AN INTERNAL LOGIC OF VIRTUAL DOUBLE CATEGORIES

HAYATO NASU

ABSTRACT. We present a type theory called fibrational virtual double type theory (FVDbITT) designed specifi-
cally 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 the-
ory. Virtual double categories are one of the most successful frameworks for developing formal category theory,
and FVDDbITT 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 a biadjunction.

1. Introduction

Category theory is the art of studying mathematical objects through how they interact with each other. It cap-
tures how mathematical objects behave not from their internal structures but from (homo)morphisms between
them and describes their properties systematically with universal properties or other concepts. This abundant
expressiveness of category theory led to the development of categorical semantics, the way to take models of
type theories or programming languages in categorical structures. Good examples include Lawvere theories

in categories with finite products | ], simply typed lambda calculus in cartesian closed categories | 1,
extensional Martin-Lof type theory in locally cartesian closed categories [ ], and homotopy type theory in
oo-groupoids [ , ]. Thus, it has been discovered that there are dualities between syntactical datasets
and categorical structures | , |, endorsing the principle that type theory corresponds to category
theory.

Since categories themselves are mathematical objects, categorical analysis of categories is crucial. This
methodology is called formal category theory | ] by category theorists; see Subsection1.1 for further details.

In short, it is a way to develop category theory in a general categorical structure, such as a 2-category, by
imagining it as the totality of categories. Here, the adjective “formal” does not imply that the theory is written
in a “formal language,” but having a formal language for formal category theory is still engaging. New and
Licata’s Virtual Equipment Type Theory (VETT) | ] is pioneering in this direction. It is designed to
facilitate the use of category theory in formal proofs by diminishing tedious but straightforward proofs, such as
checking naturality or functoriality.

This paper aims to give an alternative type theory called fibrational virtual double type theory (FVDbITT)
for the same purpose, which is more succinct and manageable, and to demonstrate its value from the viewpoint
of 2-category theory by constructing a syntax-semantics biadjunction. In this sense, FVDbITT is an internal
language for corresponding categorical structures: fibrational virtual double categories. Each fibrational virtual
double category can be seen as a totality of categories of some kind, such as enriched categories or internal
categories, and the type theory treats them as if they were mere categories. Arguing category theories is
then divided into two parts: one is a common argument independent 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 FVDDbITT is to deal with massive proofs belonging to the former part in the
formal language and make people focus on the latter part. Proving something in FVDDbITT implies proving
corresponding statements in those various category theories that fibrational virtual double categories can model.
A comparison of FVDDITT with VETT requires a detailed discussion, which is given in Section 6.

FVDDbITT handles the four fundamental components of category theory: categories, functors, natural trans-
formations, and profunctors." A profunctor from a category C to a category D, written as P(—,e): C = D, is a
functor from C°P x D to the category of sets Set, which is an enhancement of a presheaf on C and a copresheaf
on D. It has been recognized that profunctors or their counterparts cannot be avoided in formal category theory
[ , ]. A naive framework to address them is double categories, which are compositional structures
with two kinds of arrows, vertical and horizontal, and cells between them, which model functors, profunctors, and
natural transformations. However, the composition of profunctors is not always well-defined since it is defined
by a certain kind of colimits called coends in Set, which do not always exist because of the size of the categories.
One way to overcome this difficulty is to consider wvirtual cells as a generalization of cells in double categories
and forget about the composition of profunctors. A wirtual cell (Figure 1) in the virtual double category of
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IProfunctors are also called distributors or bimodules.
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profunctors IPROF is defined as a natural family of functions pc,.... ¢, from P;(Co,C1) X -+ X P (Cr—1,Cy) to
Q(F(Cy),G(Cy)) for Cy,...,C,. What we want to apprehend by composing profunctors is now absorbed into
the virtual cells since, if we suppose the top boundary of the cell i has a composite, then the above family of
functions coincides with the unzipped data of the same cell but with its top boundary replaced by the composite.

A structure defined on the basis of these virtual cells is called a virtual double category (VDC), and it is a
widely accepted foundation of formal category theory. While its name first appeared in the work of Cruttwell
and Shulman | |, the idea of virtual double categories has been studied in various forms in the past under
different names such as fe-multicategories | ) ], and lax double categories | ]. For these years,
virtual double categories have gained the status of a guidepost for working out new category theories, especially
in the co-categorical setting | , , ]

Py Py Type Itype, Term [ kFs:1I,
CO t G t t Cn
Protype I § AF « protype ,
F| H la
D ‘ D Proterm o §...30 M, |ar:ia1 §...8an:iant-pn:p,
0 Q 1 Protype Isomorphism [ § AFT:a=8.
FIGURE 1. A general vir- FIGURE 2. Judgments of FVDbITT. (I, A, ...
tual cell in PROF. are contexts like x1 : Iy, ..., x, : I,.)

Central judgments of FVDDITT are shown in Figure 2. Models of the type theory are taken in fibrational
virtual double categories”. Fibrationality relates to the possibility of substitution of tight arrows (functors)
into a loose arrow (profunctor) as P(F—,Ge), which is indispensable to performing category theory. Let
us illustrate how the basic components of the type theory are interpreted using PROF. Types, terms, and
protypes are interpreted as categories, functors, and profunctors. Proterms are interpreted as virtual cells as
Figure 1 but are limited to those with the functors on both sides being identities. This limitation renders
the linearized presentation of virtual cells in the type theory without losing the expressive power owing to
fibrationality. Derivation rules for these constituents of the type theory are given in line with the axioms of
virtual double categories, which are naturally interpreted in PROF. Table1 is an example of the interpretation
of the prosubstitution in proterms within PROF.

Prosubstitution into a protype
xo:Ip §x1:I |a1:a1 Fpfai}: B

Xl:Il$X2:12|82:0L2|—U{82}1ﬂ2
X01103X1:113X2:12|b1:51$b2:ﬁg}_>\{ﬁlsﬁg}:’y
xo:Io §x1:I1 §x2:I5 | a1 :o §as:os - A{p{ar} § v{az}}: vy

Category Theory — the interpretation in PROF
Becg.cq : P1(Co, C1)—Q1(Co, C1) (natural in Co, C1)

VCy,Co ¢ PQ(Cl, Cz)*}Qz(Cl, Cz) (natural in Cq, Cg)

t 1in Cy, C:
Acg,c1.05 0 @1(Co, C1) X Qa2(C1, C2)—R(Cy, Cs) ( patura’ in to, 2 )

and dinatural in Cy

nXv A t 1 in Cg, C
Py (Co, C1) x P2(C1,C2)——>Q1(Co, C1) x Q2(C1,C2)—R(Co, C2) ( agz (lzllirr?atl:ral();n él )

Predicate Logic — the interpretation in Rel
p1(zo, 1) = P1(zo, 1) (Yo, V1)

w2(z1,T2) = P2(x1,x2) (Va1,Ve2)
P1(zo, 1), Y2(z1, 22) = x(T0, T2) (Yo, Va1, Va2)
1(x0, 1), p2(z1,2) = x(%0,22) (Y0, VT1,VT2)

MODUS PONENS

TABLE 1. An example of interpretation of prosubstitution

The feature of FVDDbITT compared with VETT is protype isomorphisms. They model 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, which are interpreted as isomorphisms between profunctors,
i.e., an invertible natural transformation between profunctors. Moreover, they capture isomorphisms between
functors as well since isomorphisms between functors F, G: C — D correspond to natural isomorphisms between
D(F—,e),D(G—,e): C — D according to the Yoneda lemma.

A byproduct of providing the internal language of fibrational virtual double categories is its aspect as an
all-encompassing language for predicate logic. The double category of sets, functions, relations as objects, tight

2The difference between virtual equipments and fibrational virtual double categories lies in that the former requires every object
to have a unit while the latter does not.
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arrows, and loose arrows would also serve as the stage of semantics of FVDDbITT. In this approach, protypes
symbolize relations (two-sided propositions) but with a direction, and proterms symbolize Horn formulas, as
exemplified in Table 1. 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 | 1,
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. How we interpret the type theory in these different virtual double
categories is summarized in Table 2. The last two rows of the table show some of the additional constructors
for FVDbITT, which we will discuss in Section 4.

Items in FVDbITT || Formal category theory Predicate logic |
Types I categories C sets A
Terms x : I'-s:J functors T': C - D functions f: A— B
Protypes a(x ¢ y) profunctors P: C — D formulas p(x,y) (z € A,y € B)
Proterms . .
aialxsy)sb:Blys2) natural transformations Horn sequences (and its proofs)
’ ’ .z Plx,y) X ,2)— S(x, 2z x,Y), ,2) = x(z, 2
F (s 2) Pa,y,z: P(z,y) X Qy, 2) > S(z, 2) o(z,9), (Y, 2) = x(=,2)
Protype Isomorphisms natural isomorphisms equivalence of formulas
Ta%ﬁ la,y - P(x7y)gQ(x7y) QD(.CU,y) EQ/}(.%’,:I/)
Product types product categories product sets
IxJ CxD AXx B
Product protypes product profunctors conjunctions
anB P(z,y) x Q(z,y) o(z,y) Np(z,y)
Substitution in terms composition of functors composition of functions
t(Sl,...,Sn) TO<51,...,Sn> f0<$1,...,8n>
Substitution in protypes restriction of profunctors instantiated formulas
(s 3 t) P(S(x),T(y)) e(s(x),t(y))
- - H
Substitution in proterms || instantiated natural transformations 1nstetnt1ate(} ot seq/uencesl
(s 3 13 52) 1S () S (17 S (o p(s0(z"), s1(y")), ¥(s1(y), 52(2"))
9 9 o(2’),51(y"),S2(2") = x(so(z'), s2(2"))
path protype = hom profunctor C(—, —) equality relation =4
composition protype ® composition of profunctors by coend composition of relations by 3

TABLE 2. Interpretation of FVDDITT in PROF and Rel

The paramount principle of categorical logic is the syntax-semantics duality | ]. The main contribution
of this paper is to establish the duality of the type theory FVDDbITT and virtual double categories. Stating
that a type theory is an internal language for a categorical structure should always be accompanied by a precise
statement that there is a biadjunction between the 2-category of the specifications (or theories) of the type
theory and the 2-category of the categorical structures. We present the biadjunction in our setting in Section 5,
one between the 2-category consisting of specifications for this type theory and that of fibrational virtual double
categories, and show the soundness and completeness of the type theory for the virtual double categories. In
the proof, we pay special care to protype isomorphisms, whose behavior is peculiar to FVDbITT, by bridging
the two 2-categories with another 2-category.

1.1. Formal category theory Formal category theory aims to provide an adequate framework in which we
can develop category theory itself. One benefit to doing so is that one can argue, in parallel, multiple category
theories, including enriched category theory [ |, internal category theory | ], and enriched indexed
category theory [ ]. Therefore, results in formal theory reduce to individual category theories, and one can
focus on particularities therein, just as category theory offers abstract perspectives to individual mathematics.
A comprehensive exposition of formal category theory is given in [ ].

The earliest attempt was to perform category theory in an arbitrary 2-category by pretending that it is a
2-category of categories [ ]. However, more than mere 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 | ] and proarrow equipments | , ]. An expedient approach uses
double categories, virtual double categories, or augmented virtual double categories | , ]. The idea
is to encapsulate functors and profunctors in a single setting in order to express categorical concepts in terms
of internal behaviors of virtual double categories. General theories in (augmented) virtual double categories
have recently been developed, the successful examples of which are the Yoneda structures and total categories



4 HAYATO NASU

in augmented virtual double categories by Koudenburg [ , | and the theory of relative monads in
virtual equipments by Arkor and McDermott | ]. In this paper, we cherish the philosophy of formal
category theory and provide a type theory for it, respecting categorical behaviors of fibrational virtual double
categories.

1.2. Outline Section 2 summarizes the terminology and notation used in this paper. Section 3 introduces the
syntax and the equational theory of FVDDbITT and its semantics in virtual double categories. Section4 explains
the type theory’s possible extensions with additional constructors and how they work in the semantics with
examples. In Section 5, we present the main result of this paper, the biadjunction between the 2-category
of virtual double categories and the 2-category of FVDDbITT specifications. This result directly implies the
soundness and completeness of the type theory.

1.3. Acknowledgements The author would like to thank his supervisor, Masahito Hasegawa, for his guidance
and encouragement. He also thanks Yuki Maehara for his helpful advice on the manuscript, in particular, on
the protype isomorphisms. He is also grateful to Keisuke Hoshino, Hiroyuki Miyoshi, Yuta Yamamoto for their
comments on the manuscript.

2. Preliminaries on Virtual Double Categories

In this section, we briefly recall the definition of a virtual double category and introduce the notion of a cartesian
fibrational virtual double category. It is this notion that we will construct the internal logic of.
First, we recall the definition of a virtual double category. The definitions are based on the paper | ]

Definition 2.1 (] , Definition 2.1]). A virtual double category (VDC) D is a structure consisting of the
following data.

e A category Dg. 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 D(I,J)g for each pair of objects I, J € D¢. These arrows are depicted horizontally
with slashes as a: I — J.

e A class of (virtual) cells

Iy == I} —— - == I,

JO B Jl
for each dataset consisting of n > 0, objects Iy,...,I,, Jo,J1 € Dy, tight arrows s: Iy — Jy and ¢: I, — Jq,
and loose arrows aq, ..., a,, 3. We will write the finite sequence of loose arrows as @ = ay;...;a,. When s

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

Iy S-S I s Ipg ----a-=-> - e Inm,
s Hi s H2 s K sn
") B1 H B2 2l 5: L
Jo t J1 t Ja t t t Jn
to] v It
K, % K,
a cell
Iy -G Lo s Lo ~-—-4-m-> oo L L Inm,
SO\L \LS”
Jo v{p;. .5 pn} In
to], It
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;. .. ; fin-
e An identity cell for each loose arrow a: [ — J

I —S=J
idr], id, Jlids>

I ——J

for which identity laws 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 Dy, and write I = J. For any objects I,J in a virtual double category, we write D(I,J) for
the category whose objects are loose arrows a: I — J and whose arrows are cells p: a = 5. A cell is called
an isomorphism cell if it is invertible in this category. More generally, we say two loose arrows «, 3 are
isomorphic if there exist two cells

I &> J K —— L
S\L IU \Lt and S,\L v \Ltl
K —5 L I ——J

such that u{v} = idg and v{u} = id,, and call the cells u and v isomorphism cells. It is always the case
that I = K and J = L through the tight arrows s,t,s’,t'.

Example 2.2. A double category is a virtual double category where every sequence of loose arrows is compos-
able. In this case, a cell (2.1) is a cell whose top loose arrow is the composite of the loose arrows aq, ..., ay,.

