The IFF Type Namespace

Robert E. Kent
December 18, 2007

Contents

1 The Core Component 2
1.1 Imtroduction . . . . . . . .. ... . 2
1.2 TypeSets . . . . . o 9
1.3 Type Functions . . . . . . . . ... . 21
1.3.1 Function Morphisms . . . . . .. ... .. ... ...... 35

1.4 TypeSpans . . . . . . . . . i 40
1.4.1 Type Endospans . . . ... ... ... ... ... ..... 55

1.4.2 Span Morphisms . . . .. ... ... .. L. 57

1.5 Type Predicates . . . . .. .. ... ... L. 65
1.6 Type Relations . . . .. ... ... ... oL 73
1.6.1 Type Endorelations . . ... ... ... ... ....... 85

1.7 Type Diagrams . . . . . . . .. .. ... ... L. 88
1.7.1 Category Theory . . . . . .. .. .. .. ... ...... 88

1.7.2 Introduction . . .. .. ... . .. ... .. 88
1.7.3 Terminology . . .. .. ... ... .. ... .. ... ... 90
1.74 TypeSet Pairs . . . . ... . ... ... ... ... 91
1.75 Type Set Triples . . . . . . . .. ... ... ... ... 95
1.7.6 Type Parallel Pairs . . . . . ... ... ... ... ..... 99
1.77 Type Opspans . . . . .. ... v 105

1.8 TypeLimits . . . . . . . . .. .. 112
1.8.1 Imtroduction . . .. .. ... ... ... L. 112
1.8.2 Type Binary Products . . . . . ... ... ... ... ... 115
1.8.3 Type Binary Powers . . . . . .. ... ... ... ..... 123
1.8.4 Type Ternary Products . . . .. ... .. ... ... ... 127

1.8.5 Type Ternary Powers . . . . .. ... ... ... ..... 134
1.8.6 Type Equalizers . . . .. .. ... .. ... .. ...... 138
1.8.7 TypePullbacks . . . .. ... ... ... ... .. 146



1.8 Type Limits

Namespace Prefix
Technical: type.lim
Recommended: type.lim

In this section we axiomatize finite limits. We do not axiomatize general finite
limits for two reasons: (1) an axiomatization is not possible, since the tiny
IFF-IFF namespace axiomatization of a graph of abstract sets and functions does
not have the terms required to express the concepts of general finite limits'4; and
(2) since the terminology for general finite limits are not used in the lower levels,
in selecting which finite limit terminology to specify, we utilize the principle of
conceptual warrant.*® Hence, in this section, we axiomatize the particular finite
limits needed in the levels below the type level in the metashell: the terminal
set, binary products and powers, ternary products and powers, equalizers and
pullbacks.'©

1.8.1 Introduction

The nested namespace for finite limits essentially defines four adjunctions (Fig-
ure 15) between the constant functor and “the” limit functor!”: binary products
on pairs of sets and their functions, ternary products on triples of sets and their
functions, equalizers on parallel pairs (of functions) and their morphisms, and
pullbacks on opspans and their morphisms. The terminology of this namespace,

14This seems to contradict the categorical intuition to find the “correct generality” men-
tioned by Mac Lane [2], which is a sub-principle of categorical design. But such intuition
should probably be confined to the natural part of the IFF. The metashell is largely gov-
erned by set-theoretic concerns. In more detail, the following two implicit criteria have been
consistently followed in the IFF design: use the simple syntax specified by the IFF gram-
mar; unroll and bootstrap the IFF, starting from the very topmost IFF-IFF namespace in the
metashell, continuing through the IFF-TYPE namespace and next the IFF-META namespace in
the metashell, and then on through the generic ontologies in the natural part.

15Conceptual warrant is an extension of the librarianship notion of literary warrant, which
means evidence for or token of authorization. The terms appearing in any meta-ontology
exert authority, and hence should require some warrant for their existence.

161t is also important to establish the connections between the particular limits specified,
where each can be defined in terms of some of the others: (1) any set pair is an opspan
with terminal opvertex, hence binary product cones are special pullback cones and binary
products and their projections are special pullbacks and their projections; (2) any opspan has
an underlying set pair and an associated parallel pair, any pullback cone has an underlying
binary product cone and an associated parallel pair cone, and the pullback is the equalizer
of the parallel pair; likewise, the pullback projection is the composition of the canon of the
parallel pair with the binary product projection of the set pair.

17The definite article is in quotes, since the limit functor is unique only up to isomorphism.
Theoretically, this is well understood and immediately dismissed. But practically, this is-
sue is important, since it affects the axiomatization. The use of a strict category-theoretic
axiomatization, such as the adjunctive-style axiomatization for limits and exponents that is
favored in the IFF specification, does not give a concrete limit, and hence can be regarded
as an under-specified axiomatization. Additional axiomatization is needed for a full concrete
specification. In the IFF, this additional axiomatization is added, not at the point where the
limit is initially axiomatized, such as in this namespace, but at a lower metalevel, where the
limit is used.
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Figure 15: Constant-Limit Adjunctions

which is listed in Table 12, consists of 131 terms and 131 concepts (with no
synonyms). There are six types of limit according to diagram shape: binary
and ternary products and their power variants, equalizers and pullbacks.

There are two basic types of things, cone and mediator, with six variations
according to type of limit (diagram shape): collections of cones for binary prod-
ucts and powers, ternary products and powers, equalizers and pullbacks; and
collections of mediators for binary products, ternary products, equalizers and
pullbacks. All ten are distinct — these sets are pairwise disjoint. The compo-
nents of cones and mediators are also introduced here. All cone types are pairs
(set, morphism), since they are (isomorphic to) objects in a comma category. For
all cone types there is a vertex set component, and for all cone types there is a
morphism component: a set pair morphism component (function pair) for binary
product cones, a set triple morphism component (function triple) for ternary
product cones, a parallel pair morphism component for equalizer cones, and an
opspan component for pullback cones. Defining the isomorphism and making
the cone a true object of a comma category — a triple (set, morphism, diagram)
— is an underlying diagram component, which is the target of the morphism
component: a set pair component for binary product cones, a set triple compo-
nent for ternary product cones, a set component for binary and ternary power
cones, a parallel pair component for equalizer cones, and an opspan component
for pullback cones. For all cone types there are various function components
derived from the morphism component. Similar components are introduced for
mediators. Each type has a special limiting cone (limit, projection), consisting
of an abstract limit set and a projection morphism. The limit set is unique only
up to isomorphism: an abstract binary and ternary product set for both set
pairs and set triples, an abstract binary and ternary power set for sets, an ab-
stract equalizer set for parallel pairs, and an abstract pullback set for opspans.
For all cone types there is an abstract mediating function.
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Figure 16: Binary Product

1.8.2 Type Binary Products
type.lim.prd2

The essential properties of the binary product construction (see Figure 14.-.)
are illustrated in Figure 16. The horizontal bar designates a natural bijection
between the cone above the bar and the mediator below the bar. Let X be a set
with constant set pair A(X) = (X, X), and let Y = (Yp, Y1) be a set pair with
binary product set II(Y)*®. A natural packing (pairing) process () assigns a
mediator X — II(Y) below the bar to every cone A(X) = Y above the bar.
A natural unpacking (components) process (¢~ 1) assigns a cone A(X) = Y
above the bar to every mediator X — II(Y") below the bar. These two processes
are inverse to each other. The packing process is realized by application of the
product (IT) operation and then composition on the left with the delta function
(a component of the unit §)
g=xX=ma) " o).

The unpacking process is realized by application of the constant (A) operation
and then composition on the right with the projection function pair (a compo-
nent of the counit )

v=AX) Y Amy) Xy,

Objects

type.lim.prd2.obj

18The canonical (Cartesian) product has product set YoxY; = {(bo,b1) | bo € Yo,bo € Yo}
and product projection functions mo : YoxY1 — Yo : (bo,b1) — bp and m : YoxY1 — Y7 :
(bo,b1) +— bi. The product type set II(Y) is abstract, and is not necessarily equal, but only
isomorphic, to the canonical (Cartesian) product II(Y) = Yy xY;. Hence, the product set is
axiomatically underspecified. When the canonical product is needed at some point in a lower
or more peripheral level, then additional axiomatization will be given there.
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Cones. A binary product cone is an object in the comma category
Set 2 (A1) ™ Set?

over the functorial ospan A : Set — Set? «— Set? : lgee2. More specifically,
a cone is a triple (X,Y,) consisting of a vertex set X, a set pair Y, and a
function pair v = (go,g1) : A(X) — Y. The first definition below expresses
these observations; however, for simplicity, we use the second definition below,
which is isomorphic.

cone = {(X,Y,7)| X €set,Y €set? 5 € ftn?, dp(7) = A(X),d1(7) = Y}, or
cone = {(X,7)]| X €set,v € ftn?,dp(v) = A(X)} C setxftn?.

The map cone — cone is just projection; the map cone — cone is defined by
(X,v) — (X,01(7),7). Cones are packed in the natural isomorphism axiomati-
zation of the constant-product adjunction (expressing universality of the binary
product operation). We define the parts of a cone. The cones that are axioma-
tized here are concrete. They can be referenced as follows.

(type.set:set ?X)
(type.dgm.pr.mor:function-pair ?g01)
(= (type.dgm.pr.mor:source ?g01) (type.dgm.pr.obj:constant ?X))

(type.ftn:function ?7g)
(= ?g (type.lim.prd2.obj:pairing [?X 7g01]))

Here is the axiomatization.

(iff:set cone)
(forall ((cone 7c))
(exists ((type.set:set ?X) (type.dgm.pr.mor:function-pair ?g))
(= 7c [?X 7gl)))
(forall ((type.set:set ?X) (type.dgm.pr.mor:function-pair ?g))
(<=> (comne [?X 7gl)
(= (type.dgm.pr.mor:source 7g) (type.dgm.pr.obj:constant 7X))))

(iff:function set)

(= (iff:source set) cone)

(= (iff:target set) type.set:set)

(forall ((type.set:set ?X) (type.dgm.pr.mor:function-pair ?g) (cone [?X ?7g]))
(= (set [?X ?7gl) 7X))

(iff:function function-pair)

(= (iff:source function-pair) cone)

(= (iff:target function-pair) type.dgm.pr.mor:function-pair)

(forall ((type.set:set 7X) (type.dgm.pr.mor:function-pair ?g) (cone [?X 7gl))
(= (function-pair [?X 7gl) 7g))

(iff:function functionO)
(= (iff:source functionO) cone)
(= (iff:target functionO) type.ftn:function)
(forall ((come 7c))
(= (functionO ?c) (type.dgm.pr.mor:functionO (function-pair 7c))))

(iff:function functionl)
(= (iff:source functionl) cone)
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(= (iff:target functionl) type.ftn:function)
(forall ((cone 7c))
(= (functionl ?c) (type.dgm.pr.mor:functioni (function-pair ?c))))

(forall ((come 7c¢)
(= (type.dgm.pr.obj:source (function-pair ?c))
(type.dgm.pr.mor:constant (set ?c))))

(iff:function cone-set-pair)
(= (iff:source cone-set-pair) cone)
(= (iff:target cone-set-pair) type.dgm.pr.obj:set-pair)
(forall ((cone 7g))
(= (cone-set-pair ?7g) (type.dgm.pr.mor:target (function-pair ?7g))))

op
For any cone A(X) = Y over set pair Y, there is an opposite cone A(X) L oyor
over the opposite set pair Y°P,

(iff.ftn:function opposite)
(= (iff.ftn:source opposite) cone)
(= (iff.ftn:target opposite) cone)
(forall ((cone 7c))
(and (= (set (opposite ?7c)) (set ?c))
(= (function-pair (opposite ?c)) (type.dgm.pr.mor:opposite (function-pair 7c)))
(= (cone-set-pair (opposite ?c)) (type.dgm.pr.obj:opposite (cone-set-pair ?c)))))

Mediators. A binary product mediator is an object in the comma category
Set &2 (1| II) & Set?

over the functorial ospan lse : Set — Set « Set? : II. More specifically, a
mediator is a triple (XY g) consisting of a set X, a set pair Y, and a function
g: X — II(Y). The first definition below expresses these observations; however,
for simplicity, we use the second definition below, which is isomorphic.

—

mdtr = {(X,Y,g)| X €set,Y € set?,g € ftn, do(g) = X, 1 (g) = I(Y)}, or

mdtr {(9,Y) | g € ftn, Y € set?,81(g) = II(Y)} C ftnxset?.

