to be the identity z_. (Note
that here and throughout we omit the identity maps and write z_ instead of i(z_).)
Next, given an arrow f 1 ¥ — ¢, we need to provide an arrow

2 -
OD) @) v () = G = y—
in A,, where (0I)™ denotes the weighted face functor for [ I4 (and so, in this case,

also [ I464). But, by definition, (01)! (f) is just y_ and we therefore define f, to be
y_. Indeed, at every dimension n > 1, when @ is a n-cell of [ A bounded by objects
Z and ¢, we define @, to be y_. Alternatively, the map r4 may be constructed, as
the anonymous referee was kind enough to mention to us, as the canonical section
induced by the fact that

f(IAO(SA)—)fIA

|

JA— [(Aom)

is a pullback. Note that r is constant y_ in all dimensions n > 1 since (91 )i(f) (@) (P)
is equal to y_ for any ¢ in [ A bounded by Z and §. As such, we define @, to be
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y— in all dimensions n > 1. With this definition functoriality of r is trivial and we
have proved:

Lemma 6.1. Given A: C — w-Gpd as above, the assignment r defined above
induces a section T4 as indicated in (6.1).

6.2. Setting up the construction of elimination terms. Turning now to
elimination terms, suppose we are given a functor D: [I4 — w-Gpd together
with a section d: [ A — [ D{04}s,74 of the projection [ D{éa}r,ra — [A. We
would like to prove that this extends to a section J of [ D — [I4. We begin by
fixing notation.

As we are dealing with multiple cases of the Grothendieck construction it will
be convenient to introduce some notation to deal with the different weighted face
functions which occur. First, we denote by ©™(-) the weighted face functor for
J D. As usual, we denote by 9" and 97 the functors for the two projections of

J 14. Finally, we denote by ©" the weighted face functor for [ Do{da}r, ora.
Next, we observe that there is an endofunctor |(=): [I4 — [I4 defined as
the following composite:

/IA&/AT—A>/IA05A—>/IA.

Le., | sends an object ¥ = (z,z2_,24,2-) to (z,z_,z_,z_) and similarly for
higher-dimensional cells. Here, as throughout, we omit mention of identity arrows.
Le., writing out identities we have that | Z is (z,z_,x_,i(z_)) or (z,z_,x_,1, ).

We will often be concerned with the situation where we consider, given Z an
object of [ I, the restriction (z,2_) of Z to [ A. Rather than write mo(Z) every
time for this object we instead denote this pair by #. Similarly, % denotes mq(¥) for

general n-cells ¥ of [ 4.

6.3. Naturality cells. The construction of the elimination terms is rather
technical and proceeds in several stages. First, we describe “naturality cells” which
exhibit what amounts to a (suitable notion of) pseudo natural transformation €_
from J(-) to the identity 1 (14 The construction proceeds by induction on dimen-

sion as usual.

Dimension 0. First, in dimension 0, given Z in fIA, we define an arrow
ez: J(Z) — T as follows:

€z = (JI,.TJ*, :E~Mx4))7

where @ = (z,z_,24,2_,). Next, holding O-cells Z and ¢ of [I4 fixed we define

functors
JEFO vi",ﬂ;& JER—
</IA) (,9) —— (/bx) (2,9
1 1

for £ = —, + as follows:

(egxo L () f &=+

As usual, we omit the subscripts Z and ¢ when these are understood.

{(*oef) it e =—,
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Note that with these definitions, when ¢ is any m-cell, with m > 1,
(6.2) V(@) = (0, 0- o x0 Ap(22), 90),

(6.3) VL(B) = (0,0, y %0 9, y),

where s 1@ = fand f: Z — 3 is as above.

Remark 6.2. Because we will sometimes want to refer to the different elements
of such a pair V% (@) we denote by [V% (@)]x the kth component, for k = 0,1,2,3.

E.g., [VL(@)]2 s (Y- *0 o).
Dimension 1. Next, we define, given an arrow f: F—yin [I4, a 2-cell
1R 5F ool (R
V(f) = Vi(/)
Le., ezis as indicated in the following “naturality” diagram:
)
)

Z
@ y

In particular, £ is defined to be (f, f—, f— *o f—, f— ). This definition is easily seen

T

—

<+~

(&

€
Ef“\U/

—

ey

WA
1

to make sense using (6.2) and (6.3). Now, holding parallel arrows f and § fixed,
we define functors

</IA>2(f,§) ¥, (/IA)Q(vwf),vi(g*))

Vi) = { Vr ey i 6=,
egx1 VL(Y) if &=+

With these definitions it is straightforward to verify that
(64) V%(@) = (SO,SO*,f*) *0 Sofafﬂ)a

when @ is any cell of ([ 14)2(f, 7). In order to obtain a similar analysis of V()
we require a further fact about the duality functor —.

by

Lemma 6.3. Given any m-cell, form >1, g of [ A,

—p_ %0 o = 0% (),
P—*0 P = Y-
where & and § are the 0-cells bounding @.
Proor. This is a direct consequence of the easily proved fact that, for 0 < n <
m—2
[ (P E T

when n is even (or 0), and

= " P) #n (- ¥ty Pl o (2h)

o #n P55 "2 (92 = (055 " OTY) * ) 0-) #a sTTTTHA T,
when n is odd. Iteratively applying these facts and canceling inverses yields the
required result. ([l
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Using Lemma 6.3 it follows, by a (lengthy but) straightforward calculation,
that, where g

(65) V3@ = (om0 11 B3, (04)) 505

for any m-cell @ of ([ I4)2(f, ) with § = t™~23. Using (6.4) and (6.5) we define
eg, for a: f:{ G a 2-cell of [ Iy, as follows:

e = (a,a_,a %o a_,a_,).
In higher dimensions this procedure is carried out as follows:

Dimension (n + 1). Given & and 5 of dimension n together with the appro-
priate V™ we first observe that, using decompositions of V?(gﬁ) corresponding to
(6.4) and (6.5), and proved by a standard calculation using Lemma 6.3, it follows
that, if, g: @ = Bis a (n + 1)-cell, then

v ( ﬂ) _ (‘»07 P—y Oy k0 P—, O‘%) if n is even,
- (o, 0, (OI)™(P) *0 p—,p—) if n is odd;

and
n( = (@, 0, (OI)™(P) *0 p—,a—) if n is even,
V_,_((p) = . )
(s, B %0 p—, B) if n is odd.