Definition 2.3 (] , Definition 3.1]). A wvirtual double functor F: D — E between virtual double cate-
gories D and IE consists of the following data and conditions:

o A functor Fy: Dy — E;.

e A family of functions Fy: D(I,J)g — E(Fy(I), Fy(J))o for each pair of objects I, J of D.

e A family of functions sending each cell 1 of D on the left below to a cell F;(u) of IE on the right below:

[eY « Fi(a Fi(ap
Jo - [} ey S Fo(lp) 29 Fn) —— - 2 mr)
s0] I lsi 7 FR(so)] Fi(p) LF:(s1) - (2.2)
Jo 5 J1 Fe(Jo) A Fy(J1)

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 Fy and F;.
A wvertical transformation 0: F — G between virtual double functors F, G: D — IE consists of the following
data and conditions:
e A natural transformation 6y: Fy — Gy.
o A cell 0 o for each loose arrow a: I — J of D:

FI £ py
0o.1] 01@ 100.s
Gl —— GJ
e The naturality condition for cells:
FI, -5%s FI, FI, -£% FI,
FSOJ’ Flu’ \LFSTL QIOJ/ 9& \Leln
FJy 5 FJy = Gly g GI,
o0l gy 10n Gsol qu  Gsn
GJ() W GJl GJO W GJl

VDbl is the 2-category of virtual double categories, virtual double functors, and vertical transformations. W

Definition 2.4 (] , Definition 7.1]). Let D be a virtual double category. A restriction of a loose arrow
a: I — J along a pair of tight arrows s: I’ - I and ¢: J' — J is the loose arrow afs § t]: I’ = J’ equipped
with a cell

I/ O‘[S $ t] J/

sl rest

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

K-S k-2

u\L \Lv u\L ﬁ \Lv

T e A
alsst

s| Lt sl Lest L

I — J [ —

If the restrictions exist for all triples (o, s,t), then we say that D is a fibrational virtual double category

(FVDC).
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A fibrational virtual double functor F: D — E between fibrational virtual double categories D and E
is a virtual double functor that preserves restrictions. FibVDDbl is the 2-category of fibrational virtual double
categories, fibrational virtual double functors, and vertical transformations. |

Lemma 2.5. A virtual double functor F': D — [E is an equivalence in VDbl if and only if

(i) the functor Fy: Dy — ¢ for F is an equivalence of categories,
(ii) for any loose arrow a: I — J in IE, there exists a loose arrow §: I’ = J' in D and an isomorphism cell p

as below:

Fr L2 py

al w L and

I —J
(iii) for any quadruple (s,t,@, ), the function F on the cells (2.2) is a bijection.

A fibrational virtual double functor F': D — IE is an equivalence in FibVDbl if and only if (i), (ii), and the
special case of (iii) where s and ¢ are identities are satisfied.

Proof. If we are given an inverse G of F', then Gy is the inverse of F, and the isomorphism F'G = Id gives the
isomorphism cells p above. The inverse of functions F in (2.2) 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 vertical part of G is given by an
inverse of Fy. Then, for each loose arrow «.: I — J in IE, we can show that a loose arrow 5: GI —» GJ in D is
isomorphic to « by the second condition. The bijection in (iii) determines how to send a cell in E to a cell in
ID. The functoriality of G follows from the one-to-one correspondence between cells in D and E in (iii).

For the fibrational case, we only need to check that (iii), in general, follows from the cases where s and ¢
are identities. However, it is straightforward by the universal property of the restrictions. It follows that the
inverse is fibrational from the fact that any equivalence preserves restrictions. O

Next, we introduce the notion of a cartesian fibrational virtual double category.

Definition 2.6. A cartesian object in a 2-category B with finite products 1, ® is an object x of B such that
the canonical 1-cells !: © — 1 and A: x — & ® z have right adjoints 1: 1 —» x and x: x ® x — x, respectively. A
cartesian 1-cell (or cartesian arrow) in B is a 1-cell f: x — y between cartesian objects z and y of B such
that the canonical 2-cells obtained by the mate construction x o (f ® f) = fo x and f o1l =1 are invertible.

For a 2-category B with finite products, we write Beary for the 2-category of cartesian objects, cartesian
1-cells, and arbitrary 2-cells in B. |

Lemma 2.7. Let B be a 2-category with finite products. A 1-cell f: z — y in Beayt is an equivalence in Beart
if and only if the underlying 1-cell of f is an equivalence in B.

Proof. The only if part is clear since we have the forgetful 2-functor B¢art — B. 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-cellslo f =land (f® f)o A= AZ f, we obtain the isomorphism 2-cells 1§g = 1 and x o (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 Beart- (I

Proposition 2.8. An FVDC D is cartesian if and only if the following conditions are satisfied:

(i) Dy has finite products;
(ii) D locally has finite products, that is, for each I,.J € Dy,
(a) for any loose arrows «, 8: I — J in D, there exists a loose arrow aAB: I — J and cells mp: aAS = «,
m: a A B = [ such that for any finite sequence of loose arrows 7 where v;: I;_1 - I, for 1 < i <n
where Iy = I and I,, = J, the function

D)7, anp) >DU)F,a) x DU)(F,B) 5w (w00 p,mop)
is a bijection, and
(b) there exists a loose arrow T: I — J such that D(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.
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Proof sketch. The proof is similar to that of | , Prop 4.12]. First, suppose that D is cartesian. Let
Ar: I — I x I be the diagonal of I and !;: I — 1 be the unique arrow to the terminal object. If D is cartesian,
then @ A B and T in D(I,J) are given by (a x 8)[Ar ¢ Ay] and Id;(!;,!s), which brings the finite products
in D(I,J). The local finite products are preserved by restrictions since, by the universal property of the
restrictions, we have

(ax B)[Ar s Aflls 5 t] = (ax B)[(s x ) 5 (ExD][Ap § Ap] = (als 58] x Bs 5 t])[Ar § Ar],
and similarly for T. Conversely, if D locally has finite products, then assigning
axfB=alrr §mABlrk §mL]: I X K—J XL

to each pair a: [ — J, f: K = L and a cell u x v naturally obtained from the universal property of the
restrictions induces the functor x: ID x D — D right adjoint to the diagonal functor, and the functor 1: 1 — D
obtained by the terminal object in Dy is the right adjoint of |. The second statement follows from the construction
of the equivalence above. O

Remark 2.9. The third condition in Proposition 2.8 is necessary for FVDC but not for equipments as in
[ ] since the latter has extensions.

Example 2.10. One of the motivations for our type theory 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 consists of small categories, functors, and profunctors as objects, tight arrows,

and loose arrows, respectively. 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. It is a cartesian fibrational virtual double category (CFVDC).

(ii) Similarly, we can define CEVDCs V-Prof and V-PROF of V-enriched categories, functors, and profunctors,
where V is a symmetric monoidal category.

(iii) We can also define virtual double categories Prof(S) of internal categories, functors, and profunctors in
categories S with finite limits.

Example 2.11. Predicate logic deals with functions and relations between sets. We can see these two as tight
and loose arrows, respectively, although we limit ourselves to the case where relations are binary.

(i) We have a double category called Rel consisting of sets, functions, and relations | ], where there is
at most one cell for each frame and a cell (2.1) exists whenever

a1(xzo, 1) A AN ap(Tn—1,2,) = B(so(zo), s1(zn)) Vz; €1, 0<i<n).

This can be generalized to a regular category and further to a category with finite limits equipped with a
stable factorization system as in | ].

(ii) Given a category S with finite limits, a span in S is a pair of arrows f: Z — X and ¢g: Z—Y. We can
define a double category called $pan(S) consisting of objects, arrows, and spans in S | ]. Tt can be
seen as a proof-relevant version of Rel.

3. Fibrational Virtual Double Type Theory

This section will present a type theory that serves as an internal language for a CFVDC, which we call
fibrational wvirtual double type theory (FVDDITT). We will first introduce the type theory FVDbITT in
Subsection 3.1. Then, we will present how to interpret the type theory in a CFVDC in Subsection 3.2.

3.1. Syntax In this subsection, we will present the syntax and equational theory of FVDDbITT and explain
some advantages of the type theory.

Typing Judgments
Type I type
Context [ ctx
Term [ITks: I
Term Substitution TS/ A
Protype I § AR a protype

Equality Judgments
Term ks=t:1
Protype I § AFa=8
Proterm o §...5 0, |AFp=v

Isomorphism Judgments
Protype T§ AFT : =B

Procontext [ § ... 3§ [, | A proctx

Proterm [ §...80 M, |AFp:B

FI1GURE 3. The three kinds of judgments in FVDbITT
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Three kinds of judgments. In FVDbITT, judgments are divided into three kinds, as in Figure 3. The first
kind of judgments is the typing judgments for all the syntactic entities in the type theory, which regulates
the well-formedness of the entities. Types, contexts, terms, and term substitutions are the same as those in
the ordinary algebraic theory as in [ , ]. 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 FVDC.
The prefix pro- stands for “pro”positions and “pro”functors. A protype o depends on two contexts, [T and A,
which will be interpreted as the source and the target of a loose arrow representing the protype. We call the
pair (I, A) the two-sided context of the protype. 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
o1 § ... % ay,, which is a finite sequence of protypes, is only well-typed so that the second (target) context of a
protype is the first (source) 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 F p : 8, which are to be interpreted as globular cells in a VDC whose domains and codomains
are the interpretation of A and B, respectively.

The second kind of judgments is the equality judgments for terms and proterms. We incorporate 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 usual axioms of reflexivity, symmetry, transitivity, and congruence. The
rules for equality judgments of terms are standard, and the rules for those of protyopes are given so that the
type theory is sound and complete for the CFVDCs. The details of the rules will be given in Appendix B.1.

Type Context

It Jt I ctx I type
- bee  Jbpe X 1 —— EmMpPCTX . L ConsCrx
I x J type 1 type - ctx I, x:Ictx

Term Term Substitution

I type J type r=s:1I ret:J R
um yp YP! Lx R EmpSuBs
Fx:I,AFx:1I Fre(s,ty:IxJ

r-t:IxJ r=t:I1xJ rrs/a I—FS:ICONSSUBS
" E-x-L — — E-xX-R — I r=S,s/A/x:1I ‘
rEopro(t): I rEopr(t):J Fre():1 ) e
Protype
s AFaprotype I3 AFBprotype | Procontext
I $ AF a A B protype —— EmPPROCTX
I | - proctx
—————————— PRrROTER
s AF T protype Mo s ...8 I, | A proctx I, § Ak o protype

CoNsPRrRO

res/r  AFT/A [ 35A|aprotype Fo§...8 n3AlAa:aproctx

v 7 PrROTPRES
' s A"+ oS/l § T/A] protype

Proterm
I 3§ AF «a protype Frs AT :a=8
———— PROVAR TRANSPORT
rsAla:ata:a rsAla:attrr(a):B
Fi\ai,liai,l$~~~$ai,n,i20¢i,n,iFuiiﬁi(i:1,~~~,m) Flby:Br§...3bp:Bunbkv:y

PROSUBSTITUTE

Flatg:o11 808 @mmnm  %mong, Ev{p1/br:B1§ ... § Wm/bm : Bm}

F‘AFVNO‘ F|Ak'/131/\ I § A o protype F‘;A|ﬁprotypeEA
= - -A-L
FrAF{(u,v):anB rsAla:anBbmny:a

I s At o protype I s A| B protype
E-A-R _— I-T
rsAla:anBrFm :B FIAE():T

rzksz/Ai(lzoxxn) AOS'H;An‘al:al3~-~3an:an|7”4:ﬁ
rhg...sry | C1 Zal[SO/AO § sl/Al] §...8 Cn :an[sn—l/Anfl § sn/An]
F a[So/ A 5 - 3 Sn/An] : BlSo/ Do 5 Su/An]

PROTMREST

FIGURE 4. The rules for typing judgments

Protype isomorphisms. The third kind of judgments is what we call isomorphism judgments for protypes,
which are the central component of this type theory. They are understood half as the typing judgments for
protype isomorphisms and half as the equality judgments for protypes up to isomorphism. Protype isomorphisms
are 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. On the other hand, they allow us to reason about the equality of protypes
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up to isomorphism handily. 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. With protype isomorphisms, we can 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 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.

The rules for isomorphism judgments for protypes are given in Appendix B.1. They are divided into three
kinds. The first kind is for the groupoid structure of protypes, for instance, the introduction rule of the inverse of
a protype isomorphism. Next, the second kind is for compatibility conditions of restriction and other operations
that must be satisfied in a CFVDC, such as the introduction rule of the isomorphism between T and T after
substitution. Finally, the third kind constructs protype isomorphisms from pairs of mutually inverse proterms.

The transformation of protype isomorphisms into proterms is achieved by the conversion rule. The resulting

proterms are written as try(a) formally, but we will often write them as 7{a} by abuse of notation. Correspond-
ing to some of the rules for protype isomorphisms, such as inverses and composition of protype isomorphisms,
we have rules for proterm equalities that guarantee that the protype isomorphisms are those that are expected
to be.
Fibrationality and cartesianness. We restrict our interest to fibrational virtual double categories and an
internal language for them. This is because the fibrationality condition enables us to describe the data of cells
in a VDC more conveniently. A cell in a VDC comes equipped with two tight arrows, one finite sequence of
loose arrows, and another loose arrow, which is unwieldy to bring into the syntax of the type theory. Owing
to the fibrationality condition, under which every cell corresponds to a globular cell in a VDC, judgments for
proterms achieve a linear presentation of the data of cells in a VDC.

While the fibrationality facilitates the presentation of the type theory, it does not confine what we are trying
to model with it. Rather, it reflects what people are genuinely interested in when they work with the VDCs
of profunctors and relations. The fibrationality condition indicates the possibility of substituting terms (tight
arrows) for a variable in loose arrows, which is fundamental to both the VDCs of profunctors and relations.
For a profunctor @ : A — B and two functors, F': C - A and G : D — B, the instantiated profunctor Q(F,G)
is defined as Q(F,G)(C,D) = Q(F(C),G(D)). A cell of the form on the left below in the VDC PROF of
profunctors is a family of functions on the right below that is natural in C' and D and dinatural in E, which
shows the primacy of instantiated profunctors in PROF.

¢ 1?1 ¢ F:Z D HC,E,D
Fl [ la o= Pi(C E) x Py(E,D)— Q(F(C),G(D))
A 5 B

The substitution in relations is similarly a common practice in predicate logic. To sum up, the fibrationality
condition is a natural condition for VDCs of these kinds and should be worth considering whatever category
theory or predicate logic we are working with.

The cartesianness assumption is natural for dealing with tuples of terms or proterms in the type theory. The

type theory has the product type I x J and the protype a A B, interpreted as the product of two objects and
the local product of two loose arrows in a VDC. When we establish our type theory on the bedrock of the
2-category of CEFVDCs, one benefit of assuming cartesianness is that cartesianness in 2-categories is not just a
structure but a property-like one, which makes it easier to legitimate the rules on compatibility with additional
constructors as we will introduce in Appendix B.1. It might be preferable to have an internal language for
FVDCs that is not necessarily cartesian but with a monoidal structure and its type-theoretic counterpart,
which does not seem to be a difficult task to achieve but is beyond the scope of this paper.
Explicit substitution. Substitution is vital to type theory. In FVDDbITT, we have two kinds of variables:
ones for terms into variables and ones for proterms into provariables. For the term substitution, we have a term
t[S/l], a protype &[S/ § T/A], and a proterm u[So/lo § ... § S,/l]. For the proterm substitution, we have
a instantiated proterm u{p1/b1 : B1,..., tn/bn : Bn}-

The prevailing approach to substitution in type theory is to define it inductively concerning the structure of
terms. In FVDbITT, however, we adopt an alternative approach called explicit substitution, as in [ ].
Explicit substitution is a method of introducing substitution as a syntactic construct, and it is often used when
they encounter the problem that the syntactic equality is too strict for the intended semantics. For instance,
Curien’s work uses explicit substitution to resolve the problem of the semantics of dependent type theory in
locally cartesian closed categories | ]. While the usual substitution is defined in the meta-theory, explicit
substitution enables us to define it in the syntax of the type theory.

