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Content, roughly

How to express this:

FA:TypE
z,2' Ay prx=a F C(z,2',p) : TYPE
FA:TypPE z: Ak q(z): Cz,z,r(z))
z, 2’ Az =2a":TvypE z,7 Ay prx=12"F Jq,z,2',p): C(z,2’, p)
z:Abr(z):z==x z: AF Jg, z,z,r(z)) = q(z)

in categorical structures.

The semantics of a dependent type theory can be seen as the class of copies of that
theory, i.e. the categorical structures that can express, in this sense, the theory.
This encoding is typically done using the arrows of these categorical structures.
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The type theoretic language of a category

If C is a category with finite limits then:

» Objects I of C are contexts.

> (Some, possibly all) arrows of codomain I" are types A in context I'
and are usually denoted as I''A — T'.

» Sections of A — T" are terms of A in context T.

@ Seely, Locally cartesian closed categories and type theory, 1983.
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If we are given A i) I" and I''A — T then the judgement:
A+ A[f]: TypE

is represented by the pullback:
AA[f] = A

of '"A — T along f.
If we are given a section I’ L P Aof I.A — T then the judgement:
A t[f] - A[f]

is represented by the unique section of A.A[f] — A such that:

A— f—7T
! :
~ N
AA[f] — T.A
A—f—T

commutes.
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Approaches to identify a model

In a categorical structure (with enough stuff) one can use this language to formulate type
constructors of a theory and hence ask if this structure is or is not a model of a given
inference rule.

These are some of the approaches to formulate models:

» the syntactic approach, encoding type constructors into a model in alignment with
the syntax

> the (higher) categorical approach, characterising type constructors via (higher)
universal properties

» the homotopy theoretic approach, that relies on a primitive notion of weak
equivalence to phrase the type formers



Intensional type constructors (with computation rules)

Intensional identity types

FA:TypE
z,2' Ay prx=1a F C(z,2',p) : TYPE
FA:TypPE z: Ak q(z): Cz,z,r(x))
z, 2’ :AFxz=2":TvypE z,7 Ay prx=12"F Jq,z,2',p): C(z,2’, p)
z:Arr(z):z=x z: Ak J(q,z,z,r(x)) = q(x)
Dependent sum types
FA:TypE
z:AF B(z) : TYyPE
FA:TypPE w: Yy AB(z) F C(u) : TYPE
z:AtF B(z) : TYPE z: A y:B(z) b c(z,y) : C{z,y))
FX,.4aB(z): TYPE u: Xy aB(z) Fosplit(c,u) : C(u)

z:Avy: B(z)F (z,y) : z.aB(x) x:A; y:Bx)F split(c, (z,y)) = c(z,y)



Aziomatic type constructors®

Aziomatic identity types

F A:TypPE

(with computation azioms)

FA:TypE
z,2 Ay prx=1aF C(z,2',p) : TYyPE
z:Abg(z): Clz,z,r(x))

z, 2’ cAFxz=2a": TypE
z:AFr(z):x==x

Aziomatic dependent sum types

= A:TypE
z:AF B(z): TYPE

z, ' A; pra=a' b g z,a,p): Oz, ', p)
z: A H(q,2): Jgz,z,r(x)) = q(z)

FA:TyPE
z:AF B(z): TYPE
w3z aB(z) F C(u) : TYPE
z:A; y: B(x)Fc(z,y): C({z,y))

FX¥,.4B(x): TYPE
x A)y : B((E) F (:D, y> : Z(L‘AB(:E)

u: Xy aB(x) Fosplit(c,u) : C(u)

z:A; y:B(z) Fole x,y):split(e, (z,y)) = c(z,y)

1 Also known as weak, objective, propositional theory.
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We said that in an appropriate structure, e.g. a display map category, there are some
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How semantics works

We said that in an appropriate structure, e.g. a display map category, there are some
arrows (display maps, that we can denoted as I'A — T") that interpret type judgements
I'F A: TvypE; and that term judgements I' F ¢ : A are interpreted as sections I' — I'. A of

the corresponding display map.

To formulate a model of a type constructor:

» In the syntactic approach one copies the type constructor into a display map
category by means of choice functions in the language of the display map category.

» In the category theoretic approach one looks for a 1-dimensional categorical
property to give to display maps that characterises the type constructor, allowing a
choice function as in the syntactic approach to be induced by this property. The
homotopy theoretic approach is similar, but the emphasis is on the family of

weak equivalences.
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For extensional type theory, the categorical approach is clear and conceptually simple to
formulate.

This is not the case for intensional, and axiomatic, type theory: there aren’t obvious
categorical properties to characterise intensional and axiomatic inference rules.

Higher categorical approach. In order to characterise intensional type constructors,
we can use higher dimensional models, that still can be converted into ordinary
models according to the syntactic approach, and higher dimensional - e.g. weakly
universal - categorical properties.

