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Abstract

We show that Hofmann’s and Curien’s interpretations of Martin-Lof’s type the-
ory, which were both designed to cure a mismatch between syntax and semantics
in Seely’s original interpretation in locally cartesian closed categories, are re-
lated via a natural isomorphism. As an outcome, we obtain a new proof of the
coherence theorem needed to show the soundness after all of Seely’s interpreta-
tion.

1. Introduction

About thirty years ago, Seely [23] explained how to interpret extensional
Martin-Lof’s type theory in locally cartesian closed categories, using the subs-
titution-as-pullback paradigm of categorical logic. But there was a coherence
issue arising in this interpretation from the pseudo-functoriality of pullbacks,
that had not been addressed by Seely.

In [7], the first author of the present paper studied this problem carefully.
He proved the soundness of Seely’s interpretation by first designing a syntax
with explicit coercions (thus mirroring the pseudo-functoriality at the level of
the language being modelled), and then by showing the coherence as a syntactic
result, using rewriting techniques. The observation made by Huet in his (unpub-
lished) lecture notes on category theory [14] that Mac Lane’s proof of coherence
for monoidal categories was a “categorification” of Knuth-Bendix lemma was
instrumental for this proof.

In [12], the third author of this work circumvented the coherence issue by
showing how to obtain a split model (that is, a model in which composition
of substitutions in types and terms is associative “on the nose” rather than
up to isomorphism) of Martin-Lof’s type theory from a locally cartesian closed
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category. Then the original type theory can be interpreted straightforwardly
in this “strictified” model. The strictification consisted in taking a well-known
construction in fibred category theory, going back to Giraud [11] and Bénabou
[2], of a right adjoint to the forgetful functor from split fibrations and strict
morphisms on a fixed base category to the category of fibrations and fibration
morphisms (which are required to preserve the chosen structure only up to
isomorphism), and in showing that this construction carries over to deal with
additional structure required for the interpretation of Martin-Lof’s type theory.
Hofmann worked not with fibrations explicitly but rather with the more “syntax-
friendly” framework of Cartmell’s categories with attributes.

Therefore, in retrospect, the first and the third author had taken “dual”
routes to cure the mismatch between the (strict) syntax and the (non-strict)
models: either “unstrictify” the syntax, or strictify the model. The genesis of
this work lies there: we wanted to understand the conceptual architecture in
which these two approaches can be linked. In conversations with the second
author, it soon became clear that three large categories were involved:

1. a category of non-strict structures and functors preserving the structure
up to iso: this is where locally cartesian closed categories and Seely’s
original interpretation live;

2. a category of strict structures and strict morphisms (i.e., preserving the
structure exactly): this is where Hofmann’s interpretation lives;

3. a category of non-strict structures and strict morphisms: this is where
Curien’s modified syntax lives as a free structure.

In pictures, we shall represent the respective morphisms pictorially using

> — — > _—

This three-fold superstructure comes up in various contexts, starting with
monoidal categories (and indeed the monoidal case served us as a very use-
ful test bed for the results presented here). In our case, the structures under
consideration are the comprehension categories that have products and strong
sums, and support extensional identity types, or MlL-categories for short. These
are fibrations with additional structure, which we shall recall later (Sections 5.1
and 9). But the global picture can emerge without opening this “black box”.
Let us denote the corresponding three large categories by MIL, SMILg and MlLg,
respectively. Let Synt® be the classifying MlL-category and let Synt be the
classifying strict MLL-category, which are built up from the syntax with explicit
coercions and from the original syntax of Martin-Lo6f’s type theory, respectively
(see Section 5.3). They are initial in MLg and SMLg, respectively. Our story
then goes as follows.

I. Let p; and ps be ML-categories. Let []1 and []2 be the interpretation
functions of the explicit syntax in pi, ps, respectively. Thus we have (cf.
item (3) above):

[]: € MLg[Synt®, p1] [-]2 € MLg[Synt®, po]



IT.

III.

(note that by design interpretation functions are strict). Consider further
a morphism
F e ML[pl,pQ] .

Since F' is not required to be strict, we do not have F o []1 = []e,
but, as we shall show, the two functors are still related through a natural
isomorphism ~. In picture:

Synt®
[-1.
[ P
!
(F
v
D2

where the triangle commutes up to the isos 7.

Let us denote with {_} € SMILg[Synt,p] the interpretation function of
the original syntax in a strict MlL-category p (cf. item (2) above), and
let us write more suggestively |_| for [_Jsynz € MLg[Synt®, Synt] (indeed,
|_| removes the explicit coercions from the syntax). Then, by initiality in
MLs (noting that a fortiori {-} € MILg[Synt,p]), we have the following
factorisation:

L= 41}

or, pictorially:

Synt <i Synt®

where the triangle commutes exactly.

Let C be a locally cartesian closed category, which viewed as a fibra-
tion p; = cod : C7 — C endowed with a trivial identity comprehension
structure is an object of MIL. Let ps be the Giraud-Bénabou-Hofmann
strictification of p;. Then there is a faithful and non-strict functor F =
(Fy, Fy) : p1 — po over C (i.e., pp o F; = Fpop; and F, = id).

Then we can instantiate the situation in I as indicated in III: via II, we obtain
natural isos relating Curien’s interpretation [_] and Hofmann’s interpretation
{}, and as a bonus we get a new proof of the coherence theorem for the in-
terpretation of Martin-Lof’s type theory in locally cartesian closed categories.
This theorem states that if we have (in the explicit syntax)

Fl—Mlio‘ F"MQZG' |M1|:|M2|



then [M;] = [Mz2] (in any LCCC). Indeed, we have:

[Mi] = Fy([Mi]) =7r.0 o | Mi[} ovp ' =m0 0 {1 M|} oy ' = Fo([Ma]) = [Mo] .

The plan of the paper is as follows. Sections 2 through 6 collect background
material to make the paper as self-contained as possible. We recall from [7] the
formulation of Martin-Lof’s type theory in variable-free style (Section 2), and
with explicit coercions (Section 4). We recall Seely’s interpretation in Section
3, and show a typical instance of the coherence problem (again recollected from
[7]). In Section 5, we recall from [15] the interpretation of core (type constructor
free) dependent type theory in comprehension categories, and we sketch the
construction of Synt and Synt®. In Section 6, we recall the Giraud-Bénabou
construction, and formulate the transfer of additional structure in the language
of comprehension categories (as in Warren’s PhD thesis [25, Section 2.4]). We
then make a pause in Section 7: we examine the above superstructure in the
case of monoidal categories, and distill Joyal-Street’s proof of coherence [18],
of which our new proof of coherence is an instance of a (yet to be properly
formulated) generalisation. In section 8, we assemble the material along the
lines suggested above. For the smoothness of exposition, we delay the (non-
problematic) treatment of products, sums and identity types to Section 9. We
conclude in Section 10.

2. Type theory with variable-free syntax

We recall that de Bruijn numbers record the binding depth of a variable
(including the typing context in this count). We also recall that in a syntax
of explicit substitutions, reduction is fine-grained: the one-step substitution
involved in a f-reduction is replaced by a process that lets the substituted term
eventually reach the variables.

We limit here the syntax to the bare minimum needed to present our basic
core superstructure and coherence proof. In particular, we do not even consider
type constructors until Section 9.

Perhaps even more disturbing is the fact that the syntax does not introduce
any actual dependent types. One of the simplest ways to overcome this is to add
some basic types and constants, like Nat, 0 : Nat, suc : Nat — Nat, and then a
basic dependent type, say Natlist(n) with constructors nil : Natlist(0) and
cons taking M : Nat and N : Natlist(n) to cons(M, N) : Natlist(suc(n)).
In fact, all that follows is parameterised over a dependent signature, as defined,
say in Cartmell’s original work [5].