We adopt explicit substitution for protypes and proterms in order to accommodate the difference between
two isomorphic protypes that are not strictly equal. The meta-theoretic substitution would ignore the difference
between a term with a substitution and the result of the substitution, unintendedly forcing us to interpret the
two isomorphic protypes, say a[S/I,T/A|[S'/I",T'/A'] and «[S[S'/T] ¢ T[T'/A]/4], as the same. On the
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other hand, in a FVDC, restrictions are not even chosen but are just given by universal properties. Therefore,
the two protypes above, for instance, should be distinguished in the type theory but interpreted as canonically
isomorphic loose arrows in a VDC, for which we add a protype isomorphism between these two protypes. This
is the reason why we adopt explicit substitution in FVDbITT.

3.2. Semantics As previously mentioned, the semantics of FVDDbITT are to be given in a CFVDC. The
elements in the type theory are to be interpreted as the following elements in a VDC.

I type is to be interpreted as an object [I] of D.
I" ctx is to be interpreted as the product of the objects [I'] = [[,[I;] in D where I" = Iy, ..., I,_;.
I t:1is to be interpreted as a tight arrow [t] : [I'] — [I] in D.
'F S/ A is to be interpreted as a tight arrow [S] : [I] — [4] in D.
I § At o protype is to be interpreted as a loose arrow [a] : [I] — [4] in D.
Fos...sMy]a1:a1§...% a,: a, proctx is to be interpreted as a path of loose arrows
o] 2L n)] —— 2L wmD.

Tlai:ar§...5a,:a,Fu:Bisto be interpreted as a cell

[ro] 2 . eeny

H [1] H in D

Fs AT :a = Bis to be interpreted as an isomorphism between loose arrows [17]: [a] = [B]: [I'] — [A4]
in D.
Let us turn to the inductive definition of the interpretation of the terms and protypes in a CFVDC.

Definition 3.1. The interpretation of the terms, protypes, protype isomorphisms, and proterms in a CFVDC

D

is defined inductively as follows:

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.

Product protypes A, T in context I § A are interpreted as the product and terminal loose arrow from [I]
to [4], respectively. Pairing, projections, and the unit are interpreted in an obvious way.

The interpretation of the term t[S/A] is the composite of the tight arrow [t] : [A] — [I] with [S] :
[r] - [4].

The interpretation of the protype a[S/I" § T/A] is the restriction of the loose arrow [a] : [I'] — [A] along
the tight arrow [S] : [I'] — [] and [T] : [4'] — [4].

[r] [47]
[s1) rest il

[F) ——5— 4]

[e]

[a[S/I3T/A]]
—F

The interpretations of the protype isomorphisms idy, 771, 7 o 2 are the identity cell on [o], the inverse of
the cell [T], and the composite of the cells [22] and [T, respectively.

The interpretations of the protype isomorphisms rest-iter, rest-ide, repl are all canonical cells determined by
the universal properties of restriction.

The interpretations of the protype isomorphisms rest,, restT are the canonical cells determined by the uni-
versal properties of the restriction, the universal properties of restriction, and finite products of loose arrows.
Note that the interpretation surely defines isomorphism cells by Lemma 2.7.

e The interpretation of the protype isomorphism (u,v) is the cell [u].
e The interpretation of term substitution in proterms obtained by the following rule

I'ZI—SZ/AZ (i:(),...,n) AO;...;An\alzal;...;an:anl—p,:ﬁ
B 5 ... 8 I'n\cl :Otl[So/Ao H Sl/Al] 5 ... 8 cn:an[Snfl/An,l H Sn/An}
- 4[S0/ Do § .- § Sn/An] : B[S0/ Do § Su/A]

is the unique cell [u[So/Ap § ... § Sn/A,]] that makes the following composites equal.

Hro]] Hal[SO/Angsl/Al]]] [[I—l]] . [[I— 1:” [o‘n[snfl/A'r:fl3sn/A"L”] Hr ]]
LISol rest LIS1] e LISn-1] rest LISn]
I [u] I
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[[al[so/Aqssl/A1]]] [[an[Sn_l/A,}_lssn/An]]]

| [£[So/A0 5 ... 5 Sn/An]] I
LFol [B(S0/ 20 5 Sn/ An]] [r]

Lol rest LISx]
[[AO]] [[23]1 [[An]]

e The interpretation of the prosubstitution in proterms obtained by the following rule
ﬁ| a1 01§ ... § Aing  Olin, l_[.Lzﬁl (7,:1,,771) F‘ by 251 5 ... 9 bniﬁnl_lli’y
Tlatn 01,183 @mnm  Cmng, F{pi/b:B1§ ... 5 hm/bm : B}y

is the following composite of cells.

aq [eei,ng ] o, [T
[Foo) 25 oo 25885 [ ] —— oo s [Fn] 22 b
I [p1] I I [ml] I
[[I_O,O]] [[51]] [[/_1,0]] t T t [U_m,OH [[Bm]] [[rm,n,m]] .
[ [v] [
[[/_0,0]] |I’Y]] [[rm,nm]]

e The interpretation of the proterm a: a F try(a) is the globular isomorphism cell [7]: [a] = [B] itself.
]

Taking semantics in VDCs listed in Examples2.10 and 2.11 justifies how FVDDbITT expresses formal category
theory and predicate logic in Table 2.

4. Protype and type constructors for FVDbITT

4.1. Common 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.

. . Constructors
Structures Formal category theory | Predicate logic in FVDbITT
Units | ] hom-profuntors C(—, e) equality = path -
Composition | ] composition via coends f composition via 3 || composition ®
Extension | ] profunctor extension > contraction via ¥ extension >
two-sided .
Tabulators | ] Grothendieck construction comprehension {-} || tabulator {-[}

TABLE 3. The common structures and the corresponding constructors

The constructors we will add to FVDDITT 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. (Appendix B.3) 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. The definition of units is due to | ]

Definition 4.1 (Units | , Definition 5.1]). A wnit of an object I in a VDC is a loose arrow Uy: I — I
equipped with a cell ny: - = U with the following universal property. Given any cell v on the left below where

’

!’
_ a1 an _ oy @y . . .
a= (Io —> e =D I) ando = (I —+ --- B I;,) are arbitrary sequences of loose arrows, it uniquely factors

through the sequence of the identity cells with 7; as on the right below.

— —
o

B B I ----%--- T -—-%--5 T/,

Iy =% I -5 I, IV N
£l v L = Iy e I — I -+ 1,
J 5 J’
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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 I type

x:Igy:IF x-»1y protype . x:I| Foreflp(x) : x»rx

The proterm refl corresponds to the unit 7; 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 Appendix B.3. 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 refl; interpreted as the cell np7. 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 Appendix B.3. 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:Jgx Ly i Jbexco n: () »rxs (X', ¥y') Exm1x Ay-»yy’ .

Appendix B.3 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 give in
Subsection 5.3 become cartesian objects in the 2-category of CFVDCs with units. See Proposition A.2 for a
detailed explanation from the 2-categorical perspective.

Composition protype © for the composites. (Appendix B.3) The composition protype is the protype
that represents the composition of paths of loose arrows just of length 2 in the virtual double categories. Here
we follow the definition of the composition of paths of loose arrows in | ]

Definition 4.2 (Composites [ , Definition 5.2]). A composite of a given sequence of loose arrows @ =
(IO S5 —» -~ 2B 1,,) in a virtual double category is a loose arrow @@ from Iy to I,,, equipped with a cell
IO g% Il —> - % Im
I € I
Iy d& I,

with the following universal property. Given any cell v on the left below where 3, El are arbitrary sequences of
loose arrows, it uniquely factors through the sequence of the identity cells with pg as on the right below.

Jo f} Iy SR 1, —’H+> J;I,

Jo Iy —F5 1, S, (1 e T
; v W= Jo o Iy —=> Iy =2p J0,
Il{ g P L
B 14
K % K’

The units are the special cases of the composition of paths of length 0, and the composition of paths longer
than 2 can be realized by the iterated use of the composition of paths of length 2. 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:I¢x:JkFa(ws x) protype x:Jsy:KF B(x3y) protype

wilsy: K a(wgx) o B(x 5 y) protype
This comes equipped with the introduction rule:
w:Igx:JFa(ws x) protype x:Jgy:KEB(x 3§ y) protype
w:lsx:Jsy:Kla:a(wix)sb:B(xsy)Faob:alw s x)Oxy B(x3y)

For the detailed rules of the composition protype, see Appendix B.3. Plus, we need the compatibility rules for
the composition protype and the product types as we did for the path protype, see Appendix B.3.

If we load the path protype - and the composite protype ® to FVDDITT, 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
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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 | , 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.

XelJ]
fotw 5 ) @0 B3 P = [ T (=X) x [B1(X.0): [1] = [K] in Prof
la(w § ) Gues Blx 3 )] = { (w,y) | 3w € ][l (w,2) A [, ) } : [1] > [K] in Rel

Filler protype >,< for the closed structure. (Appendix B.3) 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 | , ] in a VDC, which are straightforward
generalizations of the right extension and the right lift in a bicategory.

Definition 4.3. A right extension of a loose arrow [3: I — K along a loose arrow «a: I — J is a loose arrow
a>f: J— K equipped with a cell

1% % K

I @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 w, g as on the right below.

1% J--1o K

IS J-JIoK |0l 7 |
| v I = 71-J =5 K
I —— > K [ = [

5 o8
[——— K

A right lift of a protype §: I - K along a protype «a: J — K is a protype 8 <«: I — J equipped with a
cell
B

1587 % K
| @ap |

ITK

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(’l’ 5 as on the right below.

-5 %K

I-T5J7%K 1 % 1|

[ v |l = I —— J o K
Ba (&3

Iﬂ—>K I @, 5 I
I+K

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:lgx:JEalw s x) protype w:Isy:KEB(wgy) protype

x:Jsy:KEtalw s x)>,r B(w g y) protype

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:l§x:JkEa(ws x) protype w:Isy:KEB(wgy) protype

w:lgx:Jsy: Kla:awsx)se:alwix)bprBwsy) Fare: B(wsy)

The semantics of the right extension protype b is given by the right extension in VDCs. The constructor »
is interpreted using the cell @y, [g] above. To illustrate the semantics of the right extension protype, we give
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the interpretations of the right extension protype in the VDCs Prof and Rel.

(w3 x) bt B(w 3 y)] = / o] (W, -), [B1(W; )] : [J] = [K] in Prof

WelI]
[a(w 5 x)bwia B(w 5 y)] = {(z,y) | Vw € [I]. ([a](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. (Appendix B.3) The last one is not a protype but a type
constructor. A relation R: A — B in a general category can be seen as a subobject of the product A x B, and
its legs to A and B give a triangle cell

X
% TR\wz where Xp = {(a,b) € Ax B| R(a,b)}.
R

A——3— B

This triangle cell is a universal triangle cell whose base is R. In a general virtual double category, such a
universal object is called a tabulator of a loose arrow A — B.

Definition 4.4 (Tabulators] D). A (1-dimensional) tabulator of a loose arrow a: I — J is an object
{laf} equipped with a pair of tight arrows £,: {a} > I and r4: {a} — J and a cell

£ {a} r
v e N\

[

such that, for any cell v on the left below, there exists a unique tight arrow t¢,: X — {laf} that makes the
following two cells equal.

X
X h \Ltl’
V v \k - O{a} O
1=y N

[

k

Henceforth, we call a dataset (X, h,k,v) a cone over o with the apex X. |

Corresponding to the tabulators in the virtual double categories, we introduce the comprehension type
{-}} to FVDbITT. The formation rule for the comprehension type is the following:

x:Igy:JF aprotype
{lafs type

This comes equipped with the constructor

x:I¢§y:JF a protype
w:{la} Fi(w):I w:{laf} Friw):J w: {laf} |- tab{‘aﬂ(w) sall(w)/x ¢ 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 £(F(—), G(—)), see | ] 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 4.4 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 | |. Here, we give a slightly generalized version of the tabulators in virtual double
categories with units.

Definition 4.5 (2-dimensional universal property of tabulators). In a virtual double category with units, an
unital tabulator {a} of a loose arrow a: I — J is a tabulator of « in the sense of Definition 4.4, which also
satisfies the following universal property. Suppose we are given any pair of cones (X, h, k,v) and (X', 1/, k', v')
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over « and a pair of cells ¢, such that the following equality holds.

X 1o x X 1o x

rl g hi \ / Y

I — 1 —>SJ I ——J—J]
U[ @ UJ

[ ZII [ [ I [

[ ]

Then, there exists a unique cell ¢ for which the following equalities hold.

X - X - X T X -

t] 0 Lt x -2, x! tu] 0 Ltor x 1, x!
o} o fo} =0l o w0 {apofal TRlow W
M) U, Lea 1 — 1 Ta, Ura Lra J 5 J

This universal property determines what the unit on the apex of the tabulator should be. Appendix B.3 will
present the corresponding rules for the comprehension type {-[} in FVDbITT with the unit protype —.
Predicate logic. When we work with the type theory FVDDbITT 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 FVDDITT, 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 FVDDbITT as predicated 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 AtF o protype g ---slhy|lar:ar-ap:a,-pu:p

A 3 '+ a° protype Fn 8- 8T |an:ay --ar:a] Fu’:p°

These rules are the counterparts of the structure of involution in VDCs.

If one also wants to make the type theory FVDDbITT proof irrelevant, one can reformulate protype isomor-
phism judgment as equality judgments of protypes and add the rule stating that all the proterms are equal. It
is the counterpart of the flatness | ] or local preorderedness | ] of VDCs.

4.2. Examples of calculus This section exemplifies how one can reason about category theory and logic
formally in the type theory FVDbITT.

Example 4.6 (Ninja (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 Ninja
Yoneda Lemma | , 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:Is-FYoneda: (x»1y)bxralx)Z aly)

Similarly, we have
y:I¢-F CoYoneda: (y—»1x)Oxr a(x) Z aly)

which expresses the coYoneda Lemma:
XecC
/ C(—, X)X FXXF.

In short, all the theorems in category theory that can be proven using this type theory fall into corollaries of
the theorem that Prof is a CFVDC 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.

ely) = Veel (v=y)= )
ply) = Fwel(z=y)Ap()
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Example 4.7 (Isomorphism of functors). A natural transformation £: F' — G between two functors F,G: C - D
is given by a family of arrows {x: FX — 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) »1 g(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 4.8. Given two terms, f(x) and g(x), in the same context, the following are equivalent.
(i) There are proterms &(x) : f(x) -1 g(x) and n(x) : g(x) =1 f(x) such that &(x) @ n(x) = refl¢,) and

n(x) @ &(x) = reflg(y).
(ii) There is a protype isomorphism Z : y —»f(x) £ y-»1g8(x).

Here, @ is a tailored constructor defined as follows.

yidsy idsy"Jl ary»ay s by sy’ Fambi=ind, (a) ry -y

Proof. First, suppose (i) holds. We define a proterm ¢ by the following:
x:I|F&:f(x)»,g(x)
y:dsy cJdsy":Jla:ysyy sbiy =,y Famb:y-»,y”
yidsx:Igx :Ilary»,f(x)3b:f(x)»igx)Fambly/y s f(x)/y 3 g(x)/y"]:y+i8(x)
y:Jsx:Ila:y»,f(x)F¢a):y—»sg(x)

Therefore, we have {(a), and in the same way, we can define a proterm b : y-»,g(x) F ¢'(b) : y =, f(x), which
is the inverse of ¢ by simple reasoning.

