Logical Aspects of Virtual Double Categories

Hayato Nasu

E-mail: hnasu@kurims.kyoto-u.ac.jp
Supervisor: Prof. Masahito Hasegawa
Division: Division of Mathematics and Mathematical Sciences

Submitted Version of the Master’s Thesis



Acknowledgements

I would like to express my deepest appreciation to my supervisor, Masahito Hasegawa, for his guid-
ance and generous support throughout my research. I am also extremely grateful to my collaborator,
Keisuke Hoshino, for enlightening me with his knowledge and for working with me on the joint work
[HN23]. Without him leading me into the world of double categories, this master’s study would not
have been possible. I am also indebted to my unofficial advisors, Hisashi Aratake and Yuki Maehara,
not only for their valuable comments on my research but also for their continuous support and advice
on my life as an early-stage researcher.

Since the content of this thesis consists of three chapters, I would like to acknowledge the following
people for their contributions to each chapter. For the first topic, a first step to double-categorical
logic, I would like to thank Zeinab Galal, Keisuke Hoshino, Yuto Kawase, Yuki Maehara, and Yutaka
Maita for their discussions, comments, and suggestions. I would also like to thank the anonymous
reviewers of [HIN23] for their valuable comments and suggestions, which have influenced the content
of this thesis.

For the second topic, an internal language for virtual double categories, I would like to thank
Benedikt Ahrens, Nathanael Arkor, Keisuke Hoshino, Yuki Maehara, Hiroyuki Miyoshi, Paige North,
and Yuta Yamamoto for their discussions, comments, and suggestions on the manuscript. I would also
like to thank the anonymous reviewers of [Nas24] for their valuable comments and suggestions.

I would like to extend my special thanks to the members of the Computer Science Group at RIMS,
as well as the frequent visitors to the group, for making my master’s study fruitful and enjoyable.
Lastly, I would like to express my gratitude to my parents, grandparents, and siblings for their continual
support and encouragement throughout my life.



Preface

Abstract

This thesis deals with two main topics: virtual double categories as semantics environments for
predicate logic, and a syntactic presentation of virtual double categories as a type theory. One sig-
nificant principle of categorical logic is bringing together the semantics and the syntax of logical
systems in a common categorical framework. This thesis is intended to propose a double-categorical
method for categorical logic in line with this principle. On the semantic side, we investigate virtual
double categories as a model of predicate logic, and illustrate that this framework subsumes the ex-
isting frameworks properly. On the syntactic side, we develop a type theory called FVDbITT that is
designed as an internal language for virtual double categories.

Structure of this Thesis

The thesis is divided into three chapters. The first chapter is devoted to the preliminaries necessary
to understand the main content of this thesis. The second chapter deals with the first theme, the
virtual double categories as a model of predicate logic. The third chapter studies the type theory that
is designed as an internal language for virtual double categories. The material in the last chapter and
necessary background in the first chapter has already been made public as a preprint [Nas24]. Some
parts of the first and second chapters, mostly the definitions and theorems on double categories, are
based on the author’s joint work [HN23] with Keisuke Hoshino.

Each chapter has its abstract at the beginning, and the last two chapters have their own intro-
duction sections Sections 2.1 and 3.1, which can be read independently of the other chapters.

Summary of Contributions

The major contributions of this thesis are as follows:
Chapter 2: Categorical Logic Meets Virtual Double Categories

e We construct a 2-functor Bil from the 2-category Fibeart of cartesian fibrations to the 2-category
FVDbl,, of cartesian fibrational virtual double categories. (Proposition 2.3.4)

e We characterize the 2-category Fiby—3 of elementary existential fibrations as the pullback of the
2-functor Bil: Fibeart — FVDbl ,,. along the forgetful 2-functor from FVDbl _.q cart. (Theo-
rem 2.3.17)

e We also characterize the image of the 2-functor Bil: Fibysr—3 — FVDbl .5 cart as the sub-2-
category of FVDDbI . cart consisting of Frobenius cartesian equipments. (Corollary 2.3.37)

e We prove that the loose bicategory of a cartesian equipment is a cartesian bicategory. (Theo-
rem 2.4.8)

e We revisit some existing results in the literature from the perspective of the Bil-construction.
(Corollary 2.5.8 and Remark 2.5.21)

Chapter 3: Type Theory for Virtual Double Categories

e We developed a type theory called FVDDbITT and established a biadjunction between the 2-
category of cartesian fibrational virtual double categories and the 2-category of specifications for
this type theory, whose counit is a pointwise equivalence.



NOTATIONS 3

Notations
C,D,¢E (1-)categories
cepP the opposite category of C
1 the terminal category, or the terminal 2-category
p: - B a fibration
Er the fiber of £ over I € B
alf] the reindexing of o € & along f: J — I
K, LM 2-categories and bicategories
K°P the 1-cell opposite bicategory of K
K*° the 2-cell opposite bicategory of K
DE double categories
idy,idy the identity arrows in a category
07,07 the identity (resp. unit) loose arrows in a (virtual) double category,
the identity 1-cells in a bicategory, or the objects in a fiber 7« that represent equality
Id the identity (1-, 2-, double) functor
1, x the finite products in (1-,double) categories
T,A the finite products in fiber categories or loose hom-categories in double categories
On Projections of Products.  In this thesis, we will write (fo,..., fn—1): A = Box-+-XB,_1
for the arrow induced by f;: A — B; for i =0,...,n—1. In the case where f;’s are all projections, we
will adopt a more suggestive notation: we will write (g, ..., in—1): Ag X -+ X Ap1 — Ajg X+ X A;,
for the arrow whose j-th component is the i;-th projection for j = 0,...,n — 1. For example, we

will write (0,0): A — A x A for the diagonal arrow, (0): A x B — A for the first projection, and
(1): A x B — B for the second projection. This notation facilitates calculation of the composition of
arrows given by the projections. For example,

AXCXC e—— AXAXCXxBXx(C ¢——— AxBx(C = AxCx(C«—— AxBxCC .
(0,2,4) (0,0,2,1,2) (0,2,2)

Accordingly, we have
al(0,2,4)][(0,0,2,1,2)] = «[(0,2,2)] in EaxpxC

for a fibration p: £ — B and an object @ € Eaxcoxc- On the other hand, we will write ! for the unique
arrow to the terminal object, not ().

Introducing Terminology. The first and second chapters of this thesis include a brief in-
troduction to the basic notions of fibrations, double categories, and virtual double categories. We
introduce the basic terminology and a few new terms that we use throughout the thesis, and those
terms are written in boldface and italics. We also mention some terminology that appears in the
literature but that we do not use again in the main body of the thesis, and those terms are written in
italics but not boldface.
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Chapter 1
Preliminaries on 2-dimensional Structures

This chapter is devoted to the preliminaries on cartesian objects, double categories, and virtual
double categories. Cartesian objects are a generalization of the notion of categories with finite prod-
ucts. This concept is convenient when we make a statement on finite products for general categorical
structures. Double categories are a generalization of categories. They have two kinds of arrows called
tight and loose arrows, which can be composed with arrows of the same kind, and also cells that fill
those arrows. Virtual double categories are a further generalization of double categories, in which
loose arrows are not equipped with composition. This chapter is intended to provide the reader with
the necessary background to understand the main content of this thesis. Part of this chapter is based
on the author’s joint work with Keisuke Hoshino [HIN23].

1.1. Cartesian Objects in 2-categories

Definition 1.1.1 ([CKW91, §5.1]). A cartesian object in a 2-category K with strict (2-dimensional)
finite products 1, ® is an object x of K such that the canonical 1-cells I: x — 1 and A: z —» x® z have
right adjoints 1: 1 — x and X: x ® x — x, respectively. A cartesian 1-cell (or cartesian arrow) in
K is a 1-cell f: z — y between cartesian objects x and y of K such that the canonical 2-cells obtained
by the mate construction x o (f ® f) = fo x and f ol =1 are invertible.

For a 2-category K with strict finite products, we write Kcart for the 2-category of cartesian
objects, cartesian 1-cells, and arbitrary 2-cells in K. a

Remark 1.1.2. By strict finite products, we mean the most strict notion of finite products, that
is, the terminal object 1 and the binary product ® come with the isomorphisms in the 2-category of
categories:
K(z,1)=1
K(z,y ® 2) = K(z,y) x K(z, 2)
2-naturally in z,y, z. We call this kind of limits strict (2-)limits. J

Example 1.1.3. In the 2-category Cat of categories, functors, and natural transformations, the
cartesian objects are the categories with finite products, where the right adjoints 1 and x are the
functors of the terminal object and the binary product, respectively. J

Lemma 1.1.4. Let K be a 2-category with strict finite products. A 1-cell f: x — y in Kcart is an
equivalence in Kcapt if and only if the underlying 1-cell of f is an equivalence in K. J

PROOF. The only if part is clear since we have the forgetful 2-functor Kcart — K. For the if part,
take the right adjoint g of the underlying 1-cell of f as its inverse. Taking the right adjoint of both
sides of the isomorphism 2-cells o f 2! and (f ® f) o A = Ao f, we obtain the isomorphism 2-cells
gol=1and xo(g®g) = go x. This shows that g gives a cartesian morphism from y to z, and g is
indeed the inverse of f in Kcart. O

Lemma 1.1.5. Let K, K’ be 2-categories with strict finite products (1,®), and |—|: K’ —» K be a 2-
functor preserving strict finite products and locally full-inclusion, 7.e., injective on 1-cells and bijective
on 2-cells. For an object = of K’ to be cartesian, it is necessary and sufficient that |z| is cartesian
in K and that the 1-cells 1: 1 — |z| and x: |z| ® |z| — |z| right adjoint to the canonical 1-cells are
essentially in the image of |—|.

Moreover, for a 1-cell f:  — y of K’ where z and y are cartesian in K’, f is cartesian in K’ if and
only if | f| is cartesian in K. 3

PROOF. The necessity of the first condition follows from the fact that any 2-functor preserves
adjunctions, that right adjoints are unique up to isomorphism, and that |—| preserves finite products.

5
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Since |—| is locally fully faithful, it also reflects units, counits, and the triangle identities with respect
to the adjunctions, and hence the sufficiency of the first condition follows.

The necessity of the second condition is again immediate from the fact that |—| preserves finite
products. The sufficiency follws from the fact that |—| is locally fully faithful, in particular, reflects
isomorphisms. O

Lemma 1.1.6. Let K, L, and M be a 2-category with strict finite products (1,®), and T: K - M
and S: L - M be 2-functors preserving the finite products strictly, and locally isofibrations. Then,
the canonical 2-functor

(K XM L)cart - Kcart X Meart Lcart

is a 2-equivalence, where — xpg — denotes the strict pullback of 2-categories, that is, the 2-category
of pairs (k,1) of O-cells k € K and [ € L with T'(k) = S(I) in M. J

PROOF. finite products in K xp L are given by pointwise finite products in K and L, namely,
(k,) @ (K',I') = (k@K ,l®1l'), and 1 == (1,1). In addition, a 1-cell (f,g): (k,1) — (K',I') has a
right adjoint if and only if f and g have right adjoints in K and L, respectively. Here, we use the
assumption that 7" and S are locally isofibrations. From this, we see that the canonical 2-functor is
essentially surjective, and locally fully faithful by the fact that natural isomorphisms in the pullback
are pointwise. [l

1.2. Double Categories

Broadly speaking, as far as the author is aware, the use of double categories has two aspects:
the first aspect is as a framework for two distinguished kinds of arrows that are equivalent in their
workings, and the second is as a framework for a category with a different composable structure that
supports the original category. In the first aspect, double categories are usually given in a strict
setting, where the associativity and unit laws are strict for the two kinds of arrows. In the second
aspect, double categories are usually given in a weak setting, where the associativity and unit laws
for the second kind of arrows are relaxed to isomorphisms. In this thesis, we will focus on the second
aspect of double categories, and hence what we call a double category is a pseudo, or equivalently
weak, double category. In the following, we will introduce the basic terminology and concepts that we
use throughout the thesis. For a comprehensive introduction to double categories, we refer the reader
to [Gra20].

By a (pseudo-)double category D, we mean a pseudo-category in the 2-category CAT of locally
small categories. In other words, a double category consists of two (locally small) categories Dy, Dy
and functors

10 src
Dy tgt Xsrc Dy —— Dy %tgtiz Do .
These data come equipped with natural isomorphisms that stand for the associativity law and the
unit laws.
Objects and arrows of Dg are called objects and tight arrows of the double category ID. We use

the notation g o f for the composition of I J, J % K in Dy, or ocasionally f;g in the diagrammatic
order. An object a of ID; whose values of src and tgt are I and J, respectively, is called a loose
arrow' from I to J, and written as a: I — J. We use the notation o ® 8, or simply /3, for the
composite of a: I — J and §: J — K in D1, and d; for the identity loose arrow on I. An arrow
¢: a— [ in Dy is called a double cell (or merely a cell) in the double category ID. This cell is drawn
as below, where src(p) = f and tgt(y) = g.

I —5-J
(1.2.1) fl o o
K T L

1The term “tight” and “loose” are used not to confuse with the terms “vertical” and “horizontal” because there is
no consensus on the terminology and notation on which class of arrows should be called “vertical” or “horizontal”. The
difference cannot be dismissed since only one class of arrows requires strict associativity and unit laws.
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Interchanging the roles of src and tgt in a double category D, we obtain another double category.
We call it the loosewise opposite of D and write it as ID'P. Sending the data of ID by the 2-functor
(—)°P: CAT — CAT, we get another double category. We call it the tightwise opposite of D and
write it as ID™P.

Since the category Dy is a category consisting of objects and tight arrows, we call it the tight
category of the double category ID. If we consider the cells with the top and bottom loose arrows
being identities and call them tight cells, then we obtain a 2-category of objects, tight arrows, and
tight cells. We write this 2-category as T(ID). On the other hand, we can consider a bicategory
consisting of objects, loose arrows, and globular cells, meaning cells whose source and target are
identities. We call this bicategory the loose bicategory of the double category DD, and write it as
L(D). For later use, we summarize how the various notions of opposites are related:

(D'*P)g = (IDo)°®, (D'*P)q = Dy,
T(D'?) = (T(D)®,  T(D'®)=T(D)*, LD =LD)*, LD)=L(D)*".

By abuse of notation, we write D(1, J) for the hom-category of the loose bicategory L(ID) for objects
I and J of Dy.

Remark 1.2.1. Strictly speaking, the composite a3y does not make unique sense in a pseudo-double
category, but rather we have (af)y and «a(fv) equipped with the canonical isomorphism between
them. Still, the composite a8y is determined up to the canonical isomorphisms, and we will use this
notation in this thesis. This is supported by the strictification theorem [GP99, §7.5] saying that any
pseudo-double category is equivalent to a strict double category. One may define a pseudo-double
category in an unbiased way in which the n-ary compositions for general n are primitively defined.
We will not use this notion in this thesis explicitly, but it is more similar to an equivalent formulation
of double categories in terms of virtual double categories introduced in Section 1.4. J

Remark 1.2.2. In this thesis, we often use diagrammatic presentations as in (1.2.1). We often use
the convention that the identity arrows are contracted to vertices of objects. They are also drawn as
arrows with double lines like = and == . By an alignment of arrows, we mean the composite of
them. The following examplifies these conventions.

I, 1% % J 1090 5
AN = adr] @ [f> 9\90/]1 = 9/ ¢ |h-
ITJ IHQ%J K K — K

_l

For double categories D and [E, a double functor F: D — [E is an internal functor between the
double categories as internal pseudo-categories in CAT. It consists of two functors Fy: Dy — [Eg and
Fy: Dy — [Eq such that srco F} = Fyosrc and tgto F; = Fy o tgt, together with natural isomorphisms

®
D1 tgt Xste D1 —— D1 «5— Do

FlXFOFll H// lFl '\§\ lFO

IEltgtxsrc JIDf] T [ «o6— g

that are compatible with the isomorphism cells for the associativity and unit laws of D and IE.
Unpacking this definition, a double functor F' consists of the following data:

e a functor Fy: Dy — Ey,

e a function that sends a loose arrow «a: I — J to a loose arrow F(«): Fy(I) = Fo(J),

e a function that sends a cell ¢ asin (1.2.1) to a cell F;(p) framed by the images of the tight arrows
and the loose arrows under F'.

e invertible globular cells for all objects I and for all composable pairs («, 3) of loose arrows as

follows
) «
Ro(1) 229 myny R 2 () 2 Ry(k)
I Fsrdl I Fo.o g I
FoD) g5y B Boll) — g FolK)

such that the coherence conditions for the associativity and unit laws are satisfied.
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A (double) tightwise transformation I': F = G between double functors F,G: D — E is also
defined in terms of internal pseudo-categories in CAT. It consists of natural transformations I'y: Fyy =

Go
the

and I'1: I} = G that are compatible with the loose compostion. More concretely, it consists of
following data:

a natural transformation Iy: Fy = Gy,

a family of cells (/1) in E indexed by the loose arrows a: I — J of D, which are framed by
Ib r and Iy 7, together with the images of o under F' and G, and satisfy the following naturality
condition and the coherence conditions for loosewise composition.

Fo(1) 2% Ry Fo(I) 2425 Fy()
Tor) I, o, Fi(h)] Fi LF1(9)
Go(I) FeAT) Go(J) = Fy(K) AT Fy(L) for ¢ asin (1.2.1)
1o 1
Gl a, o 1G1(9) Tox] g oL
Go(K) 5oy Go(L) Go(K) G Go(L)
5 5
Fo(I) =22 Fo(1) Fo(I) =% Fy(1)
I F&;I l I, 51}” o
Foll) 5y Fo(D) Go(I) oy Go(I)
Toxl py Lo I Gy |
Goll) Grizys Gol) Go(I) Gz Gold)
Ro(n) 242 Ry 22 Ry Ro(D) 2% my() 22 Rk
I Fosap I Lol Thie Lo lip llox
Fo(I) FeoR) Fo(K) = Goll) 5y GolJ) oy GolK)
oz IRTNEY: Lox I Gorap I
Go([) GreoR) Go(K) Go(I) G oR) Go(K)

In [Gra20, §3.8], the author distinguishes the notion of tightwise transformations from a weaker notion
for which the naturality condition on objects is relaxed to isomorphisms in double categories. We will

not

use this weaker notion in this thesis. We write Dbl for the 2-category of double categories, double

functors, and tightwise transformations. We will reformulate these concepts in terms of virtual double
categories in the next section.

Example 1.2.3. We give some basic examples of double categories.

(i)

(i)

The double category Rel(Set) of relations between sets is defined as follows. Its tight category
Rel(Set) is the category Set of sets and functions. The loose arrows are binary relations between
sets, i.e., a loose arrow a: A — B is a subset of A x B. A cell of the form (1.2.1) exists if and only
if for any a € A and b € B such that (a,b) € «a, we have (f(a),g(b)) € 5. There is at most one
cell framed by a pair of tight arrows and a pair of loose arrows. The composite o ® § of relations
a: A— B and : B — C is defined as the following relation. For a € A and ¢ € C, we have
(a,c) € a ® B if and only if there exists b € B such that (a,b) € a and (b,c) € 5. The identity
loose arrow d4 is defined by the diagonal { (a,a) | a € A}. This construction is generalized to
relations in a regular category [Lam22].

For a category C with pullbacks, we can form the double category of spans in C, whose tight
category is C, whose loose arrows are spans in C, that is, a pair of arrows with the same source,
and whose cells are arrows from the vertex of the top loose arrow to the vertex of the bottom
loose arrow.

|
V4 T
I —% 5 J « l%o «
Lo e 170 |8 } J
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The identity loose arrow 07 is the span (ids,ids), and the composition of spans is defined by
the pullback in C. The examples (i) and (ii) are generalized to the double category of relations
relative to a stable factorization system [HN23].

(iii) The double category Prof of profunctors has its tight category Prof as the category Cat of small
categories and functors, and its loose arrows from C to D are profunctors a: C — D, namely,
Set-valued functors a: C°P x D — Set. The cells are natural transformations between profunctors
with respect to the source and target functors.

C® x D
C —+—D &
Loy s = fxg Jo  Set
£—— F 5
E°P x F
The identity loose arrow d¢ is the hom-profunctor C(—, —), and the composition of profunctors is

defined by contraction in terms of coends.

deD
(O@B)(C,e)Z/ alc,d) x B(d,e) for ceCeel.  (a:C—+D,B:D—=E)

We move on to illustrate several structures on double categories. Before we define the fibrational
structure on double categories, let us review the notion of a (Grothendieck) fibration in category
theory.

Definition 1.2.4. Let p: £ — B be a functor between categories. In the context of this thesis, B
is called the base category and €& is called the total category. An object o € £ (resp. an arrow
p:a— fBin ) is called an object over I € B (resp. an arrow over f: I — J in B) if p(I) = «
(resp. p(f) = ¢). An arrow ¢: a — 3 is called p-prone’ (or just prone) over f: I — J if it is an
arrow over f and for any arrow ¢’': o/ — f in € such that p(¢’) factors through f as p(¢’) = fog,
there exists a unique arrow v : ¢/ — ¢ over g such that ¢/ = p o).

I — J

f

Let & denote the subcategory of £ consisting of objects over I and arrows over idj, which is called
the fiber of £ over I.

The functor p is called a fibration if for any arrow f: I — J in B and any object 8 € £, there
exists a prone arrow ¢: o —  over f. We call this arrow ¢ a prone lift of f to ¢, and write its
domain ¢ as 9[f]® The assignment v + t[f] defines a functor (—)[f]: £&; — &, which is called the
base change or the reindexing along f.

A p°P-prone arrow where p°P: £ — B is the opposite of p is called a p-supine arrow. An
opfibration is a functor admitting supine lifts for every arrow in the base category. A bifibration is
a functor that is both a fibration and an opfibration.

Proposition 1.2.5 ([Shu08, Theorem 4.1]). Let D be a double category, f: I — J be a tight arrow
in D, and a: I — J and 8: J —> I be loose arrows. Then, the (structural) 2-out-of-3 condition holds
for the following three data; i.e., given any two of the three pieces of data, the other is uniquely
determined under a suitable ternary relation.

2Prone arrows are commonly called cartesian arrows in the literature. The term “prone” is borrowed from [Tay99,
JohO02a]. The term “cartesian” is avoided in this thesis because “the word has been rather overworked by category-
theorists, and deserves a rest” as Johnstone says [Joh02a, B 1.3, p.266].

31t is common to write Y[f] as f*1 in the literature.
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(i) Companion. A pair (p, ) satisfying the following.

Iy 1%,y /;Y 1
(1.2.2) ;¥ = I v T o J = f
v o] N |

If f and a come equipped with these structures, we say that « is a companion of f.
(ii) Conjoint. A pair (,v) satisfying the following.

I
g g1 VU\ I
(1.2.3) Xy = I v J—f—— I T f
\£>I I——1 N/ %

J

If f and 8 come equipped with these structures, we say that § is a conjoint of f.
(iii) Adjoint in L(ID). A pair (7, ¢) satisfying the following.

o AN AN,
NS

In particular, a tight arrow with companion and conjoint produces an adjoint in L(ID). We call such
an adjoint a representable adjoint. J

Definition 1.2.6. A double category D is an equipment (or a fibrational double category) if
the functor (src,tgt): D1 — Dy x Dy is a fibration. J

Equipments are also known as ‘framed bicategories’ [Shu08] and ‘fibrant double categories’ [Ale18].

Remark 1.2.7. A double category D is an equipment if and only if (src, tgt) is an opfibration, hence
a bifibration. Also, being an equipment is equivalent to the condition that for every tight arrow
f: I — J, there are loose arrows a: I — J and [3: J — I, equipped with two (hence all) of the data
listed in Proposition 1.2.5; see [Shu08, Theorem 4.1]. Under this correspondence, ¢ in (1.2.2) is the
prone lifting of (f: I — J,id: J — J), and likewise for other cells. The companion and conjoint of
f: 1 — J are written as f, and f*.

By a prone (resp. supine) cell, we mean a prone (resp. supine) morphism of the bifibration
(src,tgt). From a loose arrow a: J — K and tight arrows f: H — J and ¢g: I — K, the prone lift of
(f,9) to « in the bifibration gives the prone cell as the cell on the left below.

Ha[fég]I H B I H dr(fsal I I

rn f g
S A N P SR 2N
S K ijRest(ﬁ;ﬁg K JOPRest(I;f,g)K

Here the prone cell is unique up to invertible globular cell, so we just write prn for the prone cell and
call the loose arrow aff ¢ g] the restriction of a along f and g. Note that the tight composition of
two prone cells is prone, and the tight composition of two supine cells is supine. Taking the loose dual,
the supine cell is unique up to invertible globular cell, so we just write spn for the supine cell and call

4In the virtual setting, virtual equipments and fibrational virtual double categories are different concepts, but the
difference disappears in double categories. Therefore, we use the terms interchangeably in this thesis depending on which
framework we consider as its generalization.
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the loose arrow opRest(3; f, g) the oprestriction of 5 along f and g. In particular, as presented in
the right half of the above diagrams, the restriction of dx through f and g is written as K(f, g), and
the oprestriction of d; through f and g is written as opRest(I; f, g) for brevity.

The restriction «(f,g) and the oprestriction opRest(fB; f, g) are realized as f.pg* and f*qg., re-
spectively, using the companion and conjoint, and the prone cell and the supine cell are realized as
below.

H%HI

T FARNN

J —— K o K

Put it another way, if we are given a prone cell ¢ and x as above, then the above cell is the restriction
of a through f and g. Since the ¢ and x are prone cells and the 1 and v are supine cells, we just write
prn and spn for them as well. For a comprehensive treatment on equipments, see [Shu08, §4]. a

Remark 1.2.8. By the general theory of fibrations, it is known that isomorphisms in Dy, which we
will call tightwise isomorphisms from now on, are prone and supine cells at the same time. In
addition, prone and supine cells are closed under tightwise composition. a

Example 1.2.9. The examples in Example 1.2.3 are all equipments.

(i) In the double category Rel(Set) of relations between sets, the companion and conjoint of a
function f: I — J are its graphs {(¢, f(¢)) | ¢ € I} and {(f(i),4) | i € I} as relations.
(ii) In the double category of spans in a category with pullbacks, the companion and conjoint of an
arrow f: I — J are (idy, f) and (f, idy), respectively.
(iii) In the double category of profunctors, the companion and conjoint of a functor F': C — D are the
representable profunctors D(F(—),—) and D(—, F(—)), respectively.

|

Remark 1.2.10. If one already knows that a double category is an equipment, then checking a cell
is prone or supine becomes a simpler task. In an equipment, a cell 7 is prone (resp. supine) if and
only if it shows the universal property of the prone (resp. supine) cell only for the cells with the same
tight arrows f and g and the same loose arrow (3 at the bottom (resp. the same loose arrow « at the

top).

Y
I ——
[ EN
T is prone <= fl @ lg = I —%5J
K I fl 7 e
B K —5 L
This follows from the corresponding fact in the context of bifibrations. a

Remark 1.2.11 (String diagrams in equipments). String diagrams are known to be a useful tool
in reasoning about monoidal categories and bicategories as they offer visualized intuition for the
composition of cells. They are naturally extended to double categories as well. The paper [Myel8|
introduces string diagrams in double categories, and discusses soundness of the diagrammatic calculus.

In string diagrams for double categories, objects are drawn as regions, tight arrows are drawn as
horizontal lines, loose arrows are drawn as vertical lines, and cells are drawn as vertices. Composition
of cells is represented by concatenation of vertices along the lines as shown in the following diagram.

For the companion and conjoint of a tight arrow f: I — J, we do not explicitly depict the vertices
for the cells in (1.2.2) and (1.2.3). Instead, we express those cells with zigzag lines, and the equations
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in Proposition 1.2.5 are represented as follows.

f S
(1.2.5) Jf = |n = /

fr

(1.2.6) ! = |, o= f

! f

The unit and counit of the adjunction f. - f* are represented with the zigzag strings like [ ] and | |,
and they satisfy the triangle identities by the above equations. J

In the joint work [HN23], the author and Hoshino made the following small observation, which
turns out to be a convenient and powerful tool in reasoning about double categories.

Lemma 1.2.12 (Sandwich Lemma, [HN23, Lemma 2.1.8]). Let D be an equipment. Given a
sequence of loosewise composable cells

(1.2.7) l p;‘n l s;:n l p;n l

with the supine cell sandwiched between two prone cells, the composition of these cells is prone. The
same thing holds when swapping the roles of ‘prone’ and ‘supine’. a

PROOF. By Remark 1.2.7, we can rewrite the diagram (1.2.7) as follows, in which the names of
the cells correspond to that in Proposition 1.2.5.

R B 2 I I N e
f v P k
Because of the equalities described in Proposition 1.2.5, the middle sequence of square cells are all

identities. Again by Proposition 1.2.5, this implies that the composition of the cells in the diagram is
prone. Considering the same statement for the tightwise opposite of D, we obtain the dual. J

Definition 1.2.13. Let D be a double category. We say a tight arrow f: I — J is an inclusion if
the loose identity cell on f is prone. We say a tight arrow f: I — J is a cover if the loose identity
cell on f is supine.

51 o1
fisaninclusion <= | prn |y, [isacover <= | spn |f

J —— J J —— J
% ]

|

Remark 1.2.14. In other words, f: I — J is an inclusion if the restriction J(f, f) is isomorphic to the
loose identity d4, and f: I — J is a cover if the oprestriction opRest(I; f, f) is isomorphic to the loose
identity dp. With inclusions and covers, we gain a better command of the diagrammatic calculation
of prone and supine cells via the sandwich lemma Lemma 1.2.12. For example, the following cells are
all prone, where — and —» denote an inclusion and a cover, respectively.

C—— s —— - —_—  ——> - /ph’l\

[ spn | prn | , | prmm | prn | , s s > .
ey e s \Espn\[spni
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Example 1.2.15. Let us consider again the examples in Example 1.2.9.

(i) A restriction of a relation 3: J — L along a pair of functions f: [ — J and g: K — L is the
relation B[f ¢ g] defined by

(i,k) € Blf 591 = (f(i),9(k)) € B.

Thus, inclusions in Rel(Set) are precisely the monomorphisms. This is the same for the double
category of relations in any regular category.

(ii) In the double category $pan(C) of spans in a category C with pullbacks, an oprestriction of a span
(p,q): I = K along a pair of arrows f: [ — J and g: K — L is the span (f op,goq): J — L.
Thus, covers in this double category are limited to the isomorphisms.

(iii) In the double category of profunctors, a restriction of a profunctor a: C — D along a pair of func-
tors F: Z — C and G: J — D is the profunctor a(F—,G—). In this double category, inclusions
are the fully faithful functors, and covers are the absolutely dense functors.

More details on inclusions and covers can be found in [HN23]. a4

Remark 1.2.16. Since the condition for a double category to be an equipment is characterized by the
existence of cells satisfying the equations in Proposition 1.2.5, a double functor between equipments
preserves all the structures of equipments. In particular, a double functor preserves prone and supine
cells as they are presented as composites of the identity cells and the cells satisfying the equations in
Proposition 1.2.5. We write Eqp for the sub 2-category of Dbl spanned by all equipments. 2

The 2-category Dbl of double categories has strict finite products by naive pointwise construction,
and the sub 2-category Eqp of equipments is closed under the formation of products. Following
Definition 1.1.1, by cartesian double categories, we mean cartesian objects in Dbl. In the same
way, we define cartesian equipments as cartesian objects in Eqp. Since it is a full sub-2-category
of Dbl, an equipment is cartesian as a double category if and only if it is cartesian as an equipment.

A comprehensive account of cartesian double categories and cartesian equipments can be found
in [Ale18]. Here, we present a brief review of the argument. The right adjoints 1: 1 — D and
x: D x D — D of the double functors !: ID — 1 and A: D — D x D have the following universal
properties. The detailed discussion is given in [Ale18]. For a terminal object 1 in D, it has the
universal property that for any object K in ID, there is a unique tight arrow !: K — 1, and for any
loose arrow v: K — L in D, there is a unique cell ! whose bottom face is ;. Note that §; does not
appear in the diagram because it is a loose identity.

K —151L v

K L
!l ! l!
! !

1 5 1 1
For binary products I x J in D, they have the universal property that for any object K in D and any
pair of tight arrows f: K — [ and g: K — J, there is a unique tight arrow (f, g): K — I x J such that
(0)o (f,g9) = f and (1) o (f, g) = g. For binary products of loose arrows a: I — I’ and 3: J — J' in
D, they have the universal property that for any pair of cells k and A as below, there is a unique cell
(a, B) that makes the following two equations hold.

Kb K K-LK K —1 5 K
V1l & Lol a Lo | Ftual A L)
I —— T J — J IxJ —-—IxJ
a 3 axp
K1 K K —— K
KL K (ol (&AL KL K ol (BN L)
sty w 1 = IxJ oI xJ' and g\ |y = IxJ ol <]
I — T oL () Lo J = J w1 o
I ﬁ—> I/ J _— J/

B
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Here, the black squares represent the identity, which is only explicitly drawn in string diagrams because
a composable sequence and its composite are depicted differently in string diagrams.

Obvious from the above universal properties, the tight category Dg of a cartesian double category
D is a cartesian category. In addition, a cartesian double category induces the finite-product structure
on the loose hom-category D(I, J) for a pair of objects I and J as follows. The terminal object and
the binary product of loose arrows «, 3: I — J in ID are defined by

TI,J =LI" and aAp:= <0,0>*(Oé X /8)<070>*7

where I’s are the unique tight arrows to the terminal object 1 and (0,0)’s are the diagonal arrows.

However, the finite products on the tight category Dy and the loose hom-categories D(I, J) for
every pair of objects I and J do not necessarily induce a cartesian structure on the double category
ID. From these data, we can define a potential product of two loose arrows a: I — J and 8: K — L
as

a x = ((0),a(0)") A ((1),5(1)")
and a potential terminal object as the terminal object of the tight category Dg. However, these data
do not constitute the desired double functors x and 1 but only lax double functors in general. We do
not give the precise definition of lax double functors here, because the concept can be defined as virtual

double functors when we regard double categories as virtual double categories; see Definition 1.3.4. In
light of this, we can state the following proposition.

Proposition 1.2.17 ([Alel8, Corollary 4.3.3]). An equipment D is cartesian if and only if

(i) Dy is a cartesian category,
(ii) L(D) locally has finite products, that is, for every pair of objects I and J in Dg, L(D)(Z, J) is a
cartesian category,
(iii) the lax double functors x: D x D — D and 1: 1 — D induced by the above data are actually
double functors.

|

Example 1.2.18. The double categories Rel(Set) of relations in Set, $pan(C) of spans in a category
C with pullbacks, and Prof(C) of profunctors in a category C are all cartesian equipments. a

Remark 1.2.19. In [Pat24], products are formulated in an unbiased way using the family construc-
tion. The paper also meticulously discusses the gradation of possible definitions of products in double
categories. J

A Beck-Chevalley pullback square in a double category plays a fundamental role in [HN23], where
it serves as a double categorical version of the Beck-Chevalley condition in a bicategory [WWO08, 2.4].

Definition 1.2.20 ([HN23, Definition 3.1.1]). Let D be a double category. A diamond cell in D is
a quadruple of vertical arrows together with a vertical cell « of the form on the left below. A diamond
cell is called an identity diamond cell if the vertical cell is the identity cell. We say a diamond cell
satisfies the Beck-Chevalley condition if there exists a horizontal arrow a: B — C' and « factors
as an opcartesian cell followed by a cartesian cell as shown in the right below:

I I
SN VN
J —+—a— K

J “ K Tn
N N
L L

(1.2.8)
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Although this condition is defined for a diamond cell, we often abuse the terminology and say that
a cell « satisfies the Beck-Chevalley condition when the quadruple of vertical arrows is evidently
recognised from the context. J

Definition 1.2.21 ([HN23, Definition 3.1.2]). A Beck-Chevalley pullback square in D is a pull-
back square in Dy as presented on the left below for which the two identity diamond cells placed in
both directions as in the diagrams in the middle and right below satisfy the Beck-Chevalley condition.