With these provisos, the core syntax of [7] (see also [8]) for types, contexts,
terms, and substitutions, is:

o ::= base types, possibly dependent | o[s]
r:=0](,0)

M ::= 1| M][s] | cases given by the signature
su=id|1t|M-s|sos



The typing judgements are:

I context 'k o type 'tM:o IM+s:T
The typing rules are:
'k o type IFs:T' T'kotype
() context I', o context I'" F o[s] type

I"Fs:T I'-M:o

Tyok1:0[] I"E Mls] : o[s]

F1|_811F2 FQ"SQZFg,

Thid:T T,obF1:T TiFsposs:Ts

I'ks:T I'Fotype I'F M :ols]

I'-M-s:T,o
To illustrate variable-free notation, consider I', x : o,y : 7 F z : 0. In the
variable-free version, this judgement becomes I', o, 7 F 1[1] : o[f], by “compos-
ing’” I'yo,7 1 : (['o) and T',o F 1 : o[f] (note that the two occurrences of
1 have different types). The term 1[1] corresponds to de Bruijn number 2, the
term 1[1 o 1] corresponds to de Bruijn number 3, etc. .. .

Finally, the axioms for equality (for types, terms, and substitutions) are as

follows:
ol = olsod

=

M
M]s ot]

1

- o]

—~

to(M-s)=s

(s1082) 083 =510(s2083)
idos=soid=s
(M-s)ot=M]Jt]-(sot)

1fs] - (tos) = s
In fact, these equality axioms must be more carefully formulated as judgements
FT=A ko=~ 'FM=N:o I'kFs=t:T

i.e., as typed equality rules (the first judgement arises by congruence, see below).
For example, the first equality above should be read as

et TV I"'ks:T I't o type

I+ o[s][t] = o[s o t]



etc.... One also has to give rules expressing that = is an equivalence relation,
and a congruence, for example:

I'Fo=¢ T'Fo=0o¢ F/|_81282:F I'o

ko' =0 F(T,0)=(T,0") Ik o[s1] = o[sa]
Finally, there are rules allowing to change the type or context of a term:

F=I" T'+-M:o '-M:0c Tho=0¢

I't-M:o 'EM:do
and similarly for substitutions:

FI'=I" T'ks:A I'Fs:A THFA=A

I"Fs: A I'ks: A

This completes the description of the typing system for the above core syntax.

A subtle issue is that typing both 1[M - s] and M with the same type o
involves itself an equality rule on types (more on this in Section 3).

3. Reviewing Seely’s interpretation in LCCCs

We recall that for a category C and an object C' of C, the slice category C/C
has as objects pairs (D, f : D — C) (f for short), with morphisms defined as
follows:

(C/O)(D1, f), (D2, 9)l = {h € C[Dy, D] [ go h = f} .

A locally cartesian closed category (LCCC) is a category C with a terminal
object and such that all slice categories C/C are cartesian closed (in particular,
C is cartesian closed). It is well known (see e.g. [9]) that the requirement that
all slices are cartesian closed is equivalent to the existence, for any k : C; — Cy
in C, of two successive right adjoints to the functor Xk : C/C; — C/Cy defined
by (SK)(f) = ko f:

kA k" AIlE,

these adjunctions being related through the so-called Beck-Chevalley conditions
(see Section 9). In particular, unrolling the definition of adjunction, the functor
k* determines a choice of pullbacks along k. There are many locally cartesian
closed categories, since in particular every elementary topos is an LCCC. In
what follows, the reader can safely think of C as the category Set of sets and
functions.

The interpretation of the syntax of Section 2 is defined as follows:

e Contexts are mapped to objects, substitutions to morphisms.



e Types are interpreted as objects in a slice category, and terms as sections.
More precisely the interpretations of I' + o type and of I'y/o - 1 : T
coincide, and the interpretation of I - M : ¢ is a morphism in C[T", (T, 0)]
such that o M = id. For example, if C is Set, then one interprets
the context n : Nat as N, and the context (n : Nat, [ : Natlist(n))
as the set of all finite lists of natural numbers, presented as the disjoint
union of all lists of a given length. The interpretation of 1 is then the
projection function given by the length of the list, and the constraint on
the interpretation of n : Nat - M : Natlist(n) says that M (n) must have
length n (typically, M computes the first n values of a series).

We represent the interpretation of the respective judgements
IM+s:T '+ o type I'EM:o

as follows:
[ <~——T1’
We use this pictorial presentation to describe the interpretation of the three
basic constructs M(s], 1, and M’-s. The three pictures below involve pullbacks

(of 1 along s, 1 along 1, and 1 along s, respectively). In particular, o[s] is
obtained by pulling-back ¢ = 1 along s.

Mo<—T1",0s lo<—T 0,01

e

r<—>"——1

U%F/

[

where we use angle brackets for pullback universal morphisms. We have omitted
the semantic brackets for brevity. We should also note that what we interpret
by induction is not a judgement, but a derivation tree m of a judgement (more
on this later).

The coherence problem arises when it comes to checking the soundness of the
equality rules. Let us first note that some of the equality rules for substitutions
do not raise difficulties:



e The composition and identities satisfy the monoid laws exactly in a cate-
gory.

e For the first axiom in our list, we have (with the notation of the last
picture above):  to(M'-s)=(fos)oM =so(toM)=M.

However, the type conversion rule o[s][t] = o[s o t] cannot be modelled by an
equality, since in an LCCC the composition of chosen pullbacks is only isomor-
phic to the chosen pullback of the composite, in general. For example, in Set,
the chosen pullback of (f : b — a,g:c— a) is given by {(y,2) € BxC | fy =
gz}, so that, for h: b — b, the pullback of g along h o f is a subset of B’ x C,
while the pullback along h of the pullback along f of g is a (isomorphic) subset
of B x (B x C).

This indicates that we should interpret (derivations of) type equalities as
isomorphisms. These isomorphisms will be uniquely defined in the model thanks
to universal properties. We shall make this move in Section 5.

Let us now examine the “equality” 1[M’ - s] = M’. The left-hand side is
typed as follows:

I'ks:T TVEM :ols]

Iok1:0o[f] I't-M-s:T,o

' 1M’ - 8] : o[f][M - 5]

while M’ has type o[s]. We have just seen that o[t][M’ - s] is only isomorphic
to o[t o (M’ - s)] which is in turn (truly) equal to o[s]. We show below, as an
instance of the coherence theorem, that in an LCCC the equality 1[M’-s] = M’
holds precisely up to this iso. We have:

where o' = o[][M - s], M{ = 1[M - s] = (id,1 08" o M), where g, f, s’ complete
pullback diagrams, and where « is the unique (iso)morphism between the two
choices (s',0[s]) and (g o f,c’) of limit for o, s, i.e., v is characterised by

o' oa=os] gofoa=s".
Our goal is to show M| = ao M’. And we have indeed:

o' o(ao M) =0c[s]oM' =id =0’ o M]
(goflo(aoM')=s oM =(gol)o(soM')=go(foM])



This suggests to introduce explicit coercions in the syntax, so as to be able
to track down, already at the syntactic level, all the isos involved in the inter-
pretation of a dependent judgement.

4. Type theory with explicit coercions

In [7], the first author augmented the syntax of dependent types with explicit
coercions:
M :=...|c(M,0,0")

The typing rule for explicit coercions is:

I'-M:o I'Fo=o!

F'+c(M,o,0"): 0’

where T' F 0 2 ¢’ is a new judgement (even with respect to [7]). The typing
judgements with explicit coercions can if needed be emphasized with a subscript
e on the turnstyle.