Next, suppose (ii) holds. Let a : y -, f(x) I {(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. O

We therefore use the equalities y - f(x) and y - g(x) when f and g are already proven to be isomorphic.

Example 4.9 (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 equa-
tions of cells [ , ]. 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 (idg, f),
respectively. These notions are the formalization of the representable profunctors in the virtual double cate-
gories. Therefore, the companions and conjoints of a term t(x) in the type theory FVDbITT should be defined
as t(x) -1y and y -~y 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 FVDDITT, 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-»ruly).

Example 4.10 (Kan extension). In [ ], the (pointwise) left Kan extension Lang F' of a functor F': C — D
along a functor G: C — & is defined as a functor H: D — £ equipped with a natural transformation

c—-—-no»
N/
&
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:Ksy:JE LeftKan : h(z)»,y Z (g(x) #k 2) bxx (F(X) =4 y)

We will demonstrate how proofs in category theory can be done in the type theory FVDbITT.
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Proposition 4.11 (] , Theorem 4.47]). Lang:LangF = Lang/.qF hold for any functors F': C — D,
G:C— €&, and G': £ — F if the Kan extensions exist.
C r D
=
G\‘ g /LanGF
/\J ll Lang/Lang F=Lang/ g F
&g

Proof. We associate F,G,G’,Lang F, Lang Lang F, Lango¢ F with the terms f(x), g(x), g'(z), h(z), H'(z’), and
h"(z"). We will have the desired protype isomorphism judgment by composing the protype isomorphisms in the
following order.

2K sy J|H(Z)»uy
= (g/(z) K z') >zk (h(z)=»4y) (LeftKan)
= (8'(2) #xr 2') bak ((8(x) #k 2) b (F(X) 1Y) ((g'(2) #kr 2") bk LeftKan)
= ((g(x) #k2) Ozk (8'(2) #kr 2)) Por (F(x) 1) (Fubini)
= (g'(g(x)»kr Z') bt (F(X) 1 y) (CoYoneda bz (f(x)+.y))
=2 hH(Z)»ry (LeftKan™")

Here, the protype isomorphism Fubini is given as (Fubiniy, Fubinis)), where Fubini; and Fubiniy are the proterms
derived as follows.

xo:loexi:Ii ¢xe:la§xg:Is|a:asb:B§c:Brya (@b, vy)Far(brc):y
Xo:I()ng:IQ $X3:.[3|d:a®><1;11ﬁ3C:ﬁl>X1;11 (al>x0:10'y)|—7:'y
x2:Ip § x3: I3 | €t Bu.ry (Dyg:ry ¥) F Fubiniy @ (@ Oxgny B) Bxo:ilo ¥

x:logxi:Ii ¢xx:L|a:asb:fFHa®b:a®xn B
xo0:Io 8x2:Ip §x3:I3|d:aGx.a :B§e:(a®uqr B)PxI, ¥HEdre:y
xotloexi:h §xe:Iogxs:Is|a:asb:Bse: (aOun B)bxdo ¥ _ 1
x1:Ih ¢xe:lp 3x3:I3|b:B§e:(aOuqn B)Pxilo ¥ 1 0tbxyry ¥
xo:I2 §x3: I3 | €e: (@1, B) Pl ¥ F Fubiniz : By . (b1, )

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.

5.1. Syntactic presentation of virtual double categories In order to let the type theory be an internal
language for FVDCs, we proceed to define the notion of a signature and a specification for the type theory.
Signatures assign the base type symbols, function symbols, protype symbols, and cell symbols of the type theory,
and specifications assign the equality that the type theory should satisfy.

Definition 5.1. A signature X for FVDDITT is a quadruple (T, Fx, Px,Cy) where

T is a class of type symbols,

Fs(o,7) is a family of classes of function symbols for any o, 1 € T,

Ps:(o § 7) is a family of classes of protype symbols for any o, 7 € Ty,

Cx(p1§ ... 9% pn|w)is a family of classes of cell symbols for any oy,...,0, € T, p; € Px(0;—1 § 0;) for
i=1,...,n,and w € Ps(0g § 0,,) where n > 0.

For simplicity, in the last item, we omit the dependency of the class of cells on o;’s. Henceforth, f: o > T
denotes a function symbol f € Fx;(o,T), p: 0 » T denotes a protype symbol p € Py (0 ¢7),and k: p15...5pn > w
denotes a cell symbol k € Cx(p1 § ... ¢ pn | ).

A morphism of signatures @: X — X' 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 protype symbol of the form
P(p): (o) » P(7) where the assignment of type symbols has already been determined. ]

A typical example of a signature is the signature defined by a CFVDC D.
Definition 5.2. The associated signature of a CFVDC D is the signature X defined by
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e T is the set of objects of D, where we write "I for I € D as a type symbol,

o Fp("I7,7J7) is the set of tight arrows I — J in D, where we write "7 for f € Fp("I7,7J7) as a function
symbol,

e Pp("17 3 ™J7) is the set of loose arrows a: I — J in D, where we write "o for « € Pp("I75"J7) as a
protype symbol,

e Cp("an g ... ¢ T, V| TB7) is the set of cells p: aq;...;, = B in D, where we write "7 for p €
Cp("a17§...5 ", | 7B7) as a cell symbol.

Now, we turn to the definition of a specification. We use the word “multi-class” to mean a class X with
multiplicities (M, )zex, where M, is a class. One can think of a multi-class as a (class-large) family of classes.

Definition 5.3. A specification E for a signature X is a pair (EPY, E'™ EP'™) where

o EPY = (Ef,f{,)pw is a multi-class of pairs of protype symbols (p,w) of the same two-sided arity, say o » T,
whose elements are called protype isomorphism symbols.
e E'™ is a class of pair of terms of the same type that are well-formed in X and EPY,

e EP'™ is a class of proterm equality judgments that are well-formed in X, EPY 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’ by which
every judgment in E is translated to a judgment that is derivable from E’, together with a multi-class function
EPY — E'® with the index function being the translation by @, that is, a family of functions E5%, — E:ﬁ;qus for

each pair of protype symbols (p, w). [ ]

Note that we say a judgment is well-formed in (X, E) if it is derivable from the basic derivation rules and the
following introduction rules:

ceT f e Fx(o,T r-t:o € Px (o, T
~ BaseTYPE (o, 7) FUNCTION pEPslom) BASEPRO
o type ref(t):r x:0§y:Thk p(x,y) protype
k € C $ ... 3 w m € EPY
515§ on | @) BaseCELL P BaseProlso
Flar:p1§...3an:pnbtkr{ar §...8an}:w (F=x0:00,...,%Xn:0p x:03y:TEAR :pZw

Am is a mere symbol for readability. We treat terms like f(s) simply as an abbreviation for f(x)[s/x] and
similarly for proterms and cells, as mentioned in Subsection 3.1.

Definition 5.4. For a signature X' and a CFVDC D, a XY-structure M in D is a morphism of signatures
Y — X'p. The identity morphism on X'p can be deemed a Xp-structure in ID, which we call the canonical
(¥p-)structure in D. [ ]

A Y-structure in D defines what the type symbols, function symbols, protype symbols, and cell symbols
in X are interpreted as in D, and with the interpretations for the constructors of the type theory, we can
interpret types, terms, protypes, and proterms in X' as objects, tight arrows, loose arrows, and globular cells in
D, respectively. We write M(s) for the interpretation of a symbol s in ID under M and similarly for the other
items in the type theory.

Definition 5.5. Let @: (X, E) — (X', E’) be a morphism of signatures, and J be a judgment in the type theory
based on X. 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 @. In particular, we write JM for the judgment in the type
theory based on X' for a Y-structure M in D. [ ]

Definition 5.6 (Validity of equality judgments). We define the validity of equality judgments in a CEVDC
as follows.

e A term equality judgment t = t’ is valid in a Y-structure M in a CEVDC D if M(t) and M(t’) are equal
as tight arrows in D.

e A proterm equality judgment pu = p’ is valid in a X-structure M in a CFVDC D if M(u) and M(u') are
equal as loose arrows in D.

With the definition of validity, one can canonically associate a specification Ep to a CFVDC D, which
exhaustively contains the information of D.

Definition 5.7. The associated specification Sp(ID) of a CFVDC D is the specification (Xp, Ep) with Xp
as above, EIT (resp. ER™) the set of all the valid equality judgments for terms (resp. proterms) in the canonical
structure in ID, and E]’]thy the multi-class whose class indexed by (e, B) is the class of isomorphism cells from

M(er) to M(B) in D. [ ]



AN INTERNAL LOGIC OF VIRTUAL DOUBLE CATEGORIES 19

5.2. An overview of the proof We will provide an overview of our proof of the syntax-semantics biadjunction
for FVDDbBITT. The full proof is given in Subsection 5.3. First of all, we present the statement of the main
theorem.

Theorem 5.8. When we define the 2-cells of specifications in an appropriate way, we have a biadjunction
between the 2-category of CFVDCs and the 2-category of specifications in FVDDbITT as follows:

$
Speci . 1 * FibVDbl_,,¢ .
Sp

Here, Sp takes a VDC to its associated specification, and we will call (X, E) the syntactic virtual dou-
ble category of the specification (X, E). Moreover, the components of the counit of this biadjunction are
equivalences.

The proof of this theorem is done in the following steps:

(i) We provide a more scarce version of FVDDbITT, which we call crude FVDbITT. This type theory lacks
protype isomorphisms, and accordingly, we will arrange additional pairs of proterms as backups for the
protype isomorphism constructors.

(ii) We construct a biadjunction between the 2-category of CFVDCs and the 2-category of a crude version of
the specifications whose components of the counit are equivalences, which is much more straightforward
than the direct construction of the expected biadjunction.

(iii) We construct a relative biadjunction between the 2-category of crude specifications and that of specifications
in FVDbITT, which requires translations between the two type theories.

(iv) We show that the composite of the biadjunctions constructed in the previous two steps brings us the
expected biadjunction.

5.3. The syntactic virtual double category of a specification This section provides a detailed proof of
the main result of this paper, Theorem 5.8.

Definition 5.9. The type theory FVDbITT® has the same syntax as FVDbITT except that judgments are
limited to typing judgments for all entities and equality judgments for terms and proterms, but not for protype
isomorphisms. Accordingly, we drop the rules for the protype isomorphisms. Instead, we add the rules for the
typing judgments and the equality judgments for protype isomorphisms as in Figure 5, consisting of the proterm
constructors in both directions for the protype isomorphism constructors rest-ide, rest-iter, restx, restr, repl and
the equality judgments showing that they are mutual inverses to each other. Their interpretations in a CEVDC
are defined in the same way as the protype isomorphism constructors in Subsection 3.2. |

Since the type theory FVDbITT lacks protype isomorphisms, we need to redefine the notion of a specifi-
cation for it accordingly.

Definition 5.10. A crude specification E® for a signature X is a pair (Et?n, Ef,>tm) where Et?n is a class of term
equality judgments, and Efftm is a class of proterm equality judgments. A morphism of crude specifications
(X,E) — (X', E') is similarly defined as in Definition 5.3 but without the data for protype isomorphisms.

For a CFVDC D, the associated crude specification (ZD,E]%) is the crude specification for X' with
E]% as the equality judgments part of the associated specification of D. |

In Subsection 3.2, we have seen how judgments in the type theory are interpreted in a CEFVDC. Following
the philosophy of functorial semantics, the interpretation in a CFVDC should be captured by functors from
what should be called the syntactic VDC of a specification to the CFVDC. We will first define the syntactic
VDC of a crude specification and then use it to define the syntactic VDC of a specification.

Definition 5.11. For a crude specification (X, E), the syntactic virtual double category (or classifying
virtual double category) $ (X, E) is the virtual double category whose

e objects are contexts I ctx for X,
o tight arrows T - A = (yy : J1,..., ¥y, : Jn) are equivalence classes of sequences of terms " =ty : J1,...,t, 0 Jp
(or substitutions) modulo equality judgments derivable from (X, E),
e loose arrows [T — A are protypes I § A F a protype derived from (X, E),
o cells of form
Mo —3*— ... RPN LB
Sol, I 15 (5.1)
AQ ﬁ Al
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I § AF o protype I § AF o protype
rsAla:ofS/Is T/A]I—restfideé{a}:a rs A|a:a)—restfideé{a}:a[r/l—‘; A/ A]
I § AF o protype I § AR a protype
rsAla:all[/T § A/A+ rest—itere{rest—itera{a}} =a:a[l/T § A/A] rsAla:at rest—itere{rest—itere{a}} =a:a

rvs/r’ r'es/r AT /A A'FT/A s At o protype
" s A” |a:(a[S/I s T/A)[S /I § T'/A'] - rest-iter” {a} : «[S[S'/I']/T 5 T[T'/A']/ 4]

r’vs/r’ r'es;r AT /A A'FT/A s A+ o protype
" s A" |a:aS[S' /') § T[T JA']/A] & rest-iter {a} : (a[S/T 3 T/A[S' /T § T' /4]

r'vs /r’ r'es;r AT /A A'FT/A I3 A o protype
' s A |a:(a[S/I 3 T/A)[S' /I § T'JA] F rest-iters {rest-iter™ {a}} = a: («[S/T 3 T/A])[S' /[ 5 T' /4]

res/r’ r'es;r AT /A A'FT/A I3 A o protype
" s A" |a:[S[S'/I')T § T[T'JA'])A] & rest-iter” {rest-iter {a}} = a: [S[S'/I]/I 3 T[T'/A")/A]

r'es/r A-T/A s AF a protype
r's A |a:a[S/F s T/AIAB[S/T § T/A] F resti{a} (@ AB)S/T 5 T/A]

res/r A'-T/A I3 At « protype

r'5 A" |a: (aAB)S/T 5 T/AF resty {(nalS/ 5 T/AlLmi[S/I 5 T/A} = a: (ahB)S/T 5 T/A]

r-s;/r A FT/A I s Ak a protype

I 5 A |a:alS/I 5 T/AIAB[S/T 5 T/Al & (nolS/I 5 T/AlLmi[S/I 5 T/A)) {rests, {a}/a} =a: (a AB)[S/T 5 T/4]

res;r A'FT/A res/r AT/ A

r's A'|a: T Frests : T[S/ 3 T/A] r's A |a:TIS/M s T/A]Frest {()} =a: T[S/ 5 T/4]
r"esSy/r=s./r A FrTy/A=T1/A r’ s A’ + a protype

=
o5, 57y 12} P @IS1/T 3 TL/A]

r's A" |a:alSo/l § To/A] F repl

eSSy /r=s./r AFTy/A=T /A r' s A' + a protype

E E
r's A |a:a[So/l § To/A] - rep|51,50$T1,To{rep|50,51sTo,T1{a}} =a:a[So/l § To/A]

I3 A+ « protype res/r A FT/A

s
s A |a:alS/T s T/AlFreplg o 7 {a} =a:alS/I 5 T/A]

rresSy/r=s/r AFTo/A=T /A r' s A + a protype

> >
51,505 T1,To {replso‘Sl $To.T1 {a}} =a:a[So/l § To/A]

RS

s A’ | a:al[So/I § To/A] + repl

r'eSy/r=s./r r'es,/r=sy/r A'FTo/A=T,/A ArT/A=T /A r' s A + a protype

E E >
r's A" |a:a[So/l 5 To/A] F rep|51,52SleTz{rep|50‘51ST07T1{3}} = rep|50752;.’_0y.’_2{a} ca[Se/l 5 T2 /A]

FIGURE 5. FVDbITT?: The rules for the proterm constructors and the equality judgments
(excluding the counterparts for the last nine rules in Appendix B.1, which can be directly
obtained by replacing rest-iter, rest-ide, repl with rest-iter 7, rest-ide repl ~ in those rules).

are equivalence classes of proterms
f\alzal S ... 9 an:anl—p,:,B[So/Ao 3 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 when we fix them as replacing S;’s with another family of terms
S!’s, which the transformation by repl allows, gives the bijection between the proterms for each equivalence
class.

|

Although tight arrows and cells are equivalence classes of terms and proterms, respectively, we will often
abuse the notation and write t and w for the representatives of the equivalence classes.