P——T F F

. 5 N VRN
d et =0 0" =
J—— K f\'K/g g\,.K/f

We say a double category D has the Beck-Chevalley pullbacks if the vertical category Dg has
pullbacks and their pullback squares are all Beck-Chevalley pullback squares. J

Lemma 1.2.22. Let ID be a cartesian equipment.

(i) The pullback of an identity arrow along any arrow gives a Beck-Chevalley pullback square in D.
(ii) Beck-Chavalley pullback squares in D are closed under finite products.
(iii) Beck-Chevalley pullback squares in D are closed under pasting.

1K 1.k LK Ix1 P9 kK
m,l (BC) [sax (i) gl (BC) lm g’l (BC) lh’ = o] (BO) |
IT JTL J/TL, JxJ’WLxL’
Ik kK. 1L Kk_h.m
(i) | (BC) [2n] BCO) [t =9  (BO) |
J——L L-—p>N J——L—>N

PROOF.

(i) The two identity diamond cells for this pullback square are given by the companion and the
conjoint of the arrow f.
(ii) Since every double functor preserves prone and supine cells, the Beck-Chevalley condition on
diamond cells is preserved under the product functor x: D x D — ID.
(iii) In the following diagram, the big top triangle is a supine cell and the big bottom triangle is a
prone cell because of the sandwich lemma Lemma1.2.12.

L
spn N

| — K

g/Spn\ngrn/spn\}j
\prn n’ spn “h prn/

%%M

N P;fn 7

_J

Lemma 1.2.23. Let D be a cartesian equipment. Suppose we have a pullback square and a loose

arrow as follows.
/ \ §
\ /

K —~—> M
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Then the canonical cell o on the right below is an isomorphism if the pullback square is a Beck-
Chevalley pullback square.

|

PROOF. Applying the sandwich lemma Lemma1.2.12 to the diagram below, we obtain the desired
result.

M

/ \ prI; H

M

\prn / spn I

L%—>M
g*a

|

Lemma 1.2.24. Let D be a cartesian equipment. Suppose we have the following data in a double
category D.

I %5 K

fl

JTK

Then the canonical cell o on the right below is an isomorphism if the pullback of (0,0) and f x idg,
which is always given by the span f and (id, f), is a Beck-Chevalley pullback square.

I alf«p K I alf«f K
Gah) | prn [ 0.0 | rents |
Ix] S5 KxK = JT o OK
fxidl spn H <0’0>l frans l<0’0>
JXxJ —— KxK JXJTP—>K><K
ffaxp ffaxp

|

PROOF. By assumption, the pullback of (0,0) and f x idg is a Beck-Chevalley pullback square.
Thus, we have the following diagram and the sandwich lemma Lemma 1.2.12 gives the desired result.

I oz/\f*ﬁ K
f > —
spn (id,f) prn . (000" spn \
J/= SIxJ 25 Kx K m\f(
0,0) Prn - fxid spn S Pbm /<00>
JxJ T, KxK ’

Finally, we introduce the notion of local preorderedness in a double category.

Definition 1.2.25 ([HIN23, Definition 4.1.7]). Let D be a double category. We say that D is locally
preordered if there exists at most one cell framed by every square consisting of two tight arrows and
two loose arrows
I —%—J
fl L9

KTL

in D. A cell in a locally preordered double category is depicted simply as a symbol A J
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This condition is called flat in [GP99].

Remark 1.2.26. An equipment D is locally preordered if and only if the loose bicategory L(D) is
locally preordered. For a locally preordered equipment D, we obtain an equivalent equipment D’ with
the loose bicategory L(ID’) being a locally posetal bicategory. Therefore, loosewise local posetality is
not a stable property under equivalence of equipments.

It should be noted that locally posetal double categories in [HIN23] are defined by requiring that the
tight 2-category to be locally posetal, which is a stronger condition than the local preorderedness. |

1.3. Fibrational Virtual Double Categories

This section is devoted to the basic concepts of fibrational virtual double categories. Virtual
double categories were first introduced by Burroni in [Bur71] under the name of multicatégories as
an example of T-categories. Since then, this concept has turned up in several papers under different
names, such as fc-multicategories in [Lei04], or lax double categories in [DPP06]. The most common
name “virtual double categories” was introduced by Cruttwell, Shulman ([CS10]).

Definition 1.3.1 ([CS10, Definition 2.1]). A wvirtual double category (VDC) X is a structure
consisting of the following data.

e A category X;. Its objects are simply called objects, and its arrows are called tight arrows,
which are depicted vertically in this paper.

e A class of loose arrows X(I,J)y for each pair of objects I,J € X;. These arrows are depicted
horizontally with slashes as a: [ — J.

e A class of (virtual) cells

Iy == I} —— - —5 I,
(1.3.1) 5| m 1t
Ji ; J
0 5 1
for each dataset comsisting of n > 0, objects Iy,...,I,, Jy, J1 € Xy, tight arrows s: Iy — Jy and
t: I, — Ji, and loose arrows aq,...,a,, 3. To specify the number n of loose arrows, we call the
cell an n-ary cell. We will write the finite sequence of loose arrows as @ = a1;...;a,. When s

and ¢ are identities, we call the cell a globular cell and let p: @ = (3 denote the cell. The class
of globular cells @ =  would be denoted by X(/)(@, 8) in which I = Iy;...;I,.
e A composition operation on cells that assigns to each dataset of cells

Lig ~--Semes iy wo%eems Iy oo e oS [
s0, %1 51, Mo 52|, Hn Lsn
o —g— " g
tol 14 \Ltl
Ky % K

a cell
II,O ””” Homs [l,ml Sy [2,m2 ””” LI L My,
0] Lo
Jo v{pr § ... 3 pn} Jn
tol I
Ky % K,

where the dashed line represents finite sequences of loose arrows for which associativity axioms
hold. We will write the finite sequence of cells as & = p1;...; tin.
e An identity cell for each loose arrow a: I — J

I —5%-J
idr]  id, Jidso
I —— J
for which the identity axioms hold. (Henceforth, we will just write = for the identity tight arrows.)

_
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We say two object I, J in a virtual double category are isomorphic if they are isomorphic in the
underlying tight category Xy, and write I = J. For any objects I, J in a virtual double category, we
write X(I,J) for the category whose objects are loose arrows a: I — J and whose arrows are cells
p: o= . A cell is called an (tightwise) isomorphism cell if it is invertible in this category. More
generally, we say two loose arrows «, 8 are isomorphic if there exist two cells

I %, K-
R A
KTL ITJ

such that pu{r} = idg and v{u} = id,, and call the cells © and v isomorphism cells. It is always
the case that I = K and J = L through the tight arrows s,t,s,t.

Remark 1.3.2. As already mentioned, we will often use dashed horizontal arrows to represent se-
quences of loose arrows. Correspondingly, we will use the expression on the left below to represent a
sequence of the identity cells on the right below:

Iy %I, Iy = I o I
I | = el ide, L ida, |idn
R Iy —— I g In

We also note that a cell whose top sequence of loose arrows is the empty sequence is depicted as
a triangle:

VRN
Jo —+—— N1

B

|

Example 1.3.3. A double category can be seen as a virtual double category in the following way. A
cell (1.3.1) is defined as a cell

IO a1®-Oan I

n

s), o) It

Jo — 5 J1
where © is the horizontal composition of loose arrows in the double category. The composition of cells
is given by first composing cells horizontally on each row and then composing vertically. J

Definition 1.3.4 ([CS10, Definition 3.1]). A virtual double functor F: X — Y between virtual
double categories X and Y consists of the following data and conditions:

o A functor Fi: X; — Y.
e A family of functions Fi: X(I,J)o — Y(Fi(I), Fi(J))o for each pair of objects I, J of X.
e A family of functions sending each cell i of X on the left below to a cell Fi(u) of Y on the right

below:
(1.3.2)
@ a Fi(a Fy(an
TN S F(I) 24 mny) L) (1)
ol u o Rl Fi(n) Lo -
J() /3 J1 Ft(Jo) Flkﬂ) Ft(Jl)

e The identity cells are preserved.
e Composition of cells is preserved.

As usual, we will often omit the subscripts of the functor and functions F; and F}.
A tightwise transformation 0: F — G between virtual double functors F,G: X — Y consists
of the following data and conditions:

e A natural transformation 6y: Fy — Gy.
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e A cell 01, for each loose arrow a: I — J of X:

FI L2 By
bor) O10 1o
Gl —— GJ
Ga
e The naturality condition for cells:
FI, -Y%5 FI, FI, --Y%5 FI,
FS()J, F/j, lFSn QIOJ, 05 J,Gln
FJ[) W FJ1 = GI() "ég% GIn
) 03 1O Gsol Gu 1Gsn
GJ() W GJl GJ() W GJl

VDbl is the 2-category of virtual double categories, virtual double functors, and tightwise transfor-
mations. -

Definition 1.3.5 ([CS10, Definition 7.1]). Let X be a virtual double category. A restriction of
a loose arrow a: [ — J along a pair of tight arrows s: I’ - I and t: J' — J is the loose arrow
als g t]: I' = J' equipped with a cell

p olsstl T

sl rest |t

I —— J

with the following universal property: any cell u of the form on the left below factors uniquely through
the cell rest as on the right below.

k-2 K2
ul v u) ﬂ v

(133) I/ ,U JI = I/ v J/
s Lt s bl
I ——J [ ——

In this case, we call the cell rest a restricting cell. If the restrictions exist for all triples (a, s, ),
then we say that X is a fibrational virtual double category (FVDC)’

A fibrational virtual double functor F: X — Y between fibrational virtual double categories
X and Y is a virtual double functor that preserves restrictions. FVDDbl is the 2-category of fibrational
virtual double categories, fibrational virtual double functors, and tightwise transformations. J

Example 1.3.6. An equipment is fibrational as a virtual double category. The converse also holds,
as we will see in Remark 2.3.20. a

Definition 1.3.7. Similarly to Definition 1.2.25, we define a local preordered virtual double cat-
egory as one in which there exists at most one cell for each frame. J

Our focus is on fibrational virtual double categories since most of the examples of virtual double
categories that we are interested in are fibrational.

Lemma 1.3.8. A virtual double functor F': X — Y is an equivalence in VDbl if and only if

(i) the functor Fi: Xy — Y for F' is an equivalence of categories,
(ii) for any loose arrow a: I — J in Y, there exists a loose arrow 3: I’ —~ J" in X and an isomorphism

cell u as below:

) AN Y

Al 1l Jur» and
I —— J

(iii) for any quadruple (s,t,@, ), the function F' on the cells (1.3.2) is a bijection.

5The term “fibrational” is not standard in the literature. If we follow the terminology of [Alel8], we should call it
a fibrant virtual double category, but we prefer to use the term because it has nothing to do with any model structure,
at least a priori.
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A fibrational virtual double functor F': X — Y is an equivalence in FVDbl if and only if (i), (ii), and
the special case of (iii) where s and t are identities are satisfied. J

PRrROOF. If we are given an inverse G of F, then Gy is the inverse of Fi, and the isomorphism
FG = 1Id gives the isomorphism cells p above. The inverse of functions F' in (1.3.2) is given by
sending a cell v on the right to G1(v) and composing with the isomorphism cells obtained from the
isomorphism GF = Id.

Conversely, given the conditions, we can construct an inverse G of F'. The tight part of G is given
by an inverse of Fi;. Then, for each loose arrow a: I — J in Y, we can show that a loose arrow
f: GI = GJ in X is isomorphic to « by the second condition. The bijection in (iii) determines how
to send a cell in Y to a cell in X. The functoriality of G follows from the one-to-one correspondence
between cells in X and Y in (iii).

To show the last statement, we need to show that the general case of (iii) follows from its special
case where s and t are identities under the fibrational condition, which is straightforward by the
universal property of the restrictions. It follows that the inverse is fibrational from the fact that any
equivalence preserves restrictions. [l

Next, we explicitly describe the notion of cartesian fibrational virtual double category (CFVDC),
although it is already defined because we have the 2-category of fibrational virtual double categories
FibVDDbl, which has strict finite products.

Proposition 1.3.9. An FVDC X is cartesian if and only if the following conditions are satisfied:

(i) X has finite products;
(ii) X locally has finite products, that is, for each I, J € X,
(a) for any loose arrows «, 5: I — J in X, there exists a loose arrow a A 5: I — J and globular
cells mg: a A B = a, m: a A B = [ such that for any finite sequence of loose arrows 7 where
Yi: L1 — I; for 1 < i < n where Iy = I and I,, = J, the function
XD, anp) = X(U)(F,a) x X(U)(7,8) 5w (w0 p,m 0 p)
is a bijection, and
(b) there exists a loose arrow T: I — J such that X(I)(¥,T)o is a singleton for any finite
sequence of loose arrows 7;
(iii) the local finite products are preserved by restrictions.

A morphism between cartesian FVDCs is a cartesian morphism if and only if the underlying tight
functor preserves finite products and the morphism preserves local finite products. J

PROOF SKETCH. The proof is similar to that of [Alel8, Prop 4.12]. First, suppose that X is
cartesian. Let Ay: I — I x I be the diagonal of I and !;: I — 1 be the unique arrow to the terminal
object. If X is cartesian, then a A § and T in X(I, J) are given by (a x B)[Ar ¢ Ay] and 6:(!7,1s),
which brings the finite products in X(7,.J). The local finite products are preserved by restrictions
since, by the universal property of the restrictions, we have

(ax B)[Ar § Aslls § 1] = (ax B)[(s x s) § (¢ x )][Ap § Ap] = (s 5 t] x Bs 5 t])[Ar § Ay,
and similarly for T. Conversely, if X locally has finite products, then assigning
axf=afrr s ms]APrk ¢ ] I X K — JxL

to each pair a: I — J, f: K — L and a cell g x v naturally obtained from the universal property
of the restrictions induces the functor x: X x X — X right adjoint to the diagonal functor, and the
functor 1: 1 — X obtained by the terminal object in X} is the right adjoint of . The second statement
follows from the construction of the equivalence above. O

Remark 1.3.10. The third condition in Prop 1.3.9 is necessary for FVDC but not for equipments as
in [Alel8] since the latter has oprestrictions of loose arrows. 2

Example 1.3.11. We give several examples from the context of predicate logic.

(i) In Example 1.2.3, we defined a double category Rel(Set) of sets, functions, and relations, and
mentioned that it is generalizable to Rel(B) for a regular category 5. We can drop the regularity
condition and define a virtual double category Rel(B) of objects, arrows, and internal relations,
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meaning subobjects of the product of two objects in a category with finite limits B. This is
possible since without the regularity condition, since we can interpret Horn sentences internally
in B when it has finite limits. More concretely, it is a local preordered virtual double category
where a cell exists precisely when the corresponding Horn sentence is valid. For instance, nullary
and binary cells are respectively defined as follows:

S/lf\ ¢ — <0,0)J O J ;

S IxI — JxK
sXt
%75 K (@ x K)N(I x ) -5
s| IN 1t = [ - [
Lﬂ—> IxJx K Lx M
(sxt)0(0,2)

A restriction of a relation along a pair of functions is given by the pullback of the relation along
the product of the functions. This double category is a CFVDC, and we will see that this is an
instance of what we study in Chapter 2.

(ii) For a monoidal category V, we can define a fibrational virtual double category V-Mat as follows.
Its tight category is Set, and the loose arrows I — J are matrices (Aivj)ief,je] of objects in V. A
cell of the form on the left below, for instance, is a family of morphisms in V on the right below:

(Aij); ; (Bj’k)j,k
—_ J —3

1 K

s| p It (Ni,j,ki Aij ® Bj — Cs(i),t(k))id,k
L —— M
(Cl’m)l,m

Defining general cells and composition of cells involves the monoidal structure of V. A re-
striction of a matrix along a pair of functions s: I’ —» I and t: J' — J is given by the matrix

Agnwn) . Ttisa CFVDC if V is cartesian monoidal.
(4),t(5) i€l jeJ’

_J

Example 1.3.12. One of the motivations for the type theory in Chapter 3 is to formalize category
theory in formal language. The following examples of virtual double categories will provide a multitude
of category theories that can be formalized in our type theory.

(i) The double category Prof in Example 1.2.3 is a CFVDC. When we consider not necessarily
small categories, however, we do not have a composition of profunctors in general. Nevertheless,
we can still define a virtual double category PROF of categories, functors, and profunctors.
This is possible because even without colimits, we can define virtual cells with extranatural
transformations. Namely, a cell on the left below is defined as a family of arrows (di)natural in

10y -+, 0nt
Ry ST N
Pl m le (/Jio,...,in3 a1(ig, 1) X -+ X an(in—1,1n) — /B(F(iO)aG(in))io,...,in)
Jo * Nl

B

It is a CFVDC.

(ii) Similarly, we can define the FVDCs V-Prof and V-PROF of V-enriched categories, functors, and
profunctors, without any assumption on the monoidal category V. They are CFVDCs if V is
cartesian monoidal.

(iii) We can also define virtual double categories Prof(S) of internal categories, functors, and profunc-
tors in categories S with finite limits. This is a CFVDC.

For later use, we define restrictions of cells along a sequence of tight arrows.

Definition 1.3.13. Let X be an FVDC. Given a globular cell 4 as in (1.3.1) with s and ¢ identities
and a sequence of tight arrows f;: K; — I; for 0 < i < n, we define the restriction of p along the
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sequence f = fo 3 ... § fn as the globular cell u[f] in the diagram below defined as the unique cell
that makes the following equation hold.

Oél[fogfl] an[fn—lgfn} al[fogfl] an[fnflsfn}
fol rest fi] o fael rest lfn [ plf] H
Iy —5— 0L - Ingy—5—1, = Kp - K,
L n B[fo§ fnl
H Z H fol rest Ln
Iy ,6’ I, Iy 5 I,

1.4. Composition in Virtual Double Categories

In a virtual double category, composition of loose arrows is no longer a built-in operation, but
rather a structure on a virtual double category defined by a universal property. In this chapter, we
outline the definition of composition in a virtual double category and summarize basic results mostly
from [DPP06, CS10].

Definition 1.4.1 ([DPPO06, Definition 2.7],[CS10, Definition 5.2]). A composite of a given sequence

of loose arrows & = (Io N SRS Im) in a virtual double category is a loose arrow Ga from
Iy to I, equipped with a cell

Iy = I = -+ B I,

I Ha I

Iy o I,

with the following universal property: given any cell v on the left below where f, B’ are arbitrary
sequences of loose arrows, it uniquely factors through the sequence of the identity cells with ug as on
the right below.

!

JO 7§7> IO 777&}779 Im 7@9 J’;L/

ARG A A P T R

(141) fl v \Lf’: JO -+ Ioﬁlm =2 J’:L’
/ Oo B /

K 5 K | > Lf

K - K’

We call the cell »5 the composing cell of &. In particular, a composite of the empty sequence of
loose arrows on [ is called a unit on I and denoted by 4;.

A virtual double functor is said to preserve the composite O« if it sends the composing cell of
@ to the cell that exhibits the image of ©@ as the composite of the images of @. It is said to preserve
composition if it preserves all composites. 2

In [DPPO06], a composite of a sequence of loose arrows is defined as another virtual double category
called the path double category, and they say the composite is strongly representable if it comes
with a loose arrow in the original virtual double category that satisfies the universal property of the
composite in our definition. In [CS10], an adjective opcartesian for a cell is used to indicate what
we call a composing cell. There is a weaker notion of composites which has the universal property
only for the case where 3 and B’ above are empty sequences. This is called representable composites
in [DPPO06], and the cells that satisfy this property are called weakly opcartesian in [CS10]. The
weaker notion is not so useful in practice, because it does lead to the associativity of composition. See
[DPPO06, 2.9] and [CS10, Remark 5.8] for more details.

For the purpose of this thesis, we will separately discuss composability of sequences of loose arrows
of positive length and those of length zero.

Definition 1.4.2. A virtual double category is called unital® if it has composites of sequences of
length zero, or equivalently, if it has units on all objects. In particular, a virtual equipment is a
fibrational virtual double category that is also unital.

6For consistency, this should be called zero-length composable, but we respect the decent name unital in the literature.
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A virtual double category is called positive-length composable (or PL-composable) if it has
composites of any sequence of loose arrows of positive length.

A virtual double category is called composable if it is both unital and positive-length composable.

Welet VDDbI _, (resp. VDblg, VDbl ) denote the locally full sub-2-categories of VDbl spanned
by the unital (resp. positive-length composable, composable) virtual double categories and the virtual
double functors preserving the composites assumed to exist. We also let FVDbl_, (resp. FVDblg,
FVDDbl _.q) denote the locally full sub-2-categories of FVDbI spanned by the unital (resp. positive-
length composable, composable) virtual double categories and the virtual double functors preserving
the composites. J

The following proposition is a fundamental result in this context. The proof can be found in
[Her00], which is mentioned in [DPP06].

Proposition 1.4.3. A composable virtual double category is presented as a double category seen
as a virtual double category in the way described in Example 1.3.3. More precisely, the 2-category
VDbl_.., of composable virtual double categories is biequivalent” to the 2-category Dbl of double
categories. .

A better proof should be given in higher generality using generalized multicategories. On the other
hand, the explicit proof may provide us a better intuition when we go back and forth between the two
perspectives.

SKETCH OF PROOF. Let X be a virtual double category with composites of any finite sequence
of loose arrows. The data of a double category is almost ready in X: the unit loose arrows and the
composites of loose arrows are those defined in terms of VDCs, the cells of unary input give the cells
of the double category, and the vertical composition of cells is already given.

The only thing left is to define the horizontal composition of cells and check the associativity and
unitality of the loose composition. The composite of the two cells 1 and v in X on the left below
is defined as the cell © ® v on the right below that satisfies the equation. Note that this equation
uniquely determines p © v.

I
8 a B I
Iy —— I, —— I / \ o B

Iy sll I o /%aﬂ\ I

SOJ( M 5{ v JSQ 1% v = ?

SOJ , I , JSQ Sol ls2
Ié - I{ — Ié ¢ 7 / 2P /
4 1 ot 1 Iy LoV I
O/@Bl

a'oB!

We present an instance of the isomorphism cells in X that witness the unitality of the loose composition.

/I\Q
I —%5 7 nr I

R
— n* -

H

J
I X1 J
|
unit

"ty

&7

The cell unit is uniquely determined by the iterated use of the universal properties of the composites,
and its inverse is given by the upper part of the diagram on the right above.

There is a canonical 2-functor from Dbl to VDbl . that assigns to each double category the
same thing seen as a virtual double category. It is indeed composable by the loose composition in the
double category. What we have proved is that this 2-functor is surjective up to equivalence. It is also
a local equivalence. O

"It is not a 2-equivalence because composability in virtual double categories does not choose composition of loose
arrows while the composition in double categories is a built-in structure.
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Remark 1.4.4. It was shown in [CS10, Theorem 7.24] that a unital virtual double functor between
virtual equipments automatically preserves restrictions. Therefore, the 2-category FVDDbI _, is a full
sub-2-category of VDbl _,, and the 2-category FVDDbl . is a full sub-2-category of VDbl ..
Since restrictions in composable virtual double categories are the same thing as in the corre-
sponding double categories, we obtain a biequivalence between the 2-categories FVDDbl .5 and the
2-category Eqp of equipments from the biequivalence between VDbl .o and Dbl. J

Remark 1.4.5. Analogously to Remark 1.2.10, we can check the composability condition for a cell
by a simpler condition owing to restrictions. In an FVDC X a globular cell s is a composing cell if
and only if it has the universal property that for any cells v in (1.4.1) with f and f’ being identities,
there is a unique cell 7 that makes the equation hold. J

Once again, the 2-categories (F)VDbl_,, (F)VDblg have strict finite products, and we can discuss
cartesianness in these 2-categories in the sense of Definition 1.1.1. We now unravel the cartesianness
of virtual double categories with those structures in the following.

Proposition 1.4.6. An FVDC X with units is cartesian in FVDbl _, if and only if

(i) X is a cartesian FVDC,
(if) 01 = T1,1 in X(1,1) canonically, and
(iii) for any I,J € X, 67,7 = 61 x 07 canonically in X(I x J, I x J).

_J

Proor. By Lem 1.1.5, X is cartesian as a unital FVDC if and only if it is cartesian as an FVDC
and the 1-cells 1: 1 —» X and x: X x X — X are in FVDDbl_,. The first condition is equivalent to (i)
since it sends the only loose arrow in 1, which is the unit loose arrow, to T1 ;. The second condition
is equivalent to (%it) since the unit loose arrow of (I, J) in X(I x J,I x J) is (d1,0), which is sent to
Or X 8y in X(I x J, I x J). O

The key idea is that in the virtual double categories X x X and 1, the unit loose arrows are given
pointwise by the unit loose arrows of X. We can discuss the cartesianness of some classes of FVDCs
in parallel with the above proposition.

Proposition 1.4.7. Let FVDbl, be the locally-full sub-2-category of FVDbIl spanned by the
FVDCs with composites of sequences of loose arrows of positive length and functors preserving those
composites. A VDC X in FVDDblg, is cartesian in this 2-category if and only if

(i) X is a cartesian FVDC,
(if) T1,1 ® T1,1 = Tq1 canonically in X(1,1), and
(iii) for any paths of positive length

To -2 [} —— .. =%, 1 and  Jy 2 gy P

in X, we have

(O Oap) X (1O O By) = (a1 X B1)©- O (an X Bn)
canonically in X(1y x Jo, I, X Jp,).

_J

Example 1.4.8. Let us check whether the virtual double categories we have seen in the previous
section are composable. We start with Example 1.3.11.

(i) Rel(B) is unital, as its unit on [ is given as the equality relation on I, namely, (0,0): I — I x I.
It is positive-length composable if and only if B is regular. This follows from our main result
Theorem 2.3.14.

(ii) V-Mat is unital if V has an initial object 0 that is preserved by the tensor product. In this case,
the unit on I is given by (51'7]’)1',]‘ <7 Where ¢; ; is the monoidal unit of V when ¢ = j and the initial
object otherwise. It is positive-length composable if and only if V has small coproducts that are
preserved by the tensor product. In this case, the composing cell of a sequence of matrices is
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given as follows.

(Aij); :  (Bik).
j——— ;—@kK ; (Ai,j)i,j O] (Bjuk)j,k == (Z A ® B',k) .
jes i€l keK

See [CS10, Example 5.3].

See Example2.3.26 for another explanation for the compositability for theses virtual double categories.
|

Example 1.4.9. We proceed to Example 1.3.12

(i) Prof is composable as its composition is given by coends in Set. PROF does not have composites
of sequences of positive length in general, and a unit on a category Z exists if and only if Z is
locally small.

(ii) V-Prof is composable if V has small colimits that are preserved by the tensor product. See [CS10,
Example 5.6].

(iii) Prof(S) is composable if S has coequalizers that are preserved by pullbacks, in particular, if S is
a regular category.

Since these virtual double categories arise through the Mod-construction [CS10, Definition 2.8] these
virtual double categories are unital by a general result [CS10, Proposition 5.5]. a



Chapter 2
Categorical Logic Meets Double Categories

This chapter is aimed at proposing a double-categorical approach to categorical logic. The study of
categorical logic has put emphasis on doctrines, fibrations, and occasionally bicategories as semantic
environments for logical systems. In this chapter, we take an alternative approach using virtual
double categories for this purpose. To this end, we will contrast virtual double categories with other
categorical structures intended for categorical logic. The main result of this chapter concerning the
comparison with fibrations is the construction of a 2-functor from the 2-category of cartesian fibrations
to the 2-category of cartesian fibrational virtual double categories, and characterizing the elementary
existential fibrations, which are known as a semantic counterpart of regular logic, as the fibrations
that induce a cartesian equipment by this construction. We also prove that the loose bicategory of a
cartesian equipment is a cartesian bicategory in the sense of Carboni, Kelly, Walters, and Wood.

The key idea behind this chapter is to incorporate both fibrations and bicategories into a single
framework of virtual double categories. The prototypical example of this framework is the double cat-
egory of sets, functions, and relations, which is a cartesian equipment in the sense of Aleiferi. However,
the composition of relations relies on the nature of the category of sets that admits interpretaion of
regular logic. If we consider a weaker logical system without the existential quantifier or the equality, a
weaker structure than a double category is naturally taken into account. It is virtual double categories
that is a suitable structure for this purpose. The main contribution of this chapter is to associate
the condition for a cartesian fibrational virtual double category to be a cartesian equipment with the
interpretability of regular logic in terms of fibrations.

Outline. Section 2.1 provides an introduction to this chapter. Section 2.2 introduces the
background on fibrations and doctrines, mainly focusing on elementary existential fibrations.

Section 2.3 is the main part of this chapter. Subsection 2.3.1 presents the construction Bil from
cartesian fibrations to cartesian fibrational virtual double categories and characterizes the elementary
existential fibrations as cartesian fibrations that induce a cartesian equipment. Subsection?2.3.2 further
characterizes the regular fibrations as the fibrations that induce a cartesian equipment with Beck-
Chevalley pullbacks. Subsection 2.3.3 determines the image of the construction Bil by the Frobenius
property on cartesian equipments.

Section 2.4 compares the double-categorical approach with other approaches to categorical logic,
including regular categories and categories with stable factorization systems (Subsection2.4.1), bicat-
egorical approach (Subsection 2.4.2), and relational doctrines (Subsection 2.4.3). Section 2.5 trans-
lates the properties of fibrations and doctrines into the language of virtual double categories, includ-
ing (predicate) comprehension (Subsection 2.5.1), function extensionality (Subsection 2.5.2); and the
unique choice principle (or function comprehension) (Subsection 2.5.3).

One of the primary contributions of this chapter is to provide a comprehensive comparison of
the double-categorical approach with other approaches to categorical logic, which is summarized in
Figure 1.

2.1. Introduction

Categorical semantics provide a means to interpret logical systems and type theories in categorical
structures. The origin of this idea dates back to Lawvere’s seminal work on the functorial semantics
of algebraic theories [Law63]. Given an algebraic theory, one can think of its models in a category
with finite products by interpreting function symbols and terms as morphisms in the category and the
equations as equalities of morphisms. When one proceeds to interpret first-order logic, the interpre-
tation of logical predicates becomes more involved, as those predicates include quantifiers and logical
connectives. A naive way is to interpret predicates with free variables as subobjects of the product of
the objects where the variables range over. Moreover, one must enhance the category with additional
structures to interpret quantifiers, connectives, or other operators like modalities. For instance, to
interpret regular logic, a fragment of first-order logic constituted by the equality =, the existential

26
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quantifier 9, and the conjunction A, the category in question should be a regular category. The exis-
tential quantifier is then interpreted using the factorization system consisting of regular epimorphisms
and monomorphisms.

Various classes of categories and their corresponding logical systems have been studied, from
categories with finite products to regular categories and beyond. A shared interest in these studies is
the possibility of completing a category into a model of a given logical system. Exact completion is
one of the most well-known examples of this direction and is known to have many applications, such
as realizability theory [Men00] and constructive mathematics [MIR13b]. In general, the basic idea
is to freely add new operations to the category to make it a model of the logical system of interest
and possibly to formulate it as a 2-dimensional universal property. However, the presentation of those
completions sometimes gets clumsy, revealing the invisible constraints of relying solely on categories.
The study of more flexible structures has thus been motivated. Let us review two of them: fibrations
(or doctrines) and bicategories.
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Lawvere [Law69] initiated the approach via doctrines, which can be seen as a special kind of fi-
brations. A hyperdoctrine is a category C equipped with a contravariant pseudofunctor 8 : C* — Pos
to the category of posets, often with appropriate properties. The key idea is to unleash the inter-
pretation of logical predicates from subobjects of a fixed category to elements of the indexed posets.
The category C is then considered a category of contexts and terms, while predicates in a “context”
I are interpreted as elements in 3(I). The order-preserving map P(f) : B(J) — P(I) for a “term”
f : I — J represents the substitution of the term, which is a fundamental concept in predicate logic.
The existential quantifier is then interpreted as the left adjoint of the substitution map, a ground-
breaking idea by Lawvere in the aforementioned work. It should be noted that a fibration is a different
formulation of the same notion, with the generalization of the target of 8 to the category of categories.

The bicategorical approach was developed by Freyd and Scedrov [FS90]. They introduced a
calculus based exclusively on binary relations and not with terms. Its roots can be traced back to 19th-
century work by Peirce and Schroeder and its subsequent development known as Tarski’s relational
calculus [Tar41]. The categorical structure that models this calculus was named an allegory, a special
kind of bicategory, and they found a close connection between allegories and regular categories. In the
meantime, the study of bicategories of relations has been developed by many people, resulting in the
notion of cartesian bicategory [CKS84, CW87, CKWWO07]. In both approaches, the prototypical
example is the bicategory of sets, relations between sets, and inclusions of relations as 0-cells, 1-cells,
and 2-cells, respectively. Relations are composed in this bicategory by the existential quantifier as
follows:

R:A—+—B, §S:B—+-C +— RGOS A+-C,
(R® S)(a,¢) <« Fbe B. R(a,b) NS(b,c).

In addition, the identity relations are defined as the diagonal relations 64 = { (a,d’) | a =d’ }.

The two approaches have their advantages and disadvantages. A significant benefit of the bicat-
egorical approach is the expressive power of compositionality of relations. For instance, the exact
completion of a regular category refers to its internal equivalence relations. The condition of an endo-
relation being an equivalence relation is cumbersome to express in a regular category as it is. On the
other hand, once we construct the bicategory of the internal relations in that category, we can express
it simply as a monad with symmetry therein. In fact, the exact completion can be described through
allegories in [FS90, Joh02a]. However, not having functions as a primitive notion can sometimes
be a disadvantage. Although we could regard internal functional relations as functions and inter-
pret terms using them, they do not capture how we reason about terms in mathematics, particularly
their operational nature. This disadvantage is critical when we want to interpret logical systems on
the foundation in which the principle of unique choice fails to hold. Again, we need to unleash the
interpretation of functions from functional relations to a more flexible structure.

Meanwhile, the fibrational approach has a more transparent connection to the logical systems, as
indicated by its completeness theorem for first-order logic and its fragments [Jac99]. However, the
fibrational approach is not as flexible as the bicategorical approach regarding relations. In addition,
the interpretation of the equality and the existential quantifier in fibrations involves the finite products
in the base category, while the bicategorical approach can handle them with their built-in composi-
tion. Relatedly, there is insufficient category-theoretic justification for the conditions for fibrations to
interpret those logical systems, such as the Beck-Chevalley condition and the Frobenius reciprocity;
they are somewhat ad hoc conditions primarily designed to make the interpretation sound. Thus, the
two approaches are complementary to each other, and there should be some framework that preserves
the advantages of both.

Here, we propose that double categories are an adequate framework to achieve this goal. The
core insight is that relations are convenient tools, but functions are still indispensable. Since both
functions and relations involve composition, a double category is a natural setting to study them
simultaneously. The double category of sets, functions, and relations is an archetypal example of
this idea. Despite its intriguing properties, the double category of relations has not been studied as
much as the bicategory of relations until recently. The paper [Lam22] was the first step to filling this
gap, followed by [HN23]. Dagnino and Pasquali independently developed a similar idea but with a
different framework in [DP23, DP24a]; see Subsection 2.4.3 for more details.