Thus we define
V(@) =5 V(B)
by
(@, 0=, P %0 Py ).

Now, holding @ and E fixed, we define

( / IA)W(&, 5 T ( / u)nﬂ(vw&),vz(*))

for £ = —,+ as

. VT (F) kpeg i €=—,
vn-‘rl o +
e ) {sg*n v (9) if €= +.

6.4. Elimination terms in dimensions 0, 1. Assume we are given an object
Z=(z,2_,24,2-)of [ I4. We would like to provide a corresponding object, which
for the sake of notational convenience we simply denote by x;, of D(Z). This z;
is obtained by a kind of Yoneda style argument. Namely, we observe that, by
assumption there is a term &4 in D(}(Z)). Applying the functor D(ez) yields the
required z; in D(Z). Le.,

xy = D(ez)(&q).
Because it will greatly simplify matters in the later stages, we introduce a special

notation for D(ez) and its higher-dimensional generalizations D(e5). Namely, we
define

With this notation x; = (Z)(Z4).
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In dimension 1, given an arrow f : @ — ¢ in [ I4 we have by hypothesis the
arrow fu: OL ;(f) = ffa in D(L§) and, applying (7).

#(8'f) LI,
in D(¥). Now,
(@) (8'F) = () (DU N)Za) = D(V4 a.
Also,
'(f) = D(f)(ws) = D(V"f)Za
and therefore we define f; to be the composite

o' (F) o4y p(vL fiag D2y,

Again, it will be useful to introduce some additional notation to clarify the situation
in higher-dimensions. First, holding fixed objects Z and ¢ of [I4, we define a

e ( / IA) @7 3, p(g)

0377 = () (O5 7())-
The next ingredient is to define, for f: # — 7, arrows <(f): ©(f) — 91(f) and
>(f): 91 (f) — y as follows:

by

<]( _3 = <f>:ﬁd’

—

>(f) = (i) fa-

Thus, with this notation f is just > ) *o <(f ) We will see below that, in general,

~.s will always be formed as a composite of the form >(5)*j_1<(¥) along a (k—1)-cell
).

6.5. Elimination terms in dimensions 2. In dimension 2, let arrows f, g: T
= yin [I4 be given together with a 2-cell a: f:> g. In order to define a; we
will describe 2-cells filling both the square and triangle as indicated in the following
diagram:

— a( — >(f)

~

e'(f) () (&
o1(a) ﬂ 9 (a) ﬂ
. , >(3)
0'(9) 7 74(9)

Defining the functor
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we see that our goal is precisely to provide 2-cells

)

f E— 19??7;]'( _’)

=5 % (a).

The strategy for filling the square and triangle from above is fairly simple. For the
triangle, we use &4, and for the square we use the naturality cell e5. To begin with,
we define

(@) = () (&a) *o <(f)-
For the square, we observe that
0'(7) = D()(a),
91 () = D(V37)(Fa)
where 7 is any cell of [ I4(Z, 7). Thus,
9'(7) xo A(f) = D(V2F)(%a),
() x0 ©(7) = D(V37)(&a)-
As such, we define
>(@) = >(g) *o (@)z,-
Thus, ay is (>(&) *1 <(&)). It will often be convenient to omit parentheses when
dealing with the arrows >(&@) and <(&). In order to avoid confusion, we adopt the
convention that > and < bind more tightly than composition. l.e., <4 %3 @ should
be read as <(7) *i &.
Before moving on to dimension 3, we first introduce some additional machinery
which is the final technical ingredient required in order to make the induction to

higher dimensions possible. Namely, for f,g : £ == ¢ parallel 1-cells, we define
functors

o = o H o
D (9 frys) =% D(@)1(0" flys) —L% D()1 (01 f,9'g)

as follows:

With these functors at our disposal, we are in the position to make several remarks
regarding their interaction with the other structures with which we are concerned.
To begin with, when & is a 2-cell f = g,

(6.6) > = H ((d)z,),
(6.7) q4a = H}%A(gj’)(dd)).
Also, these functors interact with 92 in the sense that
“ = 1/~ 2 (= -
(6.8) 0L (0§ %0 0" (7)) = 9% ,(3) = Hf (9" (3) %0 < ).

In an informal sense, the problem of providing the elimination maps ¢ ; will be seen
to always amount, as above, to filling both a triangle and a square. In each case,
the tactic is essentially the same as above and the functors H* and H* allow us
to express in the most perspicuous way the combinatorics of the situation for the
squares and triangles, respectively.
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6.6. Elimination terms in dimension 3. In dimension 3, given ¢: a = E
a 3-cell of [I4, we would like to describe the 3-cells indicated in the following
diagram:

fi <a 9%(d) a 0%(a)
| 92() | e%(g)
(©9) v #(f) —————6%(3)

With this picture in mind we begin by defining, for fixed parallel 2-cells @, 5: f = 7,
functors

-,

D@)af1,928) 25 D()a(f2,0%8) —255 D(§)a(07d, 02)

as follows:
72 (N e 2 7l
55(0) =0 B Hy (),
2 _ 7l -
Next,

( / IA) @.5) 252 D@)a(f5.0%(F))
3
is defined by
B3(-) = (B) ¥1 92(-) %1 <(@)

Before going any further it is useful to establish several facts. First, we note that
by a straightforward calculation:

2 (= gl 025
(6.10) P (7) = 1 ((76%).
We call (6.10) the triangle-law for dimension 2 and note that together with (6.7)
it follows that the triangle from (6.9) may be filled with the 3-cell H}§(<g)¢d).
Accordingly, we define ,
= 12 5(7)20).
Turning to the square, observe that
0% (7) +1>d = (g7 %0 ©'7) *1 (> %0 (@)z,)
= (5§ %0 9G %0 ©'7) *1 (> G %o (@)z,)
= Dg*o ((Qg*o @1’7) *1 <62>id)
7 37
=Dg %0 D(V_’y)jd.