The map mdtr — mdtr is just projection; the map mdtr — mdtr is defined

by (¢9,Y) — (00(g9),Y,g). Mediators are unpacked in the natural isomorphism

axiomatization of the constant-product adjunction (expressing universality of

the binary product operation). We define the parts of a mediator. Although

the products used to define mediators are abstract, the mediators themselves

are concrete in the sense that they can be referenced as follows.
(type.ftn:function ?7g)

(type.dgm.pr.obj:set-pair ?7Y)
(= (type.ftn:target ?g) (type.lim.prd2.obj:product ?Y))

(type.dgm.pr.mor:function-pair ?g01)
(= 7g01 (type.lim.prd2.obj:components [?g ?7Y]))

Here is the axiomatization.
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A(X) = A(X) AMY)) =y
dx 1

X = I(A(X)) I(Y) = I(Y)
set X AX) = (X,X)
set pair Y = (Yo, Y1) II(Y) = Yox1
Delta Mediator Projection Cone

Figure 17: Binary Product Unit and Counit

(iff:set mediator)
(forall ((mediator 7m))
(exists ((type.ftn:function ?g) (type.dgm.pr.obj:set-pair ?Y))
(= 7m [?g ?Y1)))
(forall ((type.ftn:function ?g) (type.dgm.pr.obj:set-pair ?Y))
(<=> (mediator [?g 7Y])
(= (type.ftn:target 7g) (product ?Y))))

(iff:function function)

(= (iff.ftn:source function) mediator)

(= (iff.ftn:target function) type.ftn:function)

(forall ((type.ftn:function ?g) (type.dgm.pr.obj:set-pair ?Y) (mediator [?g 7Y]))
(= (function [?7g ?7Y]) 7g))

(iff:function set-pair)

(= (iff:source set-pair) mediator)

(= (iff:target set-pair) type.dgm.pr.obj:set-pair)

(forall ((type.ftn:function ?g) (type.dgm.pr.obj:set-pair ?Y) (mediator [?g 7Y]))
(= (set-pair [7g 7Y]) 7Y))

(forall ((mediator ?7m))
(= (type.ftn:target (function ?m)) (product (set-pair ?m))))

(iff:function mediator-set)
(= (iff:source mediator-set) mediator)
(= (iff:target mediator-set) type.set:set)
(forall ((mediator ?m))
(= (mediator-set ?m) (type.ftn:source (function 7m))))

Delta Unit. Given any type set X, the delta map constructs the type
mediator (Figure 17) with function §x : X — II(A(X)) = X x X, which is the
packing of the cone whose function pair 1 : A(X) — A(X) is the identity on
the constant set pair over X (or the constant function pair over the identity

function on X) — the delta mediator is the packing of two copies of the identity
function. This delta function is a bijection. For any set X, the delta function

dx is the X*-component of the delta natural transformation § : 1get = A o1l
the unit of the constant-product adjunction A -4 II. Naturality means that for
any function f : X — Y we have the commuting diagram dx -II(A(f)) = f - dy,
where TI(A(f)) = f? = fxf. Delta naturality is a special case of packing
naturality.

(iff:function delta-cone)
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(= (iff:source delta-cone) type.set:set)
(= (iff:target delta-cone) cone)
(forall ((type.set:set ?X))
(and (= (set (delta-comne 7X)) 7X)
(= (function-pair (delta-cone ?7X))
(type.dgm.pr.mor:identity (type.dgm.pr.obj:constant ?X)))))

(iff:function delta)
(= (iff:source delta) type.set:set)
(= (iff:target delta) mediator)
(forall ((type.set:set 7X))
(= (delta 7X) (packing (delta-cone ?X))))

(iff.ftn:function delta-function)

(= (iff:source delta-function) type.set:set)

(= (iff:target delta-function) type.ftn:function)

(forall ((type.set:set 7X))

(and (= (type.ftn:source (delta-function 7X)) 7X)
(= (type.ftn:target (delta-function 7X))
(type.lim.prd2.obj:product (type.dgm.pr.obj:constant ?X)))

(= (delta-function ?X) (function (delta ?X)))))

(forall ((type.ftn:function ?f))
(= (type.ftn:composition
[(delta-function (type.ftn:source ?f))
(type.lim.prd2.mor:product (type.dgm.pr.mor:constant ?7f))])
(type.ftn:composition [?f (delta-function (type.ftn:target 7£))])))

Projection Counit. Given any type set pair Y = (Yp, Y1), the projection
map constructs the type cone (Figure 17) with function pair my = (7y,, Ty;)
A(II(Y)) — Y, which is the unpacking of the mediator whose function 1 :
II(Y) — II(Y) is the identity function for the binary product of the given type
set pair — the projection cone is the unpacking of the product identity. This
projection function is a bijection. For any set pair Y = (Yp, Y1), the projection
function pair my is the Y'*"-component of the projection natural transformation
m : Il oA = lgge2, the counit of the constant-product adjunction A - II.
Naturality means that for any function pair f = (fo, f1) : X = (X0, X1) —
(Yp,Y1) = Y we have the commuting diagram nx - f = A(II(f)) - my, where
II(f) & foxfi. In the morphism namespace, the definition of the product of
function pairs follows this. Projection naturality is a special case of unpacking
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naturality. '°

(iff:function projection-mediator)
(= (iff:source projection-mediator) type.dgm.pr.obj:set-pair)
(= (iff:target projection-mediator) mediator)
(forall ((type.dgm.pr.obj:set-pair ?Y))
(and (= (function (projection-mediator 7Y)) (type.ftn:identity (product ?7Y)))
(= (set-pair (projection-mediator ?7Y)) ?Y)))

(iff:function projection)
(= (iff:source projection) type.dgm.pr.obj:set-pair)
(= (iff:target projection) cone)
(forall ((type.dgm.pr.obj:set-pair ?Y))
(= (projection 7Y) (unpacking (projection-mediator ?7Y))))

(iff.ftn:function product)
(= (iff:source product) type.dgm.pr.obj:set-pair)
(= (iff:target product) type.set:set)
(forall ((type.dgm.pr.obj:set-pair ?Y))
(= (product ?Y) (set (projection ?Y))))

(iff.ftn:function projection-function-pair)
(= (iff:source projection-function-pair) type.dgm.pr.obj:set-pair)
(= (iff:target projection-function-pair) type.dgm.pr.mor:function-pair)
(forall ((type.dgm.pr.obj:set-pair ?Y))
(and (= (type.dgm.pr.mor:source (projection-function-pair ?7Y))
(type.dgm.pr.obj:constant (product ?Y)))
(= (type.dgm.pr.mor:target (projection-function-pair ?7Y)) ?Y)
(= (projection-function-pair ?7Y) (function-pair (projection ?Y)))))

(iff.ftn:function projection0)
(= (iff.ftn:source projectionO) type.dgm.pr.obj:set-pair)
(= (iff.ftn:target projectionO) type.ftn:function)
(forall ((type.dgm.pr.obj:set-pair ?Y))
(and (= (type.ftn:source (projection0 ?Y)) (product ?Y))
(= (type.ftn:target (projection0 ?7Y)) (type.dgm.pr.obj:setO ?Y))
(= (projection0 ?Y) (type.dgm.pr.mor:function0 (projection-function-pair 7Y)))))

(iff.ftn:function projectionl)

(= (iff.ftn:source projectionl) type.dgm.pr.obj:set-pair)
(= (iff.ftn:target projectionl) type.ftn:function)
(forall ((type.dgm.pr.obj:set-pair ?Y))

19Here we define product, projection and mediating maps

IT : set? — set
7w : set? — ftn?
(-) : cone — ftn

For any type set pair Y = (Yp, Y1), the product type set II(Y) 2 Ypx Y7 is a (not necessarily
the Cartesian) binary product in the category Set of type sets and type functions: this and
the binary product projection type function pair w : A(II(Y)) — Y form a cone that is
universal over the given type set pair. For any set pair Y, the structure (II(Y'), 7), consisting
of binary product set and projection function pair, is a universal arrow from the constant
functor A : Set — Set? to the set pair Y. In more detail, 7 : A(II(Y)) — Y is a limiting cone
such that to every cone x : A(X) — Y there is a unique mediating function (z) : X — II(Y)
satisfying A((z)) - # = . More concisely, 7 : A(II(Y)) — Y is a terminal object in the slice
category (A]Y).
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(and (= (type.ftn:source (projectionl ?Y)) (product ?Y))
(= (type.ftn:target (projectionl ?Y)) (type.dgm.pr.obj:setl ?7Y))
(= (projectionl ?Y) (type.dgm.pr.mor:functionl (projection-function-pair 7Y)))))

(forall ((type.dgm.pr.mor:function-pair 7f))
(= (type.dgm.pr.mor:composition
[(projection-function-pair (type.dgm.pr.mor:source 7f)) 7f])
(type.dgm.pr.mor:composition
[(type.dgm.pr.mor:constant (type.lim.prd2.mor:product ?7f))
(projection-function-pair (type.dgm.pr.mor:target ?£))])))

The pullback of the opspan of a set pair is the binary product set, and the
pullback projection of this opspan is the binary product projection.

(forall ((type.dgm.pr.obj:set-pair ?Y))
(and (= (product 7?7Y)
(type.lim.pbk.obj:pullback (type.dgm.pr.obj:opspan ?Y)))
(= (projection-function-pair ?7Y)
(type.lim.pbk.obj:projection-function-pair (type.dgm.pr.obj:opspan ?7Y)))))
For any set pair X = (Xo, X1), there is a tau or twist cone (mg : Xg — X1 xXo —

op
X : m1) whose function pair A(II(X°P)) X% X is the opposite of the projection
function pair of X°P.

(iff.ftn:function tau-cone)
(= (iff.ftn:source tau-cone) type.dgm.pr.obj:set-pair)
(= (iff.ftn:target tau-cone) cone)
(forall ((type.dgm.pr.obj:set-pair ?X))
(and (= (set (tau-cone ?7X)) (product (type.dgm.ospn.obj:opposite ?X)))
(= (function-pair (tau-cone 7X))
(type.dgm.pr.mor:opposite (projection-function-pair (type.dgm.pr.obj:opposite ?X))))
(= (cone-set-pair (tau-cone ?7X)) 7X)))

Packing and Unpacking. Any cone can be packed into a mediator (Fig-
ure 16). For any cone 7 with set X and function pair v = (g0, 91) : A(X) = Y,
there is a mediator g = () = (go,¢1) : X — II(Y"), which pairs the images of the
original two functions. The packing (pairing) process is realized by application
of the product (II) operator to the function pair (go, g1) and then composition
on the left with the delta function dx (a component of the unit 4):

g=10x -1I(y) =dx - goxg1 : X — II(A(X)) — II(Y).

Any mediator can be unpacked into a cone. For any mediator g with set pair
Y = (Yo,Y7) and function g : X — II(Y) = YyxYy, there is a cone v =
go1 = (90,91) : A(X) — Y, which separates the mediator into two component
functions. The unpacking (components) process is realized by application of the
constant (A) operator to the function g and then composition on the right with
the function pair my (a component of the counit 7):

vy=A(g) -y =(9 - Tyy, 9 Ty;) : A(X) = ATI(Y) = Y.

These two processes are inverse to each other: (v),, = v for each cone 7 and

(go1) = g for each mediator g. This bijection is natural in the components for
cones and mediators. This means that the diagram in Figure 18 is commutative
for any function f : X’ — X and any function pair (ho, k1) : (Yo, Y1) — (Y5, YY).
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(iff.ftn:function packing)
(= (iff.ftn:source packing) cone)
(= (iff.ftn:target packing) mediator)
(forall ((cone 7c))
(and (= (function (packing 7c))
(type.ftn:composition
[(delta-function (set ?c))
(type.lim.prd2.mor:product (function-pair ?c))]))
(= (set-pair (packing 7c)) (cone-set-pair ?c))))

(iff:function pairing)

(= (iff:source pairing) cone)

(= (iff:target pairing) type.ftn:function)

(forall ((cone 7c))

(and (= (type.ftn:source (pairing ?c)) (set ?c))
(= (type.ftn:target (pairing 7c))
(type.lim.prd2.obj:product (cone-set-pair ?c)))

(= (pairing ?c) (function (packing ?c)))))

(iff.ftn:function unpacking)

(= (iff.ftn:source unpacking) mediator)

(= (iff.ftn:target unpacking) cone)

(forall ((mediator ?m))

(and (= (set (unpacking 7m)) (mediator-set 7m))
(= (function-pair (unpacking ?m))
(type.dgm.pr.mor:composition

[(type.dgm.pr.mor:constant (function ?7m))
(projection-function-pair (set-pair 7m))]1))))

(iff:function components)

(= (iff:source components) mediator)

(= (iff:target components) type.dgm.pr.mor:function-pair)

(forall ((mediator 7m))

(and (= (type.dgm.pr.mor:source (components ?7m))
(type.dgm.pr.obj:constant (mediator-set ?m)))

(= (type.dgm.pr.mor:target (components ?m)) (set-pair ?m))
(= (components 7m) (function-pair (unpacking 7m)))))

(forall ((cone 7c))

(= (unpacking (packing ?c)) 7c))
(forall ((mediator ?m))

(= (packing (unpacking ?m)) ?m))

(forall ((cone ?7c) (cone 7d) (function 7f)
(= (target ?f) (set ?c))
(= (source ?7f) (set ?7d))
(= (function-pair ?7d)
(type.dgnm.pr.mor:composition
[(type.dgm.pr.mor:constant ?f) (function-pair ?c)])))
(= (pairing ?7d)
(type.ftn:composition [?f (pairing ?c)1)))

(forall ((cone 7c) (cone ?d) (type.dgm.pr.mor:function-pair ?7h)
(= (type.dgm.pr.mor:source ?h) (cone-set-pair 7?c))
(= (type.dgm.pr.mor:target 7h) (cone-set-pair ?7d))
(= (function-pair ?7d)
(type.dgm.pr.mor:composition [(function-pair ?c) ?h])))
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Figure 18: Binary Product Naturality

(= (pairing ?7d)
(type.ftn:composition [(pairing ?c) (type.lim.prd2.mor:product ?h)])))

For any set pair X = (Xo, X1), there is a tau or twist bijection 7x : II(X°P) =
II(X) from the product of the opposite set pair X°P = (X7, X() to the product
of X. This is the product pairing of the tau cone (7 : X < II(X°P) — X3 : m1)
over the set pair X.