The reader may wonder why we go further to virtual double categories. The reason is that the
composition of relations relies on the equality and the existential quantifier, which are unavailable
in a weaker logical system than regular logic. In other words, the composition of relations is not as
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primitive as that of functions. Nevertheless, even in the absence of the existential quantifier, we can
still define when the following inclusion holds:

R B S
T TN, == VacAWbe BYeeC. (R(a,b) AS(b.c)) = T(a,c)
A IN C <= VaecAVceC(C. (3Ibe B. R(a,b) AS(b,c)) = T(a,c).

\/

T

Indeed, with the existential quantifier 3, the inclusion of relations can equivalently be expressed as the
inculsion between the single relations using 3, as shown in the second line. This observation encourages
us to begin with virtual double categories, a structure that does not assume units and composites of
loose arrows (arrows of the second kind) to be defined. According to this idea, it is conceptually
natural to speculate that the virtual double category of relations based on a logical system becomes
a double category precisely when the equality and the existential quantifier are available. This is the
main motivation for this paper, and we substantiate this idea in the following way:

Theorem (Theorem 2.3.14). For a cartesian fibration p to be elementary existential, it is necessary
and sufficient that the VDC Bil(p) is a cartesian equipment. J

Here, an elementary existential fibration is known to be a fibration that can interpret regular logic,
and a cartesian equipment is a double category that can interpret substitution and has a double-
categorical finite-product structure. When we regard cartesian fibrations as a logical system, based
on the completeness theorem, this theorem states that a virtual double category being a cartesian
equipment is necessary and sufficient to interpret regular logic. We also characterize the cartesian
equipments that arise this way as Frobenius cartesian equipments in Corollary 2.3.37.

As a result, we can disassociate the equality and the existential quantifier from the finite-product
structure in the base category using double categories, overcoming the limitation of fibrations men-
tioned earlier. This observation is now clearly formulated in terms of 2-categorical structures: elemen-
tary existential fibrations and cartesian bicategories are impossible to formulate as cartesian objects
in any 2-category, while cartesian equipments are cartesian objects in the 2-category of equipments.
Therefore, the Beck-Chevalley condition and the Frobenius reciprocity can be understood as the con-
ditions to make the induced double categories cartesian.

This paper explores how double categories of relations are related to fibrations, bicategories, and
other structures, including the abovementioned theorem. The overall picture of the known structures
and the proposed framework is depicted in Figure 1. For instance, we prove that the loose bicategory
of a cartesian equipment is a cartesian bicategory in Theorem 2.4.8. This suggests that the double
categorical approach is a legitimate generalization of the bicategorical one. We also observe that some
properties of fibrations are nicely captured with double categories. For instance, comprehension in
a fibration, which transforms a predicate a(x) into a new context x : {a}, is expressed as a double-
categorical limit called a tabulator.

This study is a step toward understanding the capabilities of (virtual) double categories in place
of the existing structures in the context of categorical logic. The seed of this idea can be found in
a conference talk by Paré [Par09], suggesting the possibility to “put logic in the realm of double
categories”, as he wrote in his slides. Subsequently, a study based on the same motivation as ours was
conducted in [Law15], but our approach is more bottom-up, starting from virtual double categories.
Our future work includes the study of the exact completion, the tripos-to-topos construction, and other
logical completion procedures in the context of virtual double categories. For instance, the existential
completion [Tro20] is similar to the path construction in virtual double categories [DPP06] in concept
once we swallow the idea that composition in double categories is the counterpart of the existential
quantifier. We expect some connection between the two, although the details are yet to be explored.
Quotient completions should also be studied, as they could be expressed elegantly as a quotient of
a loose symmetric monoid in a double category, as suggested in [DP24b]. To this end, we hope to
develop logical aspects of double categories further beyond regular logic.
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2.2. Background on Fibrations

In this section, we provide an overview of the background on fibrations in order to clarify the
terminology and the notation used in this thesis. We assume that the reader is familiar with basic
fibered category theory, which can be found in [Jac99, Joh02a, Pit00]. The definition is already
presented in Definition 1.2.4.

Example 2.2.1. We give some examples of fibrations.

(i) The codomain functor B~ — B is a fibration if and only if B has pullbacks, which we call the
codomain fibration over B.

(ii) Let Sub(B) be the category of a pair (I,m) of an object in B and its subobject m, that is
an isomorphism class of monomorphisms into I. Then, the canonical functor Sub(B) — B is a
fibration if and only if B has pullbacks of monomorphisms, which is called the subobject fibration
over B.

(iii) For a category B, let Fam(B) be the small coproduct cocompletion of B, that is, the category
whose objects are pairs (I, (b;);) where [ is a set and (b;); is a family of objects in B indexed by
I, and whose arrows from (7, (b;);) to (J, (c;);) are pairs (u, (f;);) where u: I — J is a function
and f;: b; — ¢, ;) for each i € I. Then the forget functor Fam(B) — Set is a fibration, which is
called the family fibration.

|

We skip the definitions of fibered functors with fixed and unfixed base categories, and natural
transformations between them, but we write Fib for the 2-category of fibrations and Fibg for the
2-category of fibrations over B. See [Her93, Her94, Her99] for the details.

A fibration is said to be cloven if the prone lifts are chosen, and further said to be split if the
chosen prone lifts are strictly functorial: that is, f[id;] = B and B[g][f] = Blg o f] for any arrows
f:I1—J and g: J— K in B. By the axiom of choice, any fibration admits an equivalent cloven
fibration. Giving a cloven fibration whose base category is B is equivalent to giving a pseudofunctor
B°P — CAT where CAT is the 2-category of categories, functors, and natural transformations. Such
a pseudofunctor is called an indexed category over B [JP78]. For a cloven fibration p: £ — B, the
indexed category is formed by the assignment I — &£ and the base change functors (—)[f]: £ — &r.
The opposite construction from an indexed category to a cloven fibration is called the Grothendieck
construction [Gro71].

An indexed category whose values are posets is sometimes called a doctrine [Law70, KR77| as
a rudimentary version of a hyperdoctrine [Law69]. We will use the term doctrine in this thesis to
refer to a fibration with each fiber being a poset, which is automatically split.

Proposition 2.2.2 ([Her94, Corollary 3.7], [Her99, 4.1]). Let p: £ — B be a fibration where B is
a category with finite products. Then, the following conditions are equivalent:

(i) p is a cartesian object in Fib.

(ii) p is a cartesian object in Fibg.

(iii) & has finite products and the functor p preserves them.

(iv) For any object I € B, the fiber £ has finite products, and for any arrow f: I — J in B, the base
change functor (—)[f]: &5 — &r preserves finite products.

_J

Definition 2.2.3. A cartesian fibration' is a fibration p: £ — B that satisfies the equivalent con-
ditions in the proposition above. J

The finite-product structure is the very minimum requirement for a fibration since it is necessary for
the interpretation of sequences of types (contexts) and conjunctions of predicates in logic. A cartesian
fibration is simply called a fibration with finite products in many references, and the corresponding
class of doctrines is called by the term primary doctrine [MR13b] (or prop-category [Pit00], which
is less common nowadays).

1We have not found a standard adjective for a fibration with finite products. This term is seemingly avoided in the
literature to prevent confusion with cartesian lifts, or to distinguish it from a cartesian fibrations between quasicategories,
but we use it in this thesis for convenience and integrity.
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Remark 2.2.4 (Internal Language of Fibrations). It is sometimes useful to have the formal language
to describe what is going on in a categorical structure. The internal language of fibrations with
preordered fibers is given in [Jac99, Section 4.3] as first-order predicate logic, and that of general
fibrations is a proof-relevant version of the former, which appears in [Pav96]. We present here a
language in the style we will use in the following sections, but our use is restricted to regular logic.
This language is compatible with the type theory we will present in Chapter 3.

The language, or the type theory, has the algebraic type theory as its base. It also has another

kind called the proposition depending on a context I = xi: I1,...,xy: I,. Given propositions
ai,...,a, and B in the same context I, there is another syntactic entity called proof of a Horn
clause ay,...,a, - B. Here, we would prefer the following judgment declaration:
F I type
r=t:1
I+ o prop

MMa:a,...,ap 0, Fp:B.

The variables ay, ..., a, will serve as proof variables. If we make the variable dependency explicit,
terms, propositions, and proofs are given by the following grammar:

t(X1y ey Xn),  a(Xt,.ooyXn),  R(X1,...yxp){a1,. .., a0}

Here {—} denotes the proof variable dependency, but we will omit it, or even drop the proof variables
from the notation and write a proof as

N-oaq,...,o, F* B.

We do not go into the details of the rules of the type theory because we will present in Chapter 3 a
bilateral extension of this type theory called FVDDbITT, which is a type theory for fibrational virtual
double categories. We will only use the language to make the statements in the following sections
more accessible to the reader. a

If one is interested in the interpretation of other logical connectives and quantifiers, then the
fibration should have more structure. In this thesis, we focus on the interpretation of equality and
existential quantification, so we need a fibration with more structure related to the left adjoints of
certain reindexing functors. It is widely known that the left adjoints of reindexing functors should
satisfy some conditions so that the interpretation of added logical entities behave coherent with the
existing ones.

We use the notion 3~ , for the left adjoint of the reindexing functor (=)[f]: £; — &y along f: I — J.

Definition 2.2.5. Let p: £ — B be a cartesian fibration.

(i) A functorial choice of pullback squares is a functor ¢: C — Pb(B) into the wide-subcategory
Pb(B) C B~ of B~ whose arrows are pullback squares in B. For each object ¢ € C, we write
®.: D. — C. for the value of @ at c.

For a cartesian fibration p: £ — B and a functorial choice of pullback squares @: C — Pb(B),
we say that p has ®-coproducts if for any object ¢ € C, the functor (—)[®.]: Ec, — Ep, has a
left adjoint 4 .

2.

—

. € gcc
—
()]

(ii) We say that p satisfies the Beck-Chevalley condition (BC condition) for a pullback
square with direction (g,h): f — f' in B~ as in

Ep
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with f and f’ admitting the left adjoint > ¥ and > 7 if, the following canonical natural transfor-
mation is an isomorphism:

& I &p
Z f’l X lz F
by
For a functorial choice of pullback squares @: C — Pb(B) and a cartesian fibration p: £ — B with

®-coproducts, we say that p satisfies the Beck-Chevalley condition for & if if it satisfies the
Beck-Chevalley condition for any pullback square with direction @; for every t € C.

D
D, =ty !
_
by = @CJ Fd
Co. —— Cyu
C

(iii) We say that p satisfies the Frobenius reciprocity for an arrow f: I — J that admits the left
adjoint >, of the reindexing along f if the following canonical natural transformation is an
isomorphism:

SIASIXSI&SIX&]

Zf J \ lz ;xid.
8] & J X EJ
For a functorial choice of pullback squares @: C — Pb(B) and a cartesian fibration p: £ — B

with @-coproducts, we say that p satisfies the Frobenius reciprocity for & if it satisfies the
Frobenius reciprocity for the arrows @, whenever ¢ € C.

A

_J

Although the Beck-Chevalley condition depends on the direction of the pullback square, we often
omit the direction when it is clear from the context or when we consider the condition for both
directions simultaneously.

The definition is mostly based on [Jac99, Section 1.9], but we have introduced the notion of a
functorial choice of pullback squares. A standard method to choose the arrows along which the left (or
right) adjoints of reindexing functors are defined is to take a subclass of arrows in the base category,
as in a display map category ([Tay83, §4.3.2], [Jac99, Definition 10.4.1]). We prefer the functorial
presentation because it can specify the form of the pullback squares for which the Beck-Chevalley
condition should hold.

Definition 2.2.6 ([EPR21, Definition 2.5], [EPR22, Definition 4.1]). Let p: £ — B be a cartesian
fibration. We define a functor #—: obB x B — Pb(B) that assigns to each pair (I,J) the arrow
(0,0,1): I x J -1 x I x J, and assigns to each arrow f: (I,J) — (I,J’), which is simply an arrow
f:J — J in B, the pullback square on the left below.

(idx f)*

IxJ 2 ey Erxg «——— Erxy
|
(07071)‘{ J{<07071> Z(o,o,nl \5 JZ(0,0J)
IxIx Jimfl x I xJ EIXIXJ(W*SIXIXJ’

We say that p is an elementary fibration if it has ®_-coproducts and satisfies the Beck-Chevalley
condition and the Frobenius reciprocity for @—. Here, the Beck-Chevalley condition for @_ is the
condition that the canonical natural transformation on the right above is an isomorphism. J

In [Jac99, Section 3.4], a fibration with its base category having finite products is said to have
(simple) equality” if it has ®_-coproducts and satisfies the Beck-Chevalley condition for é#_, and it is
said to have equality with the Frobenius property if it further satisfies the Frobenius reciprocity for @_.

2Equality defined in [Pit00, Definition 5.6.1] does not require the Beck-Chevalley condition, but it is discussed in
the following paragraphs.
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An elementary fibration which is a doctrine is called an elementary doctrine ([Law70], [MR13a,
Definition 2.1]) and one with preordered fibers is called an Eg-fibration [Jac99, Definition 3.5.1].

Lemma 2.2.7. Let p: £ - B be an elementary fibration. Then, the Frobenius reciprocity for @_
induces the following isomorphisms:

S (k1 A k) = ( 3 m) A a[(0, 2)] ( 3 m) A a[(1, 2)]
0.0.) 0.0,1)

(0,0,1) 0,0,1 0,0,1

for k1, ke € Erxg. Moreover, the above isomorphism ¢ makes the following diagram commute:

K1 N\ K2 T ( Z (/il A HQ)) [<0, 0, 1>]
(

Aid 0,0,1)

e \ 1A ¢[(0,0,1)] )

( > m) [{0,0, D] A kg —— (( > m) M”v2[<0>1) [(0,0,1)]
(0,0,1) (0,0,1)

where 7 is the unit of the adjunction 31y 1 (—)[(0,0,1)] and the bottom horizontal isomorphism
is given by the preservation of finite products by base change functors. The corresponding statement
holds if we replace (0,2) with (1, 2). 3

PROOF. The isomorphisms are obtained by pre-composing the base change functors (—)[(0,2)]
and (—)[(1,2)] to the Frobenius reciprocity for #—, and the commutativity of the diagram is a direct
consequence of the definition of the natural transformation for the Frobenius reciprocity.

2 (0,0,1) Xid 1dx ((-)[(0,2)]) .
Erxg X Erxg —— Erxixg X Erxg — Erxg X Erxixg —— ErxixJ

& J(-)[(0,0,l)]xid 7 J(—)[(Oﬂvl)]xid&/ J(—)KO?OJ)]

Erxg X Erxg — Erxg X Erxixg — Erxy

idx ((=)[{0,2)]) Ao(idx (=)[(0,0,1)])
1dx((-)[(0.2))) 2 (0,0,1) ¥1d .
Erxg X Erxg — Erxg X Erxixg —— Erxixg X Erxixg — ErxixJ

nxid

— \%7 l(—)[(ﬂ,O,l)]xid & l(—)[<0,071>]

Erxg X Erxixg — ErxJ
Ao(idx (=)[(0,0,1)])

1ax((D)]0.2)]) 2o(Z 0 x14)
Erxg X Erxg — Erxg X Erxixg —— ErxixJ

Ao(idx<7>[<o,o,1>]>l 7 (FR) H

(0,0,l)
= Erxg ———— ErxixJ

n
X |00

Erxg
O

Corollary 2.2.8. Let p: £ —» B be an elementary fibration. Then, it satisfies the Beck-Chevalley
condition for the following pullback square in B in both directions:

IxJ 000 Ik
|
<o,o,1>J j<070,172> :
IxXIxJ — IxIxIxJ
<0?171’2>
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PROOF. We only prove it in one direction as the other direction is similar. Let a € Erxyxy. The
canonical arrow that we need to show to be an isomorphism is at the top of the following diagram:

2(0,0,1) (a[(0,0,1)]) (Z<0,0,1,2> 04) [(0,1,1,2)]
~|0[(0,1,1,2)]
~ (S0 T) L0, 1] A Ql(1,2,3)]) [(0,1,1,2)] -
=)
00 (T Aa(0,0,1)]) ———— (S T) Aal(0,0,1)][(1,2)]

where ¢ is the isomorphism in Lemma?2.2.7, but for the second isomorphism. The arrow ¢ is the canon-
ical isomorphsim following from the fact that the left adjoint of the reindexing functor (—)[(0, 1, 1, 2)]

is realized by the functor (Z<070> T) [(0,1)] A (—)[(1,2,3)], as shown in [EPR22|. Therefore, once
the commutativity of the diagram is established, the Beck-Chevalley condition for the pullback square

in the statement follows. However, the commutativity of the diagram is equivalent to that of the
following diagram:

a[(0,0,1)] — 2 ($001.) @) [(0.1,1,2)][{0,0,1)]

m gla[<o,1,1,2>}[<o,o,1>]

(0 T) 10, 1] Aal(1,2,3)]) [(0,1,1,2)][(0,0,1)] -

|

(Z(00m T) [(0,0,1)] A al(0,0,1)]

where 7], is the unit of the adjunction. The traingle is commutative by the uniqueness of the left
adjoints up to isomorphism, and the square is commutative because the unit 7}, is isomorphic to
nT A idaj0,0,1))- Therefore, the Beck-Chevalley condition for the pullback square in the statement
holds. O

Definition 2.2.9. Let p: £ — B be a cartesian fibration. We define a functor ®5: ob B x B — Ph(B)
that assigns to each pair (I,.J) the arrow (1): I x J — J, and assigns to each arrow f: (I,J) — (I,J’)
(an arrow f: J — J" in B) the pullback square on the left below.

R

NTA1dq[(0,0,1)]

T A af(0,0,1)]

. idx f)*
IxJ 22 1wy Ervg EXD g )
<1>l - [0 Ze] N [Zo
J I J/ gJ <—f* SJ/
We say that p is an existential fibration if it has @3-coproducts and satisfies the Beck-Chevalley
condition and the Frobenius reciprocity for @3. a

The left adjoints to the reindexing functors along the product projections satisfying the Beck-
Chevalley condition are called simple coproducts in [Jac99, 1.9.1]. We borrow the adjective “exis-
tential” from its doctrine counterpart called existential doctrine [MR13b, Definition 2.11] ([Tro20,
Definition 3.3]).

Definition 2.2.10. A cartesian fibration p: & — B is called an elementary existential fibration
if it is an elementary fibration and an existential fibration. J

The doctrine counterpart for this was introduced by Lawvere in [Law70] as an elementary
existential doctrine (eed for short). An elementary existential fibration with preordered fibers is
called a regular fibration in [Jac99, Definition 4.2.1].

We now introduce a slightly different notion of a fibration.

Definition 2.2.11. A regular fibration is a cartesian fibration p: £ — B such that the base category
B has finite limits and the fibration p has Idpy,)-coproducts and satisfies the Beck-Chevalley condition
and the Frobenius reciprocity for Idpy,s). J
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Remark 2.2.12. A regular fibration is obviously an elementary existential fibrations. The converse is
not true in general, but the difference is more subtle than it seems. A well-known result (see [Jac99,
Examples 4.3.7]) states that if a fibration p: £ — B is an elementary existential fibration, then any base
change functor (—)[f] has a left adjoint > - One can elegantly prove this by using the internal language
of fibtations. What is missing in an elementary existential fibration, even when the base category has
finite limits, is the Beck-Chevalley condition for all pullback squares in B. The Frobenius reciprocity
for Idpy, ) is actually a consequence of the Beck-Chevalley condition for all pullback squares in B.
This is because the left adjoint >_; of the reindexing functor (—)[f] is acheived by a combination of
the left adjoints of the reindexing functors along the product projections and diagonal arrows together
with the fiberwise finite products, and the Frobenius reciprocity for (—)[f] + >, follows from the
Frobenius reciprocity for these special cases. The situation is summarized by the following reasoning
in the internal language of fibrations:

> (a(x) AB(f(x))) = 3x: I (y = f(x) A (alx) A B(f(x))))

f
=3x: L (y=f(x) Aax) AB(y))
=(3x:L(y=f(x)Aa(x))) A B(y)

= (Z a(X)) AB(y)-

f

Here, the Frobenius reciprocity for &3 is used in the third equivalence, and that for @_ is used
implicitly in the second equivalence. This statement is proved more rigorously but elegantly using
double categories as we will see in Corollary 2.3.22. a

Example 2.2.13. Let us see whether the examples in Example2.2.1 belong to the classes of fibrations
we have defined.

(i) The codomain fibration B~ — B for a category B with pullbacks is a regular fibration. The
Beck-Chevalley conditions for all pullback squares in B are satisfied by virtue of the pullback
lemma.

(ii) The subobject fibration Sub(B) — B for a category B with finite limits is a cartesian fibration.
We also have the following:

Proposition 2.2.14. Let B be a category with finite limits and Sub(B) — B be its subobject
fibration.
(a) This fibration is an elementary fibration.
(b) The following are equivalent:
(1) B is a regular category,
(2) the subobject fibration over B is an elementary existential fibration, and
(3) the subobject fibration over B is a regular fibration. E

For the proof, see [Jac99, Examples 3.4.4, Theorem 4.4.4].
(iii) The family fibration Fam(B) — Set is a cartesian fibration if B has finite products. We have the
following:

Proposition 2.2.15. Let B be a category with finite products and Fam(B) — Set be its family
fibration.
(a) This fibration is an elementary fibration if B has distributive initial objects.
(b) The following are equivalent:
(1) B has distributive small coproducts,
(2) the family fibration over B is an elementary existential fibration, and
(3) the family fibration over B is a regular fibration. E

PRrOOF. First, we show that (1) implies (3). The proof for the existence of the left adjoint of
reindexing functors and the Frobenius reciprocity is given in [Jac99, Example 3.4.4 (iii)]. The
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left adjoint of the reindexing functor (—)[f] for a function f: I — J is given by

Z ((vi)ier) = Z Q; )
f i€f~1() jeJ
and the Beck-Chevalley condition for all pullback squares in Set follows directly from this pre-
sentation. Evidently, (3) implies (2). To show that (2) implies (1), the coproduct of a family of
objects (cy),c; is achieved by the left adjoint of the reindexing functor for the function !7: I — 1.
The Frobenius reciprocity for this reindexing functor guarantees the distributivity of the coprod-
ucts. J

_l

Remark 2.2.16. The terms regular fibration and elementary existential fibration may be used in a
different sense in the literature, sometimes interchangeably. Our terminology is based on our desire to
consider the term elementary existential fibration as a conjunction of the elementary and existential
fibrations, and the term regular fibration as a fibration with sufficiently similar properties that the
subobject fibration of a regular category has. J

The 2-category of the forementioned classes of doctrines is given in the style of indexed categories
in [MIR13b, MR13a]. Here, we give the 2-category of the corresponding classes of fibrations.

Definition 2.2.17. Let p: £ - B and p’: £ — B’ be fibrations, and let f = (fo, f1) be a morphism of
fibrations from p to p’; that is, a pair (fo,f1) where fo: B — B’ is a functor and f;: £ — £’ is a functor
over fo that preserves prone arrows.

(i) In the case where p,p’ are cartesian fibrations, we say that (fo,f1) is a morphism of cartesian
fibrations if fo and f§; preserve finite products. This is equivalent to saying that fo preserves
finite products and for any object I € B, f1,1: &1 — 5f/o( 1) breserves finite products.

(ii) Suppose that we have functorial choices of pullback squares @: C — Pb(B) and &': C' — Pb(B'),
that fo preserves the pullback squares that arise in the image of @, and that we have a functor
T: C — C' such that ¢’ o T is naturally isomorphic to Pb(fy) o @, where Pb(fy) o @ makes sense by
the second condition. Furthermore, p and p’ have @-coproducts and &’-coproducts, respectively.
We say that (fo,f1) sends @-coproducts to ¥'-coproducts if for any object ¢ € C, the following
canonical natural transformation is an isomorphism®:

Fp,.

Ep, —> &

Dir.
S| 2 [Se.

Ec, — &L,
Fe Te

c

(iii) In the case where p,p’ are elementary fibrations, we say that (fo,f1) is a morphism of ele-
mentary fibrations if it is a morphism of cartesian fibrations and sends ®_-coproducts in p to
&_-coproducts in p’. Note that when fy preserves finite products, the pullback squares that arise
in the image of @#_ are preserved by fo.

(iv) In the case where p,p’ are existential fibrations, we say that (fo,f1) is a morphism of exis-
tential fibrations if it is a morphism of cartesian fibrations and sends ®@3-coproducts in p to
P3-coproducts in p’. The same note as above applies.

(v) In the case where p,p’ are elementary existential fibrations, we say that (o, f1) is a morphism of
elementary existential fibrations if it is a morphism of elementary fibrations and existential
fibrations.

From now on, we will omit the indices 0 and 1 in the notation of morphisms of fibrations.

Definition 2.2.18. We define the 2-category Fibcart (resp. Fibya—, Fiby a3, Fib,s—3) of cartesian
fibrations (resp. elementary fibrations, existential fibrations, elementary existential fibrations) as
follows:

3We identify K Dc with D/, and K Cc with C’, by the natural isomorphism Pb(fo)o® = &'oT since this identification
does not affect the condition.



2.3. FROM FIBRATIONS TO VIRTUAL DOUBLE CATEGORIES 37

(i) The objects are cartesian fibrations (resp. elementary fibrations, existential fibrations, elementary
existential fibrations).
(ii) The morphisms are morphisms of cartesian fibrations (resp. elementary fibrations, existential
fibrations, elementary existential fibrations).
(iii) The 2-cells are natural transformations between morphisms of fibrations.

|

Note that how we define the 2-category of cartesian fibrations gives exactly the same 2-category
as the 2-category of cartesian objects (c.f. Definition 1.1.1) in Fib because of Proposition 2.2.2.

Let BiFib be the 2-category of bifibrations, fibered functors preserving the left adjoints of rein-
dexing functors, and arbitrary fibered natural transformations.

Lemma 2.2.19. An elementary existential fibration is a bifibration. This gives rise to a fully faithful
2-functor Fiby ,—3 — BiFib that sends an elementary existential fibration to its associated bifibration.
4

PRrROOF. The first statement is a classical result as explained in Remark 2.2.12. Since the left
adjoint of (—)[f]: &5 — &1 is acheived by

)[idx f]xI
—_—

(= d A
Er — Erxr X Erxy Erxg x Erxg ———— ErxJ »

all of which are preserved by a morphism of elementary existential fibrations, the 2-functor is well-
defined. This also implies that the condition for a fibered functor to be a 1-cell in BiFib and Fiby—3
are the same, that is, the preservation of the left adjoints of reindexing functors for all arrows in the
base category, and the 2-functor is fully faithful. O

2.3. From Fibrations to Virtual Double Categories

2.3.1. The bilateral virtual double category of a cartesian fibration. In this section, we
show how to construct a virtual double category from a cartesian fibration, and figure out when the
resulting virtual double category is a cartesian equipment.

We start with the definition of a virtual double category from a cartesian fibration. When we see
objects in fibers of a fibration as predicates, the loose arrows in the resulting virtual double category are
the binary relations described by these predicates. Since these relations respect two different contexts
as their domain and codomain, we would rather call them bilateral relations, and the resulting
virtual double category the bilateral virtual double category of the fibration. This terminology is
suggested by Hoshino.

Definition 2.3.1. Let p: £ — B be a cartesian fibration. Then the following data form a VDC Bil(p):

e The tight part of Bil(p) is the category B.
e The loose arrows from I to J in Bil(p) are objects « in &€ over I x J.
e The cells of the form

Iy 2 1 — s I,
(2.3.1) Sol ¢ lsl
Jo In

B
in Bil(p) are arrows &: aq[(0, )] A---Aay[(n — 1,n)] = B[(so x s1)0(0,n)] in Eryx...x1,,, Where (i, j)
denotes the pairing of the i-th and j-th projections Iy x - - - x I, — I; x I;. This is equivalent to the
data of an arrow £: Aj<;<, @i[(i — 1,4)] — B[so X s1] over the projection Iy X -+ x I, = Iy X I,,.

e The composite of the following cells

Lig s Ty - R e A
so & sl &n Lsn
Jo % Ji % % In
tol 51 C Bn \Ltl
Ky % K,
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in Bil(p) with the cells & and ¢ given by the arrows

IS /\ Oézl[<Z — 1,i)] - ﬁ1[(80 X 51) © <O>m1>] in gnogz‘gml I

1<i<my

St N\ ahlli— L)) = Bullsar x s) o Oma)] in £y and

1<i<mn,

GO BILG - 10 =t x 1) 0 (0,m) &

1<j<n

(where Ijo:=1Ij_1m; , for 1<j<n).

is the cell

/\ a}[<21§k<jm’“"'i_l’zlgkqu“)]

1<j<n
1<i<m;

— /\ /\ a;'-[(i—l,i)] [<21§k<1mk""’zlgkgjmkﬂ
1<i<n \1<i<m;

= ( A Bj[<j—1,j>]) [(s0 - x8n) 040, ma, - 50, i

"}/[(t() X tl) o] <0, Tl)][(SO X oo X Sn) o <O, . 721§j§nmj>]
= Y[((to 0 s0) X (t1 051)) 0 <0’21§j§n m;)] in EH o<i<n i
0<i<m;

e The identity cell for a loose arrow a: I — J is the canonical isomorphism a — a[id;x ] = af(idf X
idy)] in Erxy.

We write this virtual double category as Bil(p).

_l

It is easy but tedious to check that the data in Definition 2.3.1 form a virtual double category.
One way to see this is to use the internal language of fibrations Remark 2.2.4. Loose arrows of Bil(p)

correspond to propositions a(x,y) in the context x : I,y : J, and its cells correspond to proofs § as
follows:

xo:Io, ..., xp i Iy | al(X()qu)y s )an(Xn—lpxn) I_g ,B(fb(X()), fl(Xn))

Composition of cells in Bil(p) means constructing a new proof from given proofs. Suppose we have
the following proofs:

x1.0 1105y Xty Timy | @3 (a0, X11)s -+ oy @ (XLmy—1, Xtmy )

|_§1 B1 (50 (XLO)? S1 (Xl,m1 ))7

Xn—1mn_1 * In—Tmm_1s - Xnmy © Inmy, | a;(Xn—l,mn,an,l)y e 0™ (T —15 Xn,my, )
e Br (Sn—1—1,m0 1) S0 (Xm0 ) )5
YoiJdoyooosyn i dn | Bi(yosy1)s - Bu(Yn—1,¥n)
= (to(yo), t1(vn)),
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then we can construct the following proof

X1,0 - I].,Ov X1,mq - I].,m17 s Xnymay - In,mn | ,Bl (50<X1,0)7 S1 (Xl,m1))u cee 7ﬁn(sn—1(xn—1,mn_1)7 Sn(Xn,mn))

el Cam )y (250 (x1,0)) s 1 (50 (X))

by substituting s;(x;n,)’s for y;’s in the proof of {. Subsequently, we can combine the proofs £1,...,&,
with {[s;(x;m;)] to obtain a proof of

X1,0 - I1,07X1,1 : I1,17 <oy Xnmy, - In,mn ’ Ol%(XL(), Xl,l)a cee 7a71711 (Xl,m1—17xl,m1)7 ) O‘Zln (Xn,mn—lyxn,mn)
= (to(so(x1,0)), t1 (S (Xn,m.)))-

This corresponds to the composite of the corresponding cells in Bil(p). The proof of the associativity
of the composition in Bil(p) is almost the same as the proof of Proposition 3.5.6, but without the
bilaterality of the propositions and the proofs.

Remark 2.3.2. This construction Bil is a generalization of Shulman’s [Fr-construction of framed
bicategories from cartesian fibrations with additional structures [Shu08, Theorem 14.4]. The con-
struction assumes these structures on the fibration so that the resulting entity is a framed bicategory,
which in our terminology is an equipment; we will revisit this in Remark 2.3.13. On the other hand,
the paper deals with more general fibrations than cartesian fibrations, which is called a monoidal
fibration but with the monoidal structure on the base category cartesian. We could follow the same
path and defined a virtual double category from a monoidal fibration with cartesian base, but we do
not proceed in this direction in this thesis. 2

Proposition 2.3.3. For a cartesian fibration p: £ — B, Bil(p) is a cartesian FVDC. a

PROOF. The restriction of a loose arrow «: I — J, which is an object in £ over I x J, along a
pair of tight arrows f: I’ — I and g: J' — J is given by «[f X g] € €y, and the restricting cell rest
is the identity arrow on «[f x g]. One can check this by seeing that a cell on the left-hand side of the
equation corresponds to a morphism ¢ in 5H0<z‘<n K, on the right diagram below:

i "Hﬁ”i) Kn K "7?:% Ko e —1,1 ia X o n
L boow € QN Pl el el ko ()

I/ é‘ J/ = I/ a[fx.g] J/ 5 \ JE ln 5H0§,L§n KZ
£l lo fl rest |9

R S S al(f x g)o (hx k) o (0,)

Here, post-composing the canonical isomorphism on the rightmost diagram represents post-composing
the cell rest on the leftmost diagram. This shows that Bil(p) has restrictions.

To show that Bil(p) is cartesian, let us recall Proposition 1.3.9, which provides an explicit de-
scription of the cartesian structure on an FVDC. The vertical part of Bil(p) has finite products by
definition, and for each pair of objects I and J in B, the finite products in £7«y give the local finite
products in Bil(p)(Z,J). Finally, these are preserved by restriction along tight arrows because it is
given by base change in £, which preserves finite products in a cartesian fibration. (I

Proposition 2.3.4. The assignment of a CFVDC Bil(p) to a cartesian fibration p: £ — B extends
to a 2-functor Bil: Fibeart — FVDDbl 4t - J

PROOF. A morphism of cartesian fibrations § from p to q induces a morphism of CFVDCs
Bil(f): Bil(p) — Bil(q). This is because the morphism § preserves the structure of the fibration in-
cluding the cartesian structure, and hence the structure of the CFVDC Bil(p). The assignment of a
CFVDC Bil(p) to a cartesian fibration p: & — B is functorial accordingly.

A 2-cell 0: §f — g: p — q induces a vertical 2-cell Bil(f). For an object I in B, the tight arrow
Bil(6)r: Bil(f); — Bil(g)s is given by 0r: fr — g7. For a loose arrow a: I — J in Bil(p), the cell

Bil(f), on the left diagram below is given by the unique arrow 0, that makes the right triangle
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diagram commute:

fo a 0
fr —— fs l @
o] ba o gallr x 0] —— ga F
91— 97 ls
fr <57 —5 g, 91 <87 ¢
The naturality conditions of Bil(#) follow from the naturality of 6. O

Example 2.3.5. Some examples of CFVDCs we have seen so far can be obtained through the
construction Bil. We mean the fibration itself by its domain category by abuse of notation. The

resulting CFVDCs are shown in Table 1. 2
Cartesian fibration p CFVDC Bil(p)
the codomain fibration B~ — B 3 B
(B : a category with finite limits) pan(B)
the subobject fibration Sub(B) — B Rel(B)
(B : a category with finite limits)
the family fibration Fam(B) — Set B-Mat — w.r.t.
(B : a cartesian category) the cartesian monoidal structure

TABLE 1. Examples of the construction Bil
Now we have the construction of a CFVDC from a cartesian fibration. The next step is to show
how the properties of the fibration are reflected in the resulting CFVDC. The primary interest is in
coproducts in fibrations, since they are the key ingredient to interpret regular logic in fibrations.