Consequently, we obtain the source square-law for dimension 2:

(6.11) 0% _(3) xi>d = H: (D(V29)s,).
Another straightforward calculation yields the target square-law for dimension 2:
(6.12) > G 0% (3) = H (D(VET)z,)-
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Thus, the filler of the square in (6.9) is defined to be H}g(@')zd) Finally, we set

= . 2 —\
dp = H&)5(<¢>id)7
py =0 QE *9 < QE
6.7. The construction in higher dimensions. Now, at higher dimensions,
the construction of the elimination terms is by induction on dimension. In partic-
ular, we proceed by induction on n > 2 in such a way that at stage (n + 1) —in

addition to the existence of the required (n + 1)-cells ¢ ; — the following conditions

are satisfied:
(1) For all parallel n-cells &, B f = g, there is a functor 192%1 parallel to @Tﬁ‘%l.

ILe., .
(2) For any (n + 1)-cell @: @ — 3, there exist corresponding (n + 1)-cells &> @

and <@ such that
n+1 - '>‘P n+1l =
g ——) s 75 6& ¥ (2}
when (n 4+ 1) is even, and

- < - b
(_:)n—',-lgp ? ,ﬂn-i-l S" BJ

when (n + 1) is odd.
(3) There are, for @ and 3 parallel n-cells, functors H™ g and H"™ 7 such that

’ ’
rmn

D(§)n(9"d,9.7) h>D(17) (0"d,gs),

D(§). (0", 9"F) =5 fo — D(§)n (0", 9.)

if (n+4 1) is even; and

D(i)) fJ,ﬂ”B) o (f7,0"6),

D) (95, 6"5) “ D()a(11,0"F)
if (n+ 1) is odd.
(4) The following triangle-law is satisfied:
’lgn—tl’? Hn (<g>®n+1 )

when 7 is any cell in the domain of 97+1!.
(5) If G, 0: @ = [ are parallel (n + 1)-cells, the following square-laws are
satisfied:
HY (D(V"?5)s,) = {@"HV *, > @ if (n+ 1) is even,
a.p ! 91T %, <@ if (n+ 1) is odd;

and
b ap s, 9715 if (n 4 1) is even
HY 5(D(VE20)z,) = = " Doz ’
5 (D(V20)z,) {W*n@nﬂa if (n+ 1) is odd,

for appropriate cells ¥ and 5. Note that the V?” here are defined with respect to
@ and 1;

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



324 M. A. WARREN
Assuming we have carried out the construction up to stage n, we claim that
the following definitions at stage (n + 1) will satisfy the required conditions:

e For parallel n-cells @ and ,6_; ,

19;1:%1(7) = D&*(nfl) 19”(7) *(n—1) <1§.

o If @ and 5 are parallel n-cells f = ¢, then we define

>0 %, H;ﬁ;l(f) if (n+1) is even,

H" (-) =
a,ﬁ( ) {H}k;l() *, <@ if (n+ 1)is odd;
and
- ﬁz}z;(f) ¥, 4@ if (n+1) is even,
a7 ) =05 () i (n 1) is odd,
e Given @: @ = f a (n + 1)-cell, we define
. H" E((@gbd) if (n+1) is even,
Qp=q 0T . .
H&E((gp)%d) if (n+ 1) is odd;
and

v
6L
I
—N—
X
™y
—
S
a
SN—
=1
=
+
—_
S—
o
(e}
<
(e}
B

e In all dimensions,

when & is a (n + 1)-cell.

The reader can readily verify that we have already satisfied the conditions of
the induction in the base case where n = 2. We now turn to the induction step.

Lemma 6.4. With the definitions given above, the conditions of the construc-
tion are satisfied in all dimensions (n + 1).

PRrROOF. First, assume (n + 1) is even with n > 2 and let an (n + 1)-cell
@:d = fin [ 14 be given. Then, by the induction hypothesis and examination of
the following diagram

> a

qJ

on(@) — 2% 5 9n(a)

where &, 5 : f = ¢, it follows that conditions (1)—(3) are satisfied with the defini-
tions given above.
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For the triangle law, we reason as follows:

FI;E,E(@@)"“W) = Ffﬁ?(@ﬁd *(n—1) @én’?) *(n—1) <A

= HY 2 (()Ba) *u-vy HEH(()O™) ¥y 26
=0 B %) 0% (7) *m-1) 455

n+1
=950,

where the penultimate equation is by definition of 5 and the induction hypothesis.
Next assume given (n + 1)-cells @, ¢: & = . For the “source” square law, we
have

HY 5(D(V29),) = HY 5(D(VE )z, 0 (D)2)
= (Dg*ml) HE (D(VTW’))) o & G
= (Dg*(n—l) 45*(n_1) @”'7) *p D F
= (B *(n—1) O"F) #, > @
= 62%1’7 kg D QB,

where the third equation is by the induction hypothesis. For the “target” square
law, we reason similarly and note that

-

HE 5((¥)z, #n DV, oy 2 (D7), )

@i
/_\

= 1/7 ( 5 *n-1) "7 *(n-1) <)
A L
=Dy 07 ¥ v
as required.
The induction step where (n + 1) is odd is essentially dual. O

Using the lemma, we now have the following fundamental result.

Proposition 6.5. The cells of the form ¢ constitute a section J: [ — [ D
of the projection map [ D — [I4.

PrOOF. In light of Lemma 6.4 the only thing which remains is to verify that
the assignment () s is functorial. This however is a consequence of the functoriality
of d and the construction of the “terms” ¢ using the functors H* and H*. |

7. The main results

With the machinery from the preceding sections at our disposal it is now pos-
sible to establish our main results.