(iff.ftn:function tau)

(= (iff.ftn:source tau) type.dgm.pr.obj:set-pair)

(= (iff.ftn:target tau) type.ftn:function)

(forall ((type.dgm.pr.obj:set-pair ?X))

(and (= (type.ftn:source (tau ?X)) (type.lim.prd2.obj:product (type.dgm.pr.obj:opposite 7X)))

(= (type.ftn:target (tau ?7X)) (type.lim.prd2.obj:product 7X))
(= (tau 7X) (pairing (tau-cone ?7X)))
(type.ftn:bijection (tau 7X))))

Morphisms.

type.lim.prd2.mor

Products. The binary product operation is extended to morphisms. Given
any function pair f : X — Y, there is a binary product function II(f) : II(X) —
II(Y') defined using projections: mx - f = A(II(f)) - 7y.

(iff:function product)
(= (iff:source product) type.dgm.pr.mor:function-pair)
(= (iff:target product) type.ftn:function)
(forall ((type.dgm.pr.mor:function-pair ?f)
(type.dgm.pr.obj:set-pair ?X) (type.dgm.pr.obj:set-pair ?Y)
(= (type.dgm.pr.mor:source 7f) ?X) (= (type.dgm.pr.mor:target 7f) ?7Y))
(and (= (type.ftn:source (product 7f)) (type.lim.prd2.obj:product ?X))
(= (type.ftn:target (product ?7f)) (type.lim.prd2.obj:product ?7Y))
(= (type.dgm.pr.mor:composition
[(type.lim.prd2.obj:projection-function-pair 7X) 7£f])
(type.dgnm.pr.mor:composition
[(type.dgm.pr.mor:delta (product ?£f))
(type.lim.prd2.obj:projection-function-pair ?Y)]))))

1.8.3 Type Binary Powers

type.lim.pwr2

The type binary power monad (A o II, §, AxII) : Set — Set is sometimes useful.
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Objects.

type.lim.pwr2.obj

Cones. A type binary power cone is a binary product cone A(X) = A(Y),
whose underlying set pair is the constant for some type set Y.

(iff:set cone)
(forall ((cone 7c)) (type.lim.prd2.obj:cone ?c))
(forall ((type.lim.prd2.obj:cone 7c))
(<=> (cone 7?c)
(exists ((type.set:set ?7Y))
(= (type.lim.prd2.obj:cone-set-pair ?c) (type.dgm.pr.obj:constant 7Y)))))

(iff:function set)
(= (iff:source set) cone)
(= (iff:target set) type.set:set)
(forall ((come 7c))
(= (set 7c) (type.lim.prd2.obj:set ?c)))

(iff:function function-pair)
(= (iff:source function-pair) cone)
(= (iff:target function-pair) type.ftn:function)
(forall ((cone ?c))
(= (function-pair ?c) (type.lim.prd2.obj:function-pair 7c)))

(iff:function functionO)
(= (iff:source functionO) cone)
(= (iff:target functionO) type.ftn:function)
(forall ((cone ?c))
(= (functionO ?c) (type.dgm.pr.mor:functionO (function-pair ?c))))

(iff:function functionl)
(= (iff:source functionl) cone)
(= (iff:target functionl) type.ftn:function)
(forall ((cone 7c))
(= (functionl ?c) (type.dgm.pr.mor:functionl (function-pair ?c))))

(iff:function cone-set)
(= (iff:source cone-set) cone)
(= (iff:target cone-set) type.set:set)
(forall ((come 7c))
(= (type.dgm.pr.obj:constant (cone-set ?c)) (type.lim.prd2.obj:cone-set-pair ?7c)))

Monad. For any type set Y, the binary power type set Y2 and the binary
power projection type function pair 7y : A(Y?) — A(Y) are defined in terms of
the binary product set and binary product projection function pair of the type
set pair A(Y). For any binary power cone A(X) = A(Y), the binary power

pairing type function () = (go,91) : X — Y2 = I(A(Y)) is defined in terms of
the pairing of the cone as binary product cone. The power set is abstract.

(iff:function power)
(= (iff:source power) type.set:set)
(= (iff:target power) type.set:set)
(forall ((type.set:set ?7Y))
(= (power ?7Y) (type.lim.prd2.obj:product (type.dgm.pr.obj:constant ?7Y))))
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(iff:function projection-function-pair)
(= (iff:source projection-function-pair) type.set:set)
(= (iff:target projection-function-pair) type.dgm.pr.mor:function-pair)
(forall ((type.set:set ?Y))
(and (= (type.dgm.pr.mor:source (projection-function-pair ?Y))
(type.dgm.pr.obj:constant (power ?Y)))
(= (type.dgm.pr.mor:target (projection-function-pair ?Y))
(type.dgm.pr.obj:constant ?Y))
(= (projection-function-pair ?7Y)
(type.lim.prd2.obj:projection-function-pair (type.dgm.pr.obj:constant ?Y)))))

(iff.ftn:function projection0)
(= (iff.ftn:source projection0) type.set:set)
(= (iff.ftn:target projectionO) type.ftn:function)
(forall ((type.set:set ?7Y))
(and (= (type.ftn:source (projectionO ?Y)) (power ?7Y))
(= (type.ftn:target (projectionO 7Y)) 7Y)
(= (projection0 ?Y) (type.dgm.pr.mor:function0 (projection-function-pair 7Y)))))

(iff.ftn:function projectionl)
(= (iff.ftn:source projectionl) type.set:set)
(= (iff.ftn:target projectionl) type.ftn:function)
(forall ((type.set:set ?7Y))
(and (= (type.ftn:source (projectionl ?Y)) (power 7Y))
(= (type.ftn:target (projectionl ?7Y)) 7Y)
(= (projectionl ?7Y) (type.dgm.pr.mor:functionl (projection-function-pair ?7Y)))))

(iff:function pairing)
(= (iff:source pairing) cone)
(= (iff:target pairing) type.ftn:function)
(forall ((cone 7c))
(and (= (type.ftn:source (pairing 7c)) (set ?c))
(= (type.ftn:target (pairing 7c)) (power (cone-set ?c)))
(= (pairing 7c) (type.lim.prd2.obj:pairing ?c))))

Morphisms.

type.lim.pwr2.mor

Powers. The binary power operation is extended to morphisms. For any
type function f : X — Y, the binary power type function f? : X2 — Y?
is defined in terms of the binary product function for the function pair A(f).
Given any function f : X — Y, there is a binary power function f2: X? — Y?
defined using projections: 7x - A(f) = A(f?) - wy.

(iff:function power)
(= (iff:source power) type.ftn:function)
(= (iff:target power) type.ftn:function)
(forall ((type.ftn:function ?f) (type.set:set 7X) (type.set:set ?Y)
(= (type.ftn:source 7f) 7X) (= (type.ftn:target 7f) 7Y))
(and (= (type.ftn:source (power 7f)) (type.lim.pwr2.obj:power ?X))
(= (type.ftn:target (power 7f)) (type.lim.pwr2.obj:power ?7Y))
(= (power 7f) (type.lim.prd2.mor:product (type.dgm.pr.mor:constant ?f)))
(= (type.dgm.pr.mor:composition
[(type.lim.pwr2.obj:projection-function-pair ?7X)
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(type.dgm.pr.mor:delta ?7£)])
(type.dgm.pr.mor:composition
[(type.dgm.pr.mor:delta (power ?7f))
(type.lim.pwr2.obj:projection-function-pair 7Y)]1))))
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Figure 19: Ternary Product

1.8.4 Type Ternary Products
type.lim.prd3

The essential properties of the ternary product construction (see Figure 14....)
are illustrated in Figure 19. The horizontal bar designates a natural bijection
between the cone above the bar and the mediator below the bar. Let X be
a set with A(X) = (X, X,X), and let Y = (Y,Y7,Y2) be a set triple with
II(Y) = Yox Y1 xYs. A natural packing (tripling) process () assigns a mediator
X — II(Y) below the bar to every cone A(X) = Y above the bar. A natural
unpacking (components) process (1) assigns a cone A(X) = Y above the bar
to every mediator X — II(Y') below the bar. These two processes are inverse to
each other. The packing process is realized by application of the product (II)
operation and then composition on the left with the delta function (a component
of the unit §)

g=X 3 mac) "™ mwy).

The unpacking process is realized by application of the constant (A) opera-
tion and then composition on the right with the projection function triple (a
component of the counit )

v=AX) Y Amy) 2y

Objects.
type.lim.prd3.obj

A ternary product cone is an object in the comma category
Set 2 (A1) ™ Set®

over the functorial ospan A : Set — Set® «— Set® : lsee3. More specifically,
a cone is a triple (X,Y,~) consisting of a vertex set X, a set triple Y, and a
function triple v = (go, 91, 92) : A(X) — Y. The first definition below expresses
these observations; however, for simplicity, we use the second definition below,
which is isomorphic.
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cone = {(X,Y,7)| X €set,Y €set® 5 € ftn®, dp(7) = A(X),d1(7) = Y}, or
cone = {(X,7)]| X €set,y € ftn®,dp(v) = A(X)} C setxftn>.

The map cone — cone is just projection; the map cone — cone is defined
by (X,7v) — (X,01(7),7). Cones are packed in the natural isomorphism ax-
iomatization of the constant-product adjunction (expressing universality of the
ternary product operation). We define the parts of a cone. The cones that are
axiomatized here are concrete. They can be referenced as follows.

(type.set:set ?X)
(type.dgm.trp.mor:function-triple ?g012)
(= (type.dgm.trp.mor:source ?g012) (type.dgm.trp.obj:constant ?X))

(type.ftn:function ?g)
(= 7g (type.lim.prd3.obj:tripling [?X ?7g012]))

Here is the axiomatization.

(iff:set cone)
(forall ((cone ?c))
(exists ((type.set:set ?X) (type.dgm.trp.mor:function-triple ?g))
(= 7c [?X 7g])))
(forall ((type.set:set 7X) (type.dgm.trp.mor:function-triple ?7g))
(<=> (cone [7X 7gl)
(= (type.dgm.trp.mor:source 7g) (type.dgm.trp.obj:constant 7X))))

(iff:function set)

(= (iff:source set) cone)

(= (iff:target set) type.set:set)

(forall ((type.set:set ?X) (type.dgm.trp.mor:function-triple 7g) (cone [?X 7gl))
(= (set [7X 7gl) 7X))

(iff:function function-triple)

(= (iff:source function-triple) cone)

(= (iff:target function-triple) type.dgm.trp.mor:function-triple)

(forall ((type.set:set ?X) (type.dgm.trp.mor:function-triple ?g) (cone [?X ?7gl))
(= (function-triple [?X 7gl) 7g))

(iff:function functionO)
(= (iff:source functionO) cone)
(= (iff:target functionO) type.ftn:function)
(forall ((comne ?c))
(= (functionO ?c) (type.dgm.trp.mor:function0 (function-triple ?c))))

(iff:function functionl)
(= (iff:source functionl) cone)
(= (iff:target functionl) type.ftn:function)
(forall ((cone 7c))
(= (functionl ?c) (type.dgm.trp.mor:functionl (function-triple ?c))))

(iff:function function2)
(= (iff:source function2) cone)
(= (iff:target function2) type.ftn:function)
(forall ((come 7c))
(= (function2 ?c) (type.dgm.trp.mor:function2 (function-triple ?7c))))

(forall ((cone 7c)
(= (type.dgm.trp.obj:source (function-triple 7c))
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(type.dgm.trp.mor:constant (set ?c))))

(iff:function cone-set-triple)
(= (iff:source cone-set-triple) cone)
(= (iff:target cone-set-triple) type.dgm.trp.obj:set-triple)
(forall ((cone 7g))
(= (cone-set-triple ?7g) (type.dgm.trp.mor:target (function-triple 7g))))

Mediators. A ternary product mediator is an object in the comma cate-

gory
Set &% (1 /1) ™ Set®

over the functorial ospan lse : Set — Set « Set® : II. More specifically, a
mediator is a triple (X, Y, g) consisting of a set X, a set triple Y, and a function
g: X — II(Y). The first definition below expresses these observations; however,
for simplicity, we use the second definition below, which is isomorphic.

mdr = {(X,Y.g) | X €set,Y € set®, g € ftn, Bo(g) = X, 81 (g) = II(Y)}, or
mdtr = {(g,Y)]g€ftnY €set®,d:(g9) = I(Y)} C ftnxset®.

The map mdtr — mdtr is just projection; the map mdtr — mdtr is defined
by (¢,Y) — (9o(g),Y,g). Mediators are unpacked in the natural isomorphism
axiomatization of the constant-product adjunction (expressing universality of
the ternary product operation). We define the parts of a mediator. Although
the products used to define mediators are abstract, the mediators themselves
are concrete in the sense that they can be referenced as follows.

(type.ftn:function 7g)
(type.dgm.trp.obj:set-triple ?Y)
(= (type.ftn:target ?g) (type.lim.prd3.obj:product ?Y))

(type.dgm.pr.mor:function-triple ?g012)
(= ?7g012 (type.lim.prd3.obj:components [?g 7Y]))

Here is the axiomatization.