Lemma 2.3.6. For an elementary fibration p, the VDC Bil(p) is unital. J

Proor. We will prove that a unit on an object I in B is given as the object o7 == > 90 T7 in
Erx1, where Ty is the terminal object in &. Here, the unit cell 97 is the component of the unit n of
the adjunction 3 o) : &1 L Erxr :(—)[(0,0)]. at the object T;. The universal property of the unit
cell n; that we want to show is stated as follows: for any cell v on the left below uniquely factors
through the unit cell n; as on the right below.

m Qm— 15000, B1yseesBr— Bn
am Om—1,-,01 B1,eesBn—1 Bn Im - Im—1 el e n-1 = Kp
T = o ——mrs I —emmeees Ky = Ky [ T2 N\ R
H v H = JIm g In-1 - ———— T > Ky 1 Ky -
m o1 Bn

This amounts to saying that for any arrow v as below, there is a unique arrow v for which v[A] makes
the following diagram commute:

1<i<m 1<j<n
~| x
Oéi[(m—i,m—i—&-l)] A\ T[[(m}] A\ /\ Bj[(m—f—j—l,m—‘rj)} ’y[((],m—&-n)]
1<i<m 1<5<n
T idAng, T, [(m)]Aid] o \g
N ilim—im—isn)] ASr[0)][m)] A N Bjltmti—1me)] Y[(0,m+n+1)][A]
1<i<m 1<j<n 7

~| T A

( N ailm—im—isD)] ASr[mmrn)] AN\ Bj[<m+j,m+j+1)]) (4]

1<i<m 1<j<n

Here, Jy = I, Ky = I, and A :=(0,...m—1,m,m,m+1,...,m+n). We now show that the composite 7 of
the arrows on the left column of the above diagram coincides with the component of the unit 7’ of
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the adjunction Y 5 - (—)[4A] at the object k. Let us consider the Beck-Chevalley condition for the
following diagram:

2oa
gnlgingiXIXH1§jgnKj + gnlgigm‘]iXIXIxnlgjgnKj
(2.3.2) o 4] .
(=) m)] Z(o,o) (=) [{m,m+1)]
//\
Er \J;/ Erxr

(—)[0,0)]
Looking at the components of the units at the terminal objects, we have the following commutative
triangle:
(1,7 ) [(m)]
Trlem] — (61[(0,0)]) [(m)]

o in .
/\ li 5H1Si§mJiX1XH1sJ‘§nKJ’
Trl{m)]

(X A(Trlm]) [A]

In addition, it follows from Lemma 2.2.7 that the following commutes in EH J.
1<i<m %

n

XIXH1§j§n K;*

/

K - (Xar) (4]

J =

Tolim] Ak — s (54 (T lem] A ) [A]

nirl[<m>]/\idﬂl . l
(Ca (TrlmD) [A] A& = (Za (Trltm)]) A rliax0)xia]) [A]

1%

With these diagrams, we can show that the composite 7 is equal to the arrow 7. up to the isomorphisms
that are given by the structures of p as an elementary fibration. Note that the subexpression in the
codomain of 7 to which the base change (—)[4] is applied can be identified with the object (3° A k) [4]
via the isomorphisms in the argument above; this can be summarized as the following sequence of
isomorphisms:

Z K= Z (Tr[m)] A K) by the preservation of finite products by base change
A A
= Z (Trlm)]) A K[1ax(0)xid] by the implication of the Frobenius reciprocity Lemma2.2.7
A
= 07[(mm+1)] A K[idx(0)x1d] by the Beck Chevalley condition (2.3.2)
= /\ ai[<m—i,m—i+1>] A (5[[<m,m+1>] A /\ ,Bj[(m+j,m+j+l)].
1<i<m 1<j<n

]

Proposition 2.3.7. For an elementary fibration p: £ — B, the VDC Bil(p) is a cartesian unital
FVDC, or equivalently, a cartesian virtual equipment. a

PROOF. We have shown that Bil(p) is a unital FVDC in the previous lemma. Considering Propo-
sition 2.3.7, it remains to show that units are compatible with the cartesian structure in the sense of
(77) and (7i7) there. The second condition is easily satisfied because the diagonal (00) on the terminal
object 1 in B is an isomorphism. The third condition follows from the Beck-Chevalley condition and
the Frobenius reciprocity. From the construction of the units in Bil(p) and the translation between the
fiberwise and the total finite products Proposition2.2.2; the canonical arrow in (ii7) of Proposition2.3.7
is given by the arrow

Orx.J Y, 0107, 20)] AN Os[(1y,30)] in Erxaxrxs
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where p and v are the arrows that correspond respectively to the following arrows in 7. j:

Trxy = T1[<01>]UM]51[<01701>H<01>] = 6r[(0r,20)][(0r, 1,07, 1.7)],

Tres = Tl X, 10,0100 = 85[(15,3010r, 1,07, 1))

However, it is not hard to see that this coincides with the composite of the arrows as follows:

OrxJ = Z Z TIxJg by the uniqueness of the left adjoint
(0r,15,01,27) (07,17,15)

=Y (TIXJXJ 'y (Tlxli[<01,01,1J>]))
<0171J70[72J> <OI71J71J>

= Z (TIxeJ A ( Z TIx[XJ) [(0[,1(],0[,2(1”) by the Beck-Chevalley condition
<0171J70172J> <OI72J71172J>

= Z Trxgxs A Z TrxrxJg by the Frobenius reciprocity
(07,17,07,2) (071,27,11,2)

5 0r[{0r,21)] A 0s[(17,31)] by the Beck-Chevalley condition.

This completes the proof. [l

Corollary 2.3.8. The assignment of a cartesian unital FVDC Bil(p) to an elementary fibration
p: & — B extends to a 2-functor Bil: Fiby, 3 — FVDblg cart.- g

PROOF. A morphism between elementary fibrations f: p — q preserves the left adjoints of base
change functors, which define the units and the unit cells of the FVDC Bil(p). Hence, the assign-
ment of an FVDC Bil(p) to an elementary fibration p: & — B extends to a functor. Since Fiby a3
and FVDDblg cart are both locally full sub-2-categories of Fibcary and FVDDbl car¢, respectively, the
assignment extends to a 2-functor. U

Lemma 2.3.9. For an existential fibration p: & — B, the VDC Bil(p) has composition of paths of
loose arrows of positive length. 2

PROOF. The proof is analogous to the proof of Lemma?2.3.6. It is enough to show that a composite
of two arrows ag: Jo — Iy and Bo: Io — Ko is given by the object 3= 4 (a0[(0,1)] A Bo[(1,2)]) in
Ejoxio- The cell 2245, ap; Bo = ap © Po in the definition of composition of paths is, in this case, the
unit component of the adjunction 3 9y = (—)[(0,2)] at the object ag[(0,1)] A Bo[(1,2)] in Ejox1oxKo-

Let p be the prodcut projection [Jo<;<p, Ji X To X [To<j<n K = To<i<m Ji X To<j<n Kj- The

universal property of the cell s,,.5, is that for any cell v: au,;...;a0;B0;...; 8, = 7, there is a
unique cell 7: ayp; ... ;500 © Bo; .. . ; B = - for which 7[p] makes the composite of the following arrows
equal to v:

0= /\ Oéi[(m—i,m—i—i-l)] VAN Oég[(m,m—&-l)] VAN 50[(m+1,m+2)] VAN /\ ﬂj[(m+j+1,m+j+2>]

1<i<m 1<j<n
~|
N ailm—im—i+D] A (ao[0.0] A Bol.2)]) [tnmtrmt2] A N Bjltmtitimi+)]
1<i<m 1<j<n

1dA%a ;80 [(msmA-1,m+2)]Aid |

/\ a;[(m—i;m—i+1)] A (Z (ao[(0,1)] A 5o[<1,2>])) [(0,2)][(m,m+1,m+2)] A /\ Bj[(m+j+1m+j+2)]

1<i<m (0,2) 1<j<n

=)
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( /\ a;[(m—i;m—i+1)] A (Z (ao[(0,1)] A Bo[<1,2)])) [(mm+1)] A /\ Bj[<m+j,m+j+1>]> [p]

1<i<m (0.2) 1<j<n
vlply
Y[(0,m+n+1)][p]
=|

Y[(0,m4n+2)]

The following shows that the domain of the v is isomorphic to the image of  under > :

NED ( N ailm—im—isn] A\ Bjlimritimti+2)] A (aol0.0] A Bol(1.2)]) [<m,m+1,m+2)])
)

p \1<i<m 1<j<n

~ /\ a;[(m—i;m—i+1)] A /\ Bjl(m4gmtj+1)] A Z ((ao[(0, )] A Bo[(1,2)]) [(mym+1,m+2)])
1<i<m 1<j<n P

=~ A ailm-im—is)] A\ Bilmrimrirn] A | D aolo.n] A Bol@2)] | [(mm+1)]
1<i<m 1<j<n (0,2)

From the second to the third line, we used the Frobenius reciprocity, and from the third to the fourth
line, we used the Beck-Chevalley condition. What remains is to show the image of this isomorphism
under the base change (—)[p] precomposed with the unit component of the adjunction >, 4 (—)[p] at
f is indeed the same as the upper part of the diagram above, which is a straightforward calculation
as in the proof of Lemma 2.3.6. O

Proposition 2.3.10. For an existential fibration p: £ — B, the VDC Bil(p) is a cartesian positive-
length composable FVDC. a

PROOF. The proof is analogous to the proof of Proposition 2.3.7 besides that we consult Proposi-
tion 2.3.10 instead. Again, we only give the canonical isomorphisms, but not the explicit calculations
for verifying that the canonical isomorphisms indeed arise as the universal properties of composition
of paths.

For (ii), we have

T1OTr=Y (T1[{0,1)] A T1[(1,2)]) = Ty
(0,2)

since (i, j) is the identity on 1 for all ¢ and j. For (iii), if we have a;: I;_1 — I; and B;: Ji—1 — J;
for ¢ = 1,2, then we obtain the following isomorphisms. Here, we do not write the projections by
numbers but by the names of the objects for the sake of readability.

(a1 X f1) © (a2 x (2)

= Y (1 x B)[Uodo.rri)] A (g X Ba)[(11.1.02,5)])
(Io,J0,12,J2)

= Z (01 [(To,10)] A aa[(11,12)]) A B1[(Jo,J1)] A Bal(J1,72)])
(Io,Jo,12,J2)

= ) Yoo ((ealto,m)] A asltnm)) A (Bilto.a0] A Balt,02)]) [ o, T2,02)])
(Io,Jo,12,J2) (Io,Jo,J1,12,J2)

= ( ( > (1 [(o,11)] A 042[<11J2>])[<107J07117127J2>]) A Bi[(Jo,1)] A 52[(J1,J2>])
(

(Io,Jo12,J2) Iy, Jo,J1,12,J2)

o Z (( Z (o1 [(To,11)] A Ckg[([l,lg)])) [(T0,2J0,12,J2)] A B1[(Jo,J1)] A ﬂg[(Jl,JQ)])
(

(Io,Jo12,J2) Io,Jo,12,J2)

I

( > (a1[<fo,h>]Aaz[ul,zz)}))A( > 61[<J0,J1>]A62[<J1,J2>])
{ (

Io,Jo,I2,J2) Io,Jo,I2,J2)



2.3. FROM FIBRATIONS TO VIRTUAL DOUBLE CATEGORIES 44

I

( Z (Ckl[(IOJl)] /\042[(11,I2>])) [<10J2)] A ( Z Bl[(«hmh)] /\,32[<J1,J2>]) [(JO,J2>]
( (

Io,I2) Jo,J2)
= (a1 © ag) X (B1 © Pa).
O

Corollary 2.3.11. The assignment of a cartesian positive-length composable FVDC Bil(p) to an
existential fibration p: £ — B extends to a 2-functor Bil: Fiby 3 — FVDblg cart.- g

PROOF. The preservation of the left adjoints of base change functors along product projections
leads to the preservation of composition of paths of positive length. Hence, the assignment of an
FVDC Bil(p) to an existential fibration p: € — B extends to a functor, and further to a 2-functor by
the same argument as in the proof of the previous corollary. O

Corollary 2.3.12. The assignment of a cartesian composable FVDC Bil(p) to an elementary exis-
tential fibration p: £ — B extends to a 2-functor Bil: Fiby, -3 — FVDbl ¢ cart- J

Remark 2.3.13. The paper [Shu08] gives two sufficient conditions for a monoidal fibration to induce
a framed bicategory. Since our definition concentrates on cartesian fibrations, let us compare the two
conditions with our results in this case, although there seem no obstacles to generalizing our results
to monoidal fibrations and the corresponding comparison.

In both conditions, the given cartesian fibration is required to be a bifibration, which holds true
for elementary existential fibrations (cf. discussion in Remark 2.2.12). The first condition in loc. cit.
is that it is strongly BC, which means that the Beck-Chevalley condition holds for all pullback squares.
By Corollary 2.3.22, this is a stronger assumption than that the fibration is elementary existential.

The second condition is that the fibration is internally closed, which means that the fibration is
fiberwise cartesian closed and base changes preserve the internal homs, and is weakly BC, which means
that the Beck-Chevalley condition holds for pullback squares with one of the legs being a projection
of a binary product. Examining the proofs in [Shu08, §17], we see that the internal closure of the
fibration is used to show that it satisfies what we call the Frobenius reciprocity for arbitrary arrows
(cf. (16.7) and (16.8) in loc. cit.), and the Beck-Chevalley conditions they use are the ones with the
concerning left adjoints are of the forms }_ 1y or > - J

The main theorem for this chapter is the following.

Theorem 2.3.14. For a cartesian fibration p to be elementary existential, it is necessary and sufficient
that the VDC Bil(p) is a cartesian composable FVDC. J

To state the theorem more precisely in 2-categorical terms, we need to introduce the following
definition.

Definition 2.3.15. A 2-functor f: K — L is a local inclusion if for each pair of 0-cells k& and &’ in K,
the (1-)functor
fin: K(k, &) — L(f(k), £(K))

that f induces is fully faithful and injective on objects. J

Lemma 2.3.16. For a commutative square of 2-functors

KI ! L/

I
where i and j are local inclusions and isofibrations, then it is a pullback if and only if
(i) a O-cell k in K is (essentially) in the image of i precicely when f(k) is (essentially) in the image
of j, and

(ii) a 1-cell t: i(ky) — i(k]) in K’, in which k{ and k| are O-cells in K', is in the image of i precicely
when £'(t): j(f'(kj)) — j(f(k})) is in the image of j.
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|

PROOF. Since the 2-category of 2-categories allows a concrete description of strict pullbacks, what
we need to show is that the induced 2-functor (i, f'): K’ — K xy, L’ is an equivalence if and only if the
two conditions hold. Here, we use the Whitehead theorem for 2-categories [Kel05, §1.11]: a 2-functor
is an equivalence (in the 2-category of 2-categories) if and only if it is essentially surjective on 0-cells
and locally isomorphic (not an equivalence).

The essential surjectivity on O-cells for (i, f’) states that for each pair of 0-cells k and I’ in K" and
L’ such that f'(k) = j(I'), there is a O-cell £ in K such that (i, f’)(k¥") = (k,!’). This is equivalent to
the first condition in the lemma since i and j are isofibrations. For the second condition, note that we
have

(L) . .
K'(kg, k) ————— K(i(kp), i(k1)) XL(j(f/(kg))),j(f/(kfl))) L' (£ (ko) £ (k1))

i © F )
{t:i(k{) — i(k}) | £(¢) is in the image of j} C K (i(k(),i(k}))
full

since j induces the inclusion between the hom-categories of L’ and L. As i is also a local inclusion, the
i in the diagram above is isomorphic if and only if it is bijective on objects (1-cells in the 2-categories),
which is (ii) in the lemma. O

Theorem 2.3.17 (Restatement of Theorem 2.3.14 functorially). We have the following pull-
back square of 2-functors:

Fib, -3 —— FVDDbl _.¢ cart
L - J
Fibcart T FVDchart.

_J

PROOF. We have shown that the assignment of Bil(p) in FVDDbI .o cart to an elementary exis-
tential fibration p extends to a 2-functor Bil: Fiby -3 — FVDDbl _.¢ cart. Since Fibys—3 — Fibcart
and FVDDbI _.¢ cart = FVDDbl,,¢ are local inclusions and isofibrations, we can apply Lemma 2.3.16
to show that the square is a pullback.

Therefore, what we need to show is

(i) for a cartesian fibration p: & — B, if Bil(p) is a cartesian equipment”, then p is an elementary
existential fibration.

(ii) for elementary existential fibrations p and q and f: p — q in Fiby,, if Bil(f) is a morphism of
cartesian equipments, then f is a morphism of elementary existential fibrations.

The second statement is easy. If Bil(f) is a morphism of cartesian equipments, it preserves any
spine cells, which means every coproducts including @_- and ®3-coproducts. We will show the first
statement.

Since an equipment Bil(p) gives a bifibration Bil(p); — B x B, we can recover p as a base change
of this along the functor B — B x B that sends an object I to (I,1), and hence, we have that p is a
bifibration. Let us explain this in explicit terms. Recall that a cell £ in Bil(p) as in the left diagram in
(2.3.3) corresponds to an arrow &: a — S[f] in £;. Since Bil(p) is a cartesian equipment, we know that
there is a oprestriction f*a of a along f and id;. Using this, we find that the arrow § corresponds to
the arrow ¢ in the right diagram in (2.3.3).

I —9 51 g e
(2.3.3) 7l H I &
JTl JTl

4Since the 2-functor Eqp,..: = FVDDI _.¢ cart is essentially surjective on 0-cells, Bil(p) being a cartesian equipment
is equivalent to saying that it is in the image of the 2-functor FVDDbI .o cart = FVDDbI] car¢. The only reason we phrase
it in this way is to make the statement more readable.



2.3. FROM FIBRATIONS TO VIRTUAL DOUBLE CATEGORIES 46

This shows that the oprestriction functor f*(—): & — & gives a left adjoint to the base change functor
(—)[f]: €5 — &r. Therefore, it remains to show that p satisfies the Beck-Chevalley condition and the
Frobenius reciprocity for the base change functors along arrows in @3 and o_.

For the Beck-Chevalley condition, note that the canonical arrow which we need to show is an
isomorphism is the one in Lemma1.2.23 for the cartesian equipment Bil(p), where we take the pullback
square in @_ and ¢35 and M = 1. Since those pullback squares are the products of the pullback
squares in which one side is the identity arrow, we can apply Lemma 1.2.22 to show that these are
Beck-Chevalley pullback squares, and then apply Lemma 1.2.23 to show that the canonical arrow is
an isomorphism.

For the Frobenius reciprocity for @3, apply Lemma 1.2.24 to the case where f is the projection
(1): IxJ — Jand K is the terminal object 1. Here, the assumption that the pullback of (0,0): J — Jx
Jand (1) x idy = (1,2): [ x J x J — J x J is a Beck-Chevalley pullback square follows again from
Lemma 1.2.22:

(0,1,1) idy (0,0

IxJ —S5IxJxJ N I —15 7 JJ—>J><J
ml - 12 = 0l - 10 X idy] lidsxs
J—— s JxJ 1——1 J——JxJ

(0,0) id; (0,0)

The Frobenius reciprocity for @_ is not as straightforward as the other cases. Recall that we need
to show that the canonical arrow from - ¢ 1y (@A B[(0,0.1)]) to (321,0,1y @) A B is an isomorphism. The
strategy we take is as follows.

(I) We reduce the problem to the case where « is the terminal and simultaneously present another
equivalent form of the canonical arrow up to isomorphism.
(IT) We show that the canonical arrow has a retraction.
(ITIT) We show that the retraction in turn has a retraction, which implies that the original arrow is an
isomorphism.

In the following, when we index the isomorphisms with the symbol = without defining them
explicitly, we mean that the isomorphisms are the canonical ones that are induced by the iterated
base changes and the Beck-Chevalley condition.

(I) Reduction to a special case.

We have already shown that p is a bifibration, and since the composites including the units in an
FVDC are unique up to isomorphism, we can identify the unit on I with the object Z<070> Trin Erxr
and the composite of a: I — J and 3: J — K with the object 3= o (afo.n] AB[(1,2)]) in Erx i, with
the composing cells defined by the units of the adjunctions.

We postpone the proof of the following claim to the end of this proof.

Claim 2.3.18. The natural transformation 71y = (3(0,01) T1xk) A (—)[12)] defined by the
universal property of the local binary product A from the natural transformations

Erxr 2(070@ Erxx Z(o,o,n
Erxr N (—)[<T7071>] N ErxIxK ’ Erxk X TIxK N Erxixk
= |
Ol
Erxixk \ 1 2 0.0.1) TIxK

is an isomorphism. Here, the 2-cells in the diagram are the unit and counit of the adjunctions. J
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Using this claim, we have the following commutative diagram for a pair of objects a € Erx g and
0 € Erxixx with the vertical arrows being isomorphisms. The whole diagram is natural in « and S.

(@)

20,0,y (@A Bloon)]) (X0 a)AB
Claim 2.3.18 "i O lg Claim 2.3.18

(0 Trx) Al A Bloon]) [02] — (Lo Trxk Aalaz]) A8

% O F

(C00) Trxx) Aol ABla12)] —zm= (0 Trxx) Aalaa] A S
The Frobenius reciprocity for ¢_ states that the canonical arrow (i) is an isomorphism, so it suffices
to show that the canonical arrow (7i) is an isomorphism. By looking at how (i) are defined and the
naturality on the unique arrow !: 5 — Tixxxk in Erxrxk, we can see that (i) is compatible with
the projections to 31y Trxkx and al(1,2)]. Therefore, the proof reduces to showing that (i7) is an
isomorphism in the case where « is the terminal object T;xx. In this case, the above diagram that
defines (i7) becomes the following diagram:

> L, eg)
> 000 (Bloon]) =S (S g0 Tixk) AB

(2.3.4) Claim 2.3.18 %JL /

((0,01) Trxr) A Bl12)]
By definition, the counterpart of (i) is the pairing of the image of the unique arrow !: 8 — TrxkxK
by >2(0,0,1) and the counit component e4 of the adjunction >> o4y 7 (—)[0.0,1)] at 3. Here {(—,—)) is
the pairing of arrows in the fiber categories.

(IT) Construction of a retraction of .

Let v be the arrow that corresponds to the following cell v in the virtual double category Bil(p), where
Or = >_0,0y 1 Is the unit on I.

B
I —— IxK
drlon] A Bla2s) Al | 2L IxK
(2.3.5) yl in Erxrxrixk I Tﬂg I ——— I xK — H Il H
1

Bl0.2.3)] H ” I —— IXK

] —— I xK

Then, let &: (3 (90,1) Trxi) A B — B[(11,2)] be the following composite

- V[(1,0,1,2)] N
(> 00,01y Trxr) AB —— (0[] A Bla23)]) [(101.2)] —— Blo23)][1012)] —— Bla12)] .

The first isomorphism uses the Beck-Chevalley condition for @—. Our claim is that ((m,&)) is the
inverse of (, where mq is the 0-th projection.

We show that ((mp,&)) is a retraction of (. By (2.3.4), this is equivalent to showing that ((mo,&)) o
(>(0,0,10% €s)) =t On the 0-th projection, the equation follows directly from the construction of ¢
in Claim 2.3.18. The 1-st projection of the equation is the commutativity of the following diagram:

( oom® &)
20,0,y (Bl0.0.1)]) L (X001 Tixx) A B

\O le

Bl1,1,2)]
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The adjunction -1 (—)[(0,0,1)] translates this to the commutativity of the diagram
J (0,0,1)

(ol ddgi0,0,1y)

B0,0,1)]

((Zm 0.1) TIxK) A ﬁ) (0.0,)] ——— 87[(0.0)] A Bl0.0.)]
L€0,0,1)] 0,001
Blaa]l©.on)] Blw.o.)]

Il

1R

which holds true by the definition of v in (2.3.5).
(III) Construction of a retraction of ((mo,&)) .

Considering the pairing with the 0-th projection and how the arrow £ is defined, it is enough to show
that there exists an arrow A that makes the following triangle commute:

{(mo,v) [(1,0,1,2)]
(0r[0,0)] A B[(1,2,3)])[(1,0,1,2)] —— (07[(0,1)] A B[(0,2,3)]) [(1,0,1,2)]

% {mo,v[(1 (?1 2)I) J:V ;
(2.3.6) or[(,o] A B R b or[(1,0)] A B[(1,1,2)] n Erxrxk-

Before the construction, we observe that we have the following cell y and the corresponding arrow
w: 0r[(0, )] A 6r[(1,2)] — 67[(0,2)] in Erxrx satisfying the following commutative diagram:

Tr
I nr
oronn) |
/ I \ I
I {ﬁ I h I = /oW > drlo] Adr[wo] O 0r[(0,0)]
o1 o1
I 14 I 1 Y 1 gl lg
[ ———— 1 !
(07[(0,1)] A 67[(1,2)]) [(0,0,0>]Mm]51[<0,2>][<0,0,0>]

Let o: 07 — 07[(1,0)] be the canonical isomorphism, which follows from the observation that d7[(1,0)]
exhibits the same universal property as ;. From the natural isomorphism between (—)[(0,0,0)] and
(—)[(1,0,1)][{0,0)] and from the above diagram, we obtain the following commutative diagrams in
Erxr:

(2.3.7)
or ! T —— Tr[(1)] ey O] —— Ty —— Tr[{0)]
<<o,ifa,>> O Jm[(l)] - <<o*1iid51>> o Jm[<0>]
6r[{1,0)] Ao — 6r[(1,1)] — 6,[{0,0)][(1)] 6r A 6r[(1,0)] — 6,[(0,0)] — 6;[{0,0)][{0)]
u[(1,0,1)] = ©[(0,1,0)] =

Note that the vertical arrow ! is also the counit component at T;. Now, we get back to the construction
of A. By the associativity of loose composition, or equivalently by the universal property, we have the
following commutative diagram:

IO, 2)IAdd g9 3 4y)
8rlon] Adr[a2)] A Blesa] —— o] A Blesa)]
1d51[<o,1)]/\u[<1,2,3,4>1l O Lj[<0,2,3,4>] I ErxrxIxIxK-

or[o.n] A B[(1,3.4)] SR TEEY I B[(0.3,4)]
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Sending this diagram by (—)[(0,1,0,1,2)], we obtain the following commutative diagram:

1[(0,1,0)]Aidg
or[(. )] Adr[(Lo)] A B ———— 7[00 A B

(238) id6[[<071>]/\l/[<1,0,1,2>]l O Jl’[<070’1:2>] in SIXIXK.

or[o0] A B[(1,1,2)] 0112 B
These diagrams can be combined into the desired diagram (2.3.6):
Srlao] A B i 6]
\ \
«0'_1O7r0,7r0,7'('1>> (237) 771[<0>]/\id5
{(mo, v[(1,0,1,2)]) v 1[(0,1,0)]Addg ! (2.3.5)

O[] Adr[(L o)) A B ———— 61[0,0)] A B

\ \
= id5[[<0,1>]/\l’[<170a1:2>] (238) v[(0,0,1,2)]
!

B

v
dr[(o,n)] /\‘ Bl(1,1,2)] v[(0,1,1,2)]

oNidg1,1,2)]
.

or[(Lo)] A Bl(1,1.2)]

Consequently, we have shown that (7, £)) has a retraction. O

-

ProOOF OoF CrAIM 2.3.18. In a cartesian equipment, we have the following two canonical isomor-
phisms:

IxI M I )N S B S ' |
H 2l | H 2l H (v is arbitrary.)

—_—
DX L o siara i

The first isomorphism derives from the cartesian condition for virtual double categories with units,
and the second isomorphism is the unitality of the horizontal composition. These lead to the following
isomorphisms in Erxrxk:

Z o Z (0rx1[((0,2), (1, 1))] A «[(1,3)]) by the presentation of Z in (2.3.3)

I ———— IxK

(0,0,1) (0,2,3) (0,0,1)
~ Z (07[(0, 1)] A 67[(1,2)] A [(1,3)]) Dy the first isomorphism above
(0,2,3)
= 67[(0,1)] A (1, 2)] by the second isomorphism above
= Z Trxx A al(1,2)] by the Beck-Chevalley condition for ¢—.
(0,0,1)
By tracing the isomorphisms, one can see that this isomorphism is the desired one. [l

Remark 2.3.19. What we have proved is that the fibration p is elementary existential when Bil(p)
has units and binary loose composition that are compatible with the cartesian structure. It is worth
noting that both the units and the binary loose composition are crucial for each of the properties
of the fibration. Neither the existence of units nor the existence of binary loose composition alone
induces the properties of fibrations in question.

The proof of p being a bifibration heavily relies on the fact that a double category is fibrational
if and only if it is a bifibration, which never holds for a virtual double category with only units
or only binary loose composition. The proofs for the Beck-Chevalley condition and the Frobenius
reciprocity rely on the sandwich lemma, which is applied to cells from Beck-Chevalley pullbacks. The
full structure of double categories is hence required in the proof. It seems this mutual dependence
that makes the proof work, but we do not have a counterexample to show that the mutual dependence
is necessary. _:

Remark 2.3.20. Owing to Remark 2.3.20, we will regard Bil(p) as an equipment when p is an
elementary existential fibration in the following sections. J
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2.3.2. Regular Fibrations and Cartesian Equipments with Beck-Chevalley Pullbacks.
We turn our attention to restricting the class of elementary existential fibrations and cartesian equip-
ments to those for which the 2-functor Bil falls into a biequivalence. To this end, we take a closer
look at the Beck-Chevalley conditions for fibrations and the Beck-Chevalley pullbacks in cartesian
equipments.

Sharing the same name, the Beck-Chevalley conditions for fibrations and the Beck-Chevalley pull-
backs in cartesian equipments express the same idea in principle. However, one should be aware that
they behave slightly differently in parctice. We start by recalling some consequences of Beck-Chevalley
pullbacks in cartesian equipments. Applying Lemmas 1.2.23 and 1.2.24, we have the following corol-
laries.

Corollary 2.3.21. For an elementary existential fibration p: £ — B, if a pullback square in B is a
Beck-Chevalley pullback square in Bil(p), then p satisfies the Beck-Chevalley condition for the pullback
square in both directions. J

PROOF. In the statement of Lemma1.2.23, take M to be the terminal object in the double category
Bil(p). Then the canonical cell o in Lemma 1.2.23 reduces to the component of the canonical natural
transformation in the definition of the Beck-Chevalley condition at a. (]

Corollary 2.3.22. For an elementary existential fibration p: £ — B, if the pullback of f x idjy: I x
J — J x J along the diagonal (0,0): J — J x J gives a Beck-Chevalley pullback square in Bil(p) for
f in B, then p satisfies the Frobenius reciprocity for f.

In particular, an elementary existential fibration p with the Beck-Chevalley condition for all pull-
back squares in B satisfies the Frobenius reciprocity for all arrows in B. J

PROOF. In the statement of Lemma1.2.24, take K to be the terminal object in the double category
Bil(p). O

Our starting point is Corollary 2.3.21, which states that the Beck-Chevalley condition in p for a
certain pullback square follows from the condition that the square is a Beck-Chevalley pullback in
Bil(p). On the other hand, unwinding the condition of the Beck-Chevalley pullback in Bil(p) in terms
of the original fibration p, we obtain a different condition.

Lemma 2.3.23. Let p: £ — B be an elementary existential fibration. A pullback square in B as left
below is a Beck-Chevalley pullback in Bil(p) if p satisfies the Beck-Chevalley condition for the square
as right below, when we see it as an arrow from (f, g) to (0,0) in B.

A I— L
gl - lh <f,g>J - J<0,0>
KT)L JXKwLXL

_J

PROOF. The original square is a Beck-Chevalley pullback in Bil(p) when the following canonical
arrow is an isomorphism:

S g (01) —— X pg Tt — dplk x h] .

Since 61, = Z<070> T, the above isomorphism is equivalent to the component at T of the canonical
transformation for the Beck-Chevalley condition for the second square in the lemma. O

Corollary 2.3.24. Let p: £ — B be an elementary existential fibration with B having finite limits.
Then, the following are equivalent:

(i) p is a regular fibration, that is, the Beck-Chevalley condition holds for all pullback squares in B
(see Corollary 2.3.22).
(ii) Bil(p) has the Beck-Chevalley pullbacks.
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PrOOF. The implication (i)=-(ii) follows from Lemma2.3.23, and the implication (ii)=-(i) follows
from Corollary 2.3.21. O

Remark 2.3.25. The author could not find how the class of pullback squares in B for which the
Beck-Chevalley condition holds in p corresponds to the class of the Beck-Chevalley pullbacks in Bil(p)
in general. Another delicate point is that the latter is closed under taking products but the former is
not in general. The gradation of the pullback squares in B with respect to these two conditions should
be investigated further. Not much is known about the subtleties of the Beck-Chevalley conditions but
[See83, Law15] give detailed discussions on the related topics. g

Example 2.3.26. Combining the classical results on the examples of fibrations in Example 2.2.13
and the results in this section, we have the following characterizations of the CFVDCs, which are
mentioned in Example 1.4.8.

(i) For a category B with finite limits, the CFVDC Span(B) is a cartesian equipment with Beck-
Chevalley pullbacks since B~ — B is a regular fibration.

(ii) For a category B with finite limits, the CFVDC Rel(B) is a cartesian virtual equipment. It is
a cartesian equipment if and only if B is a regular category. In this case, all pullbacks in B are
Beck-Chevalley pullbacks in Rel(B).

(iii) For a cartesian monoidal category B, the CEVDC B-Mat is a cartesian equipment if and only if
B has distributive small coproducts. In this case, all pullbacks in B are Beck-Chevalley pullbacks
in B-Mat.

_J

2.3.3. Frobenius Axiom and Recovering Fibrations from Cartesian Equipments. We
now turn our attention to the problem of determining how close the 2-functor Bil is to a biequivalence.
First, we focus on the essential image of this 2-functor. To this end, we introduce the Frobenius axiom
for cartesian equipments, and show that it is a characteristic property of cartesian equipments of the
form Bil(p).

One important type of pullbacks is the following.

I
<ty \<tx?>
(2.3.9) Ix1I IxI

<°’°’1>\1 x I x I/<°’1’1>

Using the notation A = (0, 0), the above square being a Beck-Chevalley pullback means the canonical
isomorphism A*A = (A x §7).(dr x A)* and A*A = (57 x A).(A x )" hold. In the context of
cartesian bicategories, this condition is known as the Frobenius axiom in [WWO08]".

Definition 2.3.27. Let D be a cartesian equipment. An object I in D is said to be Frobenius if the
pullback square (2.3.9) is a Beck-Chevalley pullback. A cartesian equipment is said to be Frobenius
if every object in it is Frobenius. a

Proposition 2.3.28. Let p: £ — B be an elementary existential fibration. Then, the bilateral carte-
sian equipment Bil(p) is Frobenius. J

PRrROOF. To see that Bil(p) is Frobenius, by Lemma 2.3.23, it suffices to show that p satisfies the
Beck-Chevalley condition for the following square: (we omit the product symbols x and the commas
“”1in (=) for the sake of readability)

I II II7
;oo I - 1(0,1,2,0)
. Il — 1] — IIII
<0000>l l<012012> = 1 - - 1(0,1,2,3,1)
11 —— I11] —— 11111
1111 (011223) IIIIT I ! - 1(0,1,2,3,4,2)
il —— 1111 —— [II11]
(0,1,1,2,3) {0,1,2,3,3,4

SThis is called discreteness in [CW87].
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However, this can be decomposed into the six pullback squares as above, where the right bottom
square belongs to @—, and the other five squares are of the form presented in Corollary 2.2.8. Since

the Beck-Chevalley conditions are closed under pasting of pullback squares, the square above is a
Beck-Chevalley pullback. O

Remark 2.3.29. For any pushout square

N1<LN2

QT - Th

in the category of finite sets with Ny + Ny = Ny + N3 as natural numbers, the pullback square

INl 17 INQ

Igl - l,h

Vs 5 [Na
Ik

can be decomposed as in the proof of Proposition 2.3.28. J

What makes the Frobenius axiom interesting is that it leads to the self-dual structure on the
objects in the cartesian equipment. This was observed in [CW87, WWO08] in the context of cartesian
bicategories, and in [HN23] in the context of equipments’. To discuss further results on the self-duality
in Frobenius cartesian equipments, we give a brief summary of the results in the paper’.