7.1. Dependent sums and products. Before defining the dependent prod-
ucts and sums, we begin by describing some basic features of general setup. First,
given a functor A: C — w-Gpd we note that, by the basic properties of w-Gpd,
there exists an w-groupoid denoted by I'(A) of sections of the projection [ A — C.
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Le., the objects of I'(A) are sections

C———[A
C
and arrows are 2-cells a : @ = b for which m o @ = 1¢ and so forth at higher
dimensions. Now, given a further functor B: [ A — w-Gpd and an object x of C,
we define a functor "B, ": A, — w-Gpd as follows:

Objects. Given an object z_ of A,, "B, (z_) is the w-groupoid B(x,z_).

1-Cells. Given an arrow h: x_ — x4 in A,, we define the functor "B, (h):
B(z,z_) — B(z,z4) as follows:

"B, (h)(-) = B(x, h)(-).
Here we note that this is possible since (x,h): (x,z_) — (x,24), where we have
written (z, h) instead of (14, h).

(n + 1)-Cells Given a (n+1)-cell a: f = g in A, bounded by 0-cells z_ and
x4, together with an object y of B(z,x_), the transformation "B, («) is defined
at y by

"B, (a), = B(z, ).
Now, we would like to describe, in this same setting, the dependent sum ¥4 p: C —
w-Gpd. Note that, when A and B are apparent, we will often omit the subscripts.

Objects. Given an object = of C, we define
Yapx) = /FBIT

Given f: 2 — y in C we would like to define ¥4 5(f): [TB," — [TB,”, which
we will write, for the sake of avoiding too many parentheses, as X¢. An object ¥
of [TB,7is a pair (v_,v4) such that v_ is an object of A, and vy is an object of
B(z,v_). We adopt a similar notation in higher dimensions. We also write 0(z)"
for the weighted face functor of [TB," and similarly for d(y)", etc. With this in
mind we adopt the following definition (which we will discuss below):

1-Cells. Given f: x — y in C, ¥y is defined on objects ¢ of [TB,™ by
2(0) = (v-.f, B(f,v—.f)(vs)),
and on (n + 1)-cells g of [TB," by
Zf(@) = (@—f7 B(fa w—f)(@ﬁ))v
where ¢ and @ are the objects bounding @ at source and target position, respec-
tively.
Note that this is a correct definition since, by functoriality of B, it is proved (si-
multaneously with the verification of the definitions) at each stage that

B(f.w- f)(0@) 5 (0-)) = 0L | o f),

where & and E are the n-cells bounding .
In dimension (n+ 1), ¥4, 5 is given as follows:
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(n 4+ 1)-Cells. Given a (n+ 1)-cell p: a« — fin C, ¥,: £, — Xp has as its
component at the object 7 of [T B, the n-cell

(E<p)z7 = (U,.QO, B(‘Pv U*"P)(Uﬁ))
of [TB,.
To see that this makes sense, let n-cells A, u: a — (8 be given. Then it follows, by
induction on n that,

n B(p,v-7)y, if (n+1) is even,
9 (n+1) ) = #
We0e@a: =1 =Y Bro_a), if (n+1) is odd,

where «y is any m-cell with m > n + 1 bounded by A and u (i.e., s™ ™y = A
and t™ "y = p). This is a straightforward induction using functoriality of B.
This completes the description of the interpretation ¥4 p of dependent sums in
this setting. With these definitions, the verification of functoriality is a routine
calculation.

Next, we define the dependent product II4 p: C — w-Gpd to be the functor
which sends an object x to the w-groupoid I'(" B, ") of sections of the projection
JTB," — A,. Explicitly, II4 g is as follows:

Objects. 14 p(z) is defined to be I'("B, 7).

1-Cells. Given an arrow f:x — y in C, II4 g(f) is the functor sending a
section a in I'("B, ") to the section Xy oa o As-1. In general, Il g(f) sends an
arbitrary cell ¢ of I'("B,") to the composite Xy o p 0o Ay-1 as indicated in the
following diagram:

Ap-1 ro > rp 7
S~ l
la, Ay

A, —1 4,

(n + 1)-Cells. In general, when v: @ — S is a (n + 1)-cell in C and a is an
object of 114 p(z), the dependent product is defined by setting

HA,B(’Y)CL = E"/ cao Aa’("/)v

where o: C — C°P is the dual functor for C as described in Section 4.

This completes the description of the dependent sums and products. The introduc-
tion and elimination terms are then obtained as generalizations of those given in

[9]-

7.2. Results. With the interpretations given we obtain the following result
extending the original groupoids model from ibid. to the setting of w-groupoids:

Theorem 7.1. The interpretation given above soundly interprets the basic
form of intensional type theory with dependent sums, dependent products and iden-
tity types (i.e., the theory Ty, from [1]). Moreover, the n-rules for dependent sums
and products are also satisfied.

ProoF. Using the interpretation given above it is straightforward to verify that
all of the required laws, including all of the Beck — Chevalley laws, are satisfied. [
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Recall from [1,27] that we employ the following notation for iterated identity
types:

Anﬂ(al, bij. - ant1,bn11) = A"(a1,b15 - - 5 an, bu) (@ns1, bny1).
In this notation, the principle of n-dimensional uniqueness of identity proofs is
F a1, bngp1 s A (ar, bi; . s bn)
Fany1 =bpy1: A%(ar,b1;. .5 an,bn)

It is a trivial consequence of the interpretation that, for all n > 1, the w-groupoid
model refutes UIP,,. To see this, form the globular set G which is described as
follows:

0-Cells. Two 0-cells 1% and TO.
(n + 1)-Cells. Two parallel (n + 1)-cells L™+ Tntl. |ny T

Then the free w-groupoid on G refutes uniqueness of identity proofs at all dimen-
sions (in both the forms which deal with definitional and propositional equality).
This is the case because the terms of identity types in any type interpreted as this
free groupoid are simply the cells of this groupoid. IL.e., we have:

Corollary 7.2. For all n > 1, the principle UIP,, is not derivable in T,,.
Sitmilar, the principle of uniqueness of identity proofs with respect to propositional
equality is also not derivable.