We next describe the conversions. Besides equality conversions that concern
all syntactic categories (contexts, substitutions, types, and terms), denoted as
before with the symbol =, there are now as anticipated above so-called iso
conversions for types (and types only), denoted with the symbol 2. The type
conversion axioms of Section 2 are now iso conversions. All other axioms are
kept as equality conversions and adapted to type-check properly. And some
more equality conversions that deal with coercions are also added.

ols]lf) = ofs o 1]

olid| 2o

c(1[M - s],o[t][M - s],o[s]) = M
c(M]s][t], o[s][t],o[s o t]) = M[s o t]

To(M-s)=s

($1082) 083 =3510(s2083)
idos=soid =35

(M -s)ot=c(Mlt],ols][t],ofsot]) - (sot)
c(1fs], a[t][s],o[tos]) - (Tos)=s

C(C(M,U1,0’2),O’2,0’3) ZC(M,O'l,O'g)
c(M,0,0) =M
c(M,o01,09)[t] = c(M]t], o1[t], 02[t])

(Again, these stand for typed axioms I' - o[s][t] & o[s o], etc... .) There is a
coercion from equal types to isomorphic types:

I'Fo=¢'

I'Fo=o!



The congruence rules for equalities follow the structure of all syntactic cate-
gories, while for isomorphisms they are limited to the structure of types (and
contexts — we omit this here for concision). There is no such thing as M = N
— instead, type isomorphisms are encapsulated in the explicit coercions that
adjust the types so as to maintain the invariant that equal terms have the same
type.

In Figure 1, we list all the rules for iso conversions in the core syntax.

One also defines a stripping function that removes these coercions:
=1 [M[s]|=M][lsl]  |e(M,0,0")]=|M|

|M - s| = |M[-|s| ... lo[s]| = |o][|s]]
Note that the stripped version of the equations of this section are the equations
of Section 2 (also collapsing = to =).
The coherence theorem is the following (for an arbitrary target locally carte-
sian closed category):

1. For any two derivation trees 1,7 of T' b, 01 2 09, we have [m1] = [m2].

2. If T l_e M1 Lo, r l_e M2 Lo, and |M1‘ = |M2|, then [[Ml]] = [[Mg]] (and
likewise for two substitutions si, so with the same source and target and
the same stripping).

As for 1. the typical situation is comparing the two possible derivations of

[a=3

as1][sa][ss] = ofs1 0 (s2 0 83)]
(a variant of Mac Lane’s pentagon!).

The proof in [7] was using the rewriting technique (cf. Section 7). A new
proof via strictification will be given in Section 8.

We end the section with a terminological convention, and a remark.

Convention. In the rest of the paper, we shall refer to the syntax of Section 3
(resp. of this section) as the original (resp. explicit) syntax. Therefore, “explicit”
will refer to explicit coercions (not to explicit substitutions, which are quite
standard in formal treatments of type theory).

Figure 1: Iso conversion rules (core syntax)

I'Fo=¢ I'to=xo' I'toxo' T'ho x2o” IMks:T' ThHoo'

koo o' 2o koo’ Ik o[s] = o'[s]

I"et¢: 17 I"+s:T 't o type 't o type

I o[s][t] 2 o[s ot I'kFolid 2o

10



Judgements versus derivations of judgements. A virtue of the explicit syntax is
that a judgement, if provable, admits a unique derivation, if one does not count
the derivations of type (or context) isomorphisms. (Well, this must be taken
with a piece of salt, as one would have to provide additional information in the
terms like the intermediate context in a composition of substitutions, etc...).
Therefore the interpretation function [_], that is a priori defined by induction
on the derivations of judgements, is actually well-defined as a function of the
judgements of the explicit syntax (using property (1) above). This is also true
of the semantics of original judgements in an LCCC: with any derivation of a
judgement one can associate a judgement of the explicit syntax, and property
(2) tells us that its interpretation does not depend on the chosen derivation.
Thus it is safe to speak about the interpretation of judgements (in the original
or in the explicit syntax), as a by-product of the coherence theorem.

5. Fibrations with comprehension

For the reader’s convenience, we start from the beginning, recalling the def-
inition of fibration, and then of comprehension category. We pay particular
attention to the definition of non-strict and strict morphisms between them,
respectively. We then “lift” the interpretation of Section 3 to this more general
setting. Finally we sketch the construction of the strict and non-strict classifying
categories.

5.1. Categories of fibrations with comprehension

We recall briefly the definition of a Grothendieck fibration. Let p: E — B
be a functor. A morphism f: A — B of E is called cartesian if for every C and
h : C — B such that p(h) = p(f) there exists a unique g : C — B such that
p(g) = id and h = f o g The functor is called a fibration if:

1. forevery u : X — Y in B and every B over Y (i.e., p(B) =Y), there exists
a cartesian morphism up with codomain B such that p(ug) = u, called
cartesian lifting of v at B. We (opportunely) write Blu] for the domain
of up;

2. the composition of two cartesian morphisms is again cartesian.

We call B the base category, and the objects of E local objects: if p(A) = X,
we say that A lies over X. Schematically, we thus have:

A
7
v s
e 3
2~ v
B~< 4 — Bl

11



where we use dash arrows for morphisms in E and vertical dots to record that
B is above Y and similarly that Blu] is above X.

Note that in a fibration cartesian morphisms are in fact hypercartesian, i.e.
they satisfy the stronger condition that for every C, u : p(C) — p(A), and
h : C — B such that p(h) = p(f) o u there exists a unique g : C' — B such
that p(g) = uw and h = f o g. Morphisms having this property are stable under
composition, making condition 2 then superfluous.

The fibration is cloven when choices up : Blu] — B have been made for
every u, B. We shall always assume our structures to be cloven.

The fibration is called split when composites of chosen cartesian morphisms
are chosen cartesian morphisms, i.e., when

u: X =Y,v:Y = ZpC)=Z= Cl]lu] = Clvou] and vg o ucp) = (vou)c

(in general, by definition of a fibration, we have that vc o ucyy) is cartesian,
hence “equal” to (v owu)c only up to iso). Also, one requires, for all A over X,
A[Zd] = A and (idx)A = idA.

A morphism between two fibrations p; : E; — By and py : Es — B is a
pair F' = (Fy, Fy,) of functors such that py o F; = F} o p; and F; maps cartesian
morphisms to cartesian morphisms. It is called strict if it maps the chosen
cartesian morphisms of p; to chosen cartesian morphisms of po.

Basic examples of fibrations are (— stands for the category with two objects
and one non-identity arrow):

e dom : C7 — C is a split fibration for any category C, as well as its
restrictions domyx : C/X — C (for every object X of C).

e cod: C7 — Cis a fibration if and only if C has pullbacks (and hence this
fibration is usually non-split).

A comprehension structure [15] on a fibration p : E — B, where B has
pullbacks and has a terminal object (i.e., has all finite limits), is given by a
morphism from p to cod over B, i.e., a functor P : E — B~ such that p =
codo P, that moreover preserves cartesian morphisms (i.e., that sends cartesian
morphisms to pullback squares). Thus for f € E[A, B], P(f) is a morphism
(t,s) : P(A) — P(B) such that s = p(f) and P(B) ot = s o P(A) is a pullback
square. We shall usually write ¢ = P(f). For A in E over X, we write (X, A)
for the domain of P(A):

PA): (X,A) = X.

We call comprehension category such a pair (p, P) of a fibration equipped with
a comprehension structure. It is called full if P is full and faithful.

Morphisms between comprehension structures (p1,P1), (p2,P2) are mor-
phisms F' = (F}, F,) between the underlying fibrations that commute with the
comprehension structure up to isomorphism, i.e., there is a natural equivalence
between F o Py and Py o F (where F : cod; — cods is induced by Fp). We call

12



a morphism strict if the latter two composites are equal and if it is strict as a
morphism between the underlying fibrations.

Obviously, the fibration cod has a trivial comprehension structure, given by
the identity functor.