(iff:set mediator)
(forall ((mediator ?7m))
(exists ((type.ftn:function ?g) (type.dgm.trp.obj:set-triple ?Y))
(= m [7g 7Y1)))
(forall ((type.ftn:function ?g) (type.dgm.trp.obj:set-triple ?7Y))
(<=> (mediator [?g 7Y])
(= (type.ftn:target ?g) (product ?Y))))

(iff:function function)

(= (iff.ftn:source function) mediator)

(= (iff.ftn:target function) type.ftn:function)

(forall ((type.ftn:function ?g) (type.dgm.trp.obj:set-triple ?Y) (mediator [?g ?Y]))
(= (function [?7g ?Y]) 7g))

(iff:function set-triple)

(= (iff:source set-triple) mediator)

(= (iff:target set-triple) type.dgm.trp.obj:set-triple)

(forall ((type.ftn:function ?g) (type.dgm.trp.obj:set-triple ?Y) (mediator [?g ?7Y]))
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Figure 20: Ternary Product Unit and Counit

(= (set-triple [?7g ?Y]) ?7Y))

(forall ((mediator ?m))
(= (type.ftn:target (function ?m)) (product (set-triple ?m))))

(iff:function mediator-set)
(= (iff:source mediator-set) mediator)
(= (iff:target mediator-set) type.set:set)
(forall ((mediator 7m))
(= (mediator-set ?m) (type.ftn:source (function 7m))))

Delta Unit. Given any type set X, the delta map constructs the type
mediator (Figure 20) with function dx : X — II(A(X)) &2 X xX xX, which is
the packing of the cone whose function triple 1: A(X) — A(X) is the identity
on the constant set triple over X (or the constant function triple over the identity
function on X) — the delta mediator is the packing of three copies of the identity
function. This delta function is a bijection. For any set X, the delta function
dx is the X*-component of the delta natural transformation § : 1get = A oI,
the unit of the constant-product adjunction A 4 II. Naturality means that for
any function f : X — Y we have the commuting diagram 0x -II(A(f)) = f-dy,
where TI(A(f)) =& f2 = fxfxf. Delta naturality is a special case of packing
naturality.

(iff:function delta-cone)
(= (iff:source delta-cone) type.set:set)
(= (iff:target delta-cone) cone)
(forall ((type.set:set ?X))
(and (= (set (delta-come 7X)) 7X)
(= (function-triple (delta-cone 7X))
(type.dgm.trp.mor:identity (type.dgm.trp.obj:constant ?X)))))

(iff:function delta)
(= (iff:source delta) type.set:set)
(= (iff:target delta) mediator)
(forall ((type.set:set 7X))
(= (delta ?X) (packing (delta-cone ?X))))

(iff.ftn:function delta-function)

(= (iff:source delta-function) type.set:set)

(= (iff:target delta-function) type.ftn:function)
(forall ((type.set:set ?X))
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(and (= (type.ftn:source (delta-function 7X)) 7X)
(= (type.ftn:target (delta-function 7X))
(type.lim.prd3.obj:product (type.dgm.trp.obj:constant ?7X)))
(= (delta-function ?X) (function (delta ?7X)))))

(forall ((type.ftn:function 7f))
(= (type.ftn:composition
[(delta-function (type.ftn:source 7f))
(type.lim.prd3.mor:product (type.dgm.trp.mor:constant ?f))])
(type.ftn:composition [?f (delta-function (type.ftn:target 7£))1)))

Projection Counit. Given any type set triple Y = (Y, Y1, Y3), the pro-
jection map constructs the type cone (Figure 20) with function triple 7y =
(Tyy, Ty, Ty, )+ A(II(Y)) — Y, which is the unpacking of the mediator whose
function 1 : II(Y) — II(Y) is the identity function for the ternary product
of the given type set triple — the projection cone is the unpacking of the
product identity. This projection function is a bijection. For any set triple
Y = (Yp,Y1,Ys), the projection function triple 7y is the Y*'-component of
the projection natural transformation 7 : I o A = 1gg3, the counit of the
constant-product adjunction A - II. Naturality means that for any function
triple f = (f07f17f2) X = (X07X17X2) - (Y07Y17Y2) = Y we have the
commuting diagram 7x - f = A(II(f)) - my, where Hg = foxfixfe. In the
morphism namespace, the definition of the product of function triples follows
this. Projection naturality is a special case of unpacking naturality.°

(iff:function projection-mediator)
(= (iff:source projection-mediator) type.dgm.trp.obj:set-triple)
(= (iff:target projection-mediator) mediator)
(forall ((type.dgm.trp.obj:set-triple 7Y))
(and (= (function (projection-mediator 7Y)) (type.ftn:identity (product ?Y)))
(= (set-triple (projection-mediator 7Y)) 7?Y)))

(iff:function projection)
(= (iff:source projection) type.dgm.trp.obj:set-triple)
(= (iff:target projection) cone)
(forall ((type.dgm.trp.obj:set-triple 7Y))
(= (projection ?Y) (unpacking (projection-mediator ?Y))))

(iff.ftn:function product)
(= (iff:source product) type.dgm.trp.obj:set-triple)
(= (iff:target product) type.set:set)

20Here we define product, projection and mediating maps

IT : set® — set
7w o setd — ftn3
(-) : cone — ftn

For any type set triple Y = (Yo, Y1, Y2), the product type set II(Y) = Yo xY1 xY2 is a (not
necessarily the Cartesian) ternary product in the category Set of type sets and type functions:
this and the ternary product projection type function triple 7 : A(II(Y)) — Y form a cone
that is universal over the given type set triple. For any set triple Y, the structure (IL(Y), ),
consisting of ternary product set and projection function triple, is a universal arrow from the
constant functor A : Set — Set® to the set triple Y. In more detail, 7 : A(II(Y)) — Y is
a limiting cone such that to every cone z : A(X) — Y there is a unique mediating function
(z) + X — II(Y) satisfying A({z)) - m = z. More concisely, 7 : A(II(Y)) — Y is a terminal
object in the slice category (A |Y).
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(forall ((type.dgm.trp.obj:set-triple ?Y))
(= (product ?Y) (set (projection ?7Y))))

(iff.ftn:function projection-function-triple)
(= (iff:source projection-function-triple) type.dgm.trp.obj:set-triple)
(= (iff:target projection-function-triple) type.dgm.trp.mor:function-triple)
(forall ((type.dgm.trp.obj:set-triple 7Y))
(and (= (type.dgm.trp.mor:source (projection-function-triple ?7Y))
(type.dgm.trp.obj:constant (product 7Y)))
= (type.dgm.trp.mor:target (projection-function-triple ?Y)) ?Y)
(projection-function-triple ?Y) (function-triple (projection ?7Y)))))

(

(iff.ftn:function projection0)
(= (iff.ftn:source projectionO) type.dgm.trp.obj:set-triple)
(= (iff.ftn:target projectionO) type.ftn:function)
(forall ((type.dgm.trp.obj:set-triple 7Y))
(and (= (type.ftn:source (projection0 ?Y)) (product ?7Y))
(= (type.ftn:target (projection0 ?Y)) (type.dgm.trp.obj:setO ?7Y))
(= (projection0 ?Y) (type.dgm.trp.mor:functionO (projection-function-triple ?7Y)))))

(iff.ftn:function projectionl)
(= (iff.ftn:source projectionl) type.dgm.trp.obj:set-triple)
(= (iff.ftn:target projectionl) type.ftn:function)
(forall ((type.dgm.trp.obj:set-triple 7Y))
(and (= (type.ftn:source (projectionl ?Y)) (product ?Y))
(= (type.ftn:target (projectionl ?Y)) (type.dgm.trp.obj:setl ?Y))
(= (projectionl ?7Y) (type.dgm.trp.mor:functionl (projection-function-triple 7Y)))))

(iff.ftn:function projection2)
(= (iff.ftn:source projection2) type.dgm.trp.obj:set-triple)
(= (iff.ftn:target projection2) type.ftn:function)
(forall ((type.dgm.trp.obj:set-triple 7Y))
(and (= (type.ftn:source (projection2 ?Y)) (product ?Y))
(= (type.ftn:target (projection2 ?7Y)) (type.dgm.trp.obj:set2 ?7Y))
(= (projection2 ?Y) (type.dgm.trp.mor:function2 (projection-function-triple ?7Y)))))

(forall ((type.dgm.trp.mor:function-triple 7f))
(= (type.dgm.trp.mor:composition
[(projection-function-triple (type.dgm.trp.mor:source ?7f)) ?7f])
(type.dgm.trp.mor:composition
[(type.dgm.trp.mor:constant (type.lim.prd3.mor:product ?7f))
(projection-function-triple (type.dgm.trp.mor:target 7£))1)))

Packing and Unpacking. Any cone can be packed into a mediator (Fig-
ure 19). For any cone v with set X and function triple v = (go, g1, 92) : A(X) =
Y, there is a mediator g = (v) = (go, g1, 92) : X — II(Y), which triples the im-
ages of the original three functions. The packing (tripling) process is realized
by application of the product (II) operator to the function triple (go, g1, g2) and
then composition on the left with the delta function dx (a component of the
unit 4):

g=10x T(y) =6dx - goxg1xg2 : X — I(A(X)) — II(Y).
Any mediator can be unpacked into a cone. For any mediator g with set triple

Y = (Yo,Y1,Y2) and function g : X — II(Y) = YpxY1xYs, there is a cone
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¥ = go12 = (90,91, 92) : A(X) — Y, which separates the mediator into three
component functions. The unpacking (components) process is realized by ap-
plication of the constant (A) operator to the function g and then composition
on the right with the function triple 7y (a component of the counit 7):

Y=A(9) -7y = (9 7Yy, 9 Ty, 9 Tyy) : A(X) = ATI(Y) = Y.

These two processes are inverse to each other: (7v),,, = 7 for each cone v and

(go12) = g for each mediator g. This bijection is natural in the components for
cones and mediators. This means that the diagram in Figure 21 is commutative
for any function f: X’ — X and any function triple (hg, h1,h1) : (Yo, Y1,Ys) —
(Y0, Y1, Y3).

(iff.ftn:function packing)
(= (iff.ftn:source packing) cone)
(= (iff.ftn:target packing) mediator)
(forall ((come ?c))
(and (= (function (packing 7c))
(type.ftn:composition
[(delta-function (set ?c))
(type.lim.prd3.mor:product (function-triple ?c¢))]))
(= (set-triple (packing ?c)) (cone-set-triple 7c))))

(iff:function tripling)

(= (iff:source tripling) cone)

(= (iff:target tripling) type.ftn:function)

(forall ((cone 7c))

(and (= (type.ftn:source (tripling ?c)) (set ?c))
(= (type.ftn:target (tripling ?c))
(type.lim.prd3.obj:product (cone-set-triple ?c)))

(= (tripling 7c) (function (packing 7c)))))

(iff.ftn:function unpacking)

(= (iff.ftn:source unpacking) mediator)

(= (iff.ftn:target unpacking) cone)

(forall ((mediator ?m))

(and (= (set (unpacking ?m)) (mediator-set 7m))
(= (function-triple (unpacking 7m))
(type.dgm.trp.mor:composition

[(type.dgm.trp.mor:constant (function 7m))
(projection-function-triple (set-triple ?m))]))))

(iff:function components)

(= (iff:source components) mediator)

(= (iff:target components) type.dgm.trp.mor:function-triple)

(forall ((mediator ?m))

(and (= (type.dgm.trp.mor:source (components 7m))
(type.dgm.trp.obj:constant (mediator-set 7m)))

(= (type.dgm.trp.mor:target (components 7m)) (set-triple 7m))
(= (components 7m) (function-triple (unpacking ?m)))))

(forall ((cone 7c))

(= (unpacking (packing ?c)) ?c))
(forall ((mediator 7m))

(= (packing (unpacking ?m)) ?m))

(forall ((cone ?7c) (cone 7d) (function 7f)
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(f-90-ho,f-91-h1,f 92 ha) fg-T(h)

Figure 21: Ternary Product Naturality

= (target 7f) (set ?c))
= (source 7f) (set ?7d))
(function-triple ?7d)
(type.dgm.trp.mor:composition
[(type.dgm.trp.mor:constant 7f) (function-triple 7c)]1)))
(= (tripling 7d)
(type.ftn:composition [?f (tripling ?c)]1)))

~ A~~~

(forall ((cone 7c) (cone 7d) (type.dgm.trp.mor:function-triple 7h)
(= (type.dgm.trp.mor:source 7h) (cone-set-triple ?c))
(= (type.dgm.trp.mor:target ?h) (cone-set-triple ?d))
(= (function-triple 7d)
(type.dgm.trp.mor:composition [(function-triple ?c) 7hl)))
(= (tripling ?d)
(type.ftn:composition [(tripling ?c) (type.lim.prd3.mor:product 7h)])))

Morphisms.

type.lim.prd3.mor

Products. The ternary product operation is extended to morphisms. Given
any function triple f : X — Y, there is a ternary product function II(f) :

II(X) — II(Y) defined using projections: 7x - f = A(II(f)) - my.