Proposition 5.12. The syntactic VDC $9(X,E) for a crude specification (X,E) is a cartesian fibrational
virtual double category.
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Proof sketch. The verification of the objects and the tight arrows making a category with finite products is the
same as the classical result | , Theorem 3.3.4]. The derivation of the proterm a in the context a : a gives
the identity cell on a, and the substitution and the prosubstitution give the composition of cells. We illustrate
this with a small example.? Suppose we have cells as follows:

fo —+— T —+— 1

So
Sol, K1 lem

AO + Al + AQ I
TO\L p v p LT1
©o % O

meaning that we have proterms

FosTislafar:ar§as:ast p:Bi[So/Ao 5 Si/A4],

Fa| F gt BalS1/A1 § S2/A,
Ag 5 Ay 5 Ay |by:fr§by:faltviy[To/Op § T1/O1].
From the third proterm, we can derive the proterm
Fos g afby:Bi[So/Ao § S1/A1] § ba: Ba[S1/A1 § S2/As]
F rest-iter ~ {v[So/Ao § S1/A1 § Sa/As]} - ¥ [To[So/A0]/O1 § T1[S2/A2]/61].

By the prosubstitution rule, we then have the proterm

/_03/_13/_2|31501133220[2

F (rest-iter% {V[So/ Ao § S1/ A1 Sz/Az]}) {p1/b1 5 ma/ba}t i v [To[So/Ao]/O1 § T1[S2/A2]/O1],

which we define as the composite of the cells. The computation rules for proterms make this composition satisfy
the axioms of VDCs.
A restriction is given by the substitution in protypes. It is straightforward to check that the canonical cell

a[So/Ap § S1/A1]
[ ————' 1
Sol rest ls, eivenby To§/l1|a:afSo/Ao s Si1/A]F a:alSo/Ao 5 S1/A]
Ay ——— 4y
exhibits a[Sp/Ag § S1/4A1] as a restriction of a loose arrow o along Sg and S as tight arrows. By Proposition2.8,
it is enough to show that $¢ (X, E) has loose arrows a A B for any a, f and T for any pair of objects satisfying

the conditions we have shown therein. However, protype constructors A and T that we have defined in the type
theory achieve this condition by the computation rules for proterms. (]

The following lemma is easy to check.

Lemma 5.13. For any morphism of specifications @: (X, E) — (X', E’), the translation (—)% defines a mor-
phism $¢(®): $¢ (X, E) — $¢ (X', E’), and this is functorial in &.

Following this lemma, we define the 2-cells of crude specifications.

Definition 5.14. A 2-cell of crude specifications & —» ¥: (X, E) — (X',E') is a transformation of VDCs
from $9 () to $¢(¥). We write {-Speci for the 2-category of crude specifications, morphisms of crude
specifications, and 2-cells of crude specifications. |

Corollary 5.15. The assignment (¥, E) — $ (X, E) defines a 2-functor $¢: {-Speci — FibVDblcqrt.

Proposition 5.16. The assignment that sends a CFVDC D to the associated crude specification (E]D,E]%)
extends to a 2-functor Sp<> : FibVDDbl.,, — {-Speci which is a right biadjoint to $¢. The components of the
counit ep: $%(Sp® (D)) — D are equivalences.

Proof. The assignment D +— (Z']D,E]%) extends to a 1-functor Sp<> by the definition of the associated crude
specification.

3See (ii) in Appendix B.2 for the detailed proof.
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Before arguing that Sp® is a 2-functor, we construct a virtual double functor ep : $¢(Sp® (D)) — D that will
turn out to be an equivalence. We have the canonical X'p-structure in ID. In the way we showed in Subsection3.2,
we can interpret all the items in Sp<>(lD) in D. Now, we are to show that this defines a virtual double functor
from $(Zp, EY) to D.* The way we assign the data of VDCs is straightforward using Definition 3.1 except
for the cells. A cell of $°(Zp, ES) of the form (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 3.1.

[[I—OELB[SO/AOSSMAJHHI—IH [[/—0]] fea] . . [een] [[rn]]
[Soll rest S [ [u] I
[Ao] ——5— [Ai] [Fol [7]

6] [B[S0/ 205 51/ A1]]

The assignments are independent of the choice of terms and proterms since the equivalence relation is up to
the equality belonging to E]%, that is, the equality in ID. Proving that this defines a morphism in FibVDDbl .t
is a routine verification: the translation of the S-rule and the n-rule to the universal properties. We consult
Lemmas 2.5 and 2.7 to see that this is an equivalence. We only confirm the limited case of (iii) in Lemma 2.5;
the remaining part is similar. Up to isomorphism, loose arrows in the syntactic VDC are of the form a(x § y)
for a protype symbol «a in the signature X'p. This allows us to reduce the proof to the case where the cell is
framed by arrows of the above form. Given a cell in D on the left below, we can find a cell in $°(Zp, E]%) on
the right below that is mapped to the given cell by ep.

Iy =% ... N . xp: "Iy T Goia) . FQMTL))% (LT
H m I I Tu{ar §... % an} I

J . J X0 I—I " + Xn - I_I —l
0 K] 1 0 0 B (x0 § xn) " "

If another cell in $<>(E]D,E]%) framed by the arrows above is mapped to the same cell in D by ep, then the
equality of the two proterms representing the cells belongs to E]% by definition. Therefore, e satisfies (iii) in
Lemma 2.5.

Using the equivalence ep, we know that there is the only way to define how the 2-functor Sp<> should send
2-cells in such a way that ep is a 2-natural transformation.

Note that $¢(—) is locally fully faithful. In order to see that ep gives a counit of the biadjunction, it is
enough to show that any morphism F: $¢(X,E) — D in FibVDbla is presented, up to isomorphism, by
the composite of the image of a morphism F: (X,E)—> Sp¢ (D) by $° and ep. We can pick such a morphism
of signatures F by taking the image of each symbol in ¥ as some item in the syntactic VDC $¥ (X, E). The
equality judgments in E are translated to the valid equality judgments in Yp, meaning that the morphism of
signatures indeed defines a morphism of specifications F': (X, E) — Sp®(ID). The morphism ep o $¢(F) only
differs from F' by the inductive assignments of items in Sp<>(]D) using the universal properties in D; hence, they
are isomorphic. O

One can translate specifications into crude specifications without losing information.

Definition 5.17. A crude translation of a proterm judgment A § [ | AF p: fin FVDDITT is a proterm
judgment A § I | AF u® : B in FVDbITT® of the same context defined inductively as follows:
e a judgment derived by the rules except for TRANSPORT is translated to the judgment derived by the same
rules from the judgments already translated from the premises,
e the translation of a judgment derived by TRANSPORT is defined by induction on the derivation of protype
isomorphism judgments as in Figure 6.

A de-crude translation of a proterm judgment A § I | AF p: B in FVDbITT? is a proterm judgment
AT |AF pu® : B in FVDDbITT of the same context defined by replacing the constructor added in Definition 5.9
with the corresponding constructor in FVDDbITT, for example, rest-iter ~ {a) with rest-iter{a} and rest-iter < {a)
with rest-iter—{a}. [ ]

The rules for FVDbITT? and the (de-)crude translations are formulated so that the following lemma holds.

Lemma 5.18. For a proterm judgment A § | A+ p : B derived from a specification (X, E) without the
use of TRANSPORT in FVDbITT, (u®)* = u is derivable in FVDDbITT. Conversely, for a proterm judgment
AT | Ak p: B derived from X in FVDbITT?, (u*)® = u is derivable in FVDbITT®?.

Definition 5.19. A crude encoding CD(X,E) of a specification (X, E) is a crude specification defined by

4See (i) in Appendix B.2.
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e the signature consists of data in X plus additional cell symbols ¢,,: p = w and ¥,,,: w = p for each element

m € EPY
p.w)
e the equality judgments consist of the crude translations of equality judgments in E plus the equality judg-
ments
x:o3y:7|a:pbYn{on{al}=a:p and x:03y:7|b:wk o {Yn{b}}=b:w (5.2)
for each m € EbY,.
|
I3 Ab « protype s At « protype rsAFT: 028 rsArQ:p=y
rsAja:atide{a}® =a:a F$A|a:al—id;1{a}0£a:a I'sA\a:ak(_QoT){a}OiQ{b}O{T{a}O/b};¢y
I $ A o protype I s AL o protype
FsAla:a[l/T 3§ AJA] & rest-ide{a}® = rest—ideé{a} to FsAla:ab restide™ ' {a}® = rest—ideé{a} call /T § A/A]

r'vs/r res;r AT A AFT/A
s A" |a:(afS/T s T/ADI[S' /I § T'/A'] & rest-iter{a}® = rest-iter”{a} : «[S[S'/]/T 3 T[T'/A']/A]

rvs/r’ r'es/r AT /A A'rT/A I § At o protype

r"sa”la:a [5[5’//'/]//' s T[T’/A’]/A] F rest-iter ' {a}® = rest-iter {a} : (a[S/I 3 T/AN[S'/I 3 T'/A"]

res/r AFT/A I s AF o protype I 3 AR B protype
rs Al|a:(a/\/3)[5/l'$T/A]FrestA{a}Qi(wo[S/l'sT/A],ﬂ'l[S/l'gT/A]):a[S/l'sT/A]/\B[S/I';T/A]

res/r AFT/A s Ak a protype I 3 A+ B protype

r'5 A" |a:alS/I 5 T/A]ABIS/T 3 T/A] - rest; {a}® = resty {a} : (au A B)[S/T 5 T/A

res/r  A'vT/A res/r  A'r7/A

r's A |a:T[S/IsT/AFrestr{a}®=(:T Isa |a:Trrest7 {a} = resti{a} S T[S/r 5 T/A4]

r'eSy/r=s./r ATy /A=T /A r’' s A’ + o protype

r's A’ |a:alSo/l § To/A] - repls, s $-,—oy-r1{a}O = repl al:alS1/l 5§ T1/A]

S
S0,51 $T0=T1{

r"esSy/r=s./r AFrTo/A=T /A r’ s A’ + a protype

— B >
r's A" |a:alSi/l s Ti/AlFrepls) s r 1 {a}¥ = replg o057, 713}t @lSo/T 5 To/4]

rsAla:akufa}l:g rsA|b:Bru{v{b}}=5b:8 rsAla:atufa}:B rsA|b:g-u{v{b}}=5b:8
rsA|b:Brv{b}:a rsAjla:atv{p{al}=a:a rsA|b:prv{b}:a rsAla:arv{p{al}=a:«a
rsAala:ak (uv){a}® =ufa}:p FsAlb:fr (uv) {a}® Zv{b}:a
m € Ej%, m € BpL,
xiogy:T|aipk An{al® =pm{a}:w X:o’3y:‘r|b:wF/\;L1{b}<>iv,bm{b}:p

FIGURE 6. Translations of transported proterms

We define the 2-category Speci of specifications so that the above assignment is a 2-functor.

Lemma 5.20. The assignment (X, E) — CD(X,E) induces a (1-)functor from the category of specifications
and morphisms of specifications to the category of crude specifications and morphisms of crude specifications.

Proof sketch. For a morphism of specifications @: (X, E) — (X', E’), the assignment CD(®) sends the cell sym-
bols @,, and P, t0 Pp(m) and PYg(rm,). The equality judgments (5.2) are translated into the equality judgments
of the same form and hence derivable from CD(X', E’).” O

Definition 5.21. A 2-cell of specifications ® - V: (X E) — (X', E') is a 2-cell CD(®) — CD(¥) in {-Speci,
hence a transformation of VDCs from $¢(CD(®)) to $9(CD(¥)). We write Speci for the 2-category of
specifications, morphisms of specifications, and 2-cells of specifications. |

Corollary 5.22. The assignment (X,E) — $¢(CD(X,E)) defines a 2-functor CD: Speci — FibVDblayt,
which is locally fully faithful.

5See (iv) in Appendix B.2.
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This 2-functor does not have a right biadjoint globally but a partial one.

Definition 5.23. A crude specification (X, E) is unary-cell-saturated if, for any proterm judgment x : o ¢ y :
T|a:phk ¥: w derivable from E where o, T, p,w belongs to the signature X, there is a cell symbol ky: p = w
in X such that the equality judgment

x:o03y:T|a:pbke{a}=90:w
is derivable from E. |

A crude 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. Let {-Specig,, be the full subcategory of
{-Speci whose objects are unary-cell-saturated crude specifications. Note that the associated crude specification
(Xp, E]%) of a CFVDC D is unary-cell-saturated. Note that the choice of the cell symbols k3 may not be unique
but does not affect anything in the presence of E.

Proposition 5.24. The 2-functor CD: Speci — <{)-Speci has a relative right biadjoint DCD: {-Speci
over the inclusion J: {-Speci,,, — {-Speci.

sat — Speci

CD
Speci —  {-Speci

e ]
{-Speci,,,
The components of the counit v(pp): CD(DCD(P,D)) — (P, D) are sent to the equivalence by $¢.

Here, a relative right biadjoint means that there is a natural equivalence
{-Speci(CD(—), J(x)) ~ Speci(—, DCD(x))

induced by the 2-cell above. See | | on relative biadjunctions, where the notion is called a relative
pseudo-adjunction.

Proof. The outline of the proof is as follows. We first construct a specification DCD(P, D) and a morphism of
specifications v(ppy: CD(DCD(P, D)) — (P, D) from a unary-cell-saturated crude specification (P, D). Then,
we show that for each (X, E) in Speci, the functor Speci ((X,E), DCD(P,D)) — {-Speci(CD(X,E), (P,D))
defined by ¥ — v(ppyo CD(¥) is an equivalence. We divided the proof into two parts: the essential surjectivity
and the full faithfulness. We precede with the former, and then before the latter, we show the last statement
in the proposition to facilitate the proof.

For a unary-cell-saturated crude specification (P, D), a specification DCD(P, D) consists of the same signature
P, the multi-class D= defined from D by setting Df,w to be the class of the pairs (9,¢) of proterms

x:o3y:7la:pF%a}l:w and x:o5y:7|b:whkg{b}:p
for which D derives the equality judgments
x:o3y:7Tla:pbe¢{¥a}}=a:p and x:05y:7|b:whk3{b}}=b:w,
and the classes of term and proterm equality judgments consisting of the de-crude translations of the equality
judgments in D'™ and DP'™ plus the equality judgments
x:a3y:'r|a:p}—/\(197§){a}519{a}"':w and x:cr;y:T|b:wl—/\&l’g){b}zg{b}*:p (5.3)

for each protype isomorphism symbol (¢,¢) in Dﬁw. Then we will have a morphism of specifications v(p p)
that sends the new cell symbols @5 ) and P(g ) to the cell symbols kg and k¢ in the definition of the unary-
cell-saturated crude specification (P,D) for any pair (9,¢) in D=. It follows that v(pp) defines a morphism of
specifications since the equality judgments in CD(DCD(P, D)) are either in D or those of the form (5.2) for the
pairs in D=, which are translated derivable from D.