5.2. Interpretation of the core syntax in comprehension categories

We can now reformulate the interpretation of Section 3 more generally in
any comprehension category. In this interpretation, types are no longer base
morphisms but local objects, while the other syntactic categories are interpreted
as before. Also, 1 is no longer assimilated to ¢ but is rather defined as P(o).

g

F<3;F/

Given I F s : T" and T' F o type, ols] is interpreted as the domain of s,
whence our notation for cartesian morphisms.

The constructs M[s], 1, and M’ - s are interpreted as follows (generalising
the diagrams of Section 3, and still involving pullbacks in the base category):

Io<~———T,0,0]
P(T,)
id)

The new judgement I' - o = 7 is interpreted as an isomorphism ¢ in E over (the
interpretation of) I' (that is, p(¢) = id), and the coercions are interpreted by

13



composing with P(¢):

L
o———>T FO’—>FT

Note that we have indeed toc(M,0,7) = (1oP(t))o M =1 o M = id. And,
last but not least, the terminal object in the base category serves to interpret
the empty context.

Typically, the type isomorphism o[s][t] & o[s o t] is interpreted using the
universal property of (sot),.

Finally, equality judgements such as I' - ¢ = 7 etc...are interpreted as
equality, i.e. the interpretations of ¢ and 7 coincide in the model.

r

When the comprehension category is split (i.e., when its underlying fibration
is split), then all type isomorphisms are interpreted as identity morphisms, so
there is no need to distinguish two levels of “equalities”, and we can interpret
the syntax of Section 2 rightaway.

We note that the interpretation given above does not make use of the mor-
phisms of E. It is therefore natural to limit attention to full comprehension
categories (where all morphisms of E are “already there” in B).

5.8. Classifying categories

We end the section by sketching the constructions of the two classifying
comprehension categories Synt® and Synt corresponding to the explicit and the
original syntax (cf. Section 1). The ingredients of the two categories are built
in the same way:

e Base objects are equivalence classes of contexts.

e A base morphism from a base object with representative I' to a base object
with representative A is an equivalence class of a substitution I' F s : A.

e Local objects are equivalence classes of types. The fibration functor p
sends a class with representative o well-typed over I' to the class of T'.

e A morphism from the local object with representative o well-formed over
T" to the local object with representative 7 well-formed over A is a pair
([s],[t]) of equivalence classes, where I' - s : A, (T',o) F ¢t : (A,7), and
Tot=soTis provable.

Above, equivalence classes are all meant as the congruence closure of all rules
listed in Section 2 (case Synt) and all equality (not iso!) rules in Section 4 (case
Synt®). We check in some detail that Synt® is a (non-split) fibration. This

14



verification can be viewed as a “categorification” of the verification that Synt
is a split fibration.

That the data above provide two categories and a functor p between them
should be obvious, setting p([s], [t]) = [s]. What the comprehension functor
should be is also clear: for I' - o type, we set P([o]) = [1] (where I',o 1 :T").

Let I+ s : T and T' - o type. We show that

so = c(L,ofs][t],ofso 1)) - (so 1)

exhibits (s, s,) as representative of a cartesian morphism, which is mapped
by P to a pullback square. We first prove the second part of the claim. Let
AFt:T,0and A w: I’ such that A+ tot = sou. We first show uniqueness.
Let AF v :T7,0[s] be a mediating morphism. We have

Ak v =c(1v],ofs][t][v], ols][T o v]).(Tov) .

We claim that the assumption t = s, o v implies

Indeed, we have
1[t] = 1[ss 0 v] = c(1[ss][v], o [t][so][v], o[1][55 0 0]) -
We then compute (setting 1’ = c(1, o[s][1], o5 o 1])):
1so] = 1[1".(so1)] = c(1, o[s 0 1], o[t][s0]) = (1, o[s][1], o [t][s5]) -

Tt follows that 1[s.]|[v] = c(1[v], o[s][t][v], o[1][ss][v]), from which the claim fol-
lows. From the claim, and from the other assumption 1 o v = u, we obtain a
definition of v:

v = c(1[v], ofs][t][v], o[s][t 0 v]).(T 0 v) = c(1[t], o [1][t], o[s][u]) - w

~

(it is reassuring to see that this is well defined since one can prove o[f][t] =
o[tot] = o[sou] = o[s][u]). We now prove that this v satisfies the two equations.
We have Tov="10(...-u) =wu, and

sp0v = (I'-(sot)ov = c(l[t]ofsotlu],ol(sot)ou])-(sot)ou
= (1], ofs)[Hv].ol(s o 1) ov]) - (s0 1) 00
= ([t oft]itl.ol(s0 D) o v]) - (s0 ) 0 v
= c(lt)oltitl.ofto ) - (tot)

c
=t
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The picture below summarises the data of the pullback (omitting the coercions).

r

1‘\/

S

To check that s, is cartesian, we just instantiate A, u as (I, 0’) and 1.
It is an instructive exercise to check that cartesian morphisms compose.
Specifically:

(sot)g = ((c(L,als][t][t], ols o t][1]) - 1) © (85 © Lo[s) -

One can also (tediously) verify that the interpretation of a type o in this model
is (the equivalence class of ) o, and similarly for contexts and substitutions, and
that the interpretation of I' = M : ¢ is the equivalence class of ¢(M, o, o[id]) - id.
It follows that we can reformulate the interpretation function of the syntax into
some arbitrary fibration with comprehension as the unique strict morphism from
the classifying comprehension category (as anticipated in the introduction).

The same remarks apply if we revert to the original syntax (with its asso-
ciated classifying split comprehension category), and to its interpretation in a
split comprehension category.

6. The Giraud-Bénabou construction

The construction recalled in this section goes back to at least [11]. Let
p: E — B be a (non-split) fibration. We define a new fibration (on the same
basis)

Rp:E—-B)=p :E =B
as follows:

e Obj(E') consists of the pairs (X, ¢), where ¢ : domx — p, where domy is

the domain fibration B/ X — B recalled in the previous section. We require
¢ to be a morphism of fibrations, i.e. to preserve cartesian morphisms,

which amounts to say that ¢(f : g1 — g=2) is cartesian for every morphism
in B/X. We set p'(X,¢) = X.
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o E'[(X,¢), (Y, )] consists of the pairs (¢, ) where ¢ € B[X,Y] and p is a
natural transformation from ¢ to ¢ o dom; over B, i.e. us: ¢(s) = (tos)
and p(us) =idy forall s : Z — X.

We check that p’ is a fibration: for ¢t : X — Y we set ¢[t] = ¢ o dom, i.e.
o[t](s) = ¢(tos) for all s : Z — X, and t, = (¢,id). Moreover, p’ is split, by
the associativity of composition in B.

If moreover p carries a comprehensions structure P, then we define a com-
prehension structure on p’ as follows:

P(¢) =P(¢(id))  P'(t,p) =P(a(t : t = id) o piiq)

The name Rp for the split fibration p’ comes from the fact that it fits as
right adjoint to the inclusion functor from the category of split fibrations on
some fixed basis B and strict morphisms to the category of fibrations on the
same basis and fibration morphisms (i.e. neither objects nor morphisms are
strict), i.e., following the terminological conventions of the introduction, we
have

(C: SFibs(B) — Fib(B)) 1 R .

A morphism (resp. strict morphism) from p; : E; — B tops : Es — B is a
functor G : E; — Es which sends cartesian (resp. chosen cartesian) morphisms
to cartesian (resp. chosen cartesian) morphisms.

But we are in fact interested in a fibration morphism F' : p — Rp that is
neither the unit nor the counit of this adjunction, which we now define. Let A
a local object over X. We set

F(A) =(X,¢), where ¢(f:Y — X) = A[f].