(iff:function product)
(= (iff:source product) type.dgm.trp.mor:function-triple)
(= (iff:target product) type.ftn:function)
(forall ((type.dgm.trp.mor:function-triple 7f)
(type.dgm.trp.obj:set-triple 7X) (type.dgm.trp.obj:set-triple 7Y)
(= (type.dgm.trp.mor:source ?f) 7X) (= (type.dgm.trp.mor:target 7f) ?7Y))
(and (= (type.ftn:source (product 7f)) (type.lim.prd3.obj:product ?X))
(= (type.ftn:target (product ?7f)) (type.lim.prd3.obj:product ?Y))
(= (type.dgm.trp.mor:composition
[(type.lim.prd3.obj:projection-function-triple ?7X) 7f])
(type.dgm.trp.mor:composition
[(type.dgm.trp.mor:delta (product ?f))
(type.lim.prd2.obj:projection-function-triple ?7Y)1))))

1.8.5 Type Ternary Powers

type.lim.pwr3

The type ternary power monad (A oIl §, AxII) : Set — Set is sometimes useful.
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Objects.

type.lim.pwr3.obj

Cones. A type ternary power cone is a ternary product cone A(X) 2

A(Y'), whose underlying set triple is the constant for some type set Y.

(iff:set cone)
(forall ((cone ?7c)) (type.lim.prd3.obj:cone 7c))
(forall ((type.lim.prd3.obj:cone ?c))
(<=> (cone 7?c)
(exists ((type.set:set ?7Y))
(= (type.lim.prd3.obj:cone-set-triple ?c) (type.dgm.trp.obj:constant ?Y)))))

(iff:function set)
(= (iff:source set) cone)
(= (iff:target set) type.set:set)
(forall ((cone ?c))
(= (set ?c) (type.lim.prd3.obj:set ?c)))

(iff:function function-triple)
(= (iff:source function-triple) cone)
(= (iff:target function-triple) type.ftn:function)
(forall ((cone ?c))
(= (function-triple 7c) (type.lim.prd3.obj:function-triple ?c)))

(iff:function functionO)
(= (iff:source functionO) cone)
(= (iff:target functionO) type.ftn:function)
(forall ((cone 7c))
(= (functionO ?c) (type.dgm.trp.mor:function0 (function-triple ?c))))

(iff:function functionl)
(= (iff:source functionl) cone)
(= (iff:target functionl) type.ftn:function)
(forall ((cone ?c))
(= (functionl ?c) (type.dgm.trp.mor:functionl (function-triple ?c))))

(iff:function function2)
(= (iff:source function2) cone)
(= (iff:target function2) type.ftn:function)
(forall ((cone ?c))
(= (function2 ?c) (type.dgm.trp.mor:function2 (function-triple ?c))))

(iff:function cone-set)
(= (iff:source cone-set) cone)
(= (iff:target cone-set) type.set:set)
(forall ((comne 7c))
(= (type.dgm.trp.obj:constant (cone-set ?c)) (type.lim.prd3.obj:cone-set-triple ?c)))

Monad. For any type set Y, the ternary power type set Y and the ternary

power projection type function triple 7y : A(Y?) — A(Y) are defined in terms
of the ternary product set and ternary product projection function triple of the

type set triple A(Y'). For any ternary power cone A(X) 2 A(Y), the ternary
power tripling type function (v) = (go,91,92) : X — Y2 = II(A(Y)) is defined

135



in terms of the tripling of the cone as ternary product cone. The power set is
abstract.

(iff:function power)
(= (iff:source power) type.set:set)
(= (iff:target power) type.set:set)
(forall ((type.set:set ?7Y))
(= (power ?7Y) (type.lim.prd3.obj:product (type.dgm.trp.obj:constant ?Y))))

(iff:function projection-function-triple)
(= (iff:source projection-function-triple) type.set:set)
(= (iff:target projection-function-triple) type.dgm.trp.mor:function-triple)
(forall ((type.set:set ?7Y))
(and (= (type.dgm.trp.mor:source (projection-function-triple ?Y))
(type.dgm.trp.obj:constant (power ?Y)))
(= (type.dgm.trp.mor:target (projection-function-triple ?7Y))
(type.dgm.trp.obj:constant 7Y))
(= (projection-function-triple ?7Y)
(type.lim.prd3.obj:projection-function-triple (type.dgm.trp.obj:constant

(iff.ftn:function projectionO)
(= (iff.ftn:source projection0) type.set:set)
(= (iff.ftn:target projectionO) type.ftn:function)
(forall ((type.set:set ?Y))
(and (= (type.ftn:source (projectionO ?Y)) (power 7Y))
(= (type.ftn:target (projection0 ?7Y)) ?7Y)
(= (projection0 ?Y) (type.dgm.trp.mor:function0 (projection-function-triple

(iff.ftn:function projectionl)
(= (iff.ftn:source projectionl) type.set:set)
(= (iff.ftn:target projectionl) type.ftn:function)
(forall ((type.set:set ?7Y))
(and (= (type.ftn:source (projectionl ?Y)) (power 7Y))
(= (type.ftn:target (projectionl ?7Y)) ?7Y)
(= (projectionl ?Y) (type.dgm.trp.mor:functionl (projection-function-triple

(iff.ftn:function projection2)
(= (iff.ftn:source projection2) type.set:set)
(= (iff.ftn:target projection2) type.ftn:function)
(forall ((type.set:set ?Y))
(and (= (type.ftn:source (projection2 ?Y)) (power 7Y))
(= (type.ftn:target (projection2 ?7Y)) 7Y)
(= (projection2 ?Y) (type.dgm.trp.mor:function2 (projection-function-triple

(iff:function tripling)
(= (iff:source tripling) cone)
(= (iff:target tripling) type.ftn:function)
(forall ((cone 7c))
(and (= (type.ftn:source (tripling ?c)) (set 7c))
(= (type.ftn:target (tripling ?c)) (power (cone-set 7c)))
(= (tripling ?7c) (type.lim.prd3.obj:tripling ?c))))

Morphisms.

type.lim.pwr3.mor
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Powers. The ternary power operation is extended to morphisms. For any
type function f : X — Y, the ternary power type function f3 : X3 — Y3 is
defined in terms of the ternary product function for the function triple A(f).
Given any function f : X — Y, there is a ternary power function f3: X3 — Y3
defined using projections: 7x - A(f) = A(f3) - wy.

(iff:function power)
(= (iff:source power) type.ftn:function)
(= (iff:target power) type.ftn:function)
(forall ((type.ftn:function ?f) (type.set:set 7X) (type.set:set 7Y)
(= (type.ftn:source 7f) ?X) (= (type.ftn:target ?f) 7Y))
(and (= (type.ftn:source (power ?7f)) (type.lim.pwr3.obj:power 7X))
(= (type.ftn:target (power ?f)) (type.lim.pwr3.obj:power ?7Y))
(= (power 7f) (type.lim.prd3.mor:product (type.dgm.trp.mor:constant ?f)))
(= (type.dgm.trp.mor:composition
[(type.lim.pwr3.obj:projection-function-triple 7X)
(type.dgm.trp.mor:delta 7£)])
(type.dgm.trp.mor:composition
[(type.dgm.trp.mor:delta (power 7f))
(type.lim.pwr3.obj:projection-function-triple ?7Y)1))))
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Figure 22: Equalizer

1.8.6 Type Equalizers

type.lim.equ

The essential properties of the equalizer construction (see Figure 14.=) are il-
lustrated in Figure 22. The horizontal bar designates a natural bijection be-
tween the cone above the bar and the mediator below the bar. Let X be a
set with constant parallel pair of functions A(X) = 1x,1x : X — X, and let
Y = yo,y1 : Yo — Y1 be a parallel pair of functions with equalizer set II(Y)
and injection 1y = 7y, : I(Y) — Y (the 0t1 component of the projection
parallel pair morphism)2!. A natural packing process (¢) assigns a mediator
X — II(Y) below the bar to every cone A(X) = Y above the bar. A natural
unpacking process (1) assigns a cone A(X) = Y above the bar to every me-
diator X — TI(Y") below the bar. These two processes are inverse to each other.
The packing process is realized by application of the equalizer (II) operation
and then composition on the left with the delta bijective function (a component
of the unit §)
g=Xx31ax) ™ nw).

The unpacking process is realized by application of the constant (A) operation
and then composition on the right with the projection parallel pair morphism
(a component of the counit )

y=AX) Y Amy) .

Objects.

type.lim.equ.obj

21The canonical equalizer has the equalizer set {yo = y1} = {z € Yo | yo(z) = y1(x)} C Yo
and inclusion injection {yo = y1} < Yo. The equalizer type set II(Y) is abstract, and is not
necessarily equal, but only isomorphic, to the canonical equalizer II(Y") = {yo = y1}. Hence,
the equalizer set is axiomatically underspecified. When the canonical equalizer is needed at
some point in a lower or more peripheral level, then additional axiomatization will be given
there.
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Cones. An equalizer cone is an object in the comma category
Set &2 (A1) 5 Ppr

over the functorial ospan A : Set — Ppr < Ppr : 1p,,. More specifically, a cone
is a triple (X,Y,~) consisting of a vertex set X, a parallel pair Y, and a parallel
pair morphism v = (go,91) : A(X) — Y. By definition of such a morphism,
the first component function ¢g; : X — Yj is redundant — it is the composition
of the zeroth component function gg : X — Yy with either function component
(yo or y1) of the target parallel pair. The first definition below expresses these
observations; however, for simplicity, we use the second definition below, which
is isomorphic.

cone = {(X,Y,7)| X €set,Y € ppr, 7 € ppr-mor, do(7) = A(X),81(7) = Y}, or
cone = {(X,v)| X € set,y € ppr-mor, A(X) = 9y(v)} C setxppr-mor.

The map cone — cone is just projection; the map cone — cone is defined
by (X,7v) — (X,01(y),7). Cones are packed in the natural isomorphism ax-
iomatization of the constant-pullback adjunction (expressing universality of the
pullback operation). We name the projections. The cones that are axiomatized
here are concrete. They can be referenced as follows.

(type.set:set ?X)
(type.dgm.ppr.mor:parallel-pair-morphism ?g01)
(= (type.dgm.ppr.mor:source ?g01) (type.dgm.ppr.obj:constant ?X))

(type.ftn:function ?g)
(= 7g (type.lim.equ.obj:parting [?X ?g01]))

Here is the axiomatization.

(iff:set cone)
(forall ((cone 7c))
(exists ((type.set:set ?X) (type.dgm.ppr.mor:parallel-pair-morphism ?g))
(= 7c [?X 7g])))
(forall ((type.set:set 7X) (type.dgm.ppr.mor:parallel-pair-morphism ?7g))
(<=> (comne [7X 7gl)
(= (type.dgm.ppr.mor:source ?g) (type.dgm.ppr.obj:constant 7X))))

(iff:function set)

(= (iff:source set) cone)

(= (iff:target set) type.set:set)

(forall ((type.set:set 7X) (type.dgm.ppr.mor:parallel-pair-morphism ?g) (cone [?X ?gl))
(= (set [7X 7gl) 7X))

(iff:function parallel-pair-morphism)

(= (iff:source parallel-pair-morphism) cone)

(= (iff:target parallel-pair-morphism) type.dgm.ppr.mor:parallel-pair-morphism)

(forall ((type.set:set ?X) (type.dgm.ppr.mor:parallel-pair-morphism ?g) (cone [?X ?gl))
(= (parallel-pair-morphism [?X ?gl) 7g))

(iff:function functionO)

(= (iff:source functionO) cone)

(= (iff:target functionO) type.ftn:function)
(forall ((come 7c))
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(= (functionO ?c) (type.dgm.ppr.mor:function0 (parallel-pair-morphism ?c))))

(forall ((cone ?c))
(= (type.dgm.ppr.mor:source (parallel-pair-morphism ?c))
(type.dgm.ppr.obj:constant (set ?7c))))

(iff:function cone-parallel-pair)
(= (iff:source cone-parallel-pair) cone)
(= (iff:target cone-parallel-pair) type.dgm.ppr.obj:parallel-pair)
(forall ((cone ?c))
(= (cone-parallel-pair ?c) (type.dgm.ppr.mor:target (parallel-pair-morphism ?c))))

Mediators. An equalizer mediator is an object in the comma category
Set &% (1 1I) = Ppr

over the functorial ospan lse : Set — Set «— Ppr : II. More specifically, a
mediator is a triple (X,Y, g) consisting of a set X, a parallel pair Y = yo,yo :
Yy — Y1, and a function g : X — II(Y). The first definition below expresses
these observations; however, for simplicity, we use the second definition below,
which is isomorphic.

—

mdtr

{(X,Y,9) | X €set,Y € ppr,g € ftn,d9(g) = X,01(g) = I(Y)}, or

mdtr = {(g9,Y) | g€ ftn,Y € ppr,d1(g) = II(Y)} C ftnxppr.

The map mdtr — mdtr is just projection; the map mdtr — mdtr is defined
by (¢,Y) — (do(g),Y,g). Mediators are unpacked in the natural isomorphism
axiomatization of the constant-pullback adjunction (expressing universality of
the pullback operation). We define the parts of a mediator. Although the
pullbacks used to define mediators are abstract, the mediators themselves are
concrete in the sense that they can be referenced as follows.

(type.ftn:function 7g)
(type.dgm.ppr.obj:parallel-pair ?Y)
(= (type.ftn:target ?g) (type.lim.equ.obj:equalizer ?Y))

(type.ftn:function 7g01)
(= 7g01 (type.lim.equ.obj:injection [?g ?Y]))

Here is the axiomatization.