Proposition 2.3.30. Suppose that D is a Frobenius cartesian equipment. For any object I in D, let
tr:1—>Ix T ande€r: I xI—-1 be defined by the following oprestrictions:

NG N

1l —— IxI I'x] —¢—— 1

Then, the following hold:

(i) They come equipped with isomorphsms (;: 7 = (¢7 X 07)(07 X €7) and Or: 07 = (07 X ¢1)(€er X 7).

(ii) These data extend to the functors ¢,e: Dy — D; such that srco:t = tgtoe = 1lo! and tgto . =
srcoe = x o A.

(iii) Objects in D are self-dual in the sense of [Stal6, Definition 4.11], thus, L(ID) is a compact closed
bicategory.

(iv) The dagger structure induced from the above self-dual structure extends to the whole of D as a
indentity-on-tight-parts double functor (—)': D'°P — D.

(v) For a tight arrow f: I — J in D, (f.)! = f* canonically, in particular, (6;)% = 6;.

(vi) Let f: Iy — I, g: Jo — Ji be tight arrows in D, and (ai: L — Ji, Bi: Iy x Jy = 1,0 Jy — Ii)
be triples of loose arrows in ID for ¢ = 0, 1 where «;, 5;,y; correspond to each other using ¢, ¢€,(, 0
Then, we also have the bijective correspondence between the cells below:

To —2 Jo |l o x Jo =205 1 || gy =22 1,

R I

11TJ1 lel]lTl JlTll

6 [HIN23], the authors assume discreteness, which is a stronger condition than the Frobenius axiom, to obtain the
self-dual structure, but the Frobenius axiom suffices for most of the results in the paper except for Lemma 3.1.16.

"We do not define what the self-dual structure is in this paper, because the author is not confident at the moment
that a definition we have is of the correct generality. A tentative definition is given [HHN23, Definition 3.1.11].
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This correspondence is functorial with respect to tightwise composition. In other words, when we
define the category £S(D) by the pullback
LS(D) ——— > Dy
_I
(src’,tgt’)l J(src,tgt) )

Do x Do (I, D)= (IxJ,1) Do x Do

the above correspondence gives the fibered equivalence LS(ID) ~ ID; over Dy x Dy.

_l

PROOF. Most of these are presented in [HIN23, Section 3.1] except for (iii). The definition of
the self-dual structure in loc.cit. lacks the last condition in [Stal6, Definition 4.11] ¥, which is the
following axiom called “swallowtail equation”:

Orx1

X ]><5[><5[ ‘U’ 9[ X 6[

< B 14 IxT .

IxIxIx] 0N =

/

O X0y Xey U 51 X CI

Orx1

This axiom is satisfied because all the 2-cells in the diagram are induced from the supine cells in the
cartesian equipment. More precisely, since we have the supine cell whose bottom face is ¢, it suffices to
show the equation composed with the supine cell, which is the following: (again, we omit the product
symbols X and the commas “,” for the sake of readability)

(00)
I N
\<00> 17

II / \
pr— I .
| (00) 01¢r
I (00) /9151 \ / Spn\,. Ordrer
~spn N 1 : IT : ITIT —— I1

Ly
i 11 L15151 I 516}5[ i \LI’\ . /ﬁl

1111

Note that the square in the diagram above is a Beck-Chevalley pullback. The left-hand side of the
equation can be computed as follows:

(LHS) = y \<(le <0y \001)

I
| (00) (12) (0012) (0112) (02)
/Spn\ / \ / \

1 5 II II77 II

T LI(SI(SI 516[51

I
(00)
/ (000)
II
N ! (0011) ’
spn (0112) 111 (02)
1 I 1111 o I
LT L[(s'[é[ 5IGVI(SI

8This was pointed out by Zeinab Galal in a private communication with Keisuke Hoshino and the author.
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(00>/ (00)
yn\«)ﬁm o~ ”%n
T T ey ey T oz oy T g = (RHS),
/spn\ /spn\ / pn\
1 11 g I11r g 11
! ZH/MV e
tr II L101dr

where all pullback squares are Beck-Chevalley pullbacks by the trivial reasons Lemma 1.2.22 and the
Frobenius axiom so that we can use the sandwich lemma Lemma 1.2.12 iteratively to deduce that all
triangles pointing upwards are supine cells. Il

The paper [HN23] does not explicitly mention how the loose composition relates to the compact
closed structure, although the connection to the dagger structure is discussed in (iv) of Proposi-
tion 2.3.30.

Proposition 2.3.31. Suppose that D is a Frobenius cartesian equipment, and let ¢; and €; be as in
Proposition 2.3.30. For loose arrows 8: I x J - land f’: Jx K - 1,let a: [ - Jand o’: J - K
be the corresponding loose arrows induced by ¢, e. Then, a0 o’ is given by the following composite:

SrXug (Orxegxx)xdK (BxB")xdK
— —

(2.3.10) I I xKxK IxJxJxKxK

This assignment is functorial with respect to the tightwise composition. J

K .

PROOF. The first statement follows from the general properties of compact closed bicategories.
The second statement is a straightforward calculation, as in the proof of [HIN23, Proposition 3.1.15].
O

Corollary 2.3.32. Suppose the same setting as in Proposition 2.3.31. When we define the category
LS (D) as in Proposition 2.3.30, define the composition functor ©': LS(D) xp, LS(D) — LS(D) by

(B: Ix T 1,8 I x K —1) Ix K% popx gx Kk 2P
Then, this data together with (src’, tgt’) gives rise to a double category LS(D):

src’

LS(D) xp, LS(D) —Z £S(D) —e— Dy .
tgt’
The fibered equivalence in (vi) of Proposition 2.3.30 is lifted to an equivalence L$(ID) ~ ID as double
categories, i.e., an equivalence in the 2-category Dbl. J

Therefore, with the Frobenius axiom, the compact closed structure behaves well with respect to
both the tight and loose compositions.

Definition 2.3.33. Let D be a cartesian equipment. We define a unilateral fibration to be a fibration
uni(D): Uni(D) — Dy defined by the pullback

Uni(D) —— Dy
uni(]D)l - l(src,tgt) .

DOWIDOXIDO

_l

Although we have defined the unilateral fibration for arbitrary cartesian equipments, the resulting
fibration loses the information of the original equipment when the Frobenius axiom is not assumed.
For instance, from the equipment Prof of profunctors, we obtain the fibration of the presheaves over
the category of categories, which no longer remembers all profunctors, in particular, copreshaves.
Note that, with the Frobenius axiom, the fibration uni(ID) is equivalent to the pullback of £LS(D) over
Dy x Dy along the diagonal functor by construction. The extraordinary symmetric nature that the
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Frobenius axiom gives to the objects enables the equipment to be reconstructed from only one side of
the loose arrows and cells.

Proposition 2.3.34. Let ID be a Frobenius cartesian equipment. Then, the unilateral fibration
uni(D) is a cartesian fibration, and its bilateral virtual double category Bil(uni(D)) is equivalent to
LS(D), hence to D. In particular, uni(D) is an elementary existential fibration. a4

PROOF. The fibration (src, tgt) is a cartesian fibration since D is a cartesian equipment. Since base
change along finite-product-preserving functors preserves cartesian fibrations, the unilateral fibration
uni(DD) is a cartesian fibration. For the second statement, Bil(uni(ID)) has Dy as its tight part, and a
loose arrow a: I — J in Bil(uni(D)) is given by a loose arrow a: I x J —~ 1 in D by construction,
which is a loose arrow of I — J in L$(D). In the same way, the unary cells in Bil(uni(D)) are
in bijection with those in LS(ID). However, we do not know that Bil(uni(ID)) is a double category,
requiring to check the correspondence of the general n-ary globular cells. See Lemma 1.3.8 for the
condition for the equivalence of fibrational virtual double categories. We will only show this in the
case of n = 2, and the general case is similar.

In Bil(uni(D)), the above cell is given by a cell

E[<0,1>$id]§§[<172>3id] .

I xJxK
I x K + 1
ol

where @, B ,7 are the corresponding loose arrows in ID by the compact closed structure. Here, the loose
arrow at the top is isomorphic to the restriction of & x [ along the tight arrow (0,1,1,2). In other
words, the cell above is equivalently given by the cell

<0717172>*
(0.2)* IXJIx K ——>"ITxJxJxK _ ~

/ T a><ﬁ )
Ix K # T

Bl

but the composite on the top row is exactly the composite of @ and B in LE(D). Therefore, the virtual
cells in Bil(uni(ID)) are in bijection with those in L3 (D).
The last statement follows from Theorem 2.3.14. O

The equivalence Bil(uni(D)) ~ D in Proposition 2.3.34 is natural in D in the following sense.

Lemma 2.3.35. The assignment of uni(ID) to D gives rise to a 2-functor uni: EqQpgyep — Fibya—3.

|

PRrROOF. We have the 2-functor Eqpg,o;, — BiFib that sends an equipment ID to the associated
bifibration (src,tgt): D1 — Dy x Dyg, and since the base change preserves bifibrations, we have the
2-functor uni: Eqp — BiFib’. On Eqpgy.},, this factors through the 2-functor Fiby ,—5 — BiFib by
Proposition 2.3.34 on the level of 0-cells, and also as a 2-functor because Fiby—3 — BiFib is fully
faithful by Lemma 2.3.35. O

Proposition 2.3.36. The equivalence Bil(uni(D)) ~ D is pseudo-natural in D. J

SKETCH OF PROOF. Cartesian double functors preserve loose composition, finite-product struc-
ture, and (op)restrictions, and in particular, .y and €7 as in Proposition 2.3.30 are preserved. This
ensures that the equivalence constructed above is pseudo-natural because the data of the equivalence
is determined by those structures. O

9This should be better explained in terms of 2-fibrations [Her99].
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On the other hand, we have the canonical isomorphism uni(Bil(p)) = p for any elementary exis-
tential fibration p by the construction, and it is 2-natural in p. Combining the arguments above, we
have the following corollary.

Corollary 2.3.37. The 2-functor Bil: Fiby -3 — Eqpgar¢ is locally an equivalence, and the essential
image of Bil up to equivalence is Eqpg,op- The inverse 2-functor is given by uni: Eqpgyop — Fibxa=3.
|

It is worth mentioning that the Frobenius axiom is an instance of the Beck-Chevalley pullback
condition, so the biequivalence restricts to give the following corollary.

Corollary 2.3.38. The 2-functor Bil: RegFib — Eqpgc is a biequivalence, with the 2-functor
uni: Eqpgc — RegFib as its inverse. 3

ProOF. Corollary 2.3.24 ensures that the biequivalence restricts to the full sub-2-categories of
regular fibrations and cartesian equipments with Beck-Chevalley pullbacks. O

Remark 2.3.39. A similar result to these corollaries is presented in [Lawl5, §4.2.2]. What is
called regular fibrations in [Law15] lies between our elementary existential fibrations and regular
fibrations, at least a priori, as they are assumed to satisfy the Beck-Chevalley condition for product-
absolute pullbacks. The equivalence in that paper is therefore another restriction of the equivalence
in Corollary 2.3.37. a

2.4. Comparison with other approaches

Having observed the interaction between fibrations and fibrational virtual double categories, we
now compare these with other approaches that capture regular logic and its fragments. We focus on
how far we can interpret formulae in regular logic or more general logical systems in these frameworks.

2.4.1. Regular Categories and Factorization Systems. Models of algebraic theories can be
taken in any category with finite products. An equation s(x) = t(x) in an algebraic theory is satisfied
in a category C if the interpretations of s and t in C are equal. However, if we want to consider to
what extent the equation holds in C, that is, to determine the “subset” where the equation holds,
we need more structure on C. The easiest way to do this is to consider a category with finite limits.
Importantly, we have equalizers in such a category, which offer a way to describe predicate with
equality. Once we assume this structure, we can interpret formulae in cartesian logic ([Joh02b, D1]),
generalized algebraic theories ([Car86]), or partial Horn logic ([PV07]), all of which have the same
expressive power in terms of the categories of models (locally finitely presentable categories).

In the same vein, the minimal structure we need to interpret formulae in regular logic is regular
categories ([BGOT1]). Since the existential quantifier is interpreted using regular epimorphisms (or
covers) and should be preserved by substitution, regular epimorphisms are required to be stable under
pullbacks in the definition of regular category.

The above line of thought is based on the view that predicates should be interpreted as subobjects
in a category, but there is no reason to restrict ourselves to this view. One motivation one might
jump to a more general setting is to consider proof-relevant semantics: not only do we want to know
whether a formula is true in a model, but we also want to know how it is true. Moreover, if one wants
to take semantics in a quasitopos, for example, one sometimes needs to restrict the interpretation of
formulae to strong subobjects, not general subobjects, depending on what kind of semantics one wants
to take ([Mon&6]). These considerations push us to consider more general structures than regular
categories, and this is where orthogonal factorization systems come in.

Definition 2.4.1 ([FK72]). An orthogonal factorization system on a category C consists of a
pair (E, M) of classes of arrows in C that satisfies the following conditions:

(i) E and M are closed under composition and contain isomorphisms.
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(ii) Every arrow e: X — Y in E is left orthogonal to every arrow m: A — B in M; that is, every
commutative square

[ |

Y — B

has a unique diagonal filler f: Y — A that makes two triangles commute.
(iii) Every arrow f in C factors as f = e § m where e belongs to E and m belongs to M.

E and M are called the left class and the right class of the factorization system, respectively. For
a factorization of f as f = e §m, we say m is the M-image of f if e € E and m € M. An orthogonal
factorization system (E, M) is called stable if E is stable under pullback. J

We see the arrows in the right class as the “subobjects” of the category. In place of regular
epimorphisms, with which we can interpret the existential quantifier in the case of regular categories,
we can use the left class of the factorization system and perform the same interpretation. The stability
condition on the left class is a generalization of the stability condition on regular epimorphisms.

Having discussed the more primitive frameworks for logic, we now turn to see how these frameworks
can be seen as special cases of fibrations and virtual double categories. The connection between
orthogonal factorization systems and fibrations is well-known and explicitly discussed in [HJ03].

Definition 2.4.2. Let B be a category and (E,M) be an orthogonal factorization system on B.
Suppose that B admits pullbacks of arrows in M along arbitrary arrows. The fibration Predy(B) — B
is the full subfibration of the codomain fibration B~ — 5 spanned by the arrows in M. Explicitly,

e the total category Predyi(B) is the full subcategory of B~ spanned by the arrows in M;
e the functor Predy;(B) — B is the codomain functor.

By abuse of notation, we denote the fibration Predy(B) — B by Predm(B). a

Lemma 2.4.3 ([HJ03, Lemma 2.8]). If the orthogonal factorization system (E, M) on B is stable,
then the fibration Predyi(B) — B is a regular fibration. 4

Remark 2.4.4. Without the stability condition, the fibration Predy(B) — B is not elementary nor
existential in general because we require some sort of stability for the Frobenius reciprocity to hold.
We could not find a precise condition when the fibration is elementary or existential. a

Applying the Bil construction to this type of fibration, we obtain a virtual double category. For
a stable orthogonal factorization system (E,M) on a category B, in particular, we obtain a carte-
sian equipment due to Lemma 2.4.3 and Thm 2.3.17. The resulting double category is the same
as Relg ) (B) in the paper [HN23|. Therein, relations relative to the factorization system are
studied as loose arrows in the double category Relg ) (B). Prior to this paper, the category or
the bicategory of relations relative to a factorization system was studied in many papers, such as
[Kle70, Kaw73, Kel91, Pav95, Mil00, HNTY22].

A regular category gives rise to a typical example of a stable orthogonal factorization system by
taking the class of monomorphisms Mono as the right class and the class of regular epimorphisms
RegEpi as the left class. The resulting fibration Predyono(B) — B is equivalent to the subobject
fibration Sub(B) — B, and the virtual double category Rel(yiono,RegEpi) (B) is equivalent to Rel(B). The
difference between the two is whether we consider isomorphism classes of monomorphisms (subobjects)
or not.

Another example is a trivial factorization system on a category with finite limits whose right
class includes all arrows and whose left class only includes isomorphisms. This leads to the codomain
fibration B~ — B over B as Preday(B) — B, which in turn gives rise to the cartesian equipment of
spans Span(B).

2.4.2. Allegories and Cartesian Bicategories. The framework of bicategories as models of
totalities of relations has been popular and developed in categorical logic. The bicategory of sets,
relations, and inclusion orders is a prototypical example. The earlier use of bicategories in this context
is as a metamorphosed version of regular categories, and the two frameworks are interchangeably used
for different purposes. With double categories, on the other hand, we can capture how the functions
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and relations in regular logic behave in a single structure, not in two separate structures. This is a
significant advantage of double categories over bicategories.

There have been several attempts to obtain an axiomatic (or algebraic) presentation of the struc-
tures of relations. The prototypical example is the bicategory of sets, relations, and inclusion orders.
They are broadly classified into two kinds of approaches, with or without involution.

The first kind pays attention to the involutional nature of relations and incorporates it as a
structure on the bicategory. The original source of this idea seems to date back to the work of
[Suc75], but the monumental work of [FS90] is widely recognized'’. Section A.3 of [Joh02a] provides
a comprehensive summary of the theory of allegories. A seemingly similar approach is taken in the
theory of ordered categories with involution ([CGRB84]). In the paper, the authors introduced the
notion of a correspondence category, which has a similar but weaker structure than a tabular allegory.
Ordered categories with involution were later adopted as a setting for extended diagrammatic chasing,
such as the snake lemma, in [Lam99].

The other kind is represented by the theory of cartesian bicategories [CKS84, CW87, CKWWO07,
LWW10]. The series of studies has achieved characterizations of the bicategory of relations and spans
without referring to the involutive structure of relations. A link between these two approaches was
partially established in [Law15], where unitary pre-tabular allegories were proved to be equivalent
to bicategories of relations in the sense of [CW87] ([Lawl5, Proposition 2.2.33, Theorem 2.2.34]),
which is in other words locally posetal Frobenius cartesian bicategories.

While regular categories or categories with stable factorization systems may be seen as small
devices to create an elementary existential fibration or a cartesian equipment, those bicategorical
structures may be seen as what one can obtain from the fibrations or the equipments when one forgets
how functions behave in regular logic. From a regular category or a category with a stable factoriza-
tion system, one can obtain the bicategory of relations relative to this structure as in [HNTY22] or
as the loose part of the double category Relgn)(B) as in [HIN23]. We can go further and create a
bicategory from an elementary existential fibration by taking the loose part of the double category
Bil(p) as in Section 2.3. Although one can redefine what functions are in these bicategories by consid-
ering functional relations, this process is not a perfect restoration because the original functions do not
necessarily coincide with the redefined ones. The result by [BSSS21] clearly exhibits this difference.
They constructed an adjunction between the category of elementary existential doctrines and the cat-
egory of cartesian bicategories, whose counit is an isomorphism but whose unit is not; the only way to
make it an isomorphism is to restrict the doctrines to the ones whose base categories are “recoverable”
from the fiber structure''. Therefore, the double categories we could obtain from bicategories do not
range over all the structures we can obtain from the fibrations but only over double categories whose
tight arrows are “functional relations”. The same situation is observed within the context of allegories
and stable factorization systems in [HNTY22]. We will see this point in Subsection 2.5.3.

From this perspective, it would be interesting to know what kind of double categories we can obtain
allegories or cartesian bicategories from. In the following discussion, we will write the composition of
1-cells in a bicategory in a diagrammatic way, as for the loose composition in a double category, and
use the same notation for other operations in loose parts of a double category.

First, we recall the definition of an allegory, originally given in [F'S90], but we follow the presen-
tation in [JohO2a].

Definition 2.4.5 ([Joh02a, Definition A.3.2]). An allegory is a locally posetal bicategory A equipped
with an involutive structure (—)°: A°® — A such that

(i) hom-posets A(I, J) have binary products (intersections) for any pair I, J of O-cells and

(ii) (modular law) for any triple a: I — J, f: J —> K, and v: I —» K of 1-cells,

af Ay < (o AyB%)
holds in A.

An allegory is called unital if it has an object 1 such that

(i) the identity 1-cells on 1 is the terminal (largest) element in A(1,1), and

10According to [Bunl17], the original content of [FS90] had been already presented in the 1970s, in the unpublished
paper “On Canonizing Category Theory”, or “On Functorializing Model Theory” by Freyd in 1974.

11Technically, the condition is that the doctrines satisfy the Axiom of Unique Choice and have comprehensive
diagonals.
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(ii) for any O-cell I, there is a 1-cell ¢: I — 1 with d; < ¢¢°.
An allegory is called tabular if, for any 1-cell a: I — J, there is a pair of maps (i.e., left adjoints)
f: K — I and g: K — J such that

a= f%, and ff°Agg°=0k.
_

It is necessary for the double category to be locally posetal to be an allegory. The only observation
we could make is that a locally posetal double category with Beck-Chevalley pullbacks and strong
tabulators satisfies the modular law ([HN23, Proposition 3.1.10, Remark 3.1.10]), as well as the other
conditions. Note that if f and ¢ give a tabulator for « in a locally posetal double category, then f and
g are jointly monic, and hence jointly an inclusion. This leads to the second equality in the definition of
a tabular allegory. As already mentioned, [Law15] presented a characterization of unitary pre-tabular
allegories in terms of cartesian bicategories, so we can expect more connections after the following link
between cartesian bicategories and double categories.

Let us now turn to cartesian bicategories. We adopt the refined definition in [CKWWO07], which
is more general than the original definition in [CW87] in that it no longer requires the bicategory to
be locally posetal.

Definition 2.4.6. For a bicategory B, Map(B) is the locally full sub-bicategory of B spanned by the
left adjoint 1-cells. We call it the map bicategory of B'. By abuse of notation, we write Map(DD)
for Map(L(D)) where D is a double category. J

We write 1-cells as a: I — J as if they were loose arrows. For a map a: I — J in Map(B), we
write a*: J —— I for the right adjoint of a.

Definition 2.4.7. A bicategory B is a cartesian bicategory if

(i) each hom-category B(I, J) has finite products for any pair of objects I, J in B,
(i) Map(B) has finite products in the sense of bilimits, that is,
(a) there is an object 1 such that for every object K in B, Map(B)(K, 1) is equivalent to the
terminal category,
(b) for every pair of objects I, J in B, there is an object I x J in B such that for every object K in
B, Map(B)(K, I x J) is equivalent to the product category Map(B) (K, I) x Map(B)(K, J).
(iii) The lax functors 1: 1 — B and x: B x B — B induced by the terminal object and the product
object in the method described in [CKWWO07] are pseudo functors.

For cartesian bicategories, we found a quite surprising result.
Theorem 2.4.8. The loose bicategory L(ID) of a cartesian equipment D is a cartesian bicategory'®.

The proof heavily uses the properties of companions and conjoints in an equipment, so we will not
make a note every time we use them.

PROOF. (i) is clear from the definition of a cartesian equipment. We prove (a) in (ii). Since
we have an obvious object !, in Map(D)(K,1) for any object K in D, we can define a functor
1 - Map(D)(K,1) by sending the unique object of 1 to !.. There is a unique cell from !, to l.
because of the universal property of 1, which implies that the functor is fully faithful. We prove that
it is essentially surjective. Given a map v: K — 1 in Map(D)(K, 1), then we have the unique cells !
from - and v* into 41, as shown on the left below. Define A and p as follows.

12This is because a left adjoint 1-cell is often called a map.

1311 the paper [Lam22], the author gave a proof of this proposition in the local posetal case, but it has an error in
that in the last line of the proof, the author applies the universal property of the binary product to loose arrows, which
is not valid in general. Indeed, the bicategory of relations on sets has disjoint unions as the binary product, not the
same as a category of functions. Our proof follows the basic idea of the proof in the paper, taking care of this point, and
generalizes it to the non-locally posetal case.



2.4. COMPARISON WITH OTHER APPROACHES 60

Then we can deduce that they are mutually inverse by the following calculation.

L: - r
f)

e .
)\ =

This implies that ~ is isomorphic to !,. Here, the triangle represent the unit of the adjunction
v

Next, we prove (b) in (ii). For a triple of objects I, J, K in D, we define two functors ¢ and ¥ as
follows.

a, B) % (0,0, (a x B),
Map(D)(1, 1) Map(D)(10) - Mgy 1) E<o> >< <> <Xl>6 )< )
s L) (1) (7))

Note that composites of left adjoints are also left adjoints. We prove that @ and ¥ give an equivalence
of categories. For one direction, we prove that ¥ o @ is naturally isomorphic to the identity. We only
show this only on the first component of the product.

Suppose we are given a pair of maps a: K — [ and f: K — J in D. Let A and p be defined as

follows'*.

ax f3

(0,0)

<00,
A -
-—F;—- = W) = =
o=@ <0>
o0y <o>4
%3
€0,0
() <0>
)\ = = = | &
ot |
d l

Hgince we run out of letters, we reuse A and p for different cells.
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By this and the dual argument, we have that ¥ (®(«, [3)) is isomorphic to («, [3).
For the other direction, we prove that @ o ¥ is naturally isomorphic to the identity. Suppose we
are given a map v: K —— I x J in D. Let \; and pZ be defined as follows for ¢ = 0, 1, where g = v(0),

and v, = (1),, and thus, 7} can be taken as (i)"~* for i =0, 1.

(0)

-

Using the universal property of the binary product in D, we have the pairings (Ao, A1) and (pg, p1)-
Then, we can define A and p as follows.

Y
(po, p1)

A= (0,0) Do ) . pi=

Before showing that A and p are mutually inverse, we observe the following equality:

'b'b! !'r

This follows from that the both sides postcomposed by the projections give the same result as
shown below.

<o0,0> v

Using the universal property of the binary product in D again, the other direction follows from
the following equality and its dual.
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<o)

This implies that @(¥(y)) is isomorphic to .

Finally, we prove (iii). The lax functors 1: 1 — L(ID) and x: L(ID) x L(D) — L(ID) induced by
the finite products in Map(D) are in fact the same as the loose parts of the double functors 1: 1 — D
and x: D x D — D. This is because x: L(D) x L(ID) — L(D) induced by the finite products in
Map(D) sends a pair of loose arrows («, 8) to ((0),a(0)") A ((1),3(1)"), which in a certain equipment
is isomorphic to a x 5. The laxity cells are also confirmed to be the same as the cells derived from the
universal properties of the binary product in the cartesian equipment ID. Therefore, the lax functors
1 and x are pseudo since D is a cartesian equipment. [l

2.4.3. Relational Doctrines. Dagnino and Pasquali introduced the notion of relational doc-
trines in [DP23, DP24a]. This is the closest notion to fibrational virtual double categories for
regular logic and its fragments. The primary idea is to take a fibration over the product category
B x B for a category B and regard the fibers over a pair (I,.J) as the poset of binary predicates
between I and J.

Definition 2.4.9 ([DP23, Definition 1]). A relational doctrine consists of
e a category B;
e a functor R: B°P x B°P — Pos where Pos is the category of posets and monotone functions (for
s: I -1 t:J—J and a € R(I',J'), we write a(s,t)] for R(s,t)(x));
e an element d; € R(I, I) for each object I in B such that for any arrow s: I — J, dr < d[(s,s)] ;
e a monotone function — ©r jx —: R(I,J) x R(J,K) — R(I, K) for each triple of objects I, J, K
in B such that for any arrows s: [ - I',t: J > J u: K> K', a € R(I',J), and 8 € R(J',K'),
al(s, )] © Bl(t,w)] < (@@ B) [(s,w)]";
e a monotone function (—)7.7: R(I,.J) — R(J,I) for each pair of objects I, J in B such that for any
arrow s: [ — I',t: J — J', and a € R(I',J"), (a[(s,t)])T < af[(t, 5)]'%;
satisfying the following equations for any I, J, K, L in B, « € R(I,J), f € R(J,K), and v € R(K, L):
a®Boy)=(@0p) oy, goOa=a  a®lj=aqa

(@0 )l =pToal, 5}:517 (ah)f = a.
|

As pointed out in the conclusion of [DP23], relational doctrines can be naturally seen as double
categories.

Proposition 2.4.10. A relational doctrine (B, R) bijectively corresponds to a locally posetal equip-
ment R with a dagger structure, that is, a double functor (—)7: R'°P — R that agrees with the identity
on the tight part Ry and (=) = id as a double functor. J

15¢he subscripts such as I, J, K in ©r,s,x are omitted when there is no confusion.
16the subscripts such as I, J in {7,;7 are omitted when there is no confusion.
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It should be noted that an involution structure on equipments is mentioned in [Shu08, §10].

PROOF. The existence of a cell framed by the quadruple s: I — I', t: J - J', o € R(I',J'), and
f € R(I,J) in a locally posetal equipment is equivalent to the order relation § < «fs ¢ t]. This
correspondence leads to the conclusion. Note that the local posetality of the equipment makes the
restriction strictly functorial and composition strictly associative and unital. (Il

Let us give another perspective on relational doctrines. Recall that a strict double category is an
internal category in the category of categories, which means that it is a monoid in the double category
$pan(Cat) of categories and spans of functors in the sense of [CS10].

Definition 2.4.11. Let K be a double category with a dagger structure (—)f. A symmetric monoid
in K is a monoid (I,a: I — I,n: ;= a,p: a® a = «) in K in the sense of [CS10] together with a
globular cell o: a = af such that the following equations hold:

o7
N i o 2
I//a:\l //f\\\, IfZaI—I/nFT\)I -5 T =171

| ~
\/ \/ \\/ ozT \\05&_/ @

A double category with a loosewise dagger structure is, for instance, a symmetric monoid in
$pan(Cat), where the dagger structure on $pan(Cat) is defined by taking the opposite span. Similarly
to the case of mere monoids, the symmetric monoids in a double category with a dagger structure
form a double category with a dagger structure.

On the other hand, we can consider the double category whose objects are (small) categories, tight
arrows are functors, and loose arrows from B to B’ are “contravariant Pos-valued matrices”, meaning
that functors of the form B°P x B'°? — Pos. Cells in this double category are defined as oplax natural
transformations:

(o T(B:1) = S(F(B), F'(¥)))

T BBoP x B3/°P b
b——05 ~r T(b,1) 2 S(F(b), F'(1)
with (—)[(s,sw]j L j(—)[(F@F’(s'))}
C —_— C/ op rop
o P xC T(a,a") —— S(F(a),F'(d"))

The composition is defined as the composition of matrices using the finite products and coproducts
in Pos'’. Let us denote this double category by M for a moment. This double category naturally
has a dagger structure, which is defined by taking the transpose of a matrix. Then, we observe the
following.

Proposition 2.4.12. Symmetric monoids in the double category M are precisely the relational doc-
trines (on small categories). J

There is a double functor M — Span(Cat) that is bijective on tight part and sends a Pos-valued
matrix to its Grothendieck construction. That is, a loose arrow T: B x B’ — Pos is sent to a span
B «— T — B’ in $pan(Cat) where T is the category whose objects are the triples (I, J, ) with I in B,
Jin B, and o € T(I,J), and whose arrows (I, J, ) — (I', J', &) are the pairs (s,t) with s: I — I’ in
Band t: J — J' in B’ such that T'(s,t)(a) < o/. This double functor preserves the dagger structure,
and therefore, it induces the double functor from the double category of relational doctrines to the
double category of double categories with a dagger structure.

Note that the double functor M — $pan(Cat) is loosewise fully faithful, and the essential im-
age consists of the spans (L: & — B, R: £ — B’) such that the pairing (L, R): £ —» B x B is a split
fibration. This observation suggests a potential generalization of relational doctrines to relational
fibrations. Specifically, a relational fibration may be defined as a symmetric pseudo-monoid in the

1Twe may encounter size issues when we consider non-small categories. One way to get through this is to define the
notion of unital virtual double categories with a dagger structure and symmetric monoids in them. Since we do not go
further in this direction in this paper, we do not elaborate on this point.
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intercategory of spans of categories that are jointly fibrations over the product category. Although
this generalization itself seems interesting, it would be rather convenient to use the language of double
categories because the notion of relational fibrations should be equivalent to equipments with a dagger
structure eventually.

2.5. Translation of Properties

2.5.1. Predicate Comprehension and Tabulators. In set theory, the comprehension axiom
states that for any set I and any predicate «(z), there exists a subset {a} of I such that

Ve: 1. a(z) < z € {a}
The following definition is a categorical reformulation of this axiom.

Definition 2.5.1. Let p: £ — B be a fibration with fiberwise terminal objects. For an object « in
&1, a predicate comprehension of « is a terminal object in the comma category T_ | «a, where
T_ is the functor that sends an object I to the terminal object in £;. We say that p has predicate
comprehension if every object in £ has a predicate comprehension, or equivalently, if the functor
T_ has a right adjoint. J

The statement that a has a predicate comprehension is unwound as follows. Let 74: T4} — « be
a terminal object in T_ | «, and let ¢,: {a} — I be its image under p. Then, for any object J in B
with an arrow ¢: T ; — «, there exists a unique arrow u such that 7, o T, = ¢. Using the internal
language of fibrations, the data of 7, and ¢, can be encoded as a term x : {Jaf} - ¢(x) : I and a proof
of x : {laf} | T F a(c(x)). The statement above is then translated into the following. For any tuple
of a type J,aterm y : JF v(y) : I, and a proof of y : J | T F a(v(y)), there uniquely exists a term
y : JF u(y) : {aff such that v(y) = c(u(y)) and the proof of a(c(x)) for x replaced by u(y) is the
same as the given proof. If one takes J to be the terminal type 1 and goes down to proof irrelevance,
the above statement looks quite similar to the comprehension axiom in set theory.

The predicate comprehension is called the subset (type) in [Jac99, Definition 4.6.1], and just
comprehension in [MR13a, §4]. It should be noted that this notion is a special case of what is called
comprehension structures in several contexts, such as in [MR20], where a comprehension structure
with section is defined as a section of the fibration p, not necessarily terminal, having a right adjoint.

Definition 2.5.2. Let p: £ — B be a fibration with fiberwise terminal objects and predicate compre-
hension. We say that p has full predicate comprehension if the functor ¢_: £ — B~ is fully faithful.
Since this is shown to be a fibered functor, we can equivalently say that the functor c_: & — B/I is
fully faithful for every object I in B. J

This condition is required to ensure that the behaviors of predicates are completely determined
by their comprehension. The definition is given in the references we have mentioned above with the
adjective full. Note that, when p is fiberwise preordered, the faithfulness of {—} is automatically
satisfied'® since the counit components are necessarily epimorphisms.

In the paper [HJO03], full predicate comprehension plays a crucial role in characterization of
factorization systems as special bifibrations. We briefly recall this result for a later discussion.