For f: Ay — As, we set F(f) = (u, ) where u = p(f) and where, for every
v:X — X1 = p(A1), uy is the unique morphism from A;[v] to Asfu o v] such
that (w0 ), o o = (f 0 va,).

This functor is faithful since one can recover f from p;5. Note as a conse-
quence that if p; is a full comprehension category, then so is Rp;. We also note
that F' is non-strict, both as a morphism of fibrations (since we have on one
hand F(A[g])(f) = Alg][f] and on the other hand (F(A)[g])(f) = Algo f]), and
as a morphism of comprehension categories (A[id] versus A).

As a final remark, let us note that F' is right inverse to the counit of the
adjunction, up to the identification of A and A[id], as the counit € : RP — p
maps ¢ to ¢(id).

7. Intermezzo: coherence in monoidal categories

We review here coherence for monoidal categories, as a kind of warming up
for the following section.

We know of two quite different ways of proving the coherence theorem for
monoidal categories (see also the final remark of this section). The first method
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uses a “categorification” of the Knuth-Bendix’s (KB) lemma. It is is implicitly
the path followed by Mac Lane [21], since he analyses, say, the pentagon in
terms of a “diamond”. As far as we know, the connection with Knuth-Bendix
was first remarked by Huet in his lecture notes on categories [14].

We just recall here that the KB lemma for rewriting systems asserts that if a
rewriting system is terminating and the critical pairs converge, then the system
is confluent. The rewriting aspect of coherence can be seen in the pentagon
diagram if one looks at the vertices as formal terms and reads the morphisms
as rewriting steps:

(A1 ® A2) @ A3) ® Ay

(A1 ® (A2 ® A3)) ® Ay

(A1 ® A2) ® (A3 ® Ay)

Al ® ((Ag & Ag) &® A4)

A1 ® (A2 ® (A3 ® Ay))

and if one reads Mac Lane’s pentagonal equation (A4; ® a)oao(a® Ay) = aoca
(where each « is an appropriate instantiation of an associativity isomorphism) as
witnessing the confluence of the critical pair out of ((A; ® A3)® A3) ® Ay. Then,
decorating the proof of KB’s lemma with such witnesses, one gets that any two
composites of morphisms of the form [id] ® k ® [id] (where the brackets mean
“optional”, and where & is one of the three basic canonical isomorphisms a, A, p
corresponding to the three monoid laws — see below) from a fixed source to a
fixed target are equal. One then has to prove the same statement allowing now
compositions with the inverses, but this is easy stuff, remarking by induction
that any composition of these morphisms or their inverses can be organised as a
composition of ([id] @k ®[id])’s followed by a composition of ([id] @k~ ®@[id])’s.

We shall not say more on this, since the emphasis in this paper is on the
other method. We refer the reader to [7] where this method was applied to show
the coherence properties stated in Section 4. (Incidentally, that paper made a
quite intensive use of string diagrams.)

The second method is based on a “representation theory” type of argument
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[18] (see also [19, Chapter 1], which we follow and expand more closely here).
Before explaining and decomposing this proof in detail, we shall set the scene
in order to formulate the coherence theorem in a language akin to that of type
theory. We start from a set X, considered as a set of “object variables” (they
are meant to be interpreted as objects in some category). We define two sets of
object terms and morphism terms, respectively:

T:=2z (wherex e X)|I|T®T
Mi=alAlpla [A o [ MoM|id| Mo M

We actually only consider well-typed morphism terms which are the ones ac-
cepted by the following typing rules, involving judgements of the form M :
T — 15

OzZ(T1®T2)®T3*>T1®(TQ®T3) N I®T—T p:T®I*>T

Oéil:T1®(T2®T3)*>(T1®T2)®T3 )\71:T—)1®T piliT*)T®I

My Ty =Ty My:Ty— Ty My:Ty —T] My:T, =T,

id:T—>T Moo My :T) — T3 M1®M2T1®T2—>T1/®T2/

One quotients the set of morphism terms by the laws of categories and of
bifunctors, and by Mac Lane’s coherence equations. What one then obtains is
the free monoidal category Free(X) over X i.e., for every function p : X — C
(mapping each = to an object of a monoidal category C) there exists a unique
strict monoidal functor [_]{ : Free(X) — C that extends it.

The coherence theorem asserts that for any two terms M, M’ : T — T’ of
the same type we have [M]% = [M’]{ (for any monoidal category, and any
valuation).

Towards its proof, we make some observations (cf. items II, I, and IIT of
Section 1).

A. Let us see what [_]7 looks like when C is strict. We define a “stripping”
function X — | X| from object terms to words over X defined by forgetting
the parentheses and the I’s:

Ty @ Ta| = |T1]||T%] |[I| = € (the empty word)

We have the following properties (for the second and the third one, C is
supposed strict):

o if M : T — T is a well-typed term, then |T| = |T"[;

o if [T] = |T"] then [T]2 = [T']4;

e for any well-typed term M, one has [M]% = id.
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B. Let us now revert to monoidal categories. Let (F,8) : C — C’ be a
monoidal functor between monoidal categories (i.e., 8 : FC; @ FCy —
F(Cy ® C3) are natural isos satisfying the obvious compatibility con-
ditions). The freeness of Free(X) “lives” in the category MonCaty of
monoidal categories and strict monoidal functors (i.e. those for which
B = id, and hence Fa = a, FA = A\, and Fp = p). Hence we cannot
directly relate [_]% and [-]Z,. But the following “glueing property” can be
proved: for all T' there exists an isomorphism v, : F([T]%) — [T]&,
such that for every M : T — T’ the following coherence equation holds:

"}/p’T/ O FHM]](E = HM]]([};P o} pr,T .

The isomorphisms 7, 7 are defined by induction on the structure of T (the
“types”), and then the coherence equation is proved by induction on the
structure of the morphism terms M.

C. Finally, the most crucial part of Joyal-Street’s proof relies on the exis-
tence of a faithful monoidal functor F : C — C®, where C? is a strict
monoidal category associated with C (see below). In fact, F' is a monoidal
equivalence, but we do not need it.

If in (B) we take F' to be the faithful functor from C to C* (given in (C)), we
see that if My, My : T — T’, then (using (A)):

F[Mi)2 = v, 30 0 [MA]E 09pm = vy v 0%pm = v © [Ma] & 07,0 = F[M:]2

from which [M;]{ = [M,]% follows by faithfulness.

It remains to define C® and the faithful embedding. The objects of C* are
pairs (E, J), where F is (just) an endofunctor on C and § : E(A)®B — E(A®B)
is an iso, natural in A, B, and is required to commute appropriately with a. The
tensor product is given by

(E,6)® (E',0")=(EoE',E§ 04) .

This tensor product is strict: composition of functors is associative!
The functor F' : C — C* takes A to (A® _,«). It is faithful since one may
recover f : A — B from F(f);.

As an aside, we note that a more conceptual view of this construction is
obtained by switching dimensions by one and considering our monoidal category
as a bicategory (let us still call it C) with just one object x. We may now consider
the Yoneda embedding

Y:C— Cat®" .

One observes that C?, again considered as a bicategory, is the full sub-bicategory
of Cat® having V(%) as (unique) object, and that F is the corestriction of ) to
C?. Under these glasses, the strictness of C? follows from the following sequence
of observations: Cat is a 2-category, that is, a strict bicategory, and therefore
S0 is Catcop, and therefore so is C*. In two words, Yoneda strictifies!
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The constructions used in this proof can be organised in the following picture,
which involves three large categories, of monoidal categories and monoidal func-
tors, of monoidal categories and strict monoidal functors, and of strict monoidal
categories and strict monoidal functors, respectively, with the following respec-
tive graphical conventions for their morphisms (cf. Section 1):

Mon ~——> Mong ——— SMong — — >

One checks easily that the free monoid X*, viewed as a (discrete) category,
is the free strict monoidal category over X, and that the stripping function
can be recaptured as [_] %Tee( x) (where the valuation C maps z to the object
term z), extending the definition of || to morphisms by setting |M| = id, for
all morphism terms. It then follows that the observations made above on []%
when C is strict amount to saying that :

[ = {1-13¢e

where {_}7 is the unique strict monoidal functor from X* to C extending p.