(iff:set mediator)
(forall ((mediator 7m))
(exists ((type.ftn:function ?g) (type.dgm.ppr.obj:parallel-pair 7Y))
(= m [7g ?Y1)))
(forall ((type.ftn:function ?g) (type.dgm.ppr.obj:parallel-pair ?Y))
(<=> (mediator [?g 7Y])
(= (type.ftn:target ?g) (equalizer ?7Y))))

(iff:function function)

(= (iff.ftn:source function) mediator)

(= (iff.ftn:target function) type.ftn:function)

(forall ((type.ftn:function ?g) (type.dgm.ppr.obj:parallel-pair ?7Y) (mediator [?g ?Y]))
(= (function [?g ?Y]) 7g))
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(iff:function parallel-pair)

(= (iff:source parallel-pair) mediator)

(= (iff:target parallel-pair) type.dgm.ppr.obj:parallel-pair)

(forall ((type.ftn:function ?g) (type.dgm.ppr.obj:parallel-pair ?7Y) (mediator [?g ?Y]))
(= (parallel-pair [?7g 7Y]) ?7Y))

(forall ((mediator ?m))
(= (type.ftn:target (function ?m)) (pullback (parallel-pair 7m))))

(iff:function mediator-set)
(= (iff:source mediator-set) mediator)
(= (iff:target mediator-set) type.set:set)
(forall ((mediator 7m))
(= (mediator-set ?m) (type.ftn:source (function ?m))))

Delta Unit. Given any type set X, the delta map constructs the type
mediator (Figure 23) with function dx : X — II(A(X)) 2 {1x,1x} = X, which
is the packing of the cone whose parallel pair morphism 1 : A(X) — A(X) is
the identity on the constant parallel pair over X (or the constant parallel pair
morphism over the identity function on X) — the delta mediator is the packing
of the constant identity. This delta function is a bijection. For any set X,

the delta function dx is the X*-component of the delta natural transformation
0 : 1lget = Aoll, the unit of the constant-pullback adjunction A 4 II. Naturality
means that for any function f : X — Y we have the commuting diagram
Ox - I(A(f)) = f - dy. Delta naturality is a special case of packing naturality.

(iff:function delta-cone)
(= (iff:source delta-cone) type.set:set)
(= (iff:target delta-cone) cone)
(forall ((type.set:set ?7X))
(and (= (set (delta-cone 7X)) 7X)
(= (parallel-pair-morphism (delta-cone 7X))
(type.dgm.ppr.mor:identity (type.dgm.ppr.obj:constant ?X)))))

(iff:function delta)
(= (iff:source delta) type.set:set)
(= (iff:target delta) mediator)
(forall ((type.set:set ?X))
(= (delta ?X) (packing (delta-cone ?X))))

(iff.ftn:function delta-function)

(= (iff:source delta-function) type.set:set)

(= (iff:target delta-function) type.ftn:function)

(forall ((type.set:set 7X))

(and (= (type.ftn:source (delta-function 7X)) 7?X)
(= (type.ftn:target (delta-function 7X))
(type.lim.equ.obj:equalizer (type.dgm.ppr.obj:constant 7X)))

(= (delta-function 7X) (function (delta 7X)))))

(forall ((type.ftn:function ?f))
(= (type.ftn:composition
[(delta-function (type.ftn:source 7f))
(type.lim.equ.mor:equalizer (type.dgm.ppr.mor:constant 7£f))])
(type.ftn:composition [?f (delta-function (type.ftn:target ?£))])))
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Projection Counit. Given any type parallel pair Y = yo,y; : Yo — Y7,
the projection map constructs the type projection cone (Figure 23) with parallel-
pair morphism my = (my,, 7y, ) : A(II(Y)) = Y (with 7wy, = 7y, - yo = 7y, - Y1),
which is the unpacking of the mediator whose function 1 : II(Y) — II(Y) is the
identity on the equalizer of the parallel-pair Y (or the equalizer function over the
identity parallel pair morphism on Y') — the projection cone is the unpacking of
the equalizer identity. This projection map is a bijection. For any parallel-pair
Y = yo,y1 : Yo — Y7, the projection parallel pair morphism 7y : A(II(Y)) — Y
is the Y'*"-component of the projection natural transformation 7 : IloA = 1ppr,
the counit of the constant-equalizer adjunction A - I1. Naturality means that
for any parallel-pair morphism f : X — Y we have the commuting diagram
wx - f = A(II(f)) - my. In the morphism namespace, the definition of the
equalizer of parallel pair morphisms follows this. Projection naturality is a
special case of unpacking naturality.??

(iff:function projection-mediator)
(= (iff:source projection-mediator) type.dgm.ppr.obj:parallel-pair)
(= (iff:target projection-mediator) mediator)
(forall ((type.dgm.ppr.obj:parallel-pair ?7Y))
(and (= (function (projection-mediator 7Y)) (type.ftn:identity (equalizer 7Y)))
(= (parallel-pair (projection-mediator ?7Y)) ?Y)))

(iff:function projection)
(= (iff:source projection) type.dgm.ppr.obj:parallel-pair)
(= (iff:target projection) cone)
(forall ((type.dgm.ppr.obj:parallel-pair ?7Y))
(= (projection ?7Y) (unpacking (projection-mediator ?7Y))))

(iff.ftn:function equalizer)
(= (iff:source equalizer) type.dgm.ppr.obj:parallel-pair)
(= (iff:target equalizer) type.set:set)
(forall ((type.dgm.ppr.obj:parallel-pair ?Y))
(= (equalizer ?Y) (set (projection ?Y))))

(iff.ftn:function projection-parallel-pair-morphism)
(= (iff:source projection-parallel-pair-morphism) type.dgm.ppr.obj:parallel-pair)
(= (iff:target projection-parallel-pair-morphism) type.dgm.ppr.mor:parallel-pair-morphism)
(forall ((type.dgm.ppr.obj:parallel-pair ?Y))
(and (= (type.dgm.ppr.mor:source (projection-parallel-pair-morphism ?Y))
(type.dgm.ppr.obj:constant (equalizer ?Y)))
= (type.dgm.ppr.mor:target (projection-parallel-pair-morphism ?Y)) ?7Y)
(projection-parallel-pair-morphism ?Y) (parallel-pair-morphism (projection ?Y)))))

(

(iff.ftn:function projection-function-pair)

22Here we define equalizer, projection and mediating maps

II : ppr — set
T : ppr — ppr-mor
(-} : cone — ftn

which satisfy the following. For any parallel pair Y, the structure (II(Y),r), consisting of
equalizer set II(Y') and projection parallel pair morphism 7 : A(II(Y)) — Y, is a universal
arrow from the constant functor A : Set — Ppr to the parallel pair Y. In more detail,
7 : A(TII(Y)) — Y is a limiting cone such that to every cone x : A(X) — Y there is a unique
mediating function (z) : X — II(Y) satisfying A({(z)) - = z. More concisely, 7 : A(II(Y)) —
Y is a terminal object in the slice category (A |Y).
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Figure 23: Equalizer Unit and Counit

(= (iff:source projection-function-pair) type.dgm.ppr.obj:parallel-pair)
(= (iff:target projection-function-pair) type.dgm.pr.mor:function-pair)
(forall ((type.dgm.ppr.obj:parallel-pair ?Y))
(and (= (type.dgm.pr.mor:source (projection-function-pair ?7Y))
(type.dgm.pr.obj:constant (equalizer ?Y)))
(= (type.dgm.pr.mor:target (projection-function-pair ?7Y))
(type.dgm.ppr.obj:set-pair ?7Y))
(= (projection-function-pair 7Y)
(type.dgm.ppr.mor:function-pair (projection-parallel-pair-morphism ?7Y)))))

(iff.ftn:function projectionO)
(= (iff.ftn:source projectionO) type.dgm.ppr.obj:parallel-pair)
(= (iff.ftn:target projectionO) type.ftn:function)
(forall ((type.dgm.ppr.obj:parallel-pair ?Y))
(and (= (type.ftn:source (projectionO 7Y)) (equalizer ?7Y))
(= (type.ftn:target (projection0 ?Y)) (type.dgm.pr.obj:setO ?7Y))
(= (projection0 ?7Y) (type.dgm.pr.mor:function0 (projection-function-pair ?7Y)))))

(forall ((type.dgm.ppr.mor:parallel-pair-morphism 7f))
(= (type.dgm.ppr.mor:composition
[(projection-parallel-pair-morphism (type.dgm.ppr.mor:source 7f)) 7f])
(type.dgm.ppr.mor:composition
[(type.dgm.ppr.mor:constant (type.lim.pbk.mor:equalizer 7f))
(projection-parallel-pair-morphism (type.dgm.ppr.mor:target 7£))])))

Packing and Unpacking. Any cone can be packed into a mediator (Fig-
ure 22). For any cone v with set X and parallel pair morphism v = (go,91) :
A(X) =Y (so that g1 = go - Yo = go - ¥1), there is a mediator g = (y) : X —
II(Y'), which restricts the zeroth component function to the equalizer part of

T
Yo: go = X S II(Y) 20 Yy. The packing (parting) process is realized by appli-
cation of the equalizer (IT) operator to the parallel pair morphism ~ and then
composition on the left with the delta function dx (a component of the unit 4):

g=06x -I(y): X — II(A(X)) — II(Y).

Any mediator can be unpacked into a cone. For any mediator g with parallel
pair Y = yo,11 : Yo — Y1 and function g : X — I(Y) = {yo = y1}, there is
a cone v = go1 = (90,91) : A(X) — Y, which “separates” the mediator into
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component functions. The unpacking process is realized by application of the
constant (A) operator to the function g and then composition on the right with
the parallel pair morphism 7y (a component of the counit 7):

v=A(g) -7y : A(X) = AI(Y) = Y.

These two processes are inverse to each other: (v),, = 7 for each cone v and
(go1) = g for each mediator g. This bijection is natural in the components for
cones and mediators. This means that the diagram in Figure 27 is commutative
for any function f : X’ — X and any parallel pair morphism h = (hg,hy) : Y =
(Yo,y1: Yo — Y1) — (yo, 91 : Yo = Y]) =Y".

(iff.ftn:function packing)
(= (iff.ftn:source packing) cone)
(= (iff.ftn:target packing) mediator)
(forall ((cone ?c))
(and (= (function (packing 7c))
(type.ftn:composition
[(delta-function (set ?c))
(type.lim.equ.mor:equalizer (parallel-pair-morphism 7c))]))
(= (parallel-pair (packing ?c)) (cone-parallel-pair ?c))))

(iff:function parting)
(= (iff:source parting) cone)
(= (iff:target parting) type.ftn:function)
(forall ((cone ?c))
(and (= (type.ftn:source (parting 7c)) (set ?c))
(= (type.ftn:target (parting 7c)) (type.lim.equ.obj:equalizer (cone-parallel-pair ?c)))
(= (parting ?c) (function (packing ?c)))))

(iff.ftn:function unpacking)
(= (iff.ftn:source unpacking) mediator)
(= (iff.ftn:target unpacking) cone)
(forall ((mediator ?m))
(and (= (set (unpacking 7m)) (mediator-set 7m))
(= (parallel-pair-morphism (unpacking ?m))
(type.dgm.ppr.mor:composition
[(type.dgm.ppr.mor:constant (function ?m))
(projection-parallel-pair-morphism (parallel-pair 7m))]1))))

(forall ((comne ?c))

(= (unpacking (packing ?c)) ?c))
(forall ((mediator ?7m))

(= (packing (unpacking 7m)) ?7m))

(forall ((cone 7c) (cone ?d) (function ?7f)
(= (target 7f) (set 7c))
(= (source 7f) (set 7d))
(= (parallel-pair-morphism ?d)
(type.dgn.ppr.mor:composition
[(type.dgm.ppr.mor:constant ?7f) (parallel-pair-morphism ?c)])))
(= (parting 7d)
(type.ftn:composition [?f (parting ?c)])))

(forall ((cone 7c) (cone ?d) (type.dgm.ppr.mor:parallel-pair-morphism ?h)

(= (type.dgm.ppr.mor:source 7h) (cone-parallel-pair ?c))
(= (type.dgm.ppr.mor:target ?h) (cone-parallel-pair ?7d))
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Figure 24: Equalizer Naturality

(= (parallel-pair-morphism 7d)
(type.dgm.ppr.mor:composition [(parallel-pair-morphism ?c) ?hl)))
(= (parting 7d)
(type.ftn:composition [(parting ?c) (type.lim.equ.mor:equalizer 7h)])))

Morphisms.

type.lim.equ.mor

Equalizers. The equalizer operation is extended to morphisms. Given
any parallel pair morphism v = (gg,91) : X = Y, there is an equalizer function
II(y) : I(X) — II(Y) defined using projections: wx - f = A(II(f)) - my.