We first prove that this v(pp) leads to the essential surjectivity. Given a morphism of crude specifications
¢: CD(X,E) — (P,D), we can restrict it to a morphism of signatures @|x: X — P. We now prove that it defines

a morphism of specifications @: (X,E) —» DCD(P, D). By assumption, for each element m € EPY, in E, the cell
symbols @, and ¥, in CD(X,E) are sent to some cell symbols x,, and A, in P. Since CD(X,E) can derive
the equality judgments (5.2), D derives the equality judgments

x:0? syt a:p? Fon{xm{a}} =a:p? and x:0%5y:7?|b:w? Fxm{dn{b}} =b:w?.
We define the function &: ng{, - qus oo to send m to the pair (Xm,An). Crude translations of the equality
judgments in E are translated by CD(®) to the equality judgments that are derivable from D in FVDbITT¢ by



AN INTERNAL LOGIC OF VIRTUAL DOUBLE CATEGORIES 25

assumption. Hence, in FVDDITT, we can simulate the derivation of the equality judgments in E translated by
& through the de-crude translations of the equality judgments in D in FVDbITT.® Therefore, @ is a morphism
of specifications, and it is straightforward to check that v(ppy o CD(®) is equal to &.

CD(Z, E)
CD(@\E)l > ¢ in Speci®.
CD(DCD(P,D)) 5 (P.D)

To see that $¢ (v(p,py) is an equivalence, we confer Lemma2.5. The equivalence on the tight part is apparent
since v(pp)y does not change anything on types and terms. Next, for each loose arrow in $¢(CD(DCD(P,D))),
we can find a corresponding loose arrow in $¢(CD(DCD(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) is to send proterm
judgments with the additional cell symbols ¢y ¢) and ¥y ¢) to the proterm judgments without them by replacing
the cell symbols with kg and k¢. 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 using the fact that
from the crude translations of the equality judgments (5.3), the equalities ¢y ¢)(a) = ¥(a) and Py ¢)(b) = s(b)
are derivable from CD(DCD(P, D)).

The full faithfulness follows from the fact that the 2-cells in Speci and <{>-Speci are defined as the transfor-
mations of their syntactic VDCs, and $<>(U( p,p)) is an equivalence. ([l

We obtain the main theorem by combining the (relative) biadjunctions Propositions5.16 and 5.24,

Theorem 5.25 (Restatement of Theorem 5.8). Let $: Speci — FibVDblea. be the composite $¢ o CD.

The composite DCD o SpO assigns the associated specification in the sense of Definition 5.7 to a CFVDC, and
this 2-functor Sp and $ form a biadjunction

cD $(-)
s Speci — — Speci® — — FibVDblayt
Speci . 1 " FibVDbl.,t , ie., \ 0
Sp DCD .0 4
Speciy, P

The right adjoint Sp is a local equivalence, that is, Sp: FibVDblcapt (D, D) — Speci(Sp(D), Sp(ID’)) is an
equivalence for any pair D, D’.

Proof. Through Propositions5.16 and 5.24, the expected biadjunction follows from the general theory of relative
biadjunctions. Explicitly, for a specification S and a CFVDC D,

FibVDbl,,¢ (SO (CD(9)) ,]D) ~ Speci® (CD(S), Sp<>(lD)> (by Proposition5.16)

~ Speci (S, DCD(Sp? (]D))) (by Proposition5.24)

The local equivalence of Sp follows from the fact that the counit of the biadjunction is pointwise an equivalence
because of Propositions5.16 and 5.24. O

The unit of a syntax-semantics adjunction is called a term model in the context of type theory.

Definition 5.26. A term model of a specification (X, E) in a CFVDC is a canonical X-structure in the
syntactic VDC $(X,E), defined by regarding symbols o, f: 0 >7, p: c»7T, and kK: p; § ... § p, > w as an
object x : o, a tight arrow f(x), a loose arrow p(x § y), and a globular cell k(a; ¢ ... § a,) in $(X,E),
respectively. |

When we define the 2-category of models of a specification (X, E) to be the comma 2-category (X, E) | Sp(—),
the theorem above implies that the term model is bi-initial in this 2-category.
From the biadjunction, we can deduce the soundness and completeness theorems for the type theory.

Corollary 5.27 (Soundness and Completeness). Let (X, E) be a specification.

(i) Let M be its model in a CFVDC D, that is, a morphism M: (X, E) — Sp(D). An equality judgment J is
valid in M whenever J is derivable from (X, E). If a protype isomorphism judgment 7" : a £ § is derivable
from (X, E), then M(a) = M(B) holds.

6See (iii) in Appendix B.2.
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(ii) If an equality judgment J is valid in every model of (X, E) in a CFVDC D, then J is derivable from (X, E).

Proof. 1f J is derivable from (X, E), then the term model $(X, E) validates J. The X-structure M is isomorphic
to the term model composed with the morphism $(X, E) — D induced by M, and hence M validates J. Take
the term model of (¥, E), and we will have the expected result. a

We end this section by discussing the extension of the results to the enhanced version of the type theory.
In Section 4, we have listed the protype constructors - ®,<,> and the type constructor {|[}. One can make
the syntactic VDCs and the biadjunctions work for each enhanced version of the type theory by modifying the
specifications and other constructions accordingly. We briefly describe how to do this. Let ¥ be a subset of the set
{=# 0,4, {} }- We write FVDbIT T4« for the type theory with the constructors in T and FibVDblz ¢qr¢ for the
2-category of cartesian objects in FVDDbITT«, the 2-category of FVDCs with the structures corresponding to
the constructors in T. We define the 2-category Speciz and {)-Specis of specifications and crude specifications
for FVDbIT T« and FVDblTT%> in the same way as Speci, the only difference being that the equality judgments
and the isomorphism judgments can include the constructors in ¥. Rules for the constructors in ¥ are added to
the original ones to admit a biadjunction between {-Speciz and FibVDblsz cart, see Appendices A and B.3.
The relative biadjunction between Specis and {>-Speciz is also constructed in the same way as Proposition5.24,
and the biadjunction between Specisz and FibVDblg cart is obtained as in Theorem 5.25.

6. Related and Future Work

In this section, we will discuss how FVDbITT, in comparison with New and Licata’s “Virtual Equipment Type
Theory” (VETT) | ], stands out with its practicality and 2-categorical accuracy in the semantics. It is
protype isomorphism judgments that achieve the practicality, and the 2-categorical accuracy is what we have
developed in Section 5.

The most significant difference resides in protype isomorphism judgments in FVDDbITT. The equality of sets
in VETT does not incorporate isomorphisms into the equational theory. VETT proves isomorphisms of sets
(profunctors) by constructing mutual inverses meta theoretically but cannot directly reason about them inside
the type theory. FVDDbITT directly handles protype isomorphisms inside the type theory and shows what
can be done in a VDC as it is, which simulates reasoning on isomorphisms in category theory. The difference
comes partly from the presentation of profunctors. Profunctors in VETT look like ¢ : Aa; B.R(« § B), and “\”
represents quantification that respects the naturality of ¢. Although this kind of presentation suits how one
argues about profunctors in ordinary category theory, it does not reflect how one formally develops category
theory in a VDC. In short, VETT is a formal language for category theory that can treat a wide range of
category theories, while FVDDbITT is a formal language for formal category theory.

The semantics of VETT are given in a split fibrational’ virtual double category where all the restrictions
are chosen in a compatible way. If one considers a complete set of connectives given in this paper such as
composition or extensions, the stage of the semantics requires many choices and compatibility conditions, which
are sometimes complicated to handle. On the other hand, the semantics of FVDDbITT is given in a CFVDC
with no restrictions chosen. We naively interpret the entities of the type theory, which is justified by allowing
the interpretation to be up to equivalence in the 2-category of VDCs. In practice, this enables us to take
any VDC with additional (non-split) structures that we need to interpret the type theory without worrying
about how they are chosen. On the theoretical side, a syntax-semantics adjunction is, in general, established
concerning 2-dimensional structures since the interpretation of the type theory is given only up to isomorphism.
The author does not know why the initiality of the syntactic model in VETT does not require 2-dimensional
care in | ]. In the context of Martin-Lof type theory, for example, similar problems called the coherence
problems have been studied in | , , ]. This paper is intended to give a 2-categorically accurate
semantics of a type theory for formal category theory. In particular, we pay special attention to how two
constructors in the type theory should be interrelated to each other from the perspective of 2-categories of
VDCs with additional structures, as discussed in Appendix A, providing persuasive evidence that the type
theory is a beneficial language both as an internal language for VDCs and as a language for formal category
theory in VDCs.

It is fair to mention what cannot be done in FVDDbITT now. The type theory lacks the meta-level kinds
as in VETT, meaning that we cannot deal with categories or functors using polymorphism in the type theory.
On the other hand, VETT has different type-theoretic entities corresponding to the hierarchy of abstractness.
It has categories, sets, and meta-level entities called types, all with equational theory. The distinction between
categories in VETT and types in FVDDbITT is that the former has the equational theory as elements of a meta-
level type “Cat” while the latter does not. When we consider the semantics of these type theories, it makes

7Although [ | uses the term “fibrant” instead of “fibrational”, we use the latter term to avoid confusion with the notion of
fibrant objects in model categories.
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a significant difference that VETT requires VDCs indexed by a category with families (VETT judgmental
models) as a model, while FVDDbITT merely requires a single VDC.

FVDDITT in this paper VETT in | ]
Type-theoretic entities types, terms, protypes, proterms categories, sets, types
Isomorphic reasoning v X
Semantics cartesian fibrational VDCs indexed split-fibrational virtual equipments
Syntax-semantics duality biadjunction initiality (without 2-dimensional care)
Polymorphism X v

TABLE 4. Comparison between FVDbITT and VETT

There are several directions for future work. First, we would like to extend the type theory FVDDbITT
to include augmented virtual double categories | , ]. The latter conceptualizes the notion of Kan
extension and Yoneda embedding inside this framework, and develops a formal category theory more flexibly
than the original virtual double categories. It would be interesting to investigate how category theory can be
formalized in the extended type theory. Second, the dependent version of the type theory FVDDbITT should
be developed. There are several studies on directed type theory [ , , ], 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. Finally, we are interested in the relationship between
the type theory FVDDbITT 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 | , ], or more directly, the
string diagrams for double categories | ]. They may be understood as a string diagrammatic presentation
of the type theory FVDDbITT. We hope to explore these connections in future work.
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Appendix A. Cartesianness of Structured Virtual Double Categories

We provide rationale for the rules in appendix B.3, by unpacking the cartesianness of virtual double categories
with structures.
First, we provide a general lemma on the cartesianness in the 2-category of some structured objects in a

2-category.

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

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


https://ncatlab.org/nlab/files/DLHLL-FormalCategoryTheory.pdf
https://ncatlab.org/nlab/show/SEAR
https://ncatlab.org/nlab/revision/SEAR/68
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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. 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

Proposition A.2. Let FibUVDbl be the locally-full sub-2-category of FibVDDbl spanned by the FVDCs
with units and functors preserving units. Then, a FVDC D with units is cartesian in FibUVDbl if and only
if

(i) D is a cartesian FVDC,
(ii) U3 = Ty, in D(1,1) canonically, and
(iii) for any I,J € D, U,y = Uy x Uy canonically in D(I x J, I x J).

Proof. By LemmaA.1, D is cartesian as a unital FVDC if and only if it is cartesian as a FVDC and the 1-cells
1:1—-Dand x: DxD — D are in FibUVDDbl. The first condition is equivalent to (i) since it sends the only
loose arrow in 1, which is the unit loose arrow, to T1,1. The second condition is equivalent to (7ii) since the
unit loose arrow of (I,.J) in D(I x J,I x J) is (d7,d;), which is sent to 67 x d; in D(I x J, I x J). O

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

Proposition A.3. Let FibCVDbl be the locally-full sub-2-category of FibVDDbl spanned by the FVDCs
with composites of sequences of loose arrows of positive length and functors preserving those composites. A
VDC D in FibCVDDbl is cartesian in this 2-category if and only if

(i) D is a cartesian FVDC,
(ii) T11®---® T1,1 = T1,1 canonically in D(1,1), and
(iii) for any paths of positive length

B1 Bn

IO Il In and J() Jl

in D, we have
(1@ Oan) x (1O ©fn) = (a1 X f1) @+ O (an X )
canonically in D(Iy x Jo, I, X Jy,).

Proposition A.4. Let FibREVDDI be the locally-full sub-2-category of FibVDbl spanned by the FVDCs
with right extensions and functors preserving right extensions. A VDC D in FibREVDDbl is cartesian in this
2-category if and only if

(i) D is a cartesian FVDC,

(if) T1,1> T1,1 = T1,1 canonically in ID(1,1), and
(iii) for any quadruples of loose arrows

IO j1—> Il IQ and J() j1—> Jl JQ
\/ \_‘_/
@2 B2

in D, we have
(a1 >ag) x (B1>fB2) = (a1 x B1) > (a2 X f2)
canonically in D(I; x Jy, Iz X Ja).

Appendix B. Details on type theory

B.1. The rules for equational and isomorphism theory In this section, we explicitly provide the rules for
the equational theory of terms and proterms. To begin with, we introduce some notations. Basically, we use
overlines ® to denote horizontal concatenation of items, for example, v{@/b} means v{u1 /by : B1 5 ... § thn/bn :
Br}. Other notations are given in Figure 7.
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Abbreviation Given Data Meaning

A A= (Ao,...,A,) Ao s...5 4,
T = I_l',l r= (,—i,j)(i,j)eP /_0,0 H I'071 ER- r07n0_1 H rl,O ER- I',,wm
=T, (The index set P is the set of pairs (4, j) Fiosling ... 5 Tin,

- such that 0 <i<nand 0<j <m; —1 :

F: Fz\,g or (7'7]) = (namn) for a given (ml):b:o) r0,0 H I—l,o ER- rm,O 9 l—m’nm

A— Ai:ai,g;...;aim fOI'nggm o o ° o ° o o ° o

: Qin; = it1,0 for1<i<m—1 1O % -9 Blma—1 9 52,0 5 - -+ 5 Tm,nm

FIGURE 7. Abbreviations of contexts

In addition, although the presentation of replacing a variable with a term does not make sense since we follow
the convention of explicit substitution, we still use it just as an abbreviation for the sake of readability. For
example, the items on the left-hand side in the following are abbreviations for the items on the right-hand side.

t(S0y .- y5n) = t[S0/X0s- -, Sn/Xn]
(S0y -+ ySn § toy.eoytm) = A[S0/X0, -3 Sn/Xn § t0/Y0ys .- tm/Ym]
V(S5 ...350) = V[S/X 5 ... 5 5 /%]

v{ip1 § ... s punt =v{p1/bi,. .., n/bn}

The rules for protype isomorphisms are given as follows.