X* ! Free(X)

N
' = (Cs
In this picture, the left triangle commutes exactly, while the right triangle com-

mutes up to the isos v, _.

The philosophy behind all this is that the coherence information « is inte-
grated in the definition of objects while moving from A to F'A, and that the
operation of tensor product is then carried out on these enriched objects. So
instead of “tensoring first” and then “dealing with coherence”, Joyal-Street’s
route “integrates coherence first” and then tensors.

‘We conclude this section with two remarks.

A more conceptual view of the glueing property. One can construct a category
[F], called the iso-glueing of (F, 3) (we are back to a general monoidal functor
between two monoidal categories), whose objects are triples (A, A’k : FA —
A’) (with & iso). One can prove that [F] is a monoidal category, with

(Alv I17’€1)®(A27 I27n2):(Al®A27A/1®A/2’(Hl®ﬂ2)oﬂil)

and that the two projections from [F] to C and C’ are strict monoidal. Then the
isos 7,,_ arise as the third component of [_] H}]], where [p](z) = (p(x), F(p(x)), id):

(715, = (718 [T1E, vp.1)

and the coherence conditions are wired in the monoidal structure of [F].
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Yet another proof of coherence. One can find in [4] a somewhat similar proof
of coherence for monoidal categories. There, the role of C* is played by NV
(where N is a set of normal forms for the free monoid over X — in bijection with
X™*), considered as a discrete strict monoidal category, where the monoidal
product is function composition. The object part of the unique morphism
[] € Mong[Free(X), NV] features normalisation by evaluation for monoids
(as a matter of fact, the authors of [4] synthesised their proof of coherence from
normalisation by evaluation). Their argument also involves a natural isomor-
phism (in their case, between n ® T" and [T](n)), which is exploited in the same
way as above to establish coherence.

8. A new proof of coherence for dependent types

We shall get our new proof of coherence of the interpretation of depen-
dent type theory in comprehension categories by following the very path that
we made explicit in the previous section, replacing “monoidal categories” with
“comprehension categories”.

In Section 5.3 we have constructed the “initial” objects Synt and Synt® in
the categories of split comprehension categories and comprehension categories,
respectively (with strict morphisms in both categories). It would be more exact
to say that these categories are free over the underlying dependent signature
(which we have left unspecified).

Following the conventions of Sections 1 and 7, we shall use [_] (resp. {-})
to denote the interpretation function of the explicit (resp. original) syntax in a
comprehension (resp. split comprehension) category. It follows from the remarks
made in Section 5 that the interpretation of the explicit syntax in a split com-
prehension category ¢ factors through the interpretation of the original syntax,
by first collapsing the coercion information:

[FI={ry  [Crol={TI-loly  [M] =M [s] = {lsl}

We also have (still in the split case) that, for any derivation 7 of I' F o & ¢,
[e] = [0] and [r] = id. By defining the stripping of a derivation of type
isomorphism to be id (proof-irrelevance!), we can extend the factorisation:

[r:(TFox2d")] = {Ir|} (= {id} =id) .

Note that the stripping defines a morphism of fibrations that is not on a
fixed base, i.e., if we write Synt and Synt® explicitly as p : Types — Contexts
and p° : Types® — Contexts®, then || = (|-|¢, |-|7), with

Types® L Types

|-l
Contexts® — Contexts
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Also the interpretation morphisms [_] and {_} are “base changing”, i.e., come
as pairs (F}, F) of functors with F, # id.

We now formulate the key glueing property in the setting of comprehension
categories. Suppose that p; : E; — By and ps : E; — By are comprehension
categories, and that F' = (F}, F},) is a morphism between them. Then one can
build by induction on the structure of types (and hence of substitutions and
terms — a difference with respect to the previous section) and contexts a family
of isomorphisms

ol Fb[[l“]]l — [[F]]g Yo ! Ft[[O']]l — [[O']]Q

such that if T' . o type, then pa(v,) = 7r:

Filo] - "= = [[7]]2

AL~ [T,

and such that for all substitutions IV I s : T and terms I' - M : ¢ the following
coherence equations hold:

Fy[s]1 Fy[M]1
Fy[I' &Fb[[r]]l Fb[[F]hM)Fb[[FvU]h
T iy i I, o
’ [s]= [M]2
[ ————[I']2 [[]e ———[T', 0]

and finally such that for all derivations of isomorphisms 7 : (I' - o & ¢’), the
following other coherence equations hold:

Typically, here is how we define 7,[,. Since ([[sﬂl)ﬂgﬂl is cartesian, so is
Fi(([s]1) o1, ), and hence so is o0 Fy(([s]1)[o],) (isos are cartesian, and cartesian
morphisms compose). By induction, we know that

p2(Yo © Fi(([s]1)[o1,) = yr o Fe[s]i = [s]2 oy -
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Thus we have that

Yo © Fi(([s]1)[o,) s cartesian over [s]2 o yrv
([s]2) 1072 is cartesian over [s]2

Then it follows from the definition of hypercartesian morphisms and from the
fact that ~p/ is iso that there exists a unique iso from Fi[o[s]]1 to [o[s]]2,
which we take as our 7,5, such that ps(vs[s) = v and ([s]2)[o], © Vols] =
Yo © Fy(([s]1)[o],)- The first equation establishes the first property required
above for the coherent isos, while the second equality can be used to establish
that the coherence equation holds for 1 : TV, o[s] — T".

We now can give the proof of coherence, by specialising ps to Rp;. We use
the notation of Section 6.

1. Let m, 75 be two derivations of I' -, o = ¢/. We have

EIm] = v o flml}ove (= 7' 0% ) = Fm]

and hence [m1] = [m2] by faithfulness of F}.
2. Let T My : 0, T F M : 0 be such that |[M;| = |Mz|. We have (repeated
from the introduction) (recall that F, = id):

[Mi] = yro 0 {IMi|} orp ' =r0 0 {IMa|} o gt = [Mo]

and likewise for substitutions.

We end the section by linking this formal treatment of coherence with the
discussion at the end of Section 3. Let IV ¢1 : T', T F¢5 : TV, and T' F o type.
Let a be the isomorphism interpreting I' - o[t; o t3] = o[t1][t2] in the target
LCCC C. Let us make the simplifying assumptions that [I'| = T, |IV| = I,
[T”| =T, |t1]| = t1, |t2| = 2, and |o| = o. In the picture

U/’ o[ty ota]

I, o I, otq] Y o(t1][ta]

[T] [r"]

1"/
[t1] ] [t=]

one part (referred to as the “lower part”) reflects the adjustment between
[o[t1 o t2]] (obtained by a direct pullback along t; ot2) and [o[t1][t2]] (obtained
by successive pullbacks). The top vertices and the arrows into them correspond
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to what the strictification picture gives us as a third point of view. The three
top vertices are, from left to right, {T, o}, {I’,o[t1]}, and {7, clt1][t2]} =
{17, o[t1 o ta]} (the key being this equality). The two rectangles are also pull-
back squares and “reconcile” the lower part of the picture, as witnessed by the
commutation of the triangle yr g[1,][,] © @ = Y17 o[t; 0ts]-

9. Adding the type constructors

We consider successively (and independently) identity types (Section 9.1),
and products and sums (Section 9.2). We recall from [16, 17] the additional
structure needed to interpret them in a Grothendieck fibration. In Section 9.3,
we indicate how to carry over our results to these extensions.