Definition 2.5.3 ([HJ03, Definition 2.12]). Let p: £ — B be a bifibration with fiberwise terminal
objects and full predicate comprehension. We say that p has strong products along subset pro-
jections' if for any object I in B, any object a in &, and any object 3 in &{a}, the supine lift of
ca: {a} — I to B induces an isomorphism {3} — {3_. B}

supine lift

ﬂ 777777777 > an/B

{6} - {an 5}

A

lof —o—1

18This seems why the term full is used in the definition.
19We leave the term as it is in the original paper.
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Lemma 2.5.4. Let p: £ — B be a bifibration with fiberwise terminal objects and full predicate com-
prehension, and suppose that B has finite limits. We write Prd(p) for the class of arrows in B that
arise, up to isomorphism, as ¢, : {a} — I for some « € £;. Then, the following are equivalent:

(i) p has strong products along subset projections, and
(ii) Prd(p) is closed under composition.

_J

PrOOF. The implication (i)=-(ii) is immediate from the definition of strong products along subset
projections. Suppose we have a triple o,y € & and 3 € £,y such that the diagram on the left below
commutes and the top arrow is an isomorphism.

{8 — (o} |
B~ 3 cﬂl l Eopti g ec

{a} —— I

By the fullness of predicate comprehension, this is the image of an arrow p: 8 — v in £ under the
functor c_. In the codomain fibration B~ — B, the arrow ¢, is supine since the top arrow is an
isomorphism. Since a fully faithful fibered functor reflects supine arrows, the arrow p is supine. Thus,
(ii)=(i) holds. O

Theorem 2.5.5 ([HJO03, §3]). Let p: £ — B be a bifibration with fiberwise terminal objects, and
suppose that B has all pullbacks. Then, the following are equivalent:

(i) p has full predicate comprehension and strong products along subset projections.
(ii) p is equivalent to Predy;(B) for some factorization system (E, M) on B.

The factorization system (E, M) is uniquely determined by p. The bifibration is regular if and only if
the factorization system is stable. 2

In the view that a double category is a generalization of an elementary existential fibration, a
double categorical analog of predicate comprehension is the notion of tabulators.

Definition 2.5.6 (Tabulators [GP99]). A (1-dimensional) tabulator of a loose arrow a: I — .J
is an object {a} equipped with a pair of tight arrows ¢, : {a} — I and r4: {a} — J and a cell

. {a}
a Ta
/ Ta \
I ————J
such that, for any cell v on the left below, there exists a unique tight arrow ¢,: X — {«a} that makes
the following two cells equal.

Henceforth, we call the cell v the tabulating cell of «. In other words, a tabulator is a terminal
object in the comma category é_ | «, where 6_: Dy — Dy is the functor that sends an object I to the
loose arrow 07, and « is seen as an object in Dy. A tabulator is called effective’’ if the tabulating
cell is supine.

201, [HIN23], the authors use the term strong tabulator to mean the same thing according to the definition in
[Ale18]. We adopt the term effective because it is a fixed point of the adjunction between the category of spans between
I and J and the category of loose arrows from I to J, as an effective epimorphism from 1 is a fixed point of the adjunction
between the category of parallel pairs into I and the category of arrows from I.
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In a double category D with a terminal object 1 in the tight category, tight arrow f: I — J is
called a fibration if there exists a loose arrow a: I — 1 and a tabulating cell

J —— 1

I
f !
TN
o
We write Fib(ID) for the class of fibrations in D. 3

Proposition 2.5.7. Let p: £ — B be an elementary existential fibration. Then, the following are
equivalent:

(i) p has (full) predicate comprehension,
(ii) Bil(p) has (effective) tabulators, and
(iii) Bil(p) has left-sided (effective) tabulators.

Here, the additional conditions of fullness and effectiveness are satisfied simultaneously. Furthermore,
Prd(p) coincides with Fib(Bil(p)). 4

PROOF. In the double category Bil(p), the comma category 6_ | « for a loose arrow a: I — J is
equivalent to the comma category T_ | o where « is seen as an object in £7xy C €. Since the first
condition is equivalent to the existence of a terminal object in T_ | « for every I and o € &7, and
the third condition is the statement for the cases where J is terminal, we obtain the equivalence of
the three conditions. The last statement is immediate when one observes how the tabulator and the
predicate comprehension are related by the above equivalence.

In an equipment Bil(p), the operation of taking tabulators gives the right adjoints of the functors
that sends each span to its oprestriction:

(f,9)—=f* g«
Span(B)(I,J) L " Bil(p)({,J)

La,ra)y—a
_[ PO T L

_
B/I x J L Erxg
CaQ
The effectiveness of tabulators is equivalent to the counit components of the adjunction being isomor-
phisms, while the fullness of predicate comprehension is equivalent to the right adjoint c_ being fully
faithful for every I and J. Therefore, these conditions are satisfied simultaneously. [l

In [HIN23], the authors provide a characterization of stable factorization systems in terms of
double categories with additional structure. We now give another proof of this result using the above
propositions.

Corollary 2.5.8 ([HN23, Theorem 3.3.20]). The following are equivalent for a double category D:

(i) D is equivalent to Relg ) (B) for some category with finite limits B and a stable factorization
system (E, M) on B,
(ii) Fib(D) is closed under composition, and D is a cartesian equipment with Beck-Chevalley pullbacks
and effective tabulators, and
(iii) Fib(ID) is closed under composition, and D is a cartesian equipment with Beck-Chevalley pullbacks
and left-sided effective tabulators.

|
Proor. By Corollary 2.3.38, the three conditions are subsumed by the condition that DD is of

the form Bil(p) for some regular fibration p. Then, the equivalence follows from Proposition 2.5.7,
Lem 2.5.4, and Thm 2.5.5. [l

2.5.2. Function Extensionality and Unit-Pureness. The function extensionality is a princi-
ple that states that two functions are equal if they are equal at every point.

Vfg: 1 —J (Ve:I. flx)=g(x) = f=yg
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In the context of doctrines or fibrations, this principle is formulated by interpreting the equality of
functions as the equality in the base category and the equality of elements as the predicate expressed in
the fiber category. An elementary preordered fibration with this property, meaning that the inequality
Tr < 04[{f,g)] implies f = g for every f,g: I — J in the base category, is said to have very strong
equality in [Jac99, Section 3.4]. This property is equivalent to the property that the diagonal arrow
(0,0): I - I x I is a predicate comprehension of d; for every object I in the base category (see
[MPR17, Proposition 2.12]). From this observation, an elementary doctrine with this property is said
to have comprehensive diagonals in [MR13a], and the combination of this property with the property
of full predicate comprehension is called m-variational in [MIPR17, Definition 2.16]. In the paper
[DP23]introducing relational doctrines, the authors use the term extensional for the corresponding
property to the very strong equality. We adopt the term comprehensive diagonals in this paper.

Note that in the context of allegories, extensionality does not make good sense since functions
are defined as maps there and pointwise equality leads to the equality of the maps themselves (cf.
[Joh02a, Proposition A 3.2.3]).

In the context of double categories, the corresponding property should be unit-pureness.

Definition 2.5.9 ([Alel8, Definition 4.3.7]). A double category (or a unital virtual double category)
is called unit-pure if a cell of the form

is necessarily the identity cell ; with f = g. In other words, the functor ¢_ is fully faithful. a

Similarly to the case of fibrations, the unit-pureness of a double category is equivalent to the
property that the span (idy, id;) exhibits I as a tabulator of ¢; for every object I.
The following is an easy observation.

Proposition 2.5.10. Let p: £ — B be an elementary existential fibration. Then, the following are
equivalent:
(i) Bil(p) is unit-pure,
(ii) for every parallel pair f,g: I — J in B and every arrow u: T — d;7[(f,9)] in &7, we have f =g
and p is the composite of the following:

L, 55100,00]1] —=— 8,1(f, £)]

In particular, when p is fiberwise preordered, the unit-pureness of Bil(p) is equivalent to the strong
equality of p. J

T —— T[]

For the double category Rel(g \p)(B) for a stable factorization system (E, M) on B, the unit-pureness
is equivalent to the property that the left class E is included in the class of epimorphisms in 5 [HN23,
Theorem 4.1.6].

2.5.3. Unique Choice Principle and Cauchyness. The unique choice principle, or functional
comprehension, is a principle stating that for any predicate a(z,y), if it is total and single-valued in

the sense that
Ve : 1.3y : J. a(z,y)
!

Vo : 1Yy, Y J. (a(z,y) Aa(z,y)) =y =1,

then there exists a function f: I — J such that
Ve : IVy : J. (a(z,y) <= f(z) =y).

The totalness and single-valuedness of « are equivalently expressed as the following when S(y, x) :~
alz,y):

Vo, o' IVy : J. (x =2’ = a(z,y) A B(y, 7))

Vo LYy, y  J. (B(y,2) Aa(z,y) =y =1y
which serve as the unit and the counit of the adjunction o« 4 . The triangle identities are only
meaningful when we respect the proofs of these implications, but they should be satisfied proof-
theoretically, as explained in [Pav95]. This shows the importance of left adjoints (or maps) in a
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bicategory as an appropriate categorical counterpart of functional relations. If we follow this view,
the unique choice principle is a statement that a left adjoint relation always arises from a function.

Definition 2.5.11 ([Par21, Definition 19]). A double category D is Cauchy if any adjoint a: [ > J : 3
in the bicategory L(ID) is representable, namely, is of the form f.: I 2 J : f* for some tight arrow
f:1—-J. a

The name stems from the fact that a category is Cauchy-complete if and only if every left adjoint
profunctor into it is representable. There have been several studies on this topic in various contexts,
such as [Pav95, Pav96] in fibrations?!, and [DP24a] in relational doctrines. In this paper, we follow
the terminology by Pavlovi¢ [Pav96] and call an elementary existential fibration with this property
function comprehensive. A double categorical account of this principle is given in [HN23, §4.2].

Together with the function extensionality, the unique choice principle guarantees that functions
are in bijection with total and single-valued relations. Conceptually, this implies that the data of the
functions are perfectly recoverable from the data of the relations, while the predicate comprehension
implies the other way around.

The unique choice principle makes no sense in the context of bicategories, since there is no a priori
notion of function therein: a function is defined as a map. Instead, a more appropriate way to proceed
is to consider the condition when a cartesian bicategory or an allegory creates a Cauchy cartesian
equipment. A previous study related to this is [JWO00], where the authors study limits in the category
of functional relations in the bicategory of relations relative to a stable factorization system. One
problem surrounding our goal is that the composition of tight arrows in a double category is strictly
associative and unital, and hence, when we create a double category from those bicategories, one
needs to take the quotient of the left adjoints, which brings about a coherence issue. One way to avoid
this is to consider doubly-pseudo double categories, or double bicategories introduced in [Verl1]. In
Example 1.5.19 of this paper, the author constructs a double-bicategorical equivalent of an equipment
from a bicategory, and characterizes cartesian bicategories in the sense of [CKWWO07| as those
induces a cartesian object in the bicategory-enriched category of (double-bicategorical) equipments
and homomorphisms (p.152). In this paper, we take a different approach to this problem by assuming
further conditions on bicategories which ensure the construction of a double category with the desired
property.

Remark 2.5.12. A category is equivalent to a discrete category if and only if every object is subter-
minal, meaning that there is at most one arrow into it, and for every arrow f: I — J, there exists an
arrow g: J — I (which automatically becomes the inverse of f). J

Definition 2.5.13. A bicategory is called map-discrete if the locally full sub-bicategory Map(B)
of B is locally equivalent to discrete categories, namely, for every pair of objects I and J in B,
Map(B)(1,J) is equivalent to a discrete category. A double category is called map-discrete if the
loose bicategory is map-discrete. a

Definition 2.5.14. Let B be a map-discrete bicategory. We define the double category of maps
Map(B) as follows:
e The objects are the same as the 0-cells of B.
e The tight arrows are the isomorphism classes of the maps in B. The composition of tight arrows
is the composition as in B.
e The loose arrows are the same as the 1-cells of B. The composition of loose arrows is the compo-
sition as in B.
e The cells of the form depicted on the left below are the 2-cells in B.

I ——J /oc/ J \g\/‘
G TR " K
K —5 L ?\ L /
Note that the choice of representatives f and g is arbitrary.

2INote that what is called the unique choice in [Jac99, Definition 4.9.1] is different from the unique choice principle
we are discussing here, as it mentions the existence of coproducts along product projections when a predicate is single-
valued, not necessarily total. [MPR17, Proposition 5.3] seems to assume that these two conditions are equivalent, but
the author of this paper is not sure about this.
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e The composition of cells is defined by the composition in B as follows:

o792 K O . ~J mj : f{ e g ~d
' ' 7 vl K S I SRR
e jwor W e A I
I/ T J/ T Kl \:U‘ ‘U/ [f/]l MI l[g/] /\\J U/Z
f I/ o Il/ Jl/ f I” o

These compositions are well-defined independently of the choice of representatives by the map-
discreteness of B. In particular, the horizontal composition of cells requires the representative of
the tight arrow in the middle by composing the unique isomorphsim, but the result is independent
of the choice of the representative.

_l

Lemma 2.5.15. The map double category Map(B) for a map-discrete bicategory B is unit-pure
Cauchy equipment, and the loose bicategory L(Map(B)) is equivalent to B. J

PROOF. Since the cells with the loose arrows at the top and the bottom being identities correspond
to the 2-cells between the maps on the left and the right, the two maps are equal up to unique isomor-
phism and hence the cell is the identity. This shows the unit-pureness of Map(B). The companion
and the conjoint for a map f, which has a right adjoint f*, are given by the following cells:

= f
(companion) JN / > | S , /Spn\ SN /Zf
J I —, > J I T_f—> J I
f*
ol prn fr ! f n
(COHjOlnt) \ / /5 \ Y /S Il\ \ f /*
f J f J p f J f
J —_— J ﬁﬁ I

Thus, Map(B) is an equipment. The Cauchyness also follows immediately from the above construction.
The equivalence of the loose bicategory of Map(B) and B is clear from the construction. ]

Proposition 2.5.16. (i) For a map-discrete cartesian bicategory B, the double category of maps
Map(B) is a unit-pure Cauchy cartesian equipment, with L(Map(B)) ~ B.
(ii) A unit-pure Cauchy cartesian equipment D is map-discrete, with Map(L(D)) ~ D.
In this way, the map-discrete cartesian bicategories and the unit-pure Cauchy cartesian equipments
are equivalent categories. g

ProOF. (i) By Lemma2.5.15, Map(B) is a unit-pure Cauchy equipment. The cartesianness of
Map(B) is proven in the same way as in [Ver1l1l, Example 1.5.19]. Recall the characterization of
cartesian equipments Proposition 1.2.17. The category Map(B)g is biequivalent to Map(B) as a
bicategory, and since the latter has finite biproducts, so does the former. However, it is locally
discrete by the assumption, hence it has strict finite products. The finite products in the loose
hom-categories follow from the assumption, and the last condition in Proposition 1.2.17 follows
from the corresponding condition in the definition of cartesian bicategories.

(ii) Since D is Cauchy, the category Map(D)([, J) is equivalent to the category T(ID)(I, J) for every
pair of objects I and J. The unit-pureness implies that this is a discrete category. The equivalence
of Map(L(ID)) and D follows from the above argument.

O

Although we have the 2-category of unit-pure Cauchy double categories, it seems unnecessarily
complicated to consider the 2-category of cartesian bicategories. Therefore, we do not pursue the func-
torial aspect of this construction, but conceive the 2-category of those double categories as instead, we
focus on a free construction of a Cauchy unit-pure cartesian equipment from a map-discrete cartesian
equipment.
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Definition 2.5.17 ([HN23, Definition 4.2.13]). Let D be an equipment. An equipment D is a
Cauchisation of D if L(D) = L(D) holds and D is Cauchy and unit-pure, and denoted by Cau(D).

_l

Lemma 2.5.18. Let D be a map-discrete cartesian equipment. Then, Map(L(ID)) is a Cauchisation
of D. N

PRrROOF. This is a direct consequence of Lemma 2.5.15. O

This simple definition of Cauchisation is enough to provide a universal property with respect to
Cauchy unit-pure equipments.

Proposition 2.5.19 ([HIN23, Proposition 4.2.14]). Let ID be an equipment and D be a Cauchisation
of ID. Then, we have a canonical double functor C: ID — ID. Moreover, for any Cauchy unit-pure
equipment [E and a double functor F': D — E, there exists a unique double functor F:D — E such

that ' = F o C. It also has the 2- dimensional universal property, that is, for any 2-cell : ' = G in
D, there exists a unique 2-cell W:F=GinDsuchthat W =¥ o C. J

PROOF. We define C as the identity on the loose bicategory and send each tight arrow f to (id, f).
Since a cell 7 in D of the form below is in one-to-one correspondence with a globular cell 7: ag, = f.0
in L(ID), so C sends such a cell to the cell on the right below. Note that a pseudo-functor preserves
companions.

A—%— B

I \

[0
I —%-5J I— "
i o+ ; H
fu B
K B L ! IH( ﬁ ﬁ
cf KTL

Thus defined C' is easily shown to be a double functor.

In a unit-pure Cauchy equipment, a tight arrow is uniquely determined by its representative adjoint
pair. Therefore, for any pseudo-functor F': D — [E, assignment of the image of a tight arrow in D
is uniquely determined by the image of its representative adjoint pair. We can also reduce general
cells to a combination of the pair of tight arrows and the corresponding globular cells in the loose
bicategory, which implies that F' is uniquely determined and also well-defined.

Since C' is identity on the loose bicategory, the data of tightwise transformatlons v: F = G and
¥: F = G are the same. We prove that the naturality for the tight arrows in D automatically follows
from the naturality of F. Given a tight arrow f: I — J in ]D, we have the cell on the left below in [E,
which leads to the cell on the right below.

FI 5 FJ v, FI gy

%l 7y, J% GI by,
GI —— GJ G oy W

G fx«

FJ

By the unit-pureness of HA), we have ¥j o F'f = Gf oW;. The naturality for the additional cells in D
is also shown in a similar way. O

Example 2.5.20. (i) For a category C with finite limits and a stable factorization system (E, M) on
C with E C Epi, the bicategory Relg ) (C) is map-discrete. This follows from the discussion in
[HN23, Corollary 4.2.17].

(ii) More generally, for a regular fibration p: £ — B, Bil(p) is map-discrete [Pav96, Proposition 4.2,
Theorem 4.3]. In Section 8 of the same paper, the author discusses the function comprehension
completion, which is equivalent to uni(Cau(Bil(p))) in our notation.
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Remark 2.5.21. The paper [BSSS21] provides an adjunction between the category of elementary
existential doctrines and the category of Frobenius and locally-posetal cartesian bicategories?”. This
can be understood as the following composite of the adjunctions restricted to the subcategories spanned
by the locally or fiberwise posetal structures:

L(-)

Bil Cau L(-)
Flbx/\:ﬂ é Equrob é) Equrob,Cauchy é() CartlDﬂFrob,MD .
uni Map(—

We need some remarks to clarify the situation. First, we have not yet defined the 2-category CartBi
in this paper, but it can be defined by importing the 2-categorical structure on EqQp ., and this is
what we mean by the notation CartBipyob. The 2-category CartBigyon Mmp is the full sub-2-category
of CartBi spanned by the Frobenius and map-discrete cartesian bicategories. Second, the 2-functor
Cau is defined partially as the construction requires the map-discreteness of the input. However, it is
defined on the image of Bil by (ii) of Example2.5.20,. We also know that any locally-posetal Frobenius
cartesian bicategory is map-discrete as in [CW87, Corollary 2.6], or by [WWO08] and the fact that
posetal groupoids are discrete. Therefore, we have the composite of the adjunctions as in the diagram
above, which restricts to the adjunction between the categories of elementary existential doctrines and
the Frobenius and locally-posetal cartesian bicategories in [BSSS21]. Moreover, its counit is pointwise
an isomorphism by the above construction, and the image of the right adjoint is characterized by the
unique choice principle for elementary existential doctrines, as shown in [BSSS21, Theorem 35]. 4

22Note that in this paper, the term cartesian bicategory is used only for locally-posetal ones, following the terminology
in [CW8T7]. However, it seems that they also assume the Frobenius law in the definition of cartesian bicategories, which
is not compatible with the definition in [CW87] nor [CKWWO07, WWO08] (see Definition 2.4.7). The corresponding
notion is rather called ‘bicategories of relations’ in [CW8T7].



Chapter 3
Type Theory for Virtual Double Categories

An Internal Logic for Virtual Double Categories

We present a type theory called FVDDbITT designed specifically for formal category theory, which
is a succinct reformulation of New and Licata’s Virtual Equipment Type Theory (VETT). FVDbITT
formalizes reasoning on isomorphisms that are commonly employed in category theory. Virtual dou-
ble categories are one of the most successful frameworks for developing formal category theory, and
FVDDITT has them as a theoretical foundation. We validate its worth as an internal language of
virtual double categories by providing a syntax-semantics duality between virtual double categories
and specifications in FVDbITT as an adjunction.

Outline.  Section3.1 gives an introduction of this chapter. Section 3.2 introduces the syntax and
the equational theory of FVDDITT and its semantics in virtual double categories. Section 3.3 explains
the type theory’s possible extensions with additional constructors and how they work in the semantics
with examples. In Section 3.5, we present the main result of this chapter, the adjunction between the
category of split cartesian fibrational virtual double categories and the category of specifications for
FVDbDITT.

3.1. Introduction

Variants of category theory have been developed over the decades, each with its own characteris-
tics but sharing some basic concepts and principles. For instance, monoidal category theory [Selll],
enriched category theories over monoidal categories [Kel05], internal category theories in toposes
[Joh02a], and fibered category theory [Str23] all have well-developed theories and significant ap-
plications. They often share several concepts, such as limits, representable functors, adjoints, and
fundamental results like the Yoneda lemma, though there may be slight differences in their presenta-
tions.

Formal category theory [GraT74] is the abstract method that unifies these various category theories.
As category theory offers us abstract results that can universally be applied to mathematical structures,
formal category theory enables us to enjoy the universal results that hold for general category theories.
A comprehensive exposition of this field is given in [LHLL17]. The earliest attempt was to perform
category theory in an arbitrary 2-category by pretending it is the 2-category of categories [Gra74].
However, more than just 2-categories are needed to capture the big picture of category theory. The core
difficulty is that this approach does not embody the notion of presheaves, or “set-valued functors”
inside a 2-category. Subsequently, many solutions have emerged to address this problem, such as
Yoneda structures [SW78] and proarrow equipments [Woo82, Woo85].

A recent and prominent approach to formal category theory is to use virtual double categories or
augmented virtual double categories [Shu08, Kou20]. General theories in (augmented) virtual double
categories have recently been developed, successful examples of which include the Yoneda structures
and total categories in augmented virtual double categories by Koudenburg [Kou20, Kou24] and the
theory of relative monads in virtual equipments by Arkor and McDermott [AM24a]. The advantage
of this framework is that it is built up with necessary components of category theory as primitive
structures. A virtual double category models the structure constituted by categories, functors, natu-
ral transformations, and profunctors, a common generalization of presheaves and copresheaves. This
allows us to capture far broader classes of category theories since the virtual double category for a
category can at least be defined even when essential components, like presheaves or natural transfor-
mations, do not behave as well as in the ordinary category theory.

In this paper, we provide a type theory called fibrational virtual double type theory (FVDbITT),
which is designed specifically for formal category theory and serves as an internal language of virtual
double categories. It aims to function as a formal language to reason about category theory that can
be applied to various category theories, which may be used as the groundwork for computer-assisted
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proofs. Arguing category theories is often divided into two parts: one is a common argument indepen-
dent of different category theories, which occasionally falls into abstract nonsense, and the other is a
specific discussion particular to a certain category theory. What we can do with this type theory is to
deal with massive proofs belonging to the former part in the formal language and make people focus
on the latter part. Our attempt is not the first in this direction, as it follows New and Licata’s Virtual
Equipment Type Theory (VETT) [NL23]. However, we design FVDbITT based on the following
desiderata that set it apart from the previous work:

(i) It admits a syntax-semantics duality between the category of virtual double categories (with
suitable structures) and the category of syntactic presentations of them.
(ii) It is built up from a plain core type theory but allows enhancement that is compatible with
existing and future results in formal category theory.
(iii) It allows reasoning with isomorphisms, a common practice in category theory.

In order to explain how FVDbITT achieves these goals, we overview its syntax and semantics.

3.1.1. Syntax and Semantics. We start with reviewing virtual double categories. While its
name first appeared in the work of Cruttwell and Shulman [CS10], the idea of virtual double categories
has been studied in various forms in the past under different names such as multicatégories [Bur71],
fe-multicategories [Lei02, Lei04], and laz double categories [DPP06]. For these years, virtual double
categories have gained the status of a guidepost for working out new category theories, especially in
the oo-categorical setting [GH15, RV17, Rui24].

A virtual double category has four kinds of data: objects, tight arrows, loose arrows, and virtual
cells. The typical example is Prof, which has categories, functors, profunctors, and (generalized)
natural transformations as these data. A profunctor from a category Z to a category J, written
as P(—,e): T — J, is a functor from Z°° x J to the category of sets Set, which is a common
generalization of a presheaf on 7 and a copresheaf on 7. One would expect these two kinds of arrows
to have compositional structures, and indeed, two profunctors P(—,e): Z —~ J and Q(—,e): J = K
can be composed by a certain kind of colimits called coends in Set. However, the composition of
profunctors may not always be defined within a general category theory, for instance, for an enriched
category theory with the enriching base category lacking enough colimits. Virtual cells are introduced
to liberate loose arrows from their composition and yet to keep seizing their compositional behaviors.
As in Figure 1, a virtual cell has two tight arrows, one loose arrow, and one sequence of loose arrows
as its underlying data, and in the case of Prof, virtual cells are natural families with multiple inputs.
This pliability enables us to express category theoretic phenomena with a weaker assumption on the
category theory one works with.

e A virtual cell in Prof:

Iy —— I —— - — I,
sl H T
Jo 5 T
e A family of functions natural in ig,, and dinatural in
’il, ceey in_li

Wig,...yin * 01 (G0,71) X -+ X ap(in—1,1n) = B(S(i0), T (in))
e An interpretation of the proterm

xo:Io ¢ .. 8xn:Inlar:ai(xo §x1)§ ... % an:an(Xn-1§ Xn)

F o B(S(x0), T(xn))-

. Fi1GURE 1. A virtual cel]l in Prof and a %roterm that corresponds to it.
Corresponding to these four kinds of entities, FVDDbITT has four kinds of core judgments: types,

terms, protypes, and proterms. In the semantics in the virtual double category Prof, types, terms,
and protypes are interpreted as categories, functors, and profunctors, while proterms are interpreted
as virtual cells with the functors on both sides being identities. We restrict the interpretation in this
way in order to have the linearized presentation of virtual cells in the type theory. This enables us to
bypass diagrammatic presentations of virtual cells, which often occupy considerable space in papers'.
Nevertheless, it does not lose the expressive power because we assume the semantic stage to be a

fibrational virtual double category.

IThis thesis is a good example of this.
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Type I type,
Term [Tks:1T,
Protype I § At a protype
Proterm [p§...80 M |ai:o1§...5ap:a,Fu:B,
(I, A, ... are contexts like x1 : I,...,x, : I,.)
FI1GURE 2. Judgments of FVDbITT.

Fibrationality is satisfied in most virtual double categories for our purposes and is conceptually a
natural assumption since it represents the possibility of substituting functors S and 7" in a profunctor
a(—,e). For instance, a virtual cell in Prof is defined as a natural family p, as in Figure 1, and it
only refers to the instantiated profunctor 5(S(—),T'(e)). Accordingly, we let the type theory describe
a virtual cell as a proterm, as in Figure 1. The fibrationality condition is defined in terms of universal
property and assumed to hold in the semantics. We will further assume VDCs to have suitable finite
products to interpret finite products in FVDbITT, which alleviates the complexity of syntactical
presentation.

A byproduct of this type theory is its aspect as an all-encompassing language for predicate logic.
The double category Rel of sets, functions, relations as objects, tight arrows, and loose arrows would
also serve as the stage of the semantics of FVDDbITT. In this approach, protypes symbolize relations
(two-sided propositions), and proterms symbolize Horn formulas. In other words, category theory
based on categories, functors, and profunctors can be perceived as generalized logic. The unity of
category theory and logic dates back to the work of Lawvere [Law73], in which he proposed that
the theories of categories or metric spaces are generalized logic, with the truth value sets being some
closed monoidal categories.

The interpretation of FVDDbITT is summarized in Table 1.

| Items in FVDbITT || Formal category theory | Predicate logic |
Types I categories 7 sets [
Terms x: I +-s: J functors S: Z —> J functions s: I —» J
Protypes a(x § y) profunctors a: T —+ J formulas a(x,y) (x € I,y € J)
a5 OP;())t?rﬁ ° Bly 3 2) natural transformations proofs of Horn clauses
: 9 5 D: 9 .
AN Howeet a(@,y) X By, 2) 2 v(@,2) | alw,y), B 2) = (@, 2)
Product types I x J product categories Z X J product sets I x J
Product protypes e A B || product profunctors a(z,y) X S(x,y) | conjunctions a(z,y) A B(z,y)
path protype = hom profunctor Z(—, —) equality relation =;
composition protype ® composition of profunctors by coend | composition of relations by 3
Protype Isomorphisms natural isomorphisms equivalence of formulas
T:a = ﬁ Tm?y: Oé(.fl}‘,y) %ﬁ(x,y) a(x,y)EB(ac,y)

TABLE 1. Interpretation of FVDDbITT in PROF and Rel (All rows except the last three are
included in the core of FVDbITT.)

3.1.2. Realizing the desiderata.

(i) Syntax-semantics duality for VDC.  Categorical structures have been studied as the
stages for semantics. Good examples include the Lawvere theories in categories with finite products
[Law63], simply typed lambda calculus in cartesian closed categories [LS86], extensional Martin-Lof
type theory in locally cartesian closed categories [See84|, and homotopy type theory in co-groupoids
[HS98, Str14]. Thus, it has been discovered that there are dualities between syntax and categorical
structures [Jac99, CD14]|, endorsing the principle that type theory corresponds to category theory.
It is worth noting that the above examples all started from the development of calculi, and the
corresponding categorical structures were determined.

We will define specifications for FVDDbITT and construct an adjunction between the category of
virtual double categories with some structures and the category of those specifications whose counit
is componentwise an equivalence, which justifies the type theory as an internal language and directly
implies the soundness and completeness of the type theory. Here, we have proceeded in the reversed
direction to the traditional developments: knowing that virtual double categories are the appropriate
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structures for formal category theory, we extract a calculus from it. This principle can be seen in
[ANv23].

(ii) Additional constructors. Additional type and protype constructors are introduced to
make FVDDITT expressive enough to describe sophisticated arguments in category theory. For exam-
ple, the hom-profunctor Z(—, e): Z — Z cannot be achieved in the core FVDbITT, and we introduce
path protype x : I §y : I F x -1y : protype as its counterpart. Just as a variable x : I serves as
an object variable in Z, a provariable a : x -1 y serves as a morphism variable in Z. The introduc-
tion rule for this is similar to the path induction in homotopy type theory. Using this constructor,
one can formalize, for instance, the fully-faithfulness of a functor (Figure 3), as it is defined merely
through the bahevior on the hom-sets. In addition, we introduce composition protype, filler protype,
and comprehension type in this paper, by which one can formalize a myriad of concepts in category
theory, including (weighted) (co)limits, pointwise Kan extensions, and the Grothendieck construction
of (co)presheaves, which is only possible with the protype constructors.

A term x : I+ s(x) : J is fully faithfull if A term y : JF I(y) : K is a pointwise left Kan extension of x : I -
the following proterm has an inverse. s(x) : K along x : I - t(x) : J if it comes with the following protype
y:J|breflyiy-»yy isomorphism.
x: I'| Frefly[s(z)/y] : s(x)»1s(x) y:Jsz:KELan: I(y)»kz Z (t(x)»uy)>xr (s(x)»k 2)

x:Igx' :I|la:x—»rx

Find_. {refl;[s(z)/y]} : s(x) =+ s(x") FI1GURE 4. Pointwise Kan extensions

Having an inverse is formulated using

protype isomorphisms: it comes with the A pointwise left Kan extension /(y) of s(x) along a fully faithful
following protype isomorphism functor t(x) admits an isomorphism /(t(x)) £ s(x).
Proof. (Contexts are omitted.)

x:I3x IFFF:x-»1x' 2 s(x)-»,s(x")

' ~ /
that satisfies the following equation (con- I(t(x))#kz = (t(x) 74 (t(xX))) Per (s(x) #k 2) (Lan)

text is omitted).

& (x»1xX) b (s(x) »k 2) (FF™* by (s(x) »k 2))
FF{a} = ind.. {refl,[s(x)/y]} = s(x')»kz (Yoneda Example3.4.1)

FIGURE 3. Fully faithfulness FIGURE 5. Pointwise Kan extensions along fully
faithful functors
(iii) Isomorphism reasoning. We will enhance our type theory with protype isomorphisms,

a new kind of judgment for isomorphisms between protypes.
Protype Isomorphism I § AFT:a = 8.

They serve as a convenient gadget for up-to-isomorphism reasoning that is ubiquitous in category
theory. One often proves two things are isomorphic by constructing some pieces of mutual inverses
and then combining them to form the intended isomorphism. We bring this custom into the type
theory as protype isomorphisms, interpreted as isomorphisms between profunctors, i.e., an invertible
natural transformation between profunctors. For instance, pointwise Kan extensions are concisely
defined using protype isomorphisms (Figure 4). Protype isomorphisms capture isomorphisms between
functors as well since isomorphisms between functors F,G: Z — J correspond to natural isomorphisms
between J (F'—, ), J(G—,e): T — J according to the Yoneda lemma. A formal proof of a well-known
fact that a pointwise left Kan extension along a fully faithful functor admits an isomorphism to the
original functor can be given by isomorphism reasoning (Figure 5). Although we do not present the
proof that this isomorphism is achieved by the unit of the Kan extension here, we can formalize it
within the type theory as a protype isomorphism introduces a proterm that witnesses the isomorphism
by the following rule:
FrsA-T:a =8
reAla:ak-T{a}:B

3.1.3. Related Work. The most closely related work to FVDDbITT is VETT by New and Li-
cata [NL23]. Along with the desiderata, we compare the differences between the two type theories.
Regarding (i), their type theory is designed to have the adjunction between the category of hyper-
doctrines of virtual equipments and that of its syntax, which originates from the polymorphic feature
of VETT. The type theory has different type-theoretic entities corresponding to the hierarchy of ab-
stractness. It has categories, sets, and meta-level entities called types, all with equational theory. The
distinction between categories in VETT and types in FVDbITT is that the former has the equational
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theory as elements of a meta-level type “Cat,” while the latter does not. While this is advantageous
when different layers of category theories are in question, it possibly obfuscates the overall type theory
as a language for formal category theory. In contrast, FVDbITT has a single layer of category theory,
namely one virtual double category, and the type theory is designed correspondingly to its compo-
nents. It also gives rise to the syntax-semantics duality between the category of cartesian fibrational
virtual double categories and the category of its syntax, which substantiates the type theory as an
internal language of those virtual double categories.

Regarding (ii), VETT has more constructors for types and terms than FVDDbITT in its core. On
the other hand, we focus on minimal type theory to start with and introduce additional constructors
as needed. This is because we aim to have a type theory that reflects results in formal category
theory, which is still under development, and we do not want to go on ahead of the developments. For
instance, when we introduce the path protype to FVDDbITT, it seems plausible that it is compatible
with the default finite products in the type theory, as in Subsection 3.3.2, which is supported by a
category-theoretic observation in Section 1.4.

Regarding (iii), the capability to reason about isomorphisms is a novel feature of our type theory
that is not found in VETT. It facilitates reasoning in a category theory, as explained above.