Recall from [1] that the n-truncation rule is as follows:

F an+15bn+1 5An(a1ab1; .. -;anvbn) F p: An+1(a1ab1; .- -;an+17bn+1) TR
l_ an+1 = anrl . A"(al,bl; .. .;an,bn) "

Our main corollary of Theorem 7.1 then states that the identity types in intensional
type theory are nontrivial in all dimensions in the sense that all of the truncation
rules are refuted by the w-groupoid model. The same counterexample from above
suffices to give this result as well. Le., we have:

Corollary 7.3. Forn >0, TR,, is not derivable in T,,.

We note that all of these results also apply in the case of type theory with the
added n-rules for dependent products and sums, since these rules are valid in the
model.

Appendix A. Rules governing identity types,
dependent products and dependent sums

In this appendix we describe the syntax of the system considered in this paper
(called Ty, in [1]). All rules below are stated in an ambient context which is omitted
for ease of presentation.

A.1. Identity types.

a,b: A .
formation
F A(a,b) : type
T(a)a: :Af(léh " introduction
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x:Ay: A z: A(z,y) b B(x,y, 2) : type

z: AF o(z): B(z,z,7(z))
f:A(a,b)

J(ga(x),a,b, f): Bl(a,b, f)

elimination

a:A
J(np(x),a,a,r(a)) =y(a): B(a,a,r(a))

conversion

A.2. Dependent products.

x: Ak B(z) : type
[1,.4 B(z) : type

[] formation

] introduction

x:AF f(z): B(x)
)\z:Af(x) : Hgg;A B(LE)

f:1l,.4B(x) a:A

elimination
app(f.a) : Bla). 11

Apaf(x) : [1,.4 B(x) a:A

] conversion

app (Ae:af(2),a) = f(a) : B(a)

A.3. Dependent sums.

x: AF B(z) : type

S B(0)  type > formation
x:A :

a:A b: B(a)

introducti
pair(@.0) S B@) > introduction

p:y .4B) x: Ay B(x)F ¢¥(z,y): C(pair(x,y))
R(¢(x,y),p) : C(p)

>~ elimination

a:A b: B(a) z: Ay B(x) b y(z,y) : C(pair(z,y))
R(¢(z,y), pair(a,b)) = ¢(a,b) : C(pair(a, b))

> conversion

Appendix B. The universal property of the Grothendieck construction

In this appendix we provide a detailed proof that the Grothendieck construction
J A for strict w-categories introduced in Section 3 can be described as the coend
J¥(z | C) x A,. First we turn to a more detailed description of the comma w-
category (x | C) when z is a 0-cell of an w-category C.
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B.1. The comma w-category. Given an w-category C and an object z of
C the comma w-category (xz | C) will be constructed inductively in such a way
that at each stage a n-cell of (z | C) is a pair (f, f—) such that f is a n-cell of C
and f_ is a (n + 1)-cell of C. At each stage it will also be necessary to construct
auxiliary functors which describe the boundaries of the cells f_ in terms of f and
lower dimensional cells. These are like the weighted face functors discussed in the
construction of the Grothendieck construction given above and we denote them
also using the notation 0. Because we will not require the combinatorial details of
the comma category (z | C) we will merely describe the different cells and leave
the proof that this yields an w-category to the reader. We mention that slicing
constructions in the higher-dimensional setting have been studied in recent work
by Palm [20].

0-Cells. A 0-cell of (x | C) is a pair ¥ = (y,y—) such that y is an object of
C and y_ is an arrow  — y in C. For fixed 0-cells ¢/, Z define 0y () = — %o y_.
When ¥, 2’ are understood the subscript will be omitted.

1-Cells. A l-cell ¥ — Zof (x| C) is a tuple f= (f, f=) with f:y — z a 1-cell
in Cand f_: 9(f) — z_ a 2-cell in C. Fixing parallel 1-cells f,§: ¥ — %, we define
07 4(5) =g-x10(-).

(n 4 1)-Cells for (n + 1) even. A (n+1)-cell : 7 — 4 is given by a (n+1)-
cell p: v = dinC and a (n+2)-cell p_: y_ — 9(p) in C. Given parallel (n+1)-cells
@ and 1) we define 05.5(5) = 0(=) *ny1 .

(n + 1)-Cells for (n + 1) odd. A (n+1)-cell §: ¥ — § is given by a (n+1)-
cell p: ¥ = dinC and a (n+2)-cell p_: () — d_ in C. Given parallel (n+1)-cells
@ and ¢ we define 8@1;(7) =) k1 O(5).

Here we use the notation 9 instead of 9 to describe the required “weighted bound-
aries” of the construction since we will be mixing both the Grothendieck construc-
tion and its 0 and comma categories in Section B.2 below.

Allowing x to vary we obtain a functor (of w-categories) (— | C) : C°? — w-Cat
which we describe as follows.

Dimension 1. Given an arrow [: v — x in C°P we have a functor I*: (z | C) —
(v C) which sends a cell = (¢, ¢_) of any dimension of (z | C) to

l*(ﬁ) = (‘pv ¥— *o Z)

This is trivially functorial.

Dimension 2. Given parallel arrows I, m: v — x in C and a 2-cell \: | — m
the induced transformation A*: [* — m* has as its component at an object § =
(y,y—) of (z | C) the cell

(A)g = (Ly, y— *0 A).

With this definition the naturality condition for natural transformations of w-
categories is straightforward.

Dimension n > 2. Given parallel (n — 1)-cells a and § in C (bounded by v
and x, respectively, at dimension 0), and a n-cell : o — (3, the component of
the induced transformation ¢*: a* — [* at an object ¢ of (x | C) is given by
(1,,y— * ¢). This clearly satisfies the naturality condition.

This process is clearly functorial (since it is just given by precomposition).
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B.2. Description of the coend inclusions. We now turn to the description
of the coend inclusion functors ¢, : (z | C) x Ay — [ A, for A: C — w-Cat. Again,
Ly is given by an inductive construction where we must verify certain equations at
each stage. We will begin with the first few dimensions and then we will explain
precisely the conditions of the induction.