A line of research: how to adapt this approach to axiomatic type constructors, and hence
identify a higher dimensional structure with natural categorical conditions that allow to
interpret axiomatic theory.
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Finitely complete categories

Seely proved that, as display map categories, finitely complete categories are almost
models of extensional identity types and extensional dependent sum types.

If we are given 2 LA i) I" and A in context I' and t of type A, then:

> Q.A[f]lg] = Q.A[fg] and not necessarily Q.A[f][g] = Q.A[f9g]

t1f11a1 7 2-AlS]lg]
> 0 - 2l and not necessarily t[f][g] = t[f9g]
AN

ii9l—y Q.A[fg]

However Q - A[f][g] = A[f[g]] and Q F t[f][g] = t[f[g]] are derivable: in this sense we do
not necessarily have a genuine model.
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However, in:

@ Hofmann, On the Interpretation of Type Theory in Locally Cartesian Closed
Categories, 1994.

every finitely complete category is shown to be equivalent to a split display map category
(still endowed with extensional =, and X), where ‘split’ means that there is a choice of
pullback squares and A[f][g] = A[f[g]]-

In general, we have a right-adjoint splitting theorem: the inclusion:

{split display map categories over C} — {display map categories over C}
has a right adjoint that:

> maps every given display map category into a split one which is equivalent to the
given one;

» (under some pseudo-stability condition) preserves extensional = and 3 structure.

@ Warren, Homotopy Theoretic Aspects of Constructive Type Theory, 2008.

@ Streicher, Fibred categories a la Jean Bénabou, 2018.
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Hofmann’s coherence result

Clairambault & Dybjer, and Maietti proved that there exists a biequivalence between:

» the 2-category of finitely complete categories
> an appropriate 2-category for the contextual models of extensional =-types (+ 1 and
)

There’s a left-adjoint splitting theorem too: the inclusion:

{split display map categories over C} < {cloven display map categories over C}

has left adjoint. It:
» maps every cloven display map category into a split one which is equivalent to the
given one;
> (under some weak-stability condition) preserves the semantic intensional = and X

structure.

@ Lumsdaine, Warren, The local universes model, 2015.
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One may ask if there exists a coherence result for axiomatic identity types as well.

Some reasons to study axiomatic type theory: broader concept of semantics,
conservativity.



Path categories i.e. non-genuine models of axiomatic identity types

A path category C is a category with a terminal object, a class of fibrations and a class of
weak equivalences such that the following properties are satisfied:

1. The composition of two fibrations is a fibration as well.

2. Every pullback of a fibration exists and is a fibration as well.

3. Every pullback of an acyclic fibration is a trivial fibration as well.
4

. Weak equivalences satisfy 2-out-of-six.

ot

. Every isomorphism is a trivial fibration and every trivial fibration has a section.

[«

. For every object X of C there is an object PX, called path object on X, together
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with a weak equivalence X — PX and a fibration PX M) X x X such that
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A path category C is a category with a terminal object, a class of fibrations and a class of
weak equivalences such that the following properties are satisfied:

1. The composition of two fibrations is a fibration as well.

2. Every pullback of a fibration exists and is a fibration as well.

3. Every pullback of an acyclic fibration is a trivial fibration as well.
4

. Weak equivalences satisfy 2-out-of-six.

ot

. Every isomorphism is a trivial fibration and every trivial fibration has a section.

[«

. For every object X of C there is an object PX, called path object on X, together

t
with a weak equivalence X — PX and a fibration PX M) X x X such that

(x5 px 2% x o x) = 5y

7. Every arrow of target a terminal object is a fibration.

Theorem. Path categories are contextual display map categories with extensional 1 and
¥ types and axiomatic = types, and vice versa.

This statement extends to a result a la Clairambault & Dybjer.
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Rough statement

There exists a biequivalence between:
> the 2-category of the contextual models of axiomatic =-types (+ other constructors)

» the 2-category of path categories

in the manner of the biequivalence between:
> the 2-category of the contextual models of extensional =-types (+ other constructors)
P the 2-category of finitely complete categories

studied by Seely, Hofmann, Clairambault & Dybjer, and Maietti.
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In principle, finitely complete categories and path categories are pre-models that we need
to strictify.

Finitely complete categories induce pseudo-stable data.
=
These data can be preserved by the right-adjoint splitting.

Path categories induce weakly-stable data.
—
These data are only preserved by the left-adjoint splitting.
—
Models in input need to be cloven. Additionally, they need to have function variable
contexts (LF condition).
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In every path category, a higher-dimensional category is hidden.

[Den Besten| A 2-morphism between parallel morphisms f,g: A — I' is a morphism
h: A — PT that constitutes a homotopy f ~ g.

Analogously, since homotopies are also 1-morphisms, we can talk about homotopies
between homotopies and so on. For the sake of simplicity, let us stop to dimension 2.