9.1. Identity types

In the variable-free syntax, identity types are described as follows:

ou=...]1d,
M:=...|r|I(M)

with the following rules:
'k o type

T,o,0[1] F 1d, type

' o type I,o,0[1],1d, - 7type T,ob M :7[r-(1-id)]

I'yokr:Id,[l-id] T,o,0[1],1d, - J(M) : T
and equality axioms:

T,o,0[1],1d, - T7type T,oF M:7[r-(1-id)]

Do IM)[x-(1-id)] =M :7[r-(1-id)]

T,o,0[1],1ds F T type T,0,0[1],Ido b M : 7

Io,off],Ide FI(M[r-(1-id)])=M: 7
I"ts:T" T'Fotype

I, als], ols][t] = (Tdg)[1 - ((1 - (s0 T)o T)] = Td,(y

The latter rule becomes an iso conversion rule in the explicit syntax, and coer-
cions have to be inserted where appropriate. Finally, the extensional theory of
identity types is defined by adding the following rule, called the reflection rule,
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that collapses the notions of equality provided by identity types (called propo-
sitional equality) and by the conversion rules (called definitional equality):

'FMy:0 THFMy:o THN:Id,[M; - (Ms-id)]

T M, = M,

We now list the structure needed to interpret identity types, starting from
a fibration p : E — B. We shall need the following notions and notation. let X
be an object of B. We define the fiber Ex at X as the subcategory of E whose
objects are the objects over X and whose morphisms are all the morphisms f
of E between objects of Ex such that p(f) = id. These morphisms are called
vertical (or local). Every morphism s:Y — X of B induces a functor s* = _[s]
from Ex to Ey.

1. We require the fibration p to have fibred terminal objects. This means
one of the following two equivalent properties:

(a) Each fibre Ex has a terminal object 1x, and terminal objects are
preserved by substitution, i.e., for every s : X’ — X, 1x|[s] is terminal
in EX/.

(b) The functor p : E — B, considered as a morphism from p to the
trivial fibration id : B — B, admits a fibred right adjoint 1, that is,
there is an adjunction p 4 1 such that both the counit and the unit
are vertical (which here means that the counit €1 : p(1x) — X is the
identity and that p(n;) = id, where, for A over X, n; : A — 1x gives
us the unique morphism into 1x in the fiber.

2. One requires further that 1 : B — E has an ordinary right adjoint {_},
with unit 79 and counit es. This together with property (1) provides us
with a comprehension structure on p, by setting P(A) = p(ez2), and thus
setting (X, A) = {A} for A over X. In this comprehension category, we
can identify (for every Y, X in B and A in Ex):

(a) base morphisms from Y to (X, A);

(b) pairs of a morphism s from Y to X and a section from Y to (Y, A[s]);

(c) pairs of a morphism s from Y to X and a vertical morphism f from 1y
to A[s] in Ey. We shall use the notation < s, f > for the associated
morphism from Y to (X, A).

The equivalence between (a) and (b) holds in any comprehension category.
The equivalence of (b) and (c) follows from the two adjunctions, and relies
on the following commutation, for any morphism g : 1y — A in E:

p((e2)a) o ({g} o (n2)x) = p(g) -

This is proved easily by inserting explicitly the trivial inverse of €1, and
then by naturality plus a triangular law to cancel out 7y and es.

This commutation guarantees us in particular that in decomposing a mor-
phism¢:Y — (X, A) ast = M.s; asin (b) or ast =< sa, f = as in (c) we
have s; = s, and that the correspondence between (b) and (¢) boils down
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to a correspondence between sections from Y to (Y, A[s]) and vertical
morphism from 1y to A[s].

The following observation will be useful. We know from (1) that e; is iso,
hence 1 is full and faithful, and hence (72)x : X — (X, 1x) is iso (for all
X). It is not difficult to see that the inverse of (12)x is p((€2)1 )

. Consider, for fixed (X, A), the diagonal § = (id, id) from (X, A) to the
pullback (X, A4) xx (X, A) of P(A) and P(A). For each such diagonal,
we require * = _[] to have a left adjoint Eq,, these adjunctions being
related by the following Beck-Chevalley condition: for every s:Y — X,
the canonical morphism from Eq(BJ[1 - s]) to (EqB)[t] is iso, where ¢ is
the morphism from (Y, A[s]) xy (Y, A[s]) to (X, A) xx (X, A) induced by
(1-s)and (1-s).

Note that when P = id, these adjoints are given by the postcomposition
with 4.

. Finally we require the notion of equality given in (3) to be strong in the
following sense: for each X, A, B, the canonical morphism

P(6EqB 077) : (X’AaB) - ((X7A) XX (Xv A)aEqB)

is iso. In the case where B = 1x 4, this boils down to the requirement
that
<6, = (X,A) = ((X,A4) xx (X,A),Eql)

is iso. Indeed, it is easy to check that
P(éEqB on) = {5EqB on}==<4d,n>op(e)

(by taking transposes through the adjunction 1 - {_}). But we already
know (cf. above) that the projection p(ez) : (X, A,1(x 4)) — (X, 4) is
iso. A consequence is that the projection morphism

1 (X, A) xx (X, A),Eq1) — (X, A) xx (X, A)

is an equaliser of the two projections m and ms from (X, A) xx (X, 4) to
(X, A) (since ¢ is an equaliser of these two morphisms).

We shall say that p supports extensional identity types if it is equipped with all
this structure.

We now show how to interpret identity types in a fibration that supports
extensional identity types. Let I' - o type be interpreted as A over X. Then
one interprets

e Id, as Eqy 1(x,4), and

e ras<id,n=: (X,A) = ((X,A4) xx (X, A), (Eq1)[d]), and

e if 7 is interpreted as B and M is interpreted as e, then J(M) is interpreted
as

Je) =P(<6,n>=p)oeo<dn="".
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This is illustrated below, where we have written X, A, A for (X, A) x

(X, A):

X, A, B[< 6,0 =] — 07 x4 A 144, B
//4

T, // )

s

/ /e J(e)
//
X, A X, A, A Tds

<9,m>

We check a few properties:

e The interpretation of J(M) is a section:

=< 6,n = ot oe)o < d,n ="'=1id .

(ToP(=<d,m>=p))oeo<dn>="

e Verification of J(M)[r-(1-id)] = M. We have that r-(1-id) gets interpreted

as < 0,n >=. Then the verification boils down to the observation that

e=(id,P(<6,n>p)oe) = (id, J(e)o < §,n >), the latter being precisely
the interpretation of J(M)[r - (1 - id)].

e Verification of J(M[r - (1-4d)]) = M. Let d be the interpretation of M.
Then the interpretation of M[r - (1 -id)] is (id,do< d,n >), and we have
indeed

-1

P(=< 8,1 =p))olid,do< 6,1 =)o< 6,0 ="'=do < d,n=0=<d,n>""'=d.

e Reflection rule. Let aq,as,b be the interpretations of My, M5, N, respec-
tively. Then Id,[M; - (M; - id)] is interpreted as (Eq1)[{a1,az2)], and we
have:

a1 = mo((ar,az)oT)ob = (mo1)oP((a1,a2)gq1)0b
= (mot)oP((ar,a2)gq1) 0b = az

9.2. II and X types

We add the following cases to the categories of types and terms (both in the
explicit and in the original syntax).

ou=...|lo.71| 30T
M:a=...|XoM|MM|(M,N)|fst(M)| snd(M)

We next give the added typing and conversion rules in the explicit syntax (the
ones in the original syntax are obtained by stripping):

I'o b 7type I'o b7 type Fiob-M:7

I' - 1lo.7 type I'-Xo.7 type I'-Xo.M :1lo.T
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TFM:Tlor THFN:o 'FM:o T'FN:7lc(M,o0,0[id]) - id]

't MN : 7[c(N,o0,0lid]) - id] 'k (M,N):Xo.r
I'EM: Yot I'-M:XorT

Lk fst(M):o L'k snd(M) : 7[c(fst(M), o,0[id]) - id]

Note that coercions are needed in the typing rules, since in an expression of the
form M - s, M must have a type of the form o[s] (cf. Section 4). In practice
one may without loss of generality impose that o[id] = o hold exactly, even in
a non-split fibration, but stating the rules in full generality is the best way to
avoid hiding this point!