0-Cells. A 0-cell of (z | C) x A, is a tuple ¥ = (y,y—,yo) such that y is a O-cell
of C, y_isal-cell y_: z — y in C, and y, is an object of A,. We define

Lm(gj) = (ya Yo - y*)'

So, in particular, ¢, (¥)— = yo - y—.

Now, given two O-cells § and Z of (z | C) x A, we have the weighted boundary
functors d7,z(-) (for (z | C)) and d, (5 () (for J A). These two functors are
moreover related by the law

(B.1) 0 (a5 (5) = Yo - 05.2(—)
since
2 @e () = Yo Y- = =Yo (0 Y-) = Yo - O5,2(-).

1-Cells. A 1-cell f: §— Z of (x ] C)x A, is a tuple f= (f, =, fo) such that
fisalwcell fry—2inC, f_: 052(f) = 2— isa 2-cell in C, and fo: yo — 2, is a
1-cell in A,. Then t,(f) is defined to be the pair (f,ty(f)—) where to(f)_ is the
1-cell

Yo f— forz—
O )0e () () =10 - 9g.2(f) Yo - 2- Zo 2

where the equation is by (B.1). Le.,

=

ta(f)— = (fo - 2-) %0 (Yo - f-)-

Now, before moving on to the next stage we observe that, for 1-cells f, gof (z ]
C) x A, the following equation relating the weighted boundary functors holds:

(B2) wa(f)’%(ﬁ) (7) = (go ) Z*) *0 (yo ’ 8f_',§(7))7
0 (Pe@ () = ta(§) = *0 0, (7))
((90 - 2=) *0 (o - 9=)) *0 (Yo - Og,2(-))
(90 - 2-) *0 (Yo - (9— %1 05.2(-)))
(9o - 2-) *0 (Yo - affg(f))v

where the first equation is by definition of 8L$( Foa (@) (—), the second equation is by
(B.1), the third equation is by associativity of %o and functoriality of A, and the
fourth equation is by definition of 0 7 g(f).

2-Cells. A 2-cell @: f — g in (x ]} C) x A, consists of a tuple & = (a, av—, )
such that a: f = gisa2-cellinC, a_isa 3-cell a_: f_ — 8f~’§.(a) in C, and «a,
is a 2-cell a,: f, = go in A,. Then 1,(d) is a pair (a, (&) _) where ¢, (&)_ is the
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2-cell
ta(f)- 2 (P
(o 2-)*0(Yorx—)
(for2-) %0 (Yo f-) (9o - 2-) *o (yo'af,g(a))'
Le.,
L (@)= = (o - 2-) %0 (Yo - ).
Again, for 2-cells @ and B of (x ] C) x A, there is an equation
(B3) OLI(&‘),LI(E) (7) = (Oéo ' Z—) *0 (yO : 8&73(7))

relating the weighted boundary functors. This equation is obtained as follows:
2 @) T (@) 1 (@)
= ((go “2-) #0 (Yo - afjg(*)) *1 ((040 z2-) %0 (Yo - O‘*))
= (ao : Z—) *0 (yo : (8]5'7_(;(*) *2 a—))
= (ao : Z*) *0 (yo : 05275(7))7
where the penultimate equation is by the interchange law and functoriality of A.
3-Cells. A 3-cell g: @ — S of (x| C) x A, is a tuple g = (p, p_, ©,) such that
p:a— fisa3-cellinC, p_isad-cell p_:9; 5(p) = B- InC, and o: ap = Bo
is a 3-cell in A,. Then ¢, () is the pair (¢, ¢,(F)_) where ¢, (F)_ is the 3-cell

2 @) (P t(B)—

(po-2-)*0(Yo-p—)

(ao : Z—) *0 (yo : 6&’5(@) (ﬁo . Z—) *0 (yo : ﬁ—)

in A,. Le.,

ta ()= = (o~ 2-) %0 (Yo - )
Now, given two 3-cells @, 1;: & — Bin (x ] C) x A, we have the equation

(B4) () (7) = (wo : Z—) *0 (yo : 6@),;(7));

0@t
O, (@) () = b ()~ %2 2, (@) )
= ((% : Z*) *0 (Yo - "/}7)) *2 ((ao “Z) %0 (yo : 852’5(7)))
= (wo : Z—) *0 (yo : (1/)— *3 85;)/3‘(7)))
= (Yo 2-) %0 (Yo - 95 5())

Indeed, as suggested by these cases, we define at all subsequent stages of the con-
struction

—

(B.5) ta(§) - = (§o - 2-) *o0 (Yo - £-),
and that we must verify that the equation
(B.6) 0, @) = (Cor2) %0 (Yo - Oz ()
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holds. However, the verification that this equation holds generalizes directly from
the cases of dimensions 2 and 3 given above (since the definitions of ? and 0 also
generalize directly from these cases). That ¢, is functorial is straightforward and is
left to the reader.

The functors ¢,, for  an object of C, constitute a dinatural transformation
(—1C)x A_ — [ A in the sense that, for any {,m : v — 2 in C and any n-cell ¢
bounded by ! and m (including the degenerate case where [ = m = @), the diagram

I*x A,
@LO A e L0 x AL
mu/r
(zdC)x A | (@dC)XAg | (zlC)x A, Lo

(z1C) x Ag [A

in w-Cat commutes. To see this note that, for 0-cells ¥ = (y, y—,yo) of (z | C) x Ay,
oo (I" X A)(7) = (Y, 9o - (y—*0 1)) = (1,40 - - y—) = ta 0 ((x 1. C) x A)(¥),

and, for ¢ any higher dimensional cell bounded by 0-cells ¢ and 2, we have
by © (l* X AU)(QB) = (‘Pv (‘Po : (Z— *0 l)) *0 (yo . (SO— *0 l)))
= (s (po -1+ 2-) %0 (Yo 1 - 9-))
— Lo ((z1.0) x A)(@).
B.3. Verification of the universal property. We will now show that the
t_ constitute the universal dinatural transformation of this form. L.e., we prove that
if A is any w-category together with a family of dinatural transformations (in the

w-categorical sense of a w-categorical natural transformation) £: (— L C)xA_ — A,
then there exists a canonical functor (of w-categories) F: [ A — A such that

le

(zlC)x Ay —=— [A

(B.7) \i

commutes for every object x of C. The construction of F' is a fairly involved induc-
tion on dimension. In particular, we will need to construct, for each pair of n-cells
&, B, auxiliary functors by 5(——) and §; 5(-) (the domains and codomains of these
functors will be clear from the description given below). Moreover, we will prove
at each stage that

b 2(8,—-) if nis even,
- ~(— = a.p
4,5(04,50)) {bﬁ Sa,-)  ifn s odd.