There have been other attempts to obtain a formal language for category theory. A calculus for
profunctors is presented in [Lor21] on the semantical level, which is followed by its type-theoretic
treatment in [LLV24]. Its usage is quite similar to that of FVDDbITT, but they have different focuses.
Although the calculus is similar to FVDDITT in that it deals with profunctors and some constructors
for them, the semantics uses ordinary categories, functors, and profunctors, while general categorical
structures as its semantic environment are not given, still less its syntax-semantics duality. On the
other hand, the coend of an endoprofunctor a(—,e), which cannot be handled it using FVDbITT at
the moment, is in the scope of their calculus. It would be interesting to know the general categorical
setting where the calculus can be interpreted and how it leads to the syntax-semantics duality in our
style.

3.2. Fibrational Virtual Double Type Theory
3.2.1. Syntax. The syntax of FVDDbITT is given by the following grammar.

Type I type
Context [ ctx
Term [Mks:I
Term Substitution S/ A
Protype [ § AF a protype
Procontext [ § ... ¢ I, | A proctx
Proterm [y ¢...5 M, |Abp:B
Term Equality Fs=t:1
Protype Equality s AFa=§6
Proterm Equality o ¢... ¢, |AFu=v:g
FIGURE 6. Judgments in FVDbITT
Types, contexts, terms, and term substitutions are the same as those in the algebraic theory as in
[Cro94, Jac99]. This fragment of the type theory serves as the theory of categories and functors. As
usual, substitution of terms for variables in terms is defined by induction on the structure of terms.
Protypes and proterms are particular to this type theory and encode the loose arrows and cells

in an CFVDC. The prefix pro- stands for “pro”positions and “pro”functors. A protype o depends
on two contexts, [ and A, which will be interpreted as the source and the target of a loose arrow
representing the protype. We call the pair (', A) the two-sided context of the protype and write
I 5 A for it. In the type theory, we distinguish semicolons “§” from the ordinary concatenating
symbol commas “,” by restricting using the former to concatenate items in the horizontal direction in
a diagram in a VDC. Since the source and the target of a loose arrow can not be exchanged in any
sense in a general VDC, we need to respect the order when we use the semicolons. Accordingly, a
procontext ai : @y § ... § an : a, with provariables a;’s, which is formally defined as a finite sequence
of protypes, is only well-typed so that the second (target) context of a protype is the first (source)
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context of the subsequent protype, and hence a procontext depends on a sequence of contexts. As
a particular case, we have the empty procontext - depending on a single context . Another item is
proterms A u : B where A is a procontext and B is a protype, which are interpreted as globular cells
in a VDC whose domains and codomains are the interpretation of A and B, respectively.

The type theory also has the equality judgments for terms, protypes, and proterms. We incorpo-
rate the ordinary algebraic theory of terms with the equality judgments for terms, and we also have
the equality judgments for proterms to capture the equality of cells in a VDC. The rules for equality
judgments, or the equational theory of the type theory, are based on the basic axioms of reflexivity,
symmetry, transitivity, and replacement with respect to the substitution we will define later. The
equational theory for protypes is designed only to reflect the equational theory of terms by the re-
placement rule for substitution of terms, and we do not have any other rules for protypes except for
the basic axioms. This is because, in formal category theory, we are mainly interested in isomorphisms
of loose arrows, which we will incorporate in the type theory as the protype isomorphisms later.

I type J type I ctx I type
I x J type 1 type - ctx Iyx: I ctx Mx:I,AFx:1I

I type J type M-s:1I r=t¢:J r=t:IxJ r=t:I1xJ

M= (s,t): IxJ rtpro(t): I rt=pr(t):J r=():1 r-+/
r=s/A Ne=s:1I Ne=s:1I ret:J Ne=s:1I ret:J Fr=s:IxJ
r=S,s/Ax:1I FEprg((s,t) =s:1 FEpri((s,t))=t:J I (prg(s),pri(s)y=s:IxJ
N-s:1
FEs=():1

FIGURE 7. The rules for types, contexts, and terms

I §$ AF a protype I § AR B protype

s AF a A B protype s AE T protype I | - proctx
o s...3 M| Aproctx I, 3§ Al o protype I3 Ak o protype rNe=Sy=51/r AFTo=T1/A
Mog...3M 3 A|Aa:aproctx r's A" - alSo/l § To/A] = alS1/I § T1/A]
I s At o protype Tilain i1 8...8aim; Cin, Fpi:Bi (i=1,...,m) Flby:B1§...3bn:Bntkv:y
FrsAla:abta:a F\3171:a171;...3am,nm:cxmmmku{ul/bl:ﬁl;...gum/bm:ﬁm}:fy
T|Aru:a T|AFv:B T|AFu:anB T|AFu:aAB
T|IAF (u,v):aAB T|IAF mo{u}: T|AF7m{u}:B TIAF():T
T|AFL: « T|AFv:B T|AFup:a T|AFv:B T|AFu:anB
FIAF mo((m ) =4 o FIAF m((wo) =v: B FIAF (mo(w),mi(m) = - A B
TIAFu:T

FlAru=():T

F|a1:a13...3an:an!—u:ﬁ Nshkta =ao] 1§ Mk an=al, Nsh+-g=p

/ / /
losllai:oys...8an:0a,Fp:p

F1GURE 8. The rules for protypes, procontexts, and proterms
Signatures. In algebraic theories, one often starts with a signature that specifies the sorts and
operations of the theory. We present the signature for FVDDbITT as follows.

Definition 3.2.1. A signature X for FVDDbITT is a quadruple (T, Fy;, Py, Cx) where

T is a class of category symbols,

Fx(o,7) is a family of classes of functor symbols for any o, 7 € T,

Ps(0 § ) is a family of classes of profunctor symbols for any o, € T,

Cs(p1§...5 pn|w)is a family of classes of transformation symbols for any oy,...,0, € Tx,
pi € Py(0i—1 3 0;) fori=1,...,n, and w € Px(0g § 0,,) where n > 0.

For simplicity, in the last item, we omit the dependency of the class of transformation symbols
on o;’s. Henceforth, f: o - 7 denotes a functor symbol f € Fx(o,T), p: 0 » 7 denotes a profunctor
symbol p € Py(o§7),and k: p1 §...5p, > w denotes a transformation symbol k € Cx(p1§...¢pn | w).
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A morphism of signatures ®: X — Y’ is a family of functions sending the symbols of each
kind in X' to symbols of the same kind in X’ so that a symbol dependent on another kind of symbol
is sent to a symbol dependent on the image of the former symbol. For instance, p: o » T is sent to
a profunctor symbol of the form ®(p): ®(o) » &(7) where the assignment of category symbols has
already been determined. J

A typical example of a signature is the signature defined by a CEVDC D.

Definition 3.2.2. The associated signature of a CFVDC D is the signature X'p defined by

e T is the set of objects of ID, where we write "1 for I € D as a category symbol,

e Fp("I7,"J7) is the set of tight arrows I — J in D, where we write " f " for f € Fp("I7,"J") as a
functor symbol,

o Pp("1757J7) is the set of loose arrows a: I — J in D, where we write "o for ao € Pp("17§"J7)
as a profunctor symbol,

e Op("a1 ¢ ... 5Ty, | 75T is the set of cells p: ai;...;a, = [ in D, where we write "u for
peCp("ar’s ... 5"y |"47) as a transformation symbol.

_J

A signature Y is what we start derivations with in the type theory. In terms of formal category
theory, it signifies what one regard as categories, functors, profunctors, and natural transformations.
The rules for the signature are given as follows.

ceTy f € Fx(o,T) lr-s:o p € Ps(o,T) l-s:o A-t:T
o type Fref(s):r s At p(s g t): protype

ke€Cx(p1§5...§pn|w) Fiksi:o; (i=0,...,n) Fici s T | A i pi(sic1 §s) (i=1,...,n)
Fo§g...3M|ALs ... 8A k(s §. - 3sn){pe$ - §mn}

FIGURE 9. The rules for the signature
Substitution. The substitution of terms for variables in terms, protypes, and proterms is
defined inductively as follows.

x[S/A] = s; (t=1,...,n, S=(s1,...,5))
f(s1,...,5,)[S/A] = f(s1[S/4],...,s.[S/A])
(s,1)[S/A] = (s[S/A], t[S/A])
pro(t)[S/A] = pro(t[S/A])
pri(t)[S/A] = pr,(t[S/A])
<>[ ()

= p(s[S/A] 5 t[T/Q))
=a[S/A 5 T/OABIS/A 5 T/6)

Since the type theory has a different layer consisting of protypes and proterms, we need to define
substitution for them as well, which we call prosubstitution and symbolize by {-} to distinguish it
from the usual substitution. The prosubstitution is defined inductively as follows.

afp/al = p
(()1m)) [72/Bis] = k(50 {“i {753

W) 17i/bi} = (u tmi/bi} 0 {7
mi{u} {7/bi} = m{“ {7i/bi} }
) twi/bit = ()

bd )
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In the above, we use overline notation to denote the concatenation of terms, protypes, or proterms
by §, and we use underlined notation to specify the range of indices traversing the concatenation. For
example, we write k(Sp §...35,){1 5. un} as k(5){Hi}. These are interpreted as sequences aligned
in horizontal direction in a VDC. Note that a mere sequence of terms in a context, for instance, is
not written with the overline notation.

Lemma 3.2.3 (Substitution lemmas). The following equations hold for substitution and prosub-
stitution.

(i) «[S/A 3 T/O][S'/A 3 T/ = a[S[S'/A) /A5 T(T'/€') /6],
(i) p [Si/4] [Si/A]] = w[Si[SI7AT/Adl.

) o o} 1,00, ) =0 [ 0,787 )
) b [or/8i] [503/B05]) = (1 [Sun/ Bin)) [ e [S1/80a] ) 8.

PROOF. The proof is straightforward by induction on the structure of terms, protypes, and pro-
terms. O

_J

3.2.2. Semantics. As previously mentioned, the semantics of FVDDbITT are taken in CEFVDCs.
The elements in the type theory are to be interpreted as the following elements in a CFVDC D:

e I type and I ctx are to be interpreted as an object [I] and [/'] in D, respectively.
e [Ft:Tand '+ S /A are to be interpreted as tight arrows [t]: [I'] — [I] and [S]: [I'] — [4] in
D, respectively.

e [ 3 AF a protype is to be interpreted as a loose arrow [a: [I'] = [4] in D.

o [o¢...e a1 ¢...¢ay: oy proctx is to be interpreted as a path of loose arrows
[ro] 2L 1] el ] i D.

o [|aj:ar§...5ay:a, p:pBis to be interpreted as a globular cell [u]: [oy] = [B] in D.

The semantics of FVDDITT consists of two parts: assignment of data in a CFVDC to the
ingredients of a signature, and inductive definition of the interpretation.

Definition 3.2.4. For a signature X' and a CFVDC D, a Y-structure M in D is a morphism of
signatures Y — 3'p. The identity morphism on Y'p can be deemed a Y'p-structure in D, which we
call the canonical (Yp-)structure in D. N

Instead of writing M (o) for the image of a category symbol o under M, we write o], or simply
[o] when M is clear from the context.

Definition 3.2.5. Suppose we are given a Y-structure M in a CEFVDC D. The interpretation of the
terms, protypes, protype isomorphisms, and proterms for X' in D is defined inductively as follows:

The interpretation of the type o is the object [o] of D.

The interpretation of the context - is the terminal object of ID.

The interpretation of the context I, x : ¢ is the product [I'] x [o] of [I] and [o].

The interpretation of the term I, x : 0, A+ x : ¢ is the projection onto [o].

The interpretation of the term f(t) is the composite [f] o [t] of the tight arrows [f]: [o] — []

and [t]: [F] — [o]-

e Product types X, 1 are interpreted as the product and terminal object of D, respectively. Pairing,
projections, and the unit are interpreted in an obvious way.

e The interpretation of the protype p(s § t) is the restriction of the loose arrow [[p] : [o] — [7] along

the tight arrows [s] : [I'] — [o] and [¢t] : [4] — [7].

[[r]] [[p(sgt)]] [[A]]
[s1] rest Lt

o] —— [r]
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e Product protypes A, T in context I § A are interpreted as the product and terminal loose arrow
from [I'] to [A], respectively. Pairing, projections, and the unit are interpreted in an obvious way.

e The interpretation of the proterm a: o a: «a is the identity cell on [a].

e To define the interpretation of the proterm k(5;){f;}, we first define a cell [k(5;)] as the restriction

] [@} c[e1(so§s1)] 5.5 [on(sn—13§sn)] = [w(so§sn)] in the sense of Definition 1.3.13. Then,
the interpretation of the proterm k(5;){f;} is the composite [k(5)[{[1] § ... § [un]} of the cell
[k(5i)] and the cells [u]: [Ai] = [pi(si—1 § si)] fori=1,...,n.

_l

Taking semantics in the VDCs listed in Examples 1.3.11 and 1.3.12 justifies how FVDbITT ex-
presses formal category theory and predicate logic.

We have naively used restrictions in the interpretation of protypes, but they are only defined up
to isomorphism a priori. To make the definition precise, we need to consider strict functoriality in the
following sense.

Definition 3.2.6. A CFVDC D is split if it comes with chosen finite products of its tight category,
chosen restrictions (—)[— § —], and chosen terminals T and binary products (—) A (—) in the loose
hom-categories. that satisfy the following equalities:

afidr § idy] = a for any a: I — J.

als s t][s st =afsos’ g tot'] for any a: I — J and s,t,s', ¢t

T[s §t] =T for any s,t.

(aNP)[sst]=alsst]AP[sst] forany o,8: I = J and s,t.

A morphism of split CFVDCs is a 1-cell in FVDDbl,,; that preserves the chosen tightwise finite
products, restrictions, terminals, and binary products on the nose. We will denote the category of
split CFVDCs by FVDbI®Pt J

cart *

Note that in a split CFVDC, restrictions of globular cells along tight arrows in Definition 1.3.13
are uniquely determined by the chosen restrictions.

Lemma 3.2.7. Let D be a split CFVDC, and let M be a X-structure in ID. Suppose we choose the
chosen restrictions in D in the definition of the interpretation.

(i) The interpretation of term substitutions is obtained by restrictions of loose arrows or globular cells
along tight arrows. Explicitly, we have [a[S/I 3T /A]] = [a][[S]3[T]] and [u[S;/Ai]] = [r][S:]]

whenever the substitutions are well-typed.
(ii) The interpretation of proterm prosubstitutions is obtained by composition of globular cells. Ex-

plicitly, we have [u {Z/E}]] = [1]{[vi]} whenever the prosubstitutions are well-typed.

.
PROOF. By induction on the structure of term substitutions and prosubstitutions. ([l

Assuming splitness for a CFVDC is too strong for practical purposes, but we can replace an
arbitrary CFVDC by an equivalent split one.

Lemma 3.2.8. For any CFVDC D, there exists a split CFVDC D*Plit that is equivalent to D in
the 2-category FVDbl ... 2

PROOF SKETCH. The proof is analogous to the proof for splitness of fibrational virtual double
categories in [AM24b, Theorem A.1]. For a CFVDC D, fix chosen terminals and binary products in
each loose hom-category and chosen restrictions. We define a split CFVDC DSPlit by taking the same
objects and tight arrows as D, but its loose arrows from I to J are finite tuples of triples (f;, gi, ;)i
where f;: I —» K; and g;: J — L; are tight arrows and «;: K; — L; are loose arrows in D. From a
loose arrow (fi, gi, )i, we can define its realization in D by taking A, «;[f; § ¢i]. Then, we can define
cells in DSPUt framed by two tight arrows and loose arrows as those in D framed by the same tight
arrows and the realization of the corresponding loose arrows. The associativity and unitality of cell
composition in DSPYt are inherited from those in D. There is a virtual double functor DSPIt — D
that is the identity on the tight part and sends a loose arrow to its realization and a cell to itself. This
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is an equivalence of virtual double categories. To verify that DSPHt admits the structure of a split
CFVDC, we define the chosen restrictions, terminals, and binary products in DSPIt as follows:

e The restriction of a loose arrow (f;, g;, v;); along a pair of tight arrows (h, k) is the tuple (f;oh, g;o
/ﬁ, 041)2

e The terminal object in the loose hom-category from I to J is the empty tuple.

e The binary product of two loose arrows (fi, gi, @i)ier and (f}, gj, @}) jes is the sum of the two tuples.

It is straightforward to verify that these chosen structures strictly satisfy the equalities in the definition
of split CFVDC:s. O

3.2.3. Protype isomorphisms. In category theory, one often proves that two objects, functors,
or profunctors are isomorphic by exhibiting a sequence of those isomorphisms between them that one
has already constructed or known to exist. Protype isomorphisms enable us to do the same in the
type theory without showing proterms in both directions explicitly every time but still keeping track
of the proterms that represent the isomorphisms. We introduce protype isomorphisms as additional
typing judgments but they also serve partially as equality judgments for protypes up to isomorphism.
Protype isomorphisms are also considered as codes for the two proterms mutually inverse to each
other so that proterms can track what they actually represent in the type theory. They are also used
to express isomorphisms between functors (terms) as we will see in Section 3.4. It should be noted
that we do not have equality judgments for protype isomorphisms since one can identify or distinguish
them by the proterms they represent using the equality judgments for proterms.

We call this extension of the type theory with protype isomorphisms FVDbITT=. The judgments
for protype isomorphisms are presented as ' § A+ 7T : a = B where a and § are protypes in the
context ' § A. The rules for protype isomorphisms are given as follows:

I $ At o protype rsAFT: a0 =8 rsA-T: a8 rsA+-Q:82«y
s Atidg a0 £ Frs AT *:B =2 « FrsA-Qo7T:a =«

rsAla:atup{a}:g FrsAl|b:Brv{b}:a rsAljb:Bru{v{b}}=b:8 FrsAla:atv{p{al}=a:a
rsAt (u,v):a 2B

FrsA-T: a2 8 I § A+ o protype rsArT: a0 28
rsAla:ak7{a}:p FrsAla:atidefal=a: o FrsAla:akFT *{r{a}}=a:«

FsAFT:a 2B FSAFT: a2 B T[3AFQ:B 2y

FrsA|lb:BET{r *{a}}=a:a FrsAla:abk (Qo7){a}=02{7r{a}l}: v

FrsAla:abp{a}:p FrsAl|b:Brv{b}:a rsAjb:Bru{v{b}}=b:8 rsAja:atv{p{al}=a:a
F5Alarar (wia) =ula) B

If one has a pair of proterms u and v that are mutually inverse to each other, one can form a
protype isomorphism (u,v)). Conversely, protype isomorphisms are realized as proterms via the rule
that introduces the proterm 7{a} for a protype isomorphism 7. We have the rule (u,v){a} = u{a},
which is sufficient to derive that the inverse of (u,v) also has the expected behavior: (u,v) '{b} =
(w, v) " H{u {v{b}}} = (u,v) ' {(u, v) {v{b}}} = v{b}. The other rules are designed to ensure that
protype isomorphisms behave as a groupoid as a whole.

The semantics of FVDbITT= are also given in a CFVDC. A protype isomorphism judgment
[$ AT :o = Bisto be interpreted as an isomorphism of loose arrows [T7]: [a] = [B]: [I'] — [4]
in ID. The interpretations of the protype isomorphisms id, 7%, 7T o 2 are defined as the identity cell,
the inverse cell, and the composite cell of the corresponding cells in ID, and the interpretation of the
protype isomorphism (u, v) is the cell [u].

3.3. Protype and type constructors for FVDbITT

3.3.1. Further structures in VDCs and the corresponding constructors. In this section,
we will specify the type and protype constructors that can be added to FVDDbITT. The virtual double
categories of relations and those of profunctors have many structures in common. We would like to
introduce the inductive types and protypes corresponding to the common structures in these kinds of
virtual double categories. We first list the additional types will introduce for the type theory.
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. . Constructors
Structures Formal category theory | Predicate logic in FVDbITT
Units [CS10] hom-profuntors C(—, e) equality = path =
Composition [CS10] | composition via coends f composition via 3 || composition ®
Extension [RV22] profunctor extension > contraction via V extension >
two-sided .
Tabulators [GP99] Grothendieck construction comprehension {-} || tabulator {-[}

TABLE 2. The common structures and the corresponding constructors

The constructors we will add to FVDbITT are -, ®, >, <, and {-[}. Even though we can add the
constructors for the loose adjunctions and the companions and conjoints independently of the other
constructors, we would take the approach of defining them in terms of - and © in this paper.

Path protype —» for the units. The path protype is the protype that represents the units
in a VDC. In a double category, the units are just the identity loose morphisms, but in a VDC, the
units are formulated via a universal property Definitions 1.4.1 and 1.4.2.

The formation rule for the path protype is on the left below, and it comes equipped with the

introduction rule on the right below:
I type Mr=s:1I AbFt: 1 I type

—+-FORM
s AF s-»rt protype x:I| Freflp(x): x-»rx

The proterm refl corresponds to the unit 7y in the definition of the units. To let the path protype encode
the units in the VDCs, we need to add elimination and computation rules as in Subsection 3.3.2. The
path protypes behave as inductive (pro)types, and their inductions look very similar to path induction
in homotopy type theory, but with the difference that the path protype is directed.

The semantics of the path protypes - are given by the units in any VDC with units, with the
proterm constructor refly interpreted as the cell njy. For instance, in the VDCs PROF and Rel,
the interpretations of the path protypes are given as the hom profunctors and the equality relations,
respectively. These follow from the fact that the identity loose morphisms in a double category serve
as the units when we see it as a VDC.

In order to make the path protypes behave well with the product types in FVDDbITT, we need to
add the compatibility rules between the path protypes and the product types as in Subsection 3.3.2.
For instance, when we consider the hom-profunctor on a product category C x D, we expect its
components to be isomorphic to the product C(C,C") x D(D, D). Correspondingly, we would like to
add the following rule, which does not follow from other rules a priori:

I type J type

x:Ly:Jsx' Ly i JFexcan: (x,y)»1xs (X, y) = x=1xX' ANy-»,y" .

Subsection 3.3.2 will give the whole set of rules for the compatibility between the path protypes and
the product types. The rules we introduce are justified by the fact that with them, the syntactic
VDCs we will introduce in Section 3.5 become cartesian objects in the 2-category of FVDCs with
units. See Proposition 2.3.7 for a detailed explanation from the 2-categorical perspective.

Composition protype ©® for the composites. The composition protype is the protype
that represents the composition of paths of loose arrows just of length 2 in virtual double categories
Definition 1.4.1.

In order to gain access to the composition of paths of positive length in the type theory, we
introduce the composition protype © to FVDDITT. The formation rule for the composition protype
is the following:

w:lgx:JFa(ws x) protype x:Jsy:KFEB(x3y) protype
w:lsy:KEa(wsx) Ok B(x s y) protype

This comes equipped with the introduction rule:
w:lg§x:JFa(ws x) protype x:Jsy:KFEB(x3y) protype
w:lgx:Jsy:Kla:awsx)sb:B(xsy)Fa®b:a(w§x)OxyB(x3y)

For the detailed rules of the composition protype, see Subsection 3.3.2. Plus, we need the compat-
ibility rules for the composition protype and the product types as we did for the path protype, see
Subsection 3.3.2.
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If we load the path protype —» and the composite protype ® to FVDDbITT, procontexts can be
equivalently expressed by a single protype. In this sense, such a type theory can be seen as an internal
language of double categories. This is supported by the fact that a VDC is equivalent to one arising
from a double category if and only if it has composites of all paths of loose arrows, including units
[CS10, Theorem 5.2].

The semantics of the composition protypes ©® is given by the composites in VDCs if they have
ones of sequences of length 2 in an appropriate way. For example, in the VDC Prof, the composite
of paths of length 2 is the composite of profunctors, given by the coend [. In the VDC Rel, the

composites of paths of length 2 are the composites of relations, given by the existential quantification
3.

XeJ]
fow $) @50 B3 V) = [ [al(=,X) x [B(X,0): 1] = [K] in Prof

loe(w § %) @y Blx 3 ¥)] = { (w,9) | 3z € [][od (w, z) A [B](,9) } : [2] = [K] in Rel
Filler protype >,< for the closed structure. Having obtained the ability to express a
particular kind of coends in formal category theory, and existential quantification in predicate logic,
we would like to introduce the protypes for ends and universal quantification in the type theory. First
of all, we recall the definition of the right extension and the right lift [RV22, AM24a] in a VDC,
which are straightforward generalizations of the right extension and the right lift in a bicategory.

Definition 3.3.1. A right extension of a loose arrow 5: I — K along a loose arrow «: [ — J is
a loose arrow a > (: J — K equipped with a cell

a3

I-%5J-5K
| @ap |

I —— K

B

with the following universal property. Given any cell v on the left below where 7 is an arbitrary
sequence of loose arrows, it uniquely factors through the cell @, g as on the right below.

B I -% - K
I-%J--1lsK (T
I v T I —p K
] —— K [ o I

3 a8
[ ———— K

A right lift of a protype 5: I — K along a protype a: J — K is a protype S<a: I — J equipped
with a cell
B<a

1787 %K
AV

I —— K

B
with the following universal property. Given any cell v on the left below where 7 is an arbitrary
sequence of loose arrows, it uniquely factors through the cell w& 5 as on the right below.

Ny N e

-1 0% K [ T

I v | = I ——J - K
B<a «

I— K [ I
B8 a,f

I —5— K

_l

With this notion, one can handle the concept of weighted limits and colimits internally in virtual
double categories. We now introduce the filler protypes > and < to FVDDbITT to express the right
extension and the right lift in the type theory. The formation rule for the right extension protype
is the following:

w:Igx:JFalw s x) protype w:Igy:KFEB(w s y) protype

x:J3y:KFa(ws x)owr B(w s y) protype
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The constructor for the right extension protype is given in the elimination rule since the orientation
of the universal property of the right extension is opposite to that of the composition protype and the
path protype.

w:lg§x:JFa(ws x) protype w:Igy:KFEB(w s y) protype

w:lgx:Jsy:Kla:awsgx)se:awix)by,rBwey are: B(wiy)

The semantics of the right extension protype b is given by the right extension in VDCs. The
constructor » is interpreted using the cell @) g above. To illustrate the semantics of the right
extension protype, we give the interpretations of the right extension protype in the VDCs Prof and
Rel.

[oe(w 5 ) b B(w 3 y)] = /Wem Lo (W, -, [B1(W, )] : [J] > [K] in Prof

[a(w § x)bw.r B(w 5 y)] = {(z,y) | vw € [I]. ([e](w, z) = [B](w,y)) } - [J] == [K] in Rel

Here, [X, Y] is the function set from X to Y.

Comprehension type {-[} for the tabulators. The last one is not a protype but a type
constructor. First, we note that the definition of tabulators Definition 2.5.6 is directly generalizable
to virtual double categories, where we interpret the triangle cells in the definition as cells with nullary
inputs.

Corresponding to the tabulators in virtual double categories, we introduce the comprehension
type {-[} to FVDbITT. The formation rule for the comprehension type is the following;:

x:I¢§y:JF aprotype
{laf; type

This comes equipped with the constructor

x:I%y:JF o protype
w:{la} - I(w): I w: {la} Fr(w):J w: {laf} |F tab{‘aﬂ(w) call(w)/x s r(w)/y]

The comprehension type {|-[} is interpreted as the tabulators in the VDCs. In the VDC Prof,
the tabulator of a profunctor P: C —» D is given by two-sided Grothendieck construction, which
results in a two-sided discrete fibration from C to D. A frequently used example of this construction
is the comma category for a pair of functors F': C — £ and G: D — & as the tabulator of the profunctor
E(F(—),G(—)), see [LR20] for more details. The VDC Rel has the tabulators if we ground the double
category to an axiomatic system of set theory with the comprehension axiom, as the tabulator of a
relation R: A — B is given by the set of all the pairs (a, b) such that R(a,b) holds.

In the presence of the unit protype —», we should add some rules concerning the compatibility
between the comprehension type and the path protype. This is because, in many examples of double
categories, the tabulators have not only the universal property as in Definition 2.5.6 but also respect
the units, although the original universal property of the tabulators is enough to detect the tabulators
in a double category. This issue is thoroughly discussed in [GP99]. Here, we give a slightly generalized
version of the tabulators in virtual double categories with units.

Definition 3.3.2 (2-dimensional universal property of tabulators). In a virtual double category with
units, a unital tabulator {a} of a loose arrow a: I — J is a tabulator of « in the sense of Defini-
tion 2.5.6, which also satisfies the following universal property. Suppose we are given any pair of cones
(X, h,k,v) and (X', 1/, k', V") over o and a pair of cells ¢, 9 such that the following equality holds.

X 1o x x T x

nloowl SN R A

I —— T 3T T 15T ——J
Ur a Y if

I 2l I I 2l I

I : J I : J

a o
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Then, there exists a unique cell ¢ for which the following equalities hold.

X -l X/ X -t X/
wl ool x J, X w0l x D x
laf oot Tnl o v o Hah o {al TRl g
lal U, A I — 1 Ta | U, |ra J 5 J
1 I J J
Ur UJ

|

This universal property determines what the unit on the apex of the tabulator should be. Subsec-
tion 3.3.2 will present the corresponding rules for the comprehension type {-[} in FVDbITT with the
unit protype —».

Remark 3.3.3 (Substitution into the additional constructor). There are options how we define substi-
tution for the additional constructors. For example, we may define the substitution for the composition
protype as follows.

(O‘Qy:J ﬁ)[S/X 5 t/z] = a[s/x 9 )//Y] ©y:JIB[Y/y 9 t/Z]

This seems reasonable for our use in formal category theory, but this equality is not always satisfied
in a general PL-composable FVDC unless it is actually a virtual equipment. Instead, we may extend
the introduction rule for the composition protype so that the substituted composition protypes are
directly introduced.

w:lg§x:JFa(w s x) protype x:Jsy:KEB(x 3§ y) protype Nes:1I Abt: K
s Ak (aOxy B)[s/w § t/y] : protype

Then, the substitution for the composition protype is obvious. Indeed we take the latter approach for
the path protype.

Therefore, it depends on the purpose of the type theory how we define the substitution for the
additional constructors, and we do not specify it in this paper because our main focus is the syntax-
semantics duality for the very basic type theory. a

Predicate logic.

When we work with the type theory FVDbITT for the purpose of reasoning about predicate
logic, we consider types, terms, protypes, and proterms to represent sets, functions, predicates (or
propositions), and proofs, respectively. However, the type theory FVDbITT, as it is, treats the
protypes in a context I § A and those in a context A § I as different things. In this sense, the type
theory FVDDITT as predicate logic has directionality. If one wants to develop a logic without a
direction, one can simply add the following rules to the type theory.

I 3 AF o protype lo - shml|lar:ar-an:anktpu:p losg---sml|lar:ar-an:oanbp:p

A 5 I+ a® protype Fms--slolan:ap---a1:af b p’:p° log-sMmlar:ar-an:apnt-u°=p:p

These rules are the counterparts of the structure of involution in VDCs.

This perspective is better understood with the Bil-construction in Chapter 2. This operation
sending a cartesian fibration to a CFVDC corresponds to translating predicate logic with proofs as
an internal logic of cartesian fibrations Remark 2.2.4 in terms of the type theory FVDDbITT. More
precisely, there is a comparison virtual double functor from the Bil of the syntactic cartesian fibration
to the syntactic VDC in Section 3.5. This seems to be the 1-cell into the syntactic VDC from its
“cofree Frobenius CFVDC?” in the 2-category of CEFVDCs, although we do not have a formal proof
of this statement and leave it as a conjecture.

If one also wants to make the type theory FVDbITT proof irrelevant, one can reformulate protype
isomorphism judgment as equality judgments of protypes and add the rule stating that all the proterms
are equal. It is the counterpart of the flatness [GP99] or local preorderedness [HN23] of VDCs.

3.3.2. The derivation rules for the additional constructors. In Section 3.3, we explain
some additional constructors of FVDDbITT that are meaningful both in the contexts of formal category
theory and predicate logic. In this section, we provide all the derivation rules of the constructs.
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Unit protype.

I type r=s:1I Art: I I type
—+-FORM —+-INTRO

I s Ak s-»1t protype x:I| Frefl(x): x-»rx

I3Z:K|AW §x)§B(x52)Fu:y(wo § z

wo :Jo § Zm : Km = v(wo § zm) protype W : J g
w:J P $ By §2) Findoy{p} s v(wo § zm)

X) $E(x3?) Fu:y(wo § zm)
ind—o{p}) [x/y] frefli(x)/pt = p : v(wo 3

= — —+-Compf
w:Jsgx:Isz: K

| o
2
%\
=
wl|
ey

X

o

N|
N
T | wo
N

m

g

Jsx:Isy:IsZz:K|AWSx)sp:x=»1ysBlys2)Fv:qy(wo 3§ zm)

w:

Jsx:Igy:Ig E:?|Z(W $X)§piXPIY $ E(y $ Z) Findo {vx/y] trefli(x)/pt} = v : y(wo § zm)

Unit protype meets product type.