I3 A o protype rsArT:a=8 rsArT:ag rsArQ:=«
FrsAtidg :a=a rsArT ':p2a FrsAFQoT:ay
1 ’7 ’ ! 1" / 7 !’ °
35 Ak o protype r’es'/r r'es/r  A'vT7T /4 A+rT/A s A+ a protype
[ 5 AF restide : o[l /T 5 AJA = « I 5 A & restiter s (alS/I 5 T/AN[S'/I s T' /A 2 o [SIS'/F)/T 5 TIT'/A')/ 4]
res/r A'FT/A I s AF a protype I s A+ B protype r'es/r AT/ A
s A" bFresta: (aAB)[S/T 5§ T/A] =S/ 5 T/AAB[S/I 5 T/A] r's A brestt : T[S/M § T/AI 2T

rreSy/r=s./r A'FTo/A=T /A r' s A" + o protype
r's A v:repls s, gry.m  @So/T 3 To/Al Z a[Si/T § Ti/A]

rsAla:abtufal: g rsA|b:Brv{b}:a rsA|b:ru{v{b}}=>b:8 rsAjla:arv{p{al}=a:«
rsAr (u,v): =8

The rules for the equational theory of proterms are given as follows. It is worth noting that there are some
rules for the conversion trr{a} to guarantee that the introduced protype isomorphisms behave as expected. For
example, we have the rule (u,v){a} = p{a} for the proterm p and v that are mutually inverse to each other,
and the rule T-1{T{a}} = a for a protype isomorphism 7. From these rules, one can derive that the inverse of

(1, v) also has the expected behavior: (u,v)~'{b} = (v,u) =" {u{v{b}}} = (v,u) =" {(v, u) {v{b}}} = v{b}.
Equational theory of proterms

log...8Mlar:a1§...3an:anbp:p Fog...8Mlar:a1§...3an:anbp:p
los...sMylar:arg...5an:a,Eb{ut=pn:B Fosg...sMlar:or §...8an:apbpf{ar §...5a}=p:p
T|AFp:a T|AFv:B T|AFp:a T|AFv:B T|AFp:aAB T|AFw:T
TIAFm{{p,v)}=p:a TIAFm{{p,v)}=v:B TIAF (mo{u}, m{u})=p:anp T|AFp={():T
FilAibpi:fi (i=1...,n) T, Babvj:iy (j=12)

T 1A - (v1,v2){B/b} = (1 {m/b}, v2{B/b}) : 71 A2

Ti|AibFp B (i=1,...,n) F|Bi, - B Fv:ivaAya Ti|AibFp:B (i=1,...,n) F|Bi, - BnFVv:ivaAya
T | A; - mo{v{E/b}} = mo{v}{E/b} : 11 A= m{v{r/b}} = 1 {vH{E/b} : 72
Fi gk |AsjFpij:Biy; (=1,...,m, j=1,...,n5)
r--I'bivliﬁﬁl3"'bi>"i:5i=ni’_"i5’)’z‘ (i=1,...,m) ,—,’_V'leCl:’Ylg»-»gcmz'Ym}_Ala
@, 2,7

| A (MF/e) (5/B BY = A { vilPis/ig) / E} 5
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ri-S/4;, (i=1,...,n) A|AFu:B A|AFv:y

T AS/A] F (1, 0)[S0/Bo § - 3 Su/An] = (u[S/B),v[5/A]) : (B A7) [So/Ao 3 Sn/An]

iFSi/A; (i=1,...,n) A|AFp:BAy

iFSi/A; (i=1,...,n) A|AFu:BAy
T A[S/A] b mi{p[S/A]} = mi{u}[S/A] : ¥[S0 /Ao § Sn/Ax]

T | A[S/A] F mo{u[S/A]} = mo{n}[S/A] : BSo/Ao § Sn/An]

) AT /0 (i=1,...,n) O|AFu:B

M-Si/A (i=1,...,n
ﬁ[TO/GO 3 Tn/@n][so/AD 3 Sn/An]

T | AT/8)[S/A] - (u[T/8)) [S/4] = u [T[5/4]/8] :

A5 biiBis . §byiBubviy

Fi,jksi,j/Aivj (i:l,...,m, j:l,.‘.,ni) Ai’]‘ |A}*}L131 (i:l,‘..,m)

T | A[S/A] - v{m/b}5/A) = v [S,;/ 4:5] {m[sl 3/Bi ) / } V[S0,0/ 80,0 § Smsnm / Brmsrign]
FrsAFT: aXp
rsA|b:BHT{r *{a}}

FrsA-T: a8
rsAla:akr"r{a}}

11l
v
Q

I § AF o protype
FrsAla:atide{a}=a:a

Il
W
Q

FsAFT: a8 [3sAFQ:B24y rsAraprotype 'FS/IF A FT/A
rsAla:at (QoT){a} = 2{r{a}}: v I'lgA/\a:a[S/I'3T/A])—rep|5753T=T{a}Ea:o¢[S/I—gT/A]

r'eSy/r=s./r A FToy/A=T /A r’' s A' + a protype

3 A" [a:afSo/l 5 To/A] Frepls) s, 71 {a} = r5~‘P|§11,50 5T o8 s S/ 5 Th/A]
AFTI/A=T, /A r' s A" + « protype
replsy sy 519 1o {3} 1 @ [S2/T § T2/ A]

,—/

rreSy/r=s./r r"es,/r=5Sss/r ATy /A=T /A
r'sa| a:a[So/l 5§ To/A] + rep|511523-,—1)-,—2{rep|501513-,—0’7—1{‘9}}

r'es/r A'FT/A I s Ab o protype I s At B protype

r's A" |a: («AB)[S/T 3 T/A] Fresta{a} = (m0[S/I 3§ T/A], m[S/ § T/A]) : a[S/I 5§ T/A AB[S/I 5 T/A]

rsA|b:Brv{b}:a rsA|b:Bru{v{b}}=>b:8
rsAla:ak (u,v){a} =p{a}:B

rsAla:abkufal:g rsAla:arv{p{fal}=a:«a

I s Ak « protype res;r AFT/A
r's A |a:a[l /T 3§ AJA)[S/T § T/A] & rest-ide{a}[S/I § T/A] = rest-iter{a} : «[S/I 3 T/A]

res;r AFT/A

A+ o protype
= rest-iter{a} : a[S/I § T/A]

rs
s T/A][lr/I § AJ/A] | rest-ide{a} =

r'sa |a:alS/r

Fig1 =S /M (1=0,1,2) A1 FTy /A (1=0,1,2) Iy § Ao F o protype

I— A3 ‘ a: OL[S()/I—O 9 To/Ao][Sl/rl 9 Tl/Al][Sl/I—Q 9 TZ/AZ
b rest-iter {rest-iter{a}[S2/I2 § To/A2]} = rest-iter {rest-iter{a}} : &« [So[S1/l1][S2/2]/ o § To[T1/A1][T2/Az2]/ Ao]

(i=0,1) Iy 3§ Ag - o protype o § Ap + B protype

ri+1|*5i/l—i (i:O,l) Ai+1FTi/Ai
I3 Az |a:(aaAPB)[So/lo 3 To/Ao)[S1/M1 § T1/A1]
b= rest {rest-iter{a}} = (rest-iter{mo{a}}, rest-iter{m1{a}}) {restr {resta{a}[S1/I1 § T1/A1]}/a}
§ Tl/Al}

ca[So[S1/T1]/To 3 To[Ti/A1]/ Ao] AB[S1/ T §

M+ So/lo=Sy/Mo Ay FTy/Ag =T,/ Ao kS /N Ax Ty /Ay

2§ Az |a:alSo/lo§ To/Aol[S1/M1 5 T1/A4]
b repls, (5,157 5,5 To (71,7 (1) rest-iter{a} } = rest—iter{replsms(/) s1o.7s{a}[S1/1 3 Tl/Al]} Lo [sg[sl/rl]/r0 s T(;[Tl/Al]/AO]

i+ So/lo Ay To/ Ao M-S /M =S,/ Ay bTy /AL =T//A

Iz 8 Az |a:alSo/lo § To/Aol[S1/M1 § T1/A4]
. — . . ’ o
Frepls(s,1,50187 15 To[T1] 7—0[-,—{]{rest—lter{a}} = rest-iter {replsl‘si 3Ty T {a}} e [50[51]/ o Tg[Tl]/Ag]

FMai:ar5...5am:ambp:B
Tl arsoallo/To § [ /M) o § am i cm[Fm—1/Tm—1 § Fon/Fon] - restide { wT/T]} = p{rest-ide{ar} 5 ... § rest-ide{an}} : B

Tlai:o15...5am:ambu:p S/ (E=0,...,m) ri'es,/rl (i=0,...,m)
T a1 :an[So/To 3 S1/M[Se/T0 8 S1/TH) 5 -8 am : am[Sm—1/Fm—1 3% Sm /T[St _1/Tpu_1 8 St/ 1]
F rest—iter{u [S/TIS' /T ]} (u [si[s;/r;]/ri]) {rest-iter{ar} 3 ... § rest-iter{am}} : B [so[sg/r[;] $ S [sg/r{]]

Tlap:o1§...8am:mbup:B eSS /rRi=T,/F (i=0,...,m)

T’ |a1:a1[So/To 3 51//—1]3 <3 am :g'm;[smyfl/rm,—l $ S /m)
;L[S/I']} =p [T/I'] {rep|507-,-0351'-,—1{al} 5 ...

repls, T 18 T (9m} | 2 B(T0 3 Tin]

Freplsy, 1o 5 Sm, T

B.2. Justification of the derivation rules Justification of the derivation rules of an internal language has
two parts: to verify that each step of derivation is valid (soundness) and to ensure that they are sufficient
to derive all they should (completeness), both with respect to the semantics. In this paper, we have achived
these two parts implicitly along the way, but not thoroughly in the main text. This is because theese sorts of
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verification always require massive effort of induction, and it is not always easy to present them in a readable
manner. For FVDDbITT and its semantics in CFVDCs, all we need to justify the rules is the following:

(i) The interpretation of typing judgments in FVDbITT< is well-defined, and two (pro)terms that are derivably
equal in FVDbITT? are interpreted as equal in CEVDCs.

(ii) When two (pro)terms are derivably equal in FVDbITT, so are their crude translations in FVDbITT®.
For a derivable protype isomorphism judgment in FVDDbITT, there is a corresponding pair of mutually
inverse proterms in FVDbITT?, and they are interpreted as the same loose isomorphism in CFVDCs.

(iii) The syntactic VDC 8¢ (X, E) (Definition 5.10) of a crude specification is indeed a CFVDC.

(iv) When two (pro)terms are derivably equal in FVDbITT?, so are their decrude translations in FVDbITT.

Since FVDbITT? connects FVDbITT and CFVDCs, the two parts of the justification are split into the four
points above. We have footnoted where these ingredients are used implicitly in the main text. We do not
provide the full proof, but instead illustrate the idea of the proof with instances.

(ii) and (iv) are straightforward to verify, because the translations and the rules are defined in a way that
they satisfy these properties.

What is critical to verify (i) concerns the interpretation of proterms and their equalities. Once you define
the interpretation of protypes, at which point you choose restrictions of loose arrows and other data using
some universal properties, two derivably equal proterms involving protypes whose interpretations require these
choices are interpreted as equal in CFVDCs when you fix the choices. For example, consider the following rule:

FigbSii/Ai; (i=1,...,m, j=1,...,ni) A |Aitpi:p (i=1,...,m) Aij\blilﬁ3--~$bniﬁ¢LFlli’Y

T IAS/3) - B /B)5/A) = v [$/8] {WlSis/A 5] [ B} 21500/ 800§ S /B

The interpretations of the proterms are shown to be equal using the universal properties of restriction and the
following equalities (here we omit the symbol [-] for simplicity and the names of the cells are written in red):

A[S/A
L — oo
I v{/b}[S/A] I

[0,0 —=======mmmo oo > T,

s 0.0 'Y[SO,O/AO,Ogsl'n,,nm/Am,nm] m";m
0,0) rest 1LSmnm
Ao o 4 Amn,,
a1,1[S0,1/40,13S51,0/41,0]

I—070 —_— I_071 777777 - > I_170 777777777 P > /_mmm
So,0] rest So,1] rest Si0], rest LSmnm

(1) AO,O TLI—> AO,I —————— = > AI,O ————————— = —— === > Am,nm

= I K1 I I
Ao Fi Ay - > Ao,

1
I v I
Ap o % Ao,
a1,1[S0,1/40,15S1,0/41,0]
loo —— loq ------ pemm=o [0 —mmmmme- Fommmmoo > Tmon,,
[ 1S,/ A ] [ a [
K > [1 g oo > T,

(i) s 0,0 B1[S0,0/40,0§S1,0/A1,0] s 1,0 ) m7T;"L
0,0] rest 1.0] rest LSm.nm
AO,O 31 Al,O ””””” mmmm o > Am,nm

I v I
AO,O jy Am7n'm
a1,1[S0,1/40,15S1,0/4A1,0]
loo —— [0 ------ == > [10 -=------- remmm===3 T,
I p1[S1,5/ A1) I e [

(3) I—070 t _ 570 777777777 L I—my'nwn

= V3/A) ||
[0 === mmmm o > T,

s 0,0 ’Y[SO,O/AO,O$§m,nm/Am,nm] mJ;m
0,0\L I’est \L m,nm,
Ap o % Apon,,
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A[S/A]

lo,0 e I > Tmon,,
@ | v [5/4} {M[Si,g/ﬂvz,ﬂ/bz} I
B B0/ Ban i Smmn S ammn] > P,
S0l rest ASm.nm
AO,O ’y Am,nm

rest represents the horizontal concatenation of restrictions cells. The definition of the interpretation of substitu-
tions [ —/—] are used in the equalities (1), (2), and (3), and the definition of the interpretation of prosubstitutions
{—/—1} is used in the equalities (1) and (4). Because of the universal properties of restriction, we can show that
the interpretations of the two proterms are equal.

(iii) is presented as Proposition5.12 in the main text, and is the most nontrivial part of the four. We give a
more detailed explanation of the proof of (iii) here. Let us recall the definition of the syntactic VDC $° (X, E)
(Definition 5.10). In this virtual double category, a cell

o —3— ... RPN CEEEN
Sol, ©w 1S
A 5 A

is an equivalence class of proterms
Tlaiions...5ap:0,tp:B[So/Ao § Su/A,]

modulo equality judgments derivable from (X, E). The identity cell on « is given by the equivalence class of
the provariable a as a proterm. A general composition of cells

Fo,0 —===3r==> g ===-32==5 g ==mmamm= o ===T0os [ g
Sol M1 Si) M2 S3| Hm 1S
A + A + A + . + A
0 ﬁl L 52 2 Bnl m
TO\L v \LTl
@0 ’Y @1
is given as follows: first, the cells u;’s and v are
Ficiglainioin §... 8 ain;  din, b i BilSic1/Ai—1 § Si/Ai], (i=1,...,m)

Ai|by:B1§ ... 8 by Bm v iq[To/Oo § T1/O1].
From the second proterm, we can derive the proterm
Fv»;| bi: B1[So/A0 § S1/A1] § .- § b : Bm[So/ Ao § S1/A1] F restiter” {v [S/A] } 4 [To[So/Ao] § Ti[S1/A1]].
The proof of (iii) is to show that this gives a well-defined CFVDC. Once we have shown it is a VDC, the
rest of the proof is routine as explained in the main text. The laws for the identities follow from the first two

axioms in Appendix B.1. The hardest part of the proof is to show that the composition of cells is associative.
The proof is as follows: the associativity of the composition of cells is presented as

Mris .o svmP {11838 53-8 Bm,1 5 -8 um,nm}:k{m{m,l § . 3 MLyt § -3 vm{tm,1 3.8 um,nm}}
for any cells A, v1,..., vy, i,; which are appropriately composable. For the syntactic VDC, this amounts to
showing that, for any proterms A, vy, ..., vp, 4; ; as follows:

© | ik X:8[Up/®o 5 Ur/®l,
A1, I bijiBijviivilTio1/0i-1 5 Ti/8i], (i=1,...,m)
Fic1,j-1,k |1 35k 1% 5k i i BilSic1,j—1/8i—1,-1 § Si—1,5/Ai—1,5] (i=1,..., m, j=1,..., n;)

the following equality is derivable:
(rest-itelﬁ { ((rest»iter? {A [i/eﬁ] }) {73/671}) [E/E] }) {E/E}
= (rest-iteﬁ {)\ {TE[Z/E]/@} }) { (rest—iteﬁ{ui I:Siflvi/Ai*Li] }) {@/E}/q}
This is proved as follows: (?/i: 50,0/20,0 8 Sm.nm/Amnm )
(LHS) = (rest-iter? { (rest-iterﬁ {A [i/q:l {ui/ci} }) [g/@] }) {@/E}
= (rest—iter$ { (rest—iteﬁ {d} { A [i/ei] {uj/q}/d}) [Z/@] }) {@/E}
= (reie { (e 01 [572) ) { [/00] v} [ /i) / o} } ) o}
(rest—iter9 {rest—itera{d} |:§/Zv:| }) {)\ [i/@} {Tl/q} [SM/AM:I/CI} {@/@}
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= (e i [81] () 557 1) s

— (s {resvier { (3 [T/81] [553/205]) {7 [se0/Ang) /=) } ) (s )

= (s { ot {3 [7730) [5805)}) {5 [5rs) ) ) o)
= (e { (x [ /0 / or] {rwier /e } ) {m [5miy/mmrg) /) } ) {ma o)
(rest—lter {A Ti[51.5/2;.] rest-iter” {ul [ 1,5/ A1, }/ }}) {@/E}

= (=

HW/@*}}){ o [Faae)} ) w ) {mrma)

= (RHS).