-,

Additionally, we will require that at even stages F'(@) = b 5(,1a) and F(5) =
ﬁa, g(ﬂ,)7 and that the dual equations hold at odd stages. The final fact we require
is that, as arrows in (y | C), if ¢: a — [ is an n-cell in C (bounded by 0-cells
xz and y), then (¢,1,): (o, 14) = (B,¢) when n is odd. Similarly, when n is
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even, (¢,1,): (a,¢) = (8,1p). This last fact is a straightforward induction, using
the definition of the w-category (y | C). The second condition will be trivially
satisfied by definition in each case and therefore we omit explicit mention of it in
the construction below. We will also omit the proof of functoriality of the auxiliary
functors as this is also straightforward.

We describe F' as follows:

0-Cells. Given a O-cell ¥ = (z,z_) of [ A, we define
F(7) = &, 1, 7).
For O-cells Z, 3, we define
bf,g(77 7) = é-I (77 77 x*)a
ﬁf,yﬁ(i) = gy(ya 1y77)'
Then we have
ﬁf,.ﬁ(af,g(*)) =&y, 1y, 2 )
=§&yo (¥4 C) x A)(y, 1y7x—)
=& o (7 X Ay, 1y, 2)
= gm(yafa {E,)
= bf,ﬂ(yvfx
where the third equation is by dinaturality of €.
(n + 1)-Cells for (n 4+ 1) odd. Given a (n + 1)-cell g = (¢, 9_): & — S,

—.

we define F(g): F(a&) — F(B) as the following composite

F(d) F(B)

bs,5(#:1e)
b&’g(a, La) Sl St ba,g(/j’ ®)

Le.,

Now, given parallel (n + 1)-cells g, ¢: & — 3 we define
bg.i(5) =15 5(0-) #n by 5(5 M5 5(5) =tz 5(5) #a bg 5(0, 1e).-
With this definition, we observe that

b0, 50) =

where the third equation is by functoriality and the corresponding equation for

ﬁa,g(*)
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(n + 1)-Cells for (n + 1) even. Given a (n + 1)-cell 3: @ — 3 we define
F(P) to be the composite

F(a) F(5)

A0 5(#) ag(@e) =00, 5(8,1p)

ILe.,
F(SB) b (Soa ) nuag( )

—

:a — [ we define

@1

Finally, for parallel (n + 1)-cells g,
b9571;(77 7) = b&7g(*, 7) *n ﬁ&‘ﬁ'(‘p—)v
ba 5 (s 1y) #n i 5(5)-
The verification that the corresponding equation holds is by an argument dual to
the one for the case of (n+ 1) odd given above.

Next, we will prove inductively that F' makes the diagram (B.7) commute. The
key point which will allow us to prove this fact is that the action of the functor
F has a simplified description for those cells of f A in the image of ¢,. (To prove
the uniqueness of F we will in fact show that all cells of [ A occur as composites
of cells in the images of the ¢,, but more on this later.) In order to explain this it
will be convenient to again introduce additional auxiliary operations ¢ E(@) and

"'a,g(@ at each stage of the proof which are indexed by parallel n-cells &, B of
(x 4 C) x A, and which act on m-cells g of (x | C) x A, for m > n. We will also
prove that these auxiliary functions interact in an appropriate way with each other
and with 2, 5 (B)( ) and bLI(&),LI(ﬁ) (=,—). These matters are described below in
the proof.

0-Cells. Given ¢ = (y,y—,¥,) in (x | C) x A, we have

Fow() =F,yo y-) =& W99 y-) = &y, Y- o),
where the final equation is by dinaturality of the &.
Given two O-cells ¢/ and 2, and a n-cell g bounded by 4 and 2’ respectively, we
define
&27,5(95) = fz(zv Y- yo)v
Og,f(@) = 61(047 Qo Y—, yo)7
and we observe that
(B.8) b (@0 (2) (L (B) =) = Ea(2, 72—, 90) %0 g (),
(Bg) wa(gj),Lm(z)((p L,D) 7 _‘(95)
To see that these equations hold we reason as follows:
ﬁLw(ﬂ),Lm(E) (Lw(ﬁ)f) = 52(Z7 2, (900 . Z*) *0 (yo : pr))
= gz(za Z,Po * Z—) *0 52(27 2, Yo * @—)
= 6:8(27 Z—y @0) *0 6:8(2’ P—» yo)a
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where the final equation is by dinaturality of £, and similarly

wa (¥),t2(2) (‘pv <P) = gy(@a ¥ Yo - y—)
= gm(@a ¥ *0 Y—, yo)

where the final equation is by dinaturality of &.
We also note that, by definition,

*2775( ) *0 <> ( ) fz(f f yo)
1-Cells. Given f: (f, =y fo): ¥— Zin (x | C) x A, we have

—

Foug(f)

Bio ()00 z)(%(f) )* @ a(2) (5 f)
Eal2, 2=, fo) %0 I 2(f) * <> (f)

5 (Z Z*ufo) *0 fz(f f yo)
13

= Sz (fv f— fo)
where the second equation is by (B.8) and (B.9).
Now, given parallel 1-cells f,g: ¥ — Z, we define

and we observe that

(B.lO) ﬁbw(,ﬂ7bm(§) (Lm(ﬁ)—) 5 (Z Z—, L)Oo) *0 <> (53)
(B.11) bLI( ”),Lx(g)(%ov ©) = &x(2,2-, 90) *0 "‘ (93)