I type J type
T yP yp

5oFexc, ()= ()

X m
— — —-ELIV
CXHIY $

86

1

—+-COMP7

11
4|

x:Ly:Jsx Ly :Jbhexcan: (,y)»1xs (X, y) 2 x=1x ANy-=»,y

I type J type
x:Ly:Jsx Ly :J|a:{x,y)»ixs{X,y') F excos a{a} = indu,, {(refli(x), refl;(y))} : x 21X Ay =,y

x:Iy:J| (refly(x),refl;(y)) : x»1x Ny-=»4y
where x:Iy:Jsx Ly :J|a:(x,y)»rxs (X' y') Findap, {(reflr(x), refl;(y))} : x»1x" Ay—»4y’

Composition protype.

w:Ig¢x:JFalw s x) protype x:Jgy:KHEB(x 3§ y) protype
wilsy:KFa(wsx) O B(x 3 y) protype

®-ForMm

w:Ig§x:JFa(w s x) protype x:Jgy:KHFB(x§y) protype
w:lgx:Jsy:Klatawix)sb:B(xsy)Fa®b:a(w § x)Oxy B(x$y)

®-INTRO

Z:L|C(vsw)sa:awi;x)sb:B(x5y) Dy s2)Fu:v(vo 3 zm)
§

— — — ©-ELm
v: p:a(w s x)OxyB(xsy)s Dy s2)Findeo, g{r}:v(vo § zm)
ViHsw:Igx:J3y:K3Z:L|C(viw)sa(ws;x) sB(x5y) 5Dy s2)Fp:v(v032zm)
— — ©®-CowmpPpS
ViHsw:Isx:Jsy:Kgz:L|C(vew)sa:awgx)sb:B(xsy): (ygz)

F (indog, s {u}) ta® b/pt = ¥(v0 § zm)

W:I3y:K3?:Z|E(V§W)gp:a(ng)QX:Jﬁ(xgy)gb(ysf)l—l/:'y(vogzm)

v

3
tHsw:I5y:K3Z:L|C(Vsw)sp:a(wsx)OxyB(xsy)sD(ys2) Finde, {(vta®b/ph)}=v:v(vw §zm)

Composition protype meets product type.

y:Jsz:KEB(y s z) protype u:Lgv:ME~(us v) protype viMgw:NES§(v s

o-T
H -Fexc@—r : T®(> TET

x:I5y:JFa(xsy) protype

v § w) protype 5
x:Lu:Lgz:K,w:NEexcon:(alxsy)Av(usv))Oy,vyuxm (B §2) Ad(v s w))
)

~

= (alx5¥) Oy Bly 32) A(Y(U3 V) Oum 8(v 5 w)

x:Is3y:JFa(xsy) protype

y:Jsz:KFB(y s z) protype u:lg v.MF'y(ugv)protype v:Mgw:NES§(v§ w) protype

=N\

®-CompPn

x:Iu:

Lyz:K,w:N|e:(alxsy)Ay(usv)Op,vyuxm By §2) Ad(v 5 w))

F exconfe} = indog, grs {(mofa} @ mofbY, mi{a} @ m{b})} : (al(x 3 ¥) Oyt By 5 2)) A (VU 5 V) Ouit 6(v 5 )

where

x:ITsu:Lsy:Jgv:Msz:Ksw:N|a:a(xsy)Aqy(ugv)sb:B(ysz)Ad(vsw)
F (mofa} @ mo{b}, mi{a} © mi{b}) : (a(x 5 ¥) Oy Bly 5 2)) A(Y(U 5 V) Ouem (v 5 W)

x:Iguilgz:Kgw:N|e:(alx3y)Av(usv))Ou,vyuxm By §2) AS(v § w))
Findogy srs {(mo{a} @ mo{b}, mi{a} @ mi{b})} 1 (alx 3 ) ©ys Bly § 2)) A (¥(u 3 V) Ouen 8(v § w))
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Filler protype.

w:Igx:JF alw s x) protype w:Igy:KFEB(w s y) protype
x:J gy KFa(w§ x)bw.r B(w § y) protype

>-FORM

la:a(wsx) s C(x5y)Fp:B(ws ym)
X:JS?:Z|E(X;?)Findba'ﬁ{u}:a(w3X)>W;15(W3ym)

>-INTRO

w:Ig¢x:JFa(w g x) protype w:Igy:KFEB(w s y) protype

>-ELIM
w:lgx:Jsy:Kla:awix)se:alwsx)bprBwsy)kare:B(wgy)
wilgx:Jsy:Lla:awix)sC(xsy)bp:B(w s ym)
E—— = — - >-CompS
w:lgx:Jsy:L|la:awix)§C(xgy)tar (lndba)ﬁ{,u})zp.:ﬁ(wsym)
x:Js3y:L|Cx3y)Fv:awsx)buwrBW 3 ym)
— = = — >-COoMPn)
x:Jgy:L|C(xsy)Finds, g{arv}=v:B(w § ym)
y:Jsz:KFa(y § z) protype x:I5z:KFB(x§ z) protype
<-Form
x:Igy:JFB(x§ z) <k aly § z) protype
X:Jsy:Jsz:K|C(X5y)sa:alysz)Fu:B(x;2)
— — - <-INTRO
x:Jgy:J|C(xgy)tinda, g{u}:B(x§ 2) 4k aly § 2)
x:Is3y:JF B(x ¢ z) protype y:Jsz:KFa(y ¢ z) protype E
<-ELIM
x:Igy:Jsz:Kla:B(x32z)se:B(x5z)kalysz)Fae:a(ysz)
x:Isy:J3z:L|a:B(x32)3C(x32)Fu:alyszm)
— — — - <-Compp
X:I3y:J32:L|a:B(X32)$C(xsz)|—a<(lndqa‘ﬁ{u})zu:a(y°

9 Zm

y:Js5z:L|
y:Jsz:L|C

Cly s2)Fv:B(x s z) <k aly § 2)
<-Cowmpn
y

(y 32)Findq, g {a<v} =v:aly § zm)

Filler protype meets product type.

>-T

1R

cse|exeqe T TR T ET
x:I3y:JFa(xsy) protype
x:I5z:KFE B(x 3§ z) protype u:Lgv:MFEvy(ug v) protype u:Lgw:NF&(vs§ w) protype A
>
y:JviMsgz:K,w:NEexcoa:(al(xsy)bwerB(x§z)A(y(u§ v)byrd(vgw))
(a(x 5 y) Ay(u g v)) xrur (B(x 3 2) AS(v 3 w))

[l

x:I3y:JFa(xsy) protype
x:I§z:KFEB(x ¢ z) protype u:Lgv:MEy(us v) protype u:Lgw:NF&(v§ w) protype
>-A-CANON
yidiviMsz:Kw:N|e:(a(x3§y)bxrB(x3§2)A(v(us v)bu (v w))
Fexco n{e} = inds, 1, gas 1{mo{a} > mo(e), mi{a}»mi(e))} i (a(x § y) Ay(u § v)) bxeruer (B(x §2) AS(v 5 w))

x:Lu:Ly:JyviMz:K,w:N|a:(a(xsy)Ay(usv))se:(alxsy)berB(xsz)A(y(us§ v)pyd(viw))
F (mo{a}»mo(e), mi{a}>mi(e)) : (B(x 3 2) NS(v § w))
y:diviMsz:K,w:N|e:(a(x3y)berB(x§2z)Ay(us v)byrd(viw))
 inds ) gns {(Mo{a} » To(e), 1 {2k M1 (€D} : (ax § ¥) A(H 5 V) Bt (BOx § 2) AS(Y § w))

where

<T
cs ok excq T TAT=T

x:I5z:KFa(xj§z) protype
y:Jsz:KFB(y s z) protype u:Lgw:NF~v(ug w) protype viMgw:NFES§(v
XZI,UZL3}’1J,V1MF€XC<1,Ai(a(X$Z)<1z:Kﬁ(}’32))/\(’Y(U3W)<1w:N5(V3
(a(x 3 2) Av(u 3 W) <zik,win (B(y 3 2) AS(v § w))

§ w) protype
§ w) protyp “n
w))

1R
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x:I§z:KFE a(x g z) protype
y:Jsz:KFB(y s z) protype u:Lgw:NF~v(ug§ w) protype viMsw:NES§(v§ w) protype
X:LU:L sy:J,v:M|e:(a(x;z)qZ:Kﬁ(y 5 Z))/\(’Y(U 5 W)qw:Né(V 3 W))
Fexcq,n{e} = indag ., gas 1{mo{a} «mo(e), mi{a} «mi(e))} : (a(x 3 2) Av(u 3 W) <zik,win (B(y § 2) AS(v § w))

<-A-CANON

x:Lu:Lsy:Jyv:iMz:K,w:N|a:(a(xgz)Avy(ugw))se: (a(xs2z)dax By sz)A(y(us w)<dy.nd(v i w))
F (mo{a} «mo(e), mi{a} «mi(e)) : (Bly 3 2) Ad(v § w))
x:Lu:Lgy:JyviM|e: (a(x32)<ukB(y 3 2) A (usw)dwnd(v s w))
where - inddam,,,sms {('"0{3}‘71'0(9)771'1{3}<7"1(e)>} Halx g 2) Ay(u s w)) K, w:N (Bly 3 2) No(v 5 w))

Comprehension type.

x:I§y:JF o protype x:I¢§y:JF o protype x:I§y:JF o protype
Y proyp {I}-Form Y proyp {}-ELiM-£ Y proyp {}-ELiM-r
{lef} type w:{laf}Fl(w): I w:{left b r(w):J

x:I%y:JF a protype
w:{laf} |k tabyap{w} : all(w)/x 5 r(w)/y]

{|}-ELIM-CELL

x:I3y:JF aprotype Me=s:1I re=t:J rkFv:als/xgt/y

- {[}-INTRO
r+ |nd{H}(s, t,v) : {laf}
M=s:1I ret:J rkEv: st Nes:1I ret:J rkFv: 5t
s _ Fyelsis ) o s _ vls/xs ) o
r=l(indgp (s, t,v) =s:1 r=r(indgy (s, t,v))=t:J
x:1I3§y:JF o protype Fe=s:1I r=t:J FkEv:als/xst/y]
1l}-Con-g

rr= tab{‘a‘}{lnd{u} (S, t, U)} =v: OL[S/X H t/y]

x:I8y:JF a protype
w: {‘Ot[} = ind{‘ ‘}(/(W)7 r(w)7tab{‘a‘}{w} =w: {‘Ot|}

Comprehension type meets unit protype.

{l}-Comp-n

loksg: 1 FTrts I lobkty:J Tty J x:1I,y: JF a(x,y) protype
I—0|!—;1,0:a(503t0) Fm\l—ulza(slgtl) I—‘BFI.:SO‘HISl /—|B}—j:t0ﬁ‘%_]l’1 I—|B|_i|I|[L1£[1,0|I|j

= , — . . {{}-Erma
| B indgp (i, j, ko, p1) = indgp (0, to, 10) =+ gafy ind g (s1, t1, 01)
x:Isy:J|la:a(xsy)Fa:alx'sy)
x:Isx':Igy:J|p:x=»rx §a:alxsy)rind.{a}:a(xsy) Moksy:I It 1 T Fti:d
F|p:so+1751 saa(s §t1)Finda{a}[si/x" § t1/y]: o(so § t1)
I—|B|—I':$0+>151 I—m|}—[1,1:0t(51§t1)
where T|BFimu =ind.{a}[s1/x" s t1/y]ti/p:so»rs1 § ma/a: (s 3 t1)}:a(so § t1)

and similarly for po & .

lotso: 1 Fmbs: I I'oktozi T Ety 2 J xf;I,y:JFa(x,y)prot@e Io |F o :afso/x § to/y]
M |Fp1cofsi/x § t1/y] I Bti:sp»rs: N BEj:to» t1 FMNBEiBu: =podyj

= - — ; {|}-Comp
| B & app(indgpy(i,j, ko, k1)) =i : so»151
Motso:I Fmbsi:I Mokty:Jd ot J x:Iy:JF a(x,y) protype Fo |- po = afso/x § to/y]
Mo |Fpaafsi/x § ti/y] FBEi:sp-»1s1 FrBrFj:to»,t M BFiGwp, =podj
{I[}-Comp

T | B+ app,(indgp (i,j, wo, 1)) =j : to»yt1

Concerning the filler protype, we have the following supporting observation.

Proposition 3.3.4. Let FVDDbl, be the locally-full sub-2-category of FVDbl spanned by the FVDCs
with right extensions and functors preserving right extensions. A VDC X in FVDDbl, is cartesian in
this 2-category if and only if

(i) X is a cartesian FVDC,

(if) T1,1>T11 = Ty, canonically in X(1,1), and
(iii) for any quadruples of loose arrows

IO jlﬁ Il 12 and J(] L J1 J2
\/ \_'_/

2 B2
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in X, we have
(1> ag) X (B1>B2) = (a1 X B1) > (a2 X B2)
canonically in X(I; x Jy, Iz X Jo).

3.4. Examples of calculus

This section exemplifies how one can reason about category theory and logic formally in the type
theory FVDDbITT.

Example 3.4.1 ((co)Yoneda Lemma). One of the most fundamental results in category theory is the
Yoneda Lemma, and it has a variety of presentations in the literature. Here we present one called the
Yoneda Lemma [Lor21, Proposition 2.2.1]: given a category C and a functor F': C°P — Set, we have
the canonical isomorphism

P /XGC[C(X, ), FX].

This follows from the categorical fact that Prof is an FVDC with the structures listed above. Indeed,
in the type theory FVDDbITT with the path protype —-» and the filler protype >, one can deduce the
following;:
y: I3 -FYoneda: (x-»1y) by a(x) =
Similarly, we have
y:Ig-F CoYoneda: (y—»1x) Oxr a(x)

which expresses the coYoneda Lemma:
XeC
/ C(—,X)x FX=F.

In short, all the theorems in category theory that can be proven using this type theory fall into
corollaries of the theorem that IProf is a CEFVDC with the structures corresponding to the constructors.
Other examples include the unit laws and the associativity of the composition of profunctors or the
iteration of extensions and lifts of profunctors.
Turning to the aspect of predicate logic, we can interpret the protype isomorphisms as the following

logical equivalences.

ply) = Vel (z=y)=p)

ply) = Fwel (z=y) o)

|
Example 3.4.2 (Isomorphism of functors). A natural transformation £: F' — G between two functors
F,G: C — D is given by a family of arrows {x: F'X — GX satisfying some naturality conditions. In
the type theory FVDDITT with the path protype —, this natural transformation can be represented
by a proterm x : I |- &(x) : f(x)»1g(x). Here, the naturality condition automatically holds because
we describe it as a proterm. The isomorphism of functors can be expressed using this notion, but an
alternative way is to use the protype isomorphism.

Lemma 3.4.3. Given two terms, f(x) and g(x), in the same context, the following are equivalent.
(i) There are proterms §(x) : f(x) »1g(x) and n(x) : g(x) -7 f(x) such that {(x) & n(x) = reflg(,
and n(x) B &(x) = refly(,).
(ii) There is a protype isomorphism Z : y -, f(x)

~

y+18(x).
Here, [ is a tailored constructor defined as follows.

y:dsy :Jdsy":J| ary»yy sb:iy =,y Fambi=ind, (a):y»,y".

PROOF. First, suppose (i) holds. We define a proterm ¢ by the following;:
x:I|F&:f(x)»,g(x)
yidsy iJsy"Jlaiy»yy by »yy'Fambiy-»,y”
y:idgx:Igx' :Ilary-»,f(x)sb:f(x)=»,g(x)Fambly/y s f(x)/y sex)/y"]:y=»,8(x)
y:dgx:Ilary»,f(x)-¢(a):y»s8(x)
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Therefore, we have {(a), and in the same way, we can define a proterm b : y = g(x) - {'(b) : y »,f(x),
which is the inverse of ¢ by simple reasoning.

Next, suppose (ii) holds. Let a : y =, f(x) F {(a) : y -, g(x) be the proterm witnessing the
isomorphism. By substituting f(x) for y and the refl for a, we obtain a proterm &(x) : f(x) = g(x).
In the same way, we can define a proterm n(x) : g(x) -, f(x), for which the two desired equalities
hold. 3

We therefore use the equalities y - f(x) and y -, g(x) when f and g are already proven to be
isomorphic. J

Example 3.4.4 (Adjunction). In a virtual double category, the companion and conjoint of a
tight arrow f: A — B is defined as the loose arrows f.: A —» B and f*: B — A equipped with cells
satisfying some equations of cells [GP04, CS10]. In a virtual equipment, it is known that the
companion and conjoint of a tight arrow f: A — B are the restrictions of the units on B along the
pairs of tight arrows (f,idg) and (idp, f), respectively. These notions are the formalization of the
representable profunctors in the virtual double categories. Therefore, the companions and conjoints of
a term t(x) in the type theory FVDbITT should be defined as t(x) -1y and y -1 t(x), respectively.

The adjunction between two functors is described in terms of representable profunctors, which
motivates the following definition of the adjunction in the type theory FVDDbITT. Remember a functor
F: C — D is left adjoint to a functor G: D — C if there is a natural isomorphism between the hom-sets

D(F—,e) 2 C(—,Ge).

In the type theory FVDDbITT, a term t(x) is announced to be a left adjoint to a term u(y) if the
following equality holds:
x:Isy:JEt(x)»,y =x-=»ru(y).

_l

Example 3.4.5 (Kan extension). In [Kel05], the (pointwise) left Kan extension LangF' of a func-
tor F': C — D along a functor G: C — £ is defined as a functor H: D — £ equipped with a natural

transformation
c—r .p
7
NV
£

with the following canonical natural transformation being an isomorphism:
D(HE,D) > C(£(G—,E),D(F—,D)) naturally in D € D,E € £.
A protype isomorphism corresponding to this isomorphism is given by the following.
z:Ksgy:JbELeftKan: h(z)»,y Z (g(x)»kz)bxr (F(x)»,y)
We will demonstrate how proofs in category theory can be done in the type theory FVDDbITT.

Proposition 3.4.6 ([Kel05, Theorem 4.47]). Lang/LangF = Lang/ oo F hold for any functors F': C — D,
G:C— €&, and G': £ — F if the Kan extensions exist.

C F D

-
Ck‘ ll /LangF
€ \, U Lang/ Lang F=Lang/ o F
G/

g/

|

PRrROOF. We associate F, G, G, Lang F, Lang Lang F, Lang/ o F with the terms f(x), g(x), g'(z), h(z), W (Z'),
and h”(z'). We will have the desired protype isomorphism judgment by composing the protype iso-
morphisms in the following order.

2K sy J|W(Z)»,y
(g/(Z) K’ Z/) D2k (h(Z) _HJ_y) (LeftKan)
(g’(z) K’ Z/) b2k ((g(X)#k 2) Pxr (F(X)=5y)) ( (g’(z) # K Z/) >,k LeftKan)

[ 1R
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= ((g(X) K Z) Ok (g/(z) K’ Z/)) Dx:I (f(X) _"')Jy) (FLIbInI)
= (g'(g(x))»k 2 ) brr (F(x)#4y) (CoYonedaby.r (f(x)=,y))
= W (Z)»ry (LeftKan™1)

Here, the protype isomorphism Fubini is given as (Fubiniy, Fubiniz), where Fubini; and Fubinis are the
proterms derived as follows.
xo:logxi:h §xe:la ixs:Is|atasb:Bsc:Brgn (Abxr,y)Favr(brc):y
xXo:lo ixe:la 3x3: I3 |d:ioOxn B8 B (Aby,¥)F_ 1
xo:Io §x3: I3 | c: By (@1, ) F Fubiniy @ (& Oxgiry B) Bxoilo Y

xo:Iopsxi:h sxo:I|a:asb:BFa®b:a®,.r B
Xo:do e xa:la e x3:I3|d:0o@x B e (a@x.n B)bx:l, Y- dre:y
xo:logxi I ixe:lixs:Is|a:asb:Bse: (a®xqn B)bxI, YE _ 17
xi:Ii §xe:lo ixs: Iz | b:Bse: (aOxn B)Prxly Yt DyyDy Y
xo:Ip §x3: Iz | € (aOxry B) Bxoely ¥ F Fubinia : By .1, (b1, 7Y)

3.5. A syntax-semantics adjunction for FVDbITT

Stating that a type theory is the internal language of a categorical structure always comes with
the notion of a syntax-semantics adjunction. We set out to construct the term model of FVDbITT
by following the standard procedure of categorical logic.

3.5.1. Syntactic presentation of virtual double categories. Now, we turn to the definition
of a specification for a signature in the type theory.

Definition 3.5.1. Let @: X — Y’ be a morphism of signatures, and J be a judgment in the type
theory based on . We write J? for the judgment in (X, E) defined by replacing each symbol in .J
with its image under @. J? is called the translation of J via . J

Definition 3.5.2. A specification E for a signature Y is a pair (E'™ EP'™) where

e E'™ is a class of pair of terms of the same type that are well-formed in X,
e EP'™ js a class of proterm equality judgments that are well-formed in X and E'™.

When we say (X, E) is a specification, we mean that X is a signature and E is a specification for X
A morphism of specifications ¢: (X, E) — (X', E') is a morphism of signatures @: X — X’ by
which every judgment in E is translated to a judgment that is derivable from E’. 2

Definition 3.5.3 (Validity of equality judgments). We define the validity of equality judgments in a
CFVDC as follows.

e A term equality judgment t = t’ is valid in a Y-structure M in a CFVDC D if [t]a and [t/
are equal as tight arrows in D.

e A proterm equality judgment p = u’ is valid in a Y-structure M in a CFVDC D if [u]ar and
[/ ]am are equal as cells in D.

_l

With the definition of validity, one can canonically associate a specification Epp to a CEVDC D,
which exhaustively contains the information of ID.

Definition 3.5.4. The associated specification Sp(D) of a CEVDC D is the specification (Xp, Ep)
with Y¥'p as above, Eff" (resp. E]']Djtm) the set of all the valid equality judgments for terms (resp.
proterms) in the canonical structure in D. a4
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3.5.2. Constructing the adjunction. We will construct a biadjunction between the 2-category
of virtual double categories and the 2-category of specifications in FVDbITT.

The first goal is to construct a 1-adjunction between the category of specifications and the category
of split CFVDCs and morphisms between them.

Definition 3.5.5. For a specification (¥, E), the syntactic virtual double category (or classifying
virtual double category) $(X, E) is the virtual double category whose

e objects are contexts [ ctx in X,

e tight arrows T — A = (y; : J1,...,yn : Jn) are equivalence classes of sequences of terms (or, term
substitutions) ' F s; : Ji,...,s, : J, (or substitutions) modulo equality judgments derivable from
(2? E)’

e loose arrows [ —— A are protypes [ § A « protype in X' modulo equality judgments derivable
from (X, E),

e cells of form

Mo —*+— ... AL LR
(351) SOJ, 22 J,51
A 5 Ay

are equivalence classes of proterms
T| aiarg ... an:anl_/-l':ﬁ[SO/AO 9 Sn/An]

modulo equality judgments derivable from (X, E). It makes no difference which representatives
we choose for the equivalence classes of terms S;’s and protypes a;’s because of the replacement
axioms, and the congruence problem does not arise because the equality judgments for protypes
are limited to those coming from the equality judgments for terms by the replacement axiom.

_J

Proposition 3.5.6. The syntactic VDC $(X, E) for a specification (X, E) has a structure of a split
CFVDC. 3

PROOF. The tight structure is given as usual in algebraic theories. The composite of the following

cells
an

/_1,0 ””” Fom rl,nl ””” e K (R
SO\L H1 SI\L Hn lSn
AO él Al En An
Tol 1% lTl
©o % ©1

is given as
Fars .5, bv[Si/Al{ur s ... 5wt :¥[To/O0 § T1/O1][So/ Ao § Sn/An]-

The associativity and unit laws follow from Lemma 3.2.3.
The chosen restrictions are given by the term substitution into protypes. It is straightforward to
check that the canonical cell

a[So/ Ao §S1/A1]
I_O —_— ,_1
Sol rest ls, givenby To3i|a:aSo/Ags Si/Ai]Fa:alSy/A s S1/A]
AO ﬂ% Al
exhibits a[Sp/Ag § S1/A1] as a restriction of a loose arrow a along Sy and S; as tight arrows.
The chosen terminals and binary products are given by the constructors T and A, whose universal

properties can be confirmed by the computation rules for them. By Lemma 3.2.3; the choice gives a
split CFVDC. O

The functoriality is easy to check.

Lemma 3.5.7. For any morphism of specifications @: (¥, E) — (2',E’), the translation (—)? by &
defines a morphism $(®): $(X, E) — $(X’, E'). This defines a (1-)functor $: Speci — FVDbISPlit

cart *
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_l

Theorem 3.5.8. The assignment that sends a CFVDC D to the associated specification (Xp, Ep)

extends to a functor Sp: FVDbIEPEE _, Speci which is a right adjoint to $. The counit components

of the adjunction ep: $(Sp(D)) — D are an equivalence as a 1-cell in FVDbl .. J

PrROOF. We construct a virtual double functor ep: $(Sp(D)) — D. We have the canonical X'p-
structure in D. In the way we showed in Subsection 3.2.2, we can interpret all the items in Sp(D) in
D. Now, we show that this defines a virtual double functor from 3(Xp, Ep) to D. The actions on the
objects, tight arrows, and loose arrows are straightforward using Definition 3.2.5. A cell of $(Xp, Ep)
of the form (3.5.1) is interpreted as the composite of the cartesian cell on the left and the cell [u] on
the right, which is inductively defined in Definition 3.2.5.

[B[So/A0 ¢ S1/A4]]
[ro] —— [1i] [ro] —4s el 1
[Soll rest s I Tul I
[Ao] i [Aq] [ro] 51507297 517201 [7]

These assignments are independent of the choice of terms and proterms since in $(Xp,Ep), we
take equivalence classes with respect to the equality judgments belonging to Ep. Proving that this

. . split . . . . . . ..
defines a morphism in FVDDbIZ V" is a routine verification. For instance, it sends a chosen restriction

al[So/Ap § S1/A1] of a along Sp and S; to [a[So/Ap § S1/A1]], which is the same as [a][[So] § [Si]]
by Lemma 3.2.7.

We show that ep is an equivalence as a virtual double functor. The surjectiveness part directly
follows from the construction. The proofs of the fully-faithfulness on tight arrows and cells are parallel:
if two terms or proterms in Sp(ID) are interpreted as the same term or proterm in D, then this equality
is reflected in the equality judgments in Ep, and hence the terms or proterms are already derivably
equal in Sp(ID).

Now, we show that ep is a terminal object in the comma category $ | ID. Suppose we are given
a morphism F: $(X,E) -» D. If F: (X,E) — Sp(D) satisfies e, o $(F) = F, then it satisfies the
following:

e x : F(0) is interpreted as F(x : ) in D for each category symbol o,
e (F(f))(x) is interpreted as F(f(x)) in D for each function symbol f,
. (ﬁ(p))(x s y) is interpreted as F'(p(x ¢ y)) in D for each profunctor symbol p, and

o (F(k))(X){a;} is interpreted as F(k(x){a;}) in D for each proterm symbol k.

However, ep is injective on primitive contexts and procontexts, and also is injective on the terms and

proterms by the fully-faithfulness. Hence, F' is uniquely determined for F' by the above conditions:
F(o)="F(x:0)7, F(f)="F(f(x))", F(p)="F(p(x,y))", F(k)="F(x(x){a})"

Conversely, the assignment F' defined by the above gives a morphism F': (X,E) - Sp(D). The well-
definedness of F' depends on the fact that a equality judgment in E induces an equality in (X E),

which is sent to an equality in D by F. It also satisfies the equation ep o ES(ﬁ) = F', which is
confirmed by induction on the structure of the judgments in (X, E). Therefore, ep has the desired

universal property. O

Remark 3.5.9. Owing to the splitness lemma Lemma 3.2.8, this adjunction achieves the desired
syntax-semantics duality without loss of generality. It would be more precise to say that this 1-
adjunction combines with the biequivalence between the 2-category of split CFVDCs and the 2-
category of (cloven) CFVDCs to form a biadjunction. J

3.5.3. Specifications with protype isomorphisms. We can extend the biadjunction to the
type theory with protype isomorphisms. First, we introduce a notion of specification with protype
isomorphisms. We use the term “multi-class” to mean a class X with multiplicities (M ),ex, where
M, is a class. One can think of a multi-class as a (class-large) family of classes.

Definition 3.5.10. By a multi-class (M),, we mean a class X with multiplicities (My),ex, where
M, is a class. A multi-class of isomorphism symbols for a signature X is a multi-class Pl,,
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indexed by pairs of profunctor symbols (p,w) of the same two-sided arity in . We call the elements
of Pl,,, isomorphism symbols. J

Definition 3.5.11. A specification with protype isomorphisms (X, PI, E) consists of

e a signature X/,
e PI, a multi-class of isomorphism symbols for ', and
e a pair (E'™, EP'™) as in Definition 3.5.2, but the derivation of proterms can refer to the following
rule.
me Pl

x:03y:THEAn:pxsy) 2 wlxsy)
A morphism of specifications with protype isomorphisms ¢: (X,P1,E) — (X', PI',E’) con-

o~

sists of a morphism of signatures #: ¥ — ¥’ and a multi-class function &: Pl,., — PI;S( 0),B(w)
patible with the index function of PI defined by @ such that every judgment in E is translated to a
judgment that is derivable from E’ by (&, dv5)

We write Speci% for the 2-category of specifications with protype isomorphisms and morphisms
between them. J

com-

We will construct a functor Ufd: Speci% — Speci which has a partial right adjoint. Since the
right adjoint is defined on the image of Sp, we will obtain an adjunction between the category of
specifications with protype isomorphisms and the category of split CEVDCs in the end.

Definition 3.5.12. We define a specification (without protype isomorphisms) Ufd(X, PI,E) for a
specification with protype isomorphisms (X, PI, E) as follows.

e the signature consists of data in Y plus additional transformation symbols ¢,,: p = w and
Ym: w = p for each element m € PI,,,

e the equality judgments consist of the original equality judgments in E with all occurrences of
protype isomorphisms inductively replaced by the corresponding proterms as shown in Figure 10,
plus the following additional equality judgments:

(352) x:o5y:7|a:ptyYp{om{al}=a:p and x:05y:7|b:wk eu{¢¥n{b}}=b:w

for each m € PI,,,.

ido{a} ~ a (w,v){a} ~ p{a}

id,*{a} ~ a (w,v)~*{a} ~ v{a}
(20T){a} ~ 2{T{a}} Amfa} ~ omia}
(2oT)*{a} ~ TH{2*{a}} Ayi{a} ~ Ym{a}

FIGURE 10. Translation of protype isomorphisms

Lemma 3.5.13. The assignment (X, PI,E) — Ufd(X, PI, E) induces a functor Ufd: Speci= — Speci.

|

PROOF SKETCH. For a morphism of specifications @: (X, E) — (X', E’), the assignment Ufd(®)
sends the transformation symbols ¢, and ¥y, t0 @p(y,) and Pg(y,). The equality judgments (3.5.2)
are translated into the equality judgments of the same form and hence derivable from Ufd(X’, E’). O

The functor does not have a right adjoint globally but a partial one.

Definition 3.5.14. A specification (X, E) is unary-cell-saturated if, for any proterm judgment

x:03y:T|a:pk Y¥:wderivable from E where o, T, p, w belongs to the signature X, there uniquely

exists a transformation symbol ky: p = w in X such that the equality judgment
x:o03y:Tla:pkry(xsy{a}=9%:w

is derivable from E. Let Speci,,, be the full subcategory of Speci whose objects are unary-cell-
saturated crude specifications. J
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It is easy to see that the associated specification (X'p, Ep) of a CFVDC D is unary-cell-saturated.
A specification being saturated means that the symbols in the signature constitute a virtual double
category that is equivalent to the syntactic VDC of the specification.

114

Proposition 3.5.15. The functor Ufd: Speci= — Speci has a relative right coadjoint Fd over the

inclusion J: Speci,,, — Speci.
~ Ufd
Speci= %U Speci
=
Fd ]J

SpeCISat

The components of the counit v(pp): Ufd(Fd(P,D)) — (P,D) are sent to the equivalence by 3. 3

Here, the relative right coadjoint means that there is a natural isomorphism
Speci(Ufd(—), J(x)) = Speci= (—, Fd(x))
induced by the v.

PROOF. For a unary-cell-saturated crude specification (P, D), a specification Fd(P, D) consists of
the same signature P, the multi-class D= defined from D by setting Diw to be the class of the pairs
(9,¢) of transformation symbols in D

Y:p=>w and ¢:w=p

for which D derives the equality judgments that express the two cells are inverses of each other, and
the classes of term and proterm equality judgments in D plus the equality judgments

x:o3y:Tla:p(xsy)Agalal =9(x 5 y){a}:w(xsy)
x:o5y:T|brwlxsy)FAG by =c(x s y){b}:p(xsy)

for each isomorphism symbol (9,¢) in Diw. Then we will have a morphism of specifications v(pp)
that sends the new transformation symbols @y o) and P s ¢) to the transformation symbols ¢ and ¢. It
follows that v(pp) defines a morphism of specifications since the equality judgments in Ufd(Fd(P, D))
are either in D or those of the form (3.5.2) for the pairs in D=, which are translated to equality
judgments derivable from D.

We prove that this v pp) satisfies the universal property for the relative right coadjoint of Ufd.
That is, for a morphism of specifications @: Ufd(X, PI, E) — (P, D), there uniquely exists a morphism
of specifications with protype isomorphisms @: (X, PLLE) — Fd(P, D) such that the following diagram
commutes

Ufd(X,PLE)

N & : .
de@)J X in Speci.

Ufd(FA(P, D)) 577> (P,D)

To make thisAdiagram commute, the signature part of ® must be the same as &. Suppose we have
a morphism ¢ and we determine how it should act on the isomorphism symbols in PI. Let (Xm, Am)
be the image of m under @. Then, the symbol xm equals to v(pp) ((p(xm)\m)) = U(pp)((pa(m)), which

~

is the image of m under @. Similarly, we must have A\, = @(¢,). Therefore, the morphism & must
send m to the pair (®(¢m), P(Ym)). This assignment ®is a morphism of specifications with protype
isomorphisms since the equality judgments in E with the isomorphism symbols suitably replaced are
translated by @ to the equality judgments provable from D. Note that the proterm Apn{a} is sent to
/\g(m){a}, which behaves the same as @(pnm)(x ¢ y){a} up to derivable equality in D.

To see that S(vppy) is an equivalence, we confer Lemma 1.3.8. The equivalence on the tight
part is apparent since v(pp) does not change anything on types and terms. Next, for each loose
arrow in $(Ufd(Fd(P,D))), we can find a corresponding loose arrow in $(Ufd(Fd(P,D))) by taking
the protype with precisely the same presentation. Finally, when fixing a frame, the function on
globular cells defined by v(pp) sends proterm judgments with the additional transformation symbols
®(s,c) and P(g ) to the proterm judgments without them by replacing those transformation symbols
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with 9 and ¢. The surjectiveness is checked similarly to the above argument. We can also see the
injectiveness up to derivable equality by induction on the construction of the proterms. For instance,
the equalities @9 ¢y (x § y){a} = 9(x § y){a} and Py)(x § y){a} =<(x § y){a} are already derivable

from Ufd(Fd(P,D)). O
Corollary 3.5.16. The composite $ o Ufd: Speci= — FVDbligiitt has a right adjoint Fd o Sp:
SoUfd Speci® — 9 Speci —— FVDbI®Plt
Speci= ~ 1 FVDbIPit  given by cart
—

€
W L ey
Specig,
Moreover, the counit component of the adjunction is pointwise an equivalence as a virtual double
functor. a

PrOOF. Through Theorem3.5.8 and Prop3.5.15, the expected adjunction follows from the general
theory of relative coadjunctions. Explicitly, for a specification S and a CFVDC D,

FVDbligiitt ($(Ufd(S)), D) = Speci (Ufd(S), Sp(D)) (by Theorem 3.5.8)
>~ Speci= (S, Fd(Sp(D))) (by Proposition 3.5.15)

The counit component of the adjunction is an equivalence by the construction of the adjunctions. [

Remark 3.5.17. The specification Fd(Sp(ID)) is not the same as the associated specification (Xp, Ep)
equipped with the isomorphism symbols, but the two give the equivalent virtual double categories. 1

Remark 3.5.18. For extensions of FVDbITT with additional constructors as in Section 3.3, we
can obtain a similar biadjunction analogously once one determines the treatment of substitutions as
explained Remark 3.3.3. The procedure goes as follows: (i) Prove the splitness lemma for CEVDCs
with the additional structure of interest, where the splitness is defined in reflection of the treatment
of substitutions; (ii) Construct the syntactic VDCs for the extended type theory and verify that they
have the structures in question; (iii) Prove the adjunction between the category of split CFVDCs
with the additional structures and the category of specifications with the additional constructors in
the same way as in Theorem 3.5.8. The biadjunction is again obtained by combining this adjunction
with the biequivalence between the 2-categories of split and cloven CFVDCs with the structures.

3.6. Future Work

There are several directions for future work. First, we would like to extend the type theory
FVDDITT to include more advanced structures studied in formal category theory using virtual double
categories. In particular, we are interested in the extension of the type theory FVDDbITT to augmented
virtual double categories [Kou20, Kou24]. The latter paper conceptualizes the notion of a Kan
extension and a Yoneda embedding inside this framework and develops formal category theory more
flexibly than the original virtual double categories. Second, the dependent version of the type theory
FVDDITT should be developed. There are several studies on directed type theory [LH11, Norl9,
ANv23], and those are all based on dependent types. One of the primary objectives of those studies
is to obtain a substantial type theory for higher categories as Martin-Lof type theory is for higher
groupoids. The dependent version of the type theory FVDDbITT might offer another candidate for
this purpose using the unit protypes and the comprehension types. Finally, we are interested in the
relationship between the type theory FVDbITT and other type theories or calculi for relations. In
particular, we are interested in the connection to diagrammatic calculi for relations such as the one
in [BPS17, BDHS24| or, more directly, the string diagrams for double categories [Mye18]. They
may be understood as a string diagrammatic presentation of the type theory FVDbITT. We hope to
explore these connections in future work.
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