B.3. The derivation rules for the additional constructors In Section 4, 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.
Unit protype.

I type I type
-+-FORM —+-INTRO
x:I8y:IF x-»1y protype x:I| Foreflp(x) : x»rx
wo :Jo § zZm : K Ey(wo § zm) protype W:idsx:I3Z:K|AW §x)3B(x$2)Fu:v(wo § zm) e FLi
W:Jsx:Igy:I152:K|AW3§x)§p:x—srys Blysz) Finda {p}:v(wo 3 zm)

wW:dsx:IszZ:K|AW s x) s B(x32)Fpu:vy(wo § z
— 77797 9 7| (79 ) § B(x$2)Fp:y(wo § zm) —-CompB
WiJ3x:I3Z:K|AW 3 x) 3 Blx 332k (indep {m}) [x/yl{refl(x)/p} = 1 v(wo § 2m)

—--Compn

W:jsx:l;y:];?:?|2(ng)$p x»1y $ B(y 32)Fv:y(wo § zm)
y P

w:Jgx:Is ix»1y 5§ B(y 32)F ind_. {v[x/y|{refli(x)/p}} = v :v(wo § zmm)

Unit protype meets product type.

I type J type

=N\
x:I,y:J3 x':I,y/:JFexcﬁ‘,,A : <X7y>—/->1><J<X/7y/> 2 xwrx Ay-»yy

T

1R
4|

§ - Fexco T ()= ()

I type J type
x:Ly:Jsx' Ly :J]a:(x,y)»rxs(<,y') Fexco a{a} = inday, {(refly(x), refl;(y))} : x21x" Ay >,y

x: Iy J| (refly(x), refly(y)) : x=1x Ay-=»4y
where x:ILy:Jgx':Ly' :J [a:{x,y) *IXJ<XI1)’I> F i"d-ﬁ1x1{<reﬂ1(x)>VEHJ(y»} ixorx Ny-»gy

Composition protype.

w:Ig§x:JF a(w § x) protype x:Jsy:KFPB(x§y) protype

©®-ForM
wilgy:KFEa(wsx) 0w B(xsy) protype

w:lg§x:JF a(w § x) protype x:Jgy:KFEB(x§y) protype

©-INTRO
w:lgx:Jgy:Kla:awsx)sb:B(xsy)Fa®@b:a(w §x)OxyB(x3§y)

Z:L|C(viw)sa:awsx)sb:B(x3y)3Dys2)Fu:y(vo§ zm)

<l
kY
N
~
x
<

: sy K
f——— ————— — — ®-ELim
viHsw:Isy Ksz:L\C(vsw)sp:a(WSX)GX;Jﬁ(xsy)sD(ysz)Fmd@.,,ﬁ{u}:v(VOszm)
ViHsw:Igx:J35y:Ksz: f\f( sw)sawsx)sB(xsy)sDysz)pu:y(vos zm)
—— — ®-Comprp
ViHsw:Igx:Jg5y:K3z:L|C(Vsw)sa:a(wsx)sb:B(x3y)3sD(ys2)
)—(lndQ 5{;/,}) {a®b/p} =p:v9(vo § zm)
ViHsw:I5y: K3z flf(sz)sp=a(wsx)®mﬁ(xsy)sﬁ(ysf)ku:w(voszm)
®-CompPn

8
ViHsw:Isy:Ksz:L|C( x) Oxis B(x 3 y) § D(y 3 2) Findo, g{(W{a®@b/pH} =v:v(vo § zm)

< \
R
Q
N

Composition protype meets product type.

o-T

§-FexcoT:TOW. TET

x:Igy:JF a(x§y) protype
y:Jgz:KFEB(y § z) protype u:L§gv:MbEq(us v) protype v:Mgsw:NEFS&(v 3
x:Lu:Lgz:K,w:NEexcona:(ax§y)Ay(us v)Ou,vyuxm (By § 2) AS(v 5 w))
(alx 3 y) Opu By 5 2)A(v(u 3§ v) Oum 8(v § w))

w) protype
) protype

IR
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x:I§y:JF a(x§y) protype y:Jgsz:KFB(y § z) protype u:Lgv:MbEvy(ug v) protype viMgw:NF§(v§ w) protype
x:Lu:Lgz:K,w:NJe:(a(xsy)Ay(us v))Ou,vyuxm (B §2) Ad(v 3 w))

b exco.n{e} = indog ., grs {(To{a} @ mo{b}, mi {3} © m{b})} : (alx 5 ¥) Oyt Bly § 2)) A (v(u

§ V) Ovm (v 5 w))

X:Is tLsy:JsviMsz:Kgw:N|a:a(xgy)Adq(usgv)sb:B(ysz)Ad(vs w)

F(mo{a} © mo{b}, m1{a} © w1 {b}) : (a(x § ¥) Oy:y By § 2)) A(v(u 5 v) Ovim 8(v § w))
x:Tgu:Lgz:Ksw:N|e:(alxsy) Av(us v)) Ow,vyuxm By § 2) Ad(v 5 w))

where Findogay.pas {{mo{a} © mo{b}, m1{a} © m{b})} : (a(x 5 ¥) Oys Bly 5 2)) A (¥(u 5 v) Ovim (v § w))

Filler protype.

w:l§x:JF a(w § x) protype w:Igy:KEB(w§y) protype

>-FOrRM
x:J3y:KFEa(wsx)bwrB(w § y) protype

w:lgx:J3y:L]a:alwsx)

3Cx5Y) Fp:B(w s ym)
x:J g Y:Z\E( 3y) |nd>aﬁ{p.} a(w § x)>uw.r B(W § ym)

>-INTRO

w:Ig§x:JF a(w s x) protype w:Igy:KEB(w g y) protype
w:lgx:Jsgy:Kla:a(wix)se:alws§x)bprB(wsiy)tare: B(w§y)

>-ELim
9

wilgx:Jgy:Llaiaws;x);Cxsy)Fp:BWs ym)
— — >-CoMPS3
wilsxiJsy:Llaiawsx) sClixsy)kar (ind, ;{un}) =p:BW s ym)
:Jsy :L|C Fr:a H D>y H
X ‘: I ( ) (W 9 X) IB(W 9 }’NL) b-ComPn
x:Jgy: L| ( )Fmdbaﬁ{aul},u B(w § ym)
y:Jgz:KFa(y s z) protype x:I§3z:KF B(x 3§ z) protype
<-ForMm
Isy:JbFB(x$§z) <k aly § z) protype
Xx:Jsy:J3z:K|CEs5y)sa:alysz)kp:f(x;2)
— <-INTRO
x:Jsgy:J

[ C(x 3 y) Findg, g{n}:B(x 3§ 2) dzk aly § 2)

x:I3y:JF B(x 3 z) protype y:Jgz:KFa(y § z) protype B
<-E.LIM
x:Igy:Jsz:K|la:B(x§2z)se:B(x§z)dkaly§z)a<e:aly s z)

x:Isy:JsE:Z|a:ﬁ(x$z)°

9E(X;E)FMZQ(Y$Z7VL)
x:Is3y:J3z:L]|a:B(x3z)3C(x32Z)Fax (indqaﬁ{u})zy:a(ygzm)

<-Compg

Cly sz)Fuv: H <zk a(y $
| C(y 3 2) B(x § z) dzk oy § 2) 4-Compy
y

$z)F inde, g {aev}=v:ialy § zm)
Filler protype meets product type.

— >-T
- |excp, T TD.TET

X I;y:J)—a(xsy) protype
x:I§z:KFE B(x § z) protype u:Lgv:MFE«(ug v) protype u:Lgw:NEGS§vs§ w) protype
yiJviMsz:K,w:NEexcn:(alx §y)bar B(x §2)) A(v(u§ v) by 6(v § w))
= (alx 3 y) Ay(u 3 v) brrue (B(x 3 2) AS(v 5 w))

$ ¥) protype
x:I3z:KFE B(x§ z) protype u: L v:MFbE v(u g v) protype u:L§gw:NFGv § w) protype A
>-A-CANON
y:JviMsz:K,w:N|e:(a(x3§y)burB(x§2z)A(y(us§ v)byrd(viw))
Fexco a{e} =indy . 15 {{mo{a} »mo(e), mi{a}» mi(e))} : (alx § y) Av(u 3 v)) Drru (B(x 5 2) AS(v § w))

x:Lu:Ly:J,v:Mz:Kw:N|a:(a(xsy)Ay(usgv))se: (alxsy)baurB(x§2z)A(us§ v)buLd(vs w))
F (mo{a} » mo(e), mi{a} »mi(e)) : (B(x § 2) AS(v 5 w))
y:dv:iMsz:K,w:N|e:(a(x3y)bwerB(x 3 2z)A(y(us v)burd(v i w))

Finds, ., gas {(mofal »mo(e), mi{a}»mi(e))} : (a(x 5 y) Ay(u 3 v)) D (B(x 5 2) AS(v § w))

where

<-T
§FexcqT: T T=T

x:I§3z:KF a(x§ z) protype
y:Jgz:KFEB(y § z) protype u:L§gw:NF~v(usg w) protype v:M

cLu:Lgy:J,v:Mbexcgn: (a(x§2) <k By §2)A(v(u g w)
(a(x § 2) Av(u § W) <zik,win (B(y § 2) AS(v 3 w

w:NFEF§(v

§
v 8(v 3 w)

(3

w rotype
))p yee



36 HAYATO NASU

x:I§z:KHF a(x§ z) protype

y:Jgz:KEB(y § z) protype u:L§gw:NF~v(us w) protype v:Mgsw:NF§(vs§ w) protype A
<-A-CANON

x:Lu:Lgy:JyviM|e: (a(x$§ z)dk By §2z)A(us w)dw.nd(v§ w))

Fexcgn{e} = ind<,(’t/\’)w\3/\(S {(mo{a} «mo(e), mi{a} «mi(e))} : (a(x § z) Ay(u § w)) dzik,w:n (B(y § 2) Ad(v § w))

wo | wo

x:Lu:Lgy:JviMz:Kw:N|a:(a(x§2z)Av(us w))se:(alxsz)dkB(ys2z)A(y(usw)duwnd(v s w))
F (mo{a} «mo(e), mi{a} «mi(e)) : (B(y 3 2) ANo(v § w))

< Luilsy dv:Me: (alx2) 9r B § 2) A (18

where = ind<1mNh[3/\‘s {(mo{a} «mo(e), m1{a} «7mi(e))} : (ex(x §

Comprehension type.

3 W) dw:n (v 5 w))
2) Ay(u § w)) <zk,wen (B(y §2) AS(v 5 w))

x:I3§y:JF a protype

x:I¢§y:JF o protype x:I¢§y:JF a protype
{|[}-Form L4 protyp {|[}-ELmM-£ 4 protyp {|[}-ELiM-r
{laf} type w:A{la}f - I(w): I wA{lalt Fr(w):J

x:I¢§y:JF o protype
w: {laf} |Ftabyap{w} : afl(w)/x 5 r(w)/y]

{|[}-ELIM-CELL

x:I¢§y:JF o protype r=s:1I r-=t:J Fkv:als/x s t/yl
- {|[}-INTRO
r+ |nd{|‘} (S7 t, l/) : {‘Dtl}

Fes:1I ret:J FkFv:als/x s t/yl r=s:1I
- {|[}-Comp-£
r+ /(Ind{H}(S, t, IJ)) =s:1

ree:J rkv:als/xst/y]
r+ r(indm} (S, t, II)) =t:J

{|[}-Comp-r

x:Igy:JF o protype r=s:1I re=t:J rkFv:als/xst/ly]
. {I}-Cour-g
I tabgqp{indgy(s, t,v)} =v:als/x s t/y]

x:I3§y:JF a protype
w: {laf} F ind{H}(I(w), r(W),tab{‘aD{w} =w: {of}
Comprehension type meets unit protype.

{[}-Comp-n

lobFsg: I S loFty:J T Ft 0 J x:I,y:JF a(x,y) protype
o |F o :a(so § to) Fo |F 1 o(st § t1) I BEi:sp—»rs1 FBEj:to»yty

T BFEiGp:, =polj
= : - - - {I}-ELim
| BEindgy(i,4, po, 1) = indgpy (o, to, ko) = qafy ind gy (S1, t1, p1)
x:Igy:J]la:a(xsy)Fa:alx 3y)
x:I;x':I;y:J|p:x+>1x'$a:a(x;y)kind_ﬁ.{a}:a(xsy) loFsg:1 | o Bt J
f‘p:S()ﬂ‘*le sa:als §t1)Finda{atsi/x" § ti/y]: a(so § t1)
I BEi:sp—»rs1 Mo |F 1t a(st § t1)
where T|BriEp: :=ind.{a}[si/x 3 t1/y]{i/p:so=151 § pa/a:a(s1 § t1)}:a(so § t1)

and similarly for po [ .

FotFso:1I o bEsy eI FobFto:J I Fty o d

J x:I,y:JF a(x,y) protype
o |F o :afso/x § to/y] Fo |F o1 alsi/x § t1/y] F BEi:sy—»rst

T|BFj:to»,ts F|BFiBOp, =poEj
- - T - {I[}-Comp
I | B & app(indg(i,Jj, po, H1)) = i:s0-»1s1

lobFso: 1 T s I oFto:J T Ft 0 J x:I,y:JF a(x,y) protype
Io |F po :afso/x § to/y] Fo |F o1 alsi/x § t1/y] F BEi:syg—»rs M BrFj:to»,t1 rNBrEiBu, =poEJj

= - — - {}-Comp
I| B+ app,(indgp(i,j, ko, 1)) =) to»t
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