(iff.ftn:function equalizer)
(= (iff.ftn:source equalizer) type.dgm.ppr.mor:parallel-pair-morphism)
(= (iff.ftn:target equalizer) type.ftn:function)
(forall ((type.dgm.ppr.mor:parallel-pair-morphism 7f))
(and (= (type.ftn:source (equalizer 7f))
(type.lim.equ.obj:equalizer (type.dgm.ppr.mor:source 7f)))
(= (type.ftn:target (equalizer 7f))
(type.lim.equ.obj:equalizer (type.dgm.ppr.mor:target 7f)))
(= (type.dgm.ppr.mor:composition
[(type.lim.equ.obj:projection-parallel-pair-morphism (type.dgm.ppr.mor:source ?f)) ?7f])
(type.dgn.ppr.mor:composition
[(type.dgm.ppr.mor:delta (equalizer ?f))
(type.lim.equ.obj:projection-parallel-pair-morphism (type.dgm.ppr.mor:target ?£))]1))))
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Figure 25: Pullback

1.8.7 Type Pullbacks
type.lim.pbk

The essential properties of the pullback construction (see Figure 14.v) are il-
lustrated in Figure 25. The horizontal bar designates a natural bijection be-
tween the cone above the bar and the mediator below the bar. Let X be
a set with constant opspan A(X) = (1x : X — X « X : 1x), and let
Y = (yo : Yo — Ye < Y7 : 91) be an opspan with pullback set II(Y)?3. A
natural packing (pairing) process () assigns a mediator X — II(Y) below the
bar to every cone A(X) = Y above the bar. A natural unpacking (compo-
nents) process (¢~ !) assigns a cone A(X) = Y above the bar to every mediator
X — II(Y) below the bar. These two processes are inverse to each other. The
packing process is realized by application of the pullback (II) operation and
then composition on the left with the delta function (a component of the unit

)
g=X 3 mac) "™ mwy).

The unpacking process is realized by application of the constant (A) operation
and then composition on the right with the projection opspan morphism (a
component of the counit )

y=AX) Y Amy) By,

Objects.
type.lim.pbk.obj

23The canonical (Cartesian) pullback has pullback set Yoxy, Y1 = {(bo,b1) | bo € Yo,b1 €
Y1,y0(bo) = y1(b1)} C YopxY71 with pullback projection functions mp : Yoxy, Y1 — Yo :
(bo,b1) — bg and 71 : Yoxy, Y1 — Y1 : (bo,b1) — bi. The pullback type set II(Y) is ab-
stract, and is not necessarily equal, but only isomorphic, to the canonical (Cartesian) pullback
II(Y) = Yo Xy, Y1. Hence, the pullback set is axiomatically underspecified. When the canon-
ical pullback is needed at some point in a lower or more peripheral level, then additional
axiomatization will be given there. For example, the cone set and the mediator set at any
level are canonical (Cartesian) pullback sets. In the meta level of the metashell and the generic
level of the natural part, this fact will be explicitly axiomatized with additional axioms.
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Cones. A pullback cone is an object in the comma category
Set &2 (A1) ™ Ospn

over the functorial ospan A : Set — Ospn « Ospn : lospn. More specifically,
a cone is a triple (X,Y,~) consisting of a vertex set X, an opspan Y, and an
opspan morphism v : A(X) — Y. The first definition below expresses these
observations; however, for simplicity, we use the second definition below, which
is isomorphic.

cone = {(X,Y,v)]| X €set,Y € ospn,~y € ospn-mor, Iy (v) = A(X),d1(v) =Y}, or

cone = {(X,v)]| X € set,vy € ospn-mor, A(X) = 9o(v)} C setxospn-mor.

The map cone — cone is just projection; the map cone — cone is defined
by (X,v) — (X,01(7),7v). Cones are packed in the natural isomorphism ax-
iomatization of the constant-pullback adjunction (expressing universality of the
pullback operation). We name the projections. The cones that are axiomatized
here are concrete. They can be referenced as follows.

(type.set:set 7X)
(type.dgm.ospn.mor:opspan-morphism ?7g01)
(= (type.dgm.ospn.mor:source 7g01) (type.dgm.ospn.obj:constant ?X))

(type.ftn:function ?g)
(= 7g (type.lim.pbk.obj:pairing [?X 7g01]))

Here is the axiomatization.

(iff:set cone)
(forall ((come 7c))
(exists ((type.set:set ?X) (type.dgm.ospn.mor:opspan-morphism ?7g))
(= 7c [?X 7gl)))
(forall ((type.set:set ?X) (type.dgm.ospn.mor:opspan-morphism ?7g))
(<=> (comne [?X 7gl)
(= (type.dgm.ospn.mor:source 7g) (type.dgm.ospn.obj:constant 7X))))

(iff:function set)

(= (iff:source set) cone)

(= (iff:target set) type.set:set)

(forall ((type.set:set ?X) (type.dgm.ospn.mor:opspan-morphism ?g) (cone [?X 7gl))
(= (set [?X ?7gl) 7X))

(iff:function opspan-morphism)

(= (iff:source opspan-morphism) cone)

(= (iff:target opspan-morphism) type.dgm.ospn.mor:opspan-morphism)

(forall ((type.set:set 7X) (type.dgm.ospn.mor:opspan-morphism ?g) (cone [?X 7gl))
(= (opspan-morphism [?X 7gl) 7g))

(iff:function functionO)
(= (iff:source functionO) cone)
(= (iff:target functionO) type.ftn:function)
(forall ((come 7c))
(= (functionO ?c) (type.dgm.ospn.mor:functionO (opspan-morphism 7c))))

(iff:function functionl)
(= (iff:source functionl) cone)
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(= (iff:target functionl) type.ftn:function)
(forall ((cone 7c))
(= (functionl ?c) (type.dgm.ospn.mor:functionl (opspan-morphism ?c))))

(forall ((cone 7c))
(= (type.dgm.ospn.mor:source (opspan-morphism 7c))
(type.dgm.ospn.obj:constant (set ?c))))

(iff:function cone-opspan)
(= (iff:source cone-opspan) cone)
(= (iff:target cone-opspan) type.dgm.ospn.obj:opspan)
(forall ((cone 7c))
(= (cone-opspan ?c) (type.dgm.ospn.mor:target (opspan-morphism ?c))))

op
For any cone A(X) = Y over ospan Y, there is an opposite cone A(X) & yor
over the opposite ospan Y°P.

(iff.ftn:function opposite)
(= (iff.ftn:source opposite) cone)
(= (iff.ftn:target opposite) cone)
(forall ((cone 7c))
(and (= (set (opposite ?7c)) (set ?7c))
(= (opspan-morphism (opposite ?c)) (type.dgm.ospn.mor:opposite (opspan-morphism ?c)))
(= (cone-opspan (opposite ?c)) (type.dgm.ospn.obj:opposite (cone-opspan ?c)))))

Mediators. A pullback mediator is an object in the comma category
Set 22 (1] 1I) = Ospn

over the functorial ospan lge : Set — Set < Ospn : II. More specifically, a
mediator is a triple (X,Y,g) consisting of a set X, an opspan Y = (yo : Yy —
Yo — Y1 : 1), and a function g : X — II(Y) = Yyxy,Y:. The first definition
below expresses these observations; however, for simplicity, we use the second
definition below, which is isomorphic.

mdtr = {(X,Y,g9) | X €set,Y € ospn, g € ftn,do(g) = X,01(9) =II(Y)}, or
mdtr = {(g9,Y) | g € ftn,Y € ospn, d1(g) =II(Y)} C ftnxospn.

The map mdtr — mdtr is just projection; the map mdtr — mdtr is defined
by (g,Y) — (00(g9),Y,g). Mediators are unpacked in the natural isomorphism
axiomatization of the constant-pullback adjunction (expressing universality of
the pullback operation). We define the parts of a mediator. Although the
pullbacks used to define mediators are abstract, the mediators themselves are
concrete in the sense that they can be referenced as follows.

(type.ftn:function ?g)

(type.dgm.ospn.obj:opspan ?7Y)
(= (type.ftn:target ?g) (type.lim.pbk.obj:pullback 7Y))

(type.dgm.pr.mor:function-pair ?g01)
(= ?7g01 (type.lim.pbk.obj:components [?7g 7Y]))

Here is the axiomatization.
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(iff:set mediator)
(forall ((mediator ?m))
(exists ((type.ftn:function ?g) (type.dgm.ospn.obj:opspan ?7Y))
(= 7n [7g ?Y1)))
(forall ((type.ftn:function ?g) (type.dgm.ospn.obj:opspan ?Y))
(<=> (mediator [?7g ?7Y])
(= (type.ftn:target ?7g) (pullback 7Y))))

(iff:function function)

(= (iff.ftn:source function) mediator)

(= (iff.ftn:target function) type.ftn:function)

(forall ((type.ftn:function ?g) (type.dgm.ospn.obj:opspan ?Y) (mediator [?g ?Y]))
(= (function [?7g ?Y]) 7g))

(iff:function opspan)

(= (iff:source opspan) mediator)

(= (iff:target opspan) type.dgm.ospn.obj:opspan)

(forall ((type.ftn:function ?g) (type.dgm.ospn.obj:opspan ?Y) (mediator [?g 7Y]))
(= (opspan [7g 7Y]) 7Y))

(forall ((mediator ?7m))
(= (type.ftn:target (function ?m)) (pullback (opspan ?m))))

(iff:function mediator-set)
(= (iff:source mediator-set) mediator)
(= (iff:target mediator-set) type.set:set)
(forall ((mediator ?7m))
(= (mediator-set ?m) (type.ftn:source (function 7m))))

Delta Unit. Given any type set X, the delta map constructs the type
mediator (Figure 26) with function dx : X — II(A(X)) & X x x X, which is
the packing of the cone whose opspan morphism 1 : A(X) — A(X) is the
identity on the constant opspan over X (or the constant opspan morphism over
the identity function on X) — the delta mediator is the packing of the constant
identity. This delta function is a bijection. For any set X, the delta function
dx is the X*-component of the delta natural transformation § : 1get = A oI,
the unit of the constant-pullback adjunction A - II. Naturality means that for
any function f: X — Y we have the commuting diagram dx -II(A(f)) = f-dy.
Delta naturality is a special case of packing naturality.

(iff:function delta-cone)
(= (iff:source delta-cone) type.set:set)
(= (iff:target delta-cone) cone)
(forall ((type.set:set 7X))
(and (= (set (delta-comne 7X)) 7X)
(= (opspan-morphism (delta-cone 7X))
(type.dgm.ospn.mor:identity (type.dgm.ospn.obj:constant 7X)))))

(iff:function delta)
(= (iff:source delta) type.set:set)
(= (iff:target delta) mediator)
(forall ((type.set:set 7X))
(= (delta ?X) (packing (delta-cone ?X))))

(iff.ftn:function delta-function)

(= (iff:source delta-function) type.set:set)
(= (iff:target delta-function) type.ftn:function)
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(forall ((type.set:set ?X))
(and (= (type.ftn:source (delta-function 7X)) 7X)
(= (type.ftn:target (delta-function 7X))
(type.lim.pbk.obj:pullback (type.dgm.ospn.obj:constant 7X)))
(= (delta-function ?X) (function (delta ?X)))))

(forall ((type.ftn:function ?f))
(= (type.ftn:composition
[(delta-function (type.ftn:source ?f))
(type.lim.pbk.mor:pullback (type.dgm.ospn.mor:constant ?£))])
(type.ftn:composition [?f (delta-function (type.ftn:target 7£))])))

Projection Counit. Given any type opspan Y = (Yj By, & Y1), the

projection map constructs the type projection cone (Figure 26) with opspan
morphism 7y = ((7y,,7y;),7y,) : AML(Y)) — Y (where my, = 7y, - Yo =
Ty, Y1), which is the unpacking of the mediator whose function 1 : TI(Y) — TI(Y")
is the identity on the pullback of the opspan Y (or the pullback function over

the identity opspan morphism on Y') — the projection cone is the unpacking
of the pullback identity. This projection map is a bijection. For any opspan
Y = (Yo B Y, & Y3), the projection opspan morphism 7y : A(II(Y)) — Y
is the Y*-component of the projection natural transformation m : Il o A =
lospn, the counit of the constant-pullback adjunction A 41I. Naturality means
that for any opspan morphism f : X — Y we have the commuting diagram
wx - f = A(II(f)) - my. In the morphism namespace, the definition of the
pullback of opspan morphisms follows this. Projection naturality is a special
case of unpacking naturality.?*

(iff:function projection-mediator)
(= (iff:source projection-mediator) type.dgm.ospn.obj:opspan)
(= (iff:target projection-mediator) mediator)
(forall ((type.dgm.ospn.obj:opspan ?Y))
(and (= (function (projection-mediator 7Y)) (type.ftn:identity (pullback ?7Y)))
(= (opspan (projection-mediator ?7Y)) 7?Y)))

(iff:function projection)
(= (iff:source projection) type.dgm.ospn.obj:opspan)
(= (iff:target projection) cone)
(forall ((type.dgm.ospn.obj:opspan ?Y))
(= (projection ?7Y) (unpacking (projection-mediator ?7Y))))

(iff.ftn:function pullback)
(= (iff:source pullback) type.dgm.ospn.obj:opspan)
(= (iff:target pullback) type.set:set)

24Here we define pullback, projection and mediating maps

II : ospn — set
T : ospn — ospn-mor
(-) : cone — ftn

which satisfy the following. For any opspan Y, the structure (II(Y), 7), consisting of pullback
set II(Y) and projection opspan morphism 7 : A(TII(Y)) — Y, is a universal arrow from the
constant functor A : Set — Ospn to the opspan Y. In more detail, 7 : A(II(Y)) — Y is a
limiting cone such that to every cone xz : A(X) — Y there is a unique mediating function
(z) + X — II(Y) satisfying A({z)) - m = z. More concisely, 7 : A(II(Y)) — Y is a terminal
object in the slice category (A |Y).
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(forall ((type.dgm.ospn.obj:opspan ?Y))
(= (pullback 7Y) (set (projection 7Y))))