(Ilo.7)[s]
(Xo.7)[s]

111
!
S

.
ﬁ

a
=
Q

)
=
S
=
=z

(Ao.M)N = M|c(N, o, 0[id]).id]
fst(M,N)=M
snd(M,N) = M[c(N,o,olid]).id)]

to which one may add the n-rules:

Ao M1 = M
(fst(M), snd(M)) = M

We collect the additional iso conversion rules (omitting the coercions) arising
from products, sums, and identity types in Figure 2.
We now give the additional structure needed to interpret II and X types.

1. First, we assume that our comprehension category is given via a fibred
adjunction p 41 and an adjunction 1 - p, as described in (1) and (2) of
Section 9.1.

2. For every X and A over X, we require the functor

P(A)* = ,['P(A)] : EX — E(X,A)

Figure 2: Iso conversion rules (type constructors)

I"ts:T T,oF 7type I"ks:T T,ob 7type

"+ (o.7)[s] = Mo[s].7[1- (so1)] I (Zo.7)[s] 2 Zo[s].7[1- (so1)]

IMts:T' Tt otype

I, als], ols][t] = (Tdg)[1 - ((1 - (so T)o T)] = Id,yy
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(called weakening) to have left and right adjoints. Moreover, these ad-
junctions are required to satisfy the Beck-Chevalley conditions. For the IT
types, this means that for every Y and u, and for every C, the canonical
morphism in

Ey [(ITA.C)[u], TA[u].C[P(ua)]]

is iso; and similarly for ¥ types.
3. For X types, one requires additionally the following strongness assumption

(similar to (4) of Section 9.1), namely that all canonical morphisms (A over
X, B over (X, A)) from X, A, B to X, X A.B are iso.

We leave it to the reader to spell out the interpretation of the explicit (and
therefore also of the original) syntax in Grothendieck fibrations endowed with
this additional structure (the strong sum assumption is needed to interpret the
second projection in X types).

9.3. Extending our results to products, sums, and identity types

We call ML-category a Grothendieck fibration that has products, strong
sums, and supports extensional identity types, as spelled out in Sections 9.2 and
9.1.

When the fibration is split, when 1x[s] = 1y for every X,Y,s: Y — X,
and when the canonical morphisms involved in the respective Beck-Chevalley
conditions are identities (one then says that the Beck-Chevalley condition holds
exactly), it is called a strict MIL-category.

In [12], the third author has shown (in the language of locally cartesian closed
categories and of categories with attributes) that when p is an ML-category, the
associated Rp (cf. Section 6) is a strict MIL-category. In our present framework,
this goes as follows. First, the fibred terminal objects are given by

1x =(X,¢) whereg(s:Y = X) =1y

where 1 on the right refers to the terminal objects relative to p. For II types,
abbreviating (X, ¢), (Y,4) as ¢, ¢, the definition of II¢.1) is as follows:

(Hg.4)(s) = T (s) (P (s : s — id)))

(note that this is well typed: we have P(¢(s)) : P(¢p(s)) — P(4(id)), and
P'(¥) = (X, ¢), hence ¢¥(P(¢(s))) is over (Y, ¢(s)).
‘We now check that Beck-Chevalley condition holds exactly. We first compute

P'(ty) = P'(t,id) = P(p(t : t — id)) .
Hence we have

(He[t]-p[P'(ts)])(s) = MH]p[P(e(t : ¢ — id))])(s)
= g(tos).(V[P((t : t — id))|(P(H[t)(s : s — id)))
(Tg-4)[t)(s)
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where the last step follows from ¢[t](s) = ¢(s:tos — t). Note that this proof
does not make use of the Beck-Chevalley condition in p. The latter (or actually
its consequence that the isomorphisms so obtained satisfy various commutation
properties) serves in the (tedious) proof that the fonctor F' : p — Rp preserves
all the structure of II types (non strictly).

Likewise, Y¢.1 is defined as follows:

(Xp.9)(s) = Xp(s).¥(P(¢(s : s = id))) .

For identity types, let ¥ be over (X, ¢) (read here (X, ¢), etc...as context
extension!). Let s : ¥ — (X,¢) xx (X,¢). which induces sy : ¥ — X,
t:(Y,d[s0]) = (X,9), and u: Y — (Y, ¢[so]) Xy (Y, ¢[s0]). We set

(Eqv)(s) = (Eq(t))[u] -
where the right-hand side Fq is relative to p.

It can be checked (tediously, but without further difficulties) that all these
data endow Rp with the structure of a strict MIL-category, and that all properties
listed in Section 8 can be lifted from comprehension categories to MIL-categories,
thus establishing the results claimed in the introduction. The definitions of
morphisms and strict morphisms follow the same pattern as for comprehen-
sion categories: morphisms are required to preserve the added structure up to
isomorphism, while strict morphisms, in addition to being strict morphisms be-
tween the underlying comprehension categories, have to send the chosen added
structure to the chosen added structure.

It should be noted that both explicit and original classifying categories are
meant here as extensional, i.e., they incorporate the reflection rule. If we want to
dispense with the reflection rule and hence to account for intensional type theory,
we need a weaker notion of (non strict) model of identity types. Such a notion
is spelled out in Warren’s thesis [25, Definition 2.38]: the existence of a number
of constructions for identity types, their introduction, and their elimination,
is required, together with some isomorphisms and commutations. Warren also
proves that when this structure is present in p then the same structure is present
in Rp exactly (i.e., the required isos are all identities) [25, Theorem 2.48]. The
strictification functor preserves that structure (non-strictly), so, our results go
also through for intensional identity types. However, there might be other ways
to model intensional identity types, using, say, inserters in the place of identity
types. We leave this for further work.

10. Conclusion

We have placed the earlier constructions of the first and third author [7, 12]
in some general mathematical context. The analogy with monoidal categories,
which are algebras for a certain 2-monad, further suggests that some of the
constructions described here (glueing, strictification) for MIL-categories could
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be carried out in the even larger context of two-dimensional monad theory [3].
We leave this for future investigation.

While we have primarily focussed our attention on extensional type theory
and its coherent interpretation in locally cartesian closed categories, we believe
that our framework should have wider applicability. In particular, the presence
of two levels of equality in the explicit syntax has a higher-dimensional category-
theoretic flavour. We would like to investigate how to adapt our approach to
intensional type theory [22] (as mentioned above) and more widely to homotopy
type theory [24], by further varying the notions of equality in the modelled type
theory and by examining the corresponding coherence issues.

Finally, we would like to quote two related works that provide complemen-
tary information around the structures that we use in this paper. In [6], Clairam-
bault and Dybjer establish a biequivalence between the 2-category of LCCC’s
and a 2-category of categories with families (a variant of the categories with
attributes) which support I-types, Y-types, and extensional identity types. In
our setting, this amounts to a biequivalence between MIL and SMIL, where the
latter is the full sub-2-category of ML spanned by the strict MlL-categories.
This latter category does not play a role in our analysis here, but fits clearly as
the fourth item in the matrix strict/non-strict for objects/morphisms.

In [20], Lumsdaine and Warren exploit the other strictification arising as a
left, rather than right, adjoint to the inclusion functor from SFibg(B) to Fib(B)
(over a fixed basis), which they nicely explain in terms of local universes. Again,
this is relevant in the context of the present homotopic developments in type
theory.
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