The proof that these equations hold is immediate from the definition together with
(B.8) and (B.9). Similarly, we also have that

& (D) 1 Q7 5(P) = &, 0—, Yo)-

2-Cells. Given & = (o, a_,a,): f = §in (z | C) x A, we have

Fou(@) =b, 5.0t 7., q0(@)-)

= (&x(2, 2, 90) %0 do 7 (@)) %1 (E(2, 2, o) %0 O 7 5(A))
= Eulz, 22, @0) %o (M7 (@) *1 &7 ()
5 (Z Z,,Cko) *0 gz(a a_, Yo )

where the first equation is (B.10) and (B.11).
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This calculation can be visualized as follows:

(f,f*0y—,Yo) (2,f=Y0)
(ya y—ayo) —D> (Zaf *0 y—7yo) (z,z_,yo) (2,2—,fo)

V(z,a—,Y0)

V(a,cx0y—90) | (z,0%0Y—¥0) V(z,2—,a0)

(9,9%0Y— Yo
(Z’g*o y—’yo) (272*190) (Z, z—’ZO)
(F.f— o) - (22— f)
(9:9-Y0) (2:2—,fo0)
Now, given parallel 2-cells &, 5 : f — ¢ we define
&55(55) = *fg( ) *1 ofiﬁ(@’)’
<>5;75(33) = "yg(‘ﬁ) *1 QO ‘7_(;(0_2)-
It then follows that
(B'12) bLI(&),LI(E) (‘pv 90) = 5:17(2:7 2 aO) *0 O&’E(ﬁ)v
(B~13) HLE(&M@ (Lm(‘ﬁ)f) = fm(za Z—, 900) *0 4‘5,5(95)-a
and that

*62,5(83) *2 O&yg(ﬁ) = Ew(@a Y- yo)-
All three of these equations are easily verified using the corresponding equations
for &lpa and Of@"

We now describe the general structure of the inductive proof. At each stage (n+1)
we will prove that F o 1,(F) = &,(F), for F a (n + 1)-cell. We will also define, for
parallel (n+ 1)-cells @,4¢: & — 3, Next, given parallel (n+ 1)-cells @, 1: @ — 3 we
define

&@J(FY) = &&,E(J) *n Qg,g(ﬁ)oiﬁ,@ﬁ) = *@75(5}) *n 0575(95%
"95 7 and we will prove the corresponding equations:
fac(za Z— QOO) *0 04‘5 J(Fy) for (n + 1) evel,
P @aa () (1Y) = (7
(@) €alzy 2 0) o g 5(7) for (n+1) odd,
and

- §e(2,2-,7%) *0 o
bt (=0)-) = { o202 7%0) %0 O

Finally, we will show at each stage that
& 5 (V) *mt1) O (V) = &V, 7=5¥o)-

We now turn to the proof.
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(n + 1)-Cells for (n + 1) odd. Given a (n+ 1)-cell 3: @ — 3 we have
Fou(f) = b (@)a(B) (t2(P)=) *a bbm(a),bm(g)(% ©)
= (&(2, 25 00) %0 Iz 5(9)) #n (€x(2,2-, 0) %0 Og 5(9))
= &u(2, 22, 00) %0 (g 5(B) *n O 5 5(5))
= &(9).

Next, given parallel (n+ 1)-cells 3, z/_; A — E , we prove that the required equations
hold as follows:

wa(@)7Lw(1ﬁ) (v:7) = ﬁLw(&)7Lw(g) (Lw(w)—) *n bL,,(a)M,(E (v:7)
= (gr(za 2 70) *0 *5275

=&(7),
where we have used the equations given by the induction hypothesis. Similarly, we
see that

&@J;(ﬁ;) *n41 05’1;(’7) = gm(’% V—> yo)'
(n + 1)-Cells for (n 4+ 1) even. The calculations here are dual (in the ap-
propriate sense) to those for the odd case and are left to the reader.

This completes the proof of the following lemma:
Lemma B.1. With the definition of F given above, (B.7) commutes.

Finally, in order to show that F is the canonical functor [ A — A making
(B.7) commute, we will prove that every cell of [ A can be written as a composite
of cells in the image of the maps ;. The construction of this decomposition of
the cells of [ A, which is again by induction on dimension, involves constructing
auxiliary operations (which mimic b and #) and then proving that these satisfy
suitable equations.

0-Cells. Given a 0-cell ¥ = (z,z_) in [ A we have that

Z=1p(x,z,2_).

since
Lw(fﬁfax—)— = (l‘_ . 7) *0 (J,‘_ '7) =T_—= af,g‘(*)’
and the first equation is trivial by definition of ¢, (y, y,—).
1-Cells. Given f: (f, f=): & — ¥ we have
Ly(ya Y, f—) *0 Lac(fv fvx—) = f
by the equations above (since d; ;(f) is the domain of f_).
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Next, given parallel f G: T — yin [ A, we define
758 =
ﬁf g( ) =

Now, we also have the equations

as the reader may readily verify.

We may now describe the general inductive construction. Explicitly, for parallel
(n+ 1)-cells g,v: @ — 3, we define

S () = ua 5(1) #nbg 5(3)  for (n+1) odd,
v b +5(P) for (n+1) even,
i () = | Eap(7) #nbag(®) for (n41) odd,
e ba (¥ DES fa5(7) for (n+1) even.
We note that with these definitions one easily proves by induction that the equations
7) = (1,0, (1)
7) = (#:7-)
)-

hold. So, if ¥: @ — 1 is any ( + 1)-cell of [ A, then

~

= b 5 () b (-

Therefore, since each cell of the form b@ (%) or ij 7(7) is by construction a compos-

and
s
5.4

ite of cells in the image of the ¢ it follows that every cell of [ A can be represented
as a composite of cells in the image of the ¢ and therefore F' is the canonical map
| A — A making (B.7) commute. This completes the proof of the following:

Theorem B.2. Given a functor A: C — w-Cat of w-categories, the Grothen-
dieck construction [ A described in Section 3 is the coend [*(x | C) x A,.
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