(iff.ftn:function projection-opspan-morphism)
(= (iff:source projection-opspan-morphism) type.dgm.ospn.obj:opspan)
(= (iff:target projection-opspan-morphism) type.dgm.ospn.mor:opspan-morphism)
(forall ((type.dgm.ospn.obj:opspan ?Y))
(and (= (type.dgm.ospn.mor:source (projection-opspan-morphism ?7Y))
(type.dgm.ospn.obj:constant (pullback 7Y)))
= (type.dgm.ospn.mor:target (projection-opspan-morphism ?Y)) ?Y)
(projection-opspan-morphism ?Y) (opspan-morphism (projection ?7Y)))))

(

(iff.ftn:function projection-function-pair)
(= (iff:source projection-function-pair) type.dgm.ospn.obj:opspan)
(= (iff:target projection-function-pair) type.dgm.pr.mor:function-pair)
(forall ((type.dgm.ospn.obj:opspan ?7Y))
(and (= (type.dgm.pr.mor:source (projection-function-pair ?Y))
(type.dgm.pr.obj:constant (pullback 7Y)))
(= (type.dgm.pr.mor:target (projection-function-pair ?7Y))
(type.dgm.ospn.obj:set-pair ?7Y))
(= (projection-function-pair ?7Y)
(type.dgm.ospn.mor:function-pair (projection-opspan-morphism ?7Y)))))

(iff.ftn:function projectionO)
(= (iff.ftn:source projectionO) type.dgm.ospn.obj:opspan)
(= (iff.ftn:target projectionO) type.ftn:function)
(forall ((type.dgm.ospn.obj:opspan ?Y))
(and (= (type.ftn:source (projectionO ?Y)) (pullback 7Y))
(= (type.ftn:target (projectionO ?Y)) (type.dgm.ospn.obj:setO ?7Y))
(= (projection0 ?Y) (type.dgm.pr.mor:function0 (projection-function-pair 7Y)))))

(iff.ftn:function projectionl)
(= (iff.ftn:source projectionl) type.dgm.ospn.obj:opspan)
(= (iff.ftn:target projectionl) type.ftn:function)
(forall ((type.dgm.ospn.obj:opspan ?Y))
(and (= (type.ftn:source (projectionl ?Y)) (pullback ?7Y))
(= (type.ftn:target (projectionl ?Y)) (type.dgm.ospn.obj:setl ?7Y))
(= (projectionl ?Y) (type.dgm.pr.mor:functionl (projection-function-pair ?Y)))))

(forall ((type.dgm.ospn.mor:opspan-morphism ?f))
(= (type.dgm.ospn.mor:composition
[(projection-opspan-morphism (type.dgm.ospn.mor:source 7f)) 7f])
(type.dgm.ospn.mor:composition
[(type.dgm.ospn.mor:constant (type.lim.pbk.mor:pullback 7f))
(projection-opspan-morphism (type.dgm.ospn.mor:target 7£))1)))

For any opspan Y with associated set pair pr(Y") and parallel pair ppr(Y'), the
equalizer of ppr(Y') is the pullback set II(Y") = II(ppr(Y)), and the function pair
composition of the constant of the equalizer injection of ppr(Y) with the binary
product projection of pr(Y’) is the pullback projection 7y = A(tppr(v)) * Tpr(v) *
AIL(Y)) = AI(ppr(Y))) — A(I(pr(Y))) — Y.

(forall ((type.dgm.ospn.obj:opspan ?7Y))
(and (= (pullback ?7Y)
(type.lim.equ.obj:equalizer (type.dgm.ospn.obj:parallel-pair ?7Y)))
(= (projection-function-pair ?Y)
(type.dgm.pr.mor:composition
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Figure 26: Pullback Unit and Counit

[(type.dgm.pr.mor:constant (type.dgm.pr.mor:functionO
(type.lim.equ.obj:projection-function-pair (type.dgm.ospn.obj:parallel-pair ?7Y))))
(type.lim.prd2.obj:projection-function-pair (type.dgm.ospn.obj:set-pair ?Y))1))))

For any opspan X = (zo : Xg — Xe < X1 : 21), there is a tau or twist cone

op
(mo : Xo « II(X°P) — X : 1) whose opspan morphism A(II(X°P)) X2 ¥ s
the opposite of the projection opspan morphism of X°P.

(iff.ftn:function tau-cone)
(= (iff.ftn:source tau-cone) type.dgm.ospn.obj:opspan)
(= (iff.ftn:target tau-cone) cone)
(forall ((type.dgm.ospn.obj:opspan 7X))
(and (= (set (tau-come ?7X)) (pullback (type.dgm.ospn.obj:opposite 7X)))
(= (opspan-morphism (tau-cone 7X))
(type.dgm.ospn.mor:opposite (projection-opspan-morphism (type.dgm.ospn.obj:opposite ?X))))
(= (cone-opspan (tau-cone ?7X)) ?X)))

For convenience, we name the injection ¢ : II(Y) — II(Yp, Y1) from the pullback
to the binary product of the set pair of Y. The pullback projections are the
composition of this injection with the binary product projections of the set pair

of Y, my = A(t) - Ty, vy (or Ty, = ¢ - 7r§‘i”y1 for i =0,1).

(iff:function injection-cone)
(= (iff:source injection-cone) type.dgm.ospn.obj:opspan)
(= (iff:target injection-cone) type.lim.prd2.obj:cone)
(forall ((type.dgm.ospn.obj:opspan ?X))
(and (= (type.lim.prd2.obj:set (injection-cone ?X)) (pullback ?X))
(= (type.lim.prd2.obj:function-pair (injection-cone 7X))
(projection-function-pair ?X))))

(iff:function injection)
(= (iff:source injection) type.dgm.ospn.obj:opspan)
(= (iff:target injection) type.ftn:function)
(forall ((type.dgm.ospn.obj:opspan 7X))
(and (= (type.ftn:source (injection 7X)) (pullback ?X))
(= (type.ftn:target (injection ?X))
(type.lim.prd2.obj:product (type.dgm.ospn.obj:set-pair 7X)))
(= (injection ?X) (type.lim.prd2.obj:pairing (injection-cone ?7X)))))

(forall ((type.dgm.ospn.obj:opspan ?X))

(= (projection-function-pair ?X)
(type.dgm.pr.mor:composition
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[(type.dgm.pr.mor:constant (injection 7X))

(type.lim.prd2.obj:projection-function-pair (type.dgm.ospn.obj:set-pair ?X))]1)))

Packing and Unpacking. Any cone can be packed into a mediator (Fig-
ure 25). For any cone v with set X and opspan morphism v = ((go,91), ge) :
A(X) =Y (so that ge = go - Yo = g1 - y1), there is a mediator g = () : X —
II(Y), which combines the images of the component functions gy and g; (by
factoring the product pairing (go,¢1) : X — II(Yp, Y1) through the pullback).
The packing (pairing) process is realized by application of the pullback (IT) op-
erator to the opspan morphism v and then composition on the left with the
delta function dx (a component of the unit J):

g=0dx -I(y): X - I(A(X)) — II(Y).

Any mediator can be unpacked into a cone. For any mediator g with opspan
Y =(yo:Yyo — Ys — Y7 : y1) and function g : X — II(Y) = YyXy, Y7, there
is a cone v = go1e = ((90,91),9e) : A(X) — Y, which separates the mediator
into component functions. The unpacking (components) process is realized by
application of the constant (A) operator to the function g and then composition
on the right with the opspan morphism 7y (a component of the counit ):

vy=A(g) 7wy : A(X) = AI(Y) = Y.

These two processes are inverse to each other: (v),,, = 7 for each cone 7 and
(go1e) = g for each mediator g. This bijection is natural in the components for
cones and mediators. This means that the diagram in Figure 27 is commutative
for any function f : X’ — X and any opspan morphism h = ((ho, h1),he) : Y =
(Yo:Yo = Ye = Yiiy) = (yo: Yg = Y)Y 1yp) =Y".

(iff.ftn:function packing)
(= (iff.ftn:source packing) cone)
(= (iff.ftn:target packing) mediator)
(forall ((cone 7c))
(and (= (function (packing ?c))
(type.ftn:composition
[(delta-function (set ?c))
(type.lim.pbk.mor:pullback (opspan-morphism ?c))]))
(= (opspan (packing ?c)) (cone-opspan 7c))))

(iff:function pairing)

(= (iff:source pairing) cone)

(= (iff:target pairing) type.ftn:function)

(forall ((cone ?c))

(and (= (type.ftn:source (pairing ?c)) (set ?c))
(= (type.ftn:target (pairing 7c))
(type.lim.pbk.obj:pullback (cone-opspan ?c)))

(= (pairing ?c) (function (packing ?c)))))

(iff.ftn:function unpacking)
(= (iff.ftn:source unpacking) mediator)
(= (iff.ftn:target unpacking) cone)
(forall ((mediator ?m))
(and (= (set (unpacking ?m)) (mediator-set 7m))
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Figure 27: Pullback Naturality

(= (opspan-morphism (unpacking 7m))
(type.dgm.ospn.mor:composition
[(type.dgm.ospn.mor:constant (function ?m))
(projection-opspan-morphism (opspan 7m))]))))

(iff:function components)
(= (iff:source components) mediator)
(= (iff:target components) type.dgm.ospn.mor:opspan-morphism)
(forall ((mediator ?m))
(and (= (type.dgm.ospn.mor:source (components 7m))
(type.dgm.ospn.obj:constant (mediator-set ?m)))
= (type.dgm.ospn.mor:target (components 7m)) (opspan ?m))
(components ?m) (opspan-morphism (unpacking ?m)))))

(

(forall ((come 7c))

(= (unpacking (packing ?7c)) ?c))
(forall ((mediator ?7m))

(= (packing (unpacking 7m)) ?m))

(forall ((cone 7c) (cone ?d) (function 7f)

(= (target 7f) (set ?c))

(= (source ?7f) (set ?7d))

(= (opspan-morphism 7d)
(type.dgm.ospn.mor: composition

[(type.dgm.ospn.mor:constant ?f) (opspan-morphism ?c)])))
(= (pairing ?7d)
(type.ftn:composition [?f (pairing 7c)1)))

(forall ((cone 7c) (cone ?d) (type.dgm.ospn.mor:opspan-morphism 7h)
(= (type.dgm.ospn.mor:source 7h) (cone-opspan 7c))
(= (type.dgm.ospn.mor:target 7h) (cone-opspan ?7d))
(= (opspan-morphism ?d)
(type.dgm.ospn.mor:composition [(opspan-morphism ?c) ?h])))
(= (pairing 7d)
(type.ftn:composition [(pairing ?c) (type.lim.pbk.mor:pullback ?h)])))

For any opspan X = (xg : Xo — X < X7 : x1), there is a tau or twist bijection

Tx @ II(X°P) = II(X) from the pullback of the opposite opspan X°P = (z7 :
X1 — Xo < Xo : z9) to the pullback of X. This is the pullback pairing of the
tau cone (mp : Xo « II(X°P) — X5 : 71) over the opspan X.

(iff.ftn:function tau)
(= (iff.ftn:source tau) type.dgm.ospn.obj:opspan)
(= (iff.ftn:target tau) type.ftn:function)
(forall ((type.dgm.ospn.obj:opspan 7X))
(and (= (type.ftn:source (tau ?7X)) (type.lim.pbk.obj:pullback (type.dgm.ospn.obj:opposite 7X)))
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(= (type.ftn:target (tau 7X)) (type.lim.pbk.obj:pullback ?7X))
(= (tau 7X) (pairing (tau-cone ?7X)))
(type.ftn:bijection (tau ?7X))))

Morphisms.

type.lim.pbk.mor

Pullbacks. The pullback operation is extended to morphisms. Given any
opspan morphism f = ((fo, f1),fe) : X = (Xo B X, & X;) - (Yo B v, &
Y1) = Y, there is a pullback function II(f) : II(X) — II(Y) defined using
projections: wx - f = A(II(f)) - 7y (that is, mx, - fo =(f) -7y, and 7x, - f1 =
I(f) - 7y, )

(iff:function pullback)
(= (iff:source pullback) type.dgm.ospn.mor:opspan-morphism)
(= (iff:target pullback) type.ftn:function)
(forall ((type.dgm.ospn.mor:opspan-morphism ?f))
(and (= (type.ftn:source (pullback ?f))
(type.lim.pbk.obj:pullback (type.dgm.ospn.mor:source 7f)))
(= (type.ftn:target (pullback ?£f))
(type.lim.pbk.obj:pullback (type.dgm.ospn.mor:target 7f)))
(= (type.dgm.ospn.mor:composition
[(type.lim.pbk.obj:projection-opspan-morphism (type.dgm.ospn.mor:source 7f)) 7f])
(type.dgm.ospn.mor: composition
[(type.dgm.ospn.mor:delta (pullback ?f))
(type.lim.pbk.obj:projection-opspan-morphism (type.dgm.ospn.mor:target 7£))]1))))
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Our two standard references for the IFF are the books: Sets for Mathematics
(2003) by F. William Lawvere and Robert Rosebrugh [1] and Categories for the
Working Mathematician (1971) by Saunders Mac Lane [2].
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