In this setting:
Proposition. Path categories are enriched in groupoids [den Besten| and:

» fibrations p : IV — I" are cloven isofibrations:
ALy T Ind

\IL _ A%g

» path objects are homotopy arrow objects: (C/T')(A,IV)™ ~ (C/T)(A, PrI);
» pullbacks are also 2-pullbacks.



In every path category, a higher-dimensional category is hidden.

If we are given a type judgement I' - A : TYPE and substitutions A F f : I and
AbFg:T'A ( ie gisgivenby g1 :T,g2:Aflg1] ) with a context identity proof
At p: f=gi, then the lifted 1-cell is the substitution:

AbEf:T,p*ga: A[f]

and the lifted homotopy is the context identity proof A+ f, p*g2a = g1, g2 provided
by the list:
At p:  f=q
Atr(p*g2) : p*g2 =p*g2
of identity proofs. Now, if f = g1 and p =r(g1), then the lifted 1-cell is:
At gr:T,r(g1)"g2 : Alg]
and the lifted homotopy is the list:
At r(g1) : g1 =91
Abr(r(g1)*g2) « r(91)" g2 = r(g1)" g2

hence in general the former will not be g and the latter will not be the identity 2-cell:
with aziomatic identity types we can infer that r(g1)*ge = g2 (it is a fragment of the
computation axiom for =-types ) but not that r(g1)*g2 = g2.



In every path category, a higher-dimensional category is hidden.

If we are given a type judgement I' - A : TYPE and substitutions A F f : I and
AbFg:T'A ( ie gisgivenby g1 :T,g2:Aflg1] ) with a context identity proof
At p: f=gi, then the lifted 1-cell is the substitution:

AbEf:T,p*ga: A[f]

and the lifted homotopy is the context identity proof A+ f, p*g2a = g1, g2 provided
by the list:

At p: f=q

Atr(p“g2) : g2 =p g2
of identity proofs. Now, if f = g1 and p =r(g1), then the lifted 1-cell is:

At gi:T,r(g1)%g2 : Algi]
and the lifted homotopy is the list:

Ak r(g1) : g1 =g1
Atr(r(g1)"g2) : r(g1) g2 = r(91)" 92

hence in general the former will not be g and the latter will not be the identity 2-cell:
with aziomatic identity types we can infer that r(g1)*ge = g2 (it is a fragment of the
computation axiom for =-types ) but not that r(g1)*g2 = g2.

This is precisely why the display map associated to the type A is a cloven isofibration but
not necessarily a normal isofibration.
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2-dimensional semantics of axiomatic theories
Display map 2-categories. (2,1)-dimensional categories with a specified class of
1-morphisms, called display maps, that satisfy the following conditions:

1. To substitute into types and terms.

rA = AA[f] —-T.A
+ + 4 +
A-f3>T A—f—T

2. To strictify eliminations in 3-4 in change of producing computation azioms.

—
A—T.A A l'lA
r

A

N

3. To have identity types with pseudo-elimination.

Q 4 . A st homp (A, Q) T.AA . (x=2a")
N K i
r homp (A, T.A)~ Q

4. To have dependent sum types with pseudo-elimination.

I.A.B = T.AB ~T.C =B
4 4 4 i
ra—r rrAa—r C



2-dimensional semantics of axiomatic theories

Theorem. Display map 2-categories are models of axiomatic dependent type theory.



In detail

Under the hypotheses of the elimination rule of identity types, we are able to build a
pseudo-term:

TAA.dy —— 2 L TAA.ids.C

T T
IA.A".ida



In detail

Under the hypotheses of the elimination rule of identity types, we are able to build a
pseudo-term:

TAA.dy —— 2 L TAA.ids.C

T T
IA.A".ida

and, using the cloven isofibration structure on P, we obtain a section:

tg"A :TVAA".idy - T AA".idy .C

of Pc, at the cost of introducing an additional 2-cell:

t¥A
Je

DLAA" ida [ raaiac
]c

We define J. := tSPA.
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In detail

Now, referring to the diagram:

ra— INALA".id x4

uAreﬂA]l l se| = 3.

FACrA] —ry — TLAA.idy .C

J
PC[rA]l lpc
T.A

ra—— TLAA".id 4

we obtain a 2-cell Jc[vyrefl4] = ¢

Remark. If Po is normal, then:

1ry

=Jcra
Jera

Jera

— fPARTA
Je

~ 1,
J Jo)xrg =78AMA = 274 = 14
( = ) A= Jera Jera dera

implying that J.[v%refl4] is in fact c.

However, if Pc is just cloven, then J.[v¥refl 4] and ¢ can remain different.
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An application:

A revisitation of the groupoid model.

We consider the (2,1)-category GRPD of groupoids, functors, and natural transformations
(i.e. natural isomorphisms) with Grothendieck constructions of pseudofunctors

I' -+ GRPD as display maps over I'.

The model of axiomatic theory induced by this display map 2-category does not believe
the judgemental computation rule.

In particular, the judgemental computation rule for intensional identity type constructor
is independent of the axiomatic dependent type theory.



Thank you!



