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Abstract

In concurrent programming, message passing along channels plays a key role. This is a form
of communication between two processes in which messages can be sent in both directions.
To ensure the coherent sequencing of receiving and sending messages the communications

“protocol”.

on such a channel are goverened by a
In this thesis, the categorical semantics of protocols for the message passing logic (in-
troduced by Cockett and Pastro) is introduced. A special class of protocols, built on linear

functors, is investigated and it is shown that these protocols naturally form linear functors.
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Chapter 1

Introduction

In [23], Milner introduced a process calculus for concurrent communication which provided
a calculus for describing communication between processes and relied on the idea of passing
messages along channels. A communication channel basically connects two processes and
allows both the sending and receiving of messages. While Milner’s notion of communication
was non-deterministic so that many processes could potentially communicate on a channel,
here we are interested in a deterministic semantics so that a channel will always connect
exactly two processes.

The sequencing of sending and receiving and the types of messages which can be sent
and received along a channel is determined by a communication protocol. Protocols are,
thus, “types” for interaction in the concurrent world. Consider the two processes P and (),
which are connected by a channel: either of the processes can receive or produce a message
on the channel. When a protocol is assigned to the channel this determines the sequencing
and the types of messages which are allowed to be sent or received on the channel. Thus, a
protocol applied to a channel between process P and (), may require that initially process
P should listen for a particular type of message and, thus, dually @) should send a message
of this type.

In recent work [I8], [26], the notion of a session type has been introduced to govern
reciprocal interactions between two processes in a concurrent program. In [19], Honda,
Vasconcelos and Kubo described a session type in the context of functional programming
language for implementing concurrent communication as a “ series of reciprocal interactions

between two processes, possibly with branching and recursion and serves as a unit of ab-



straction for describing interaction.” They are, therefore, protocols in the sense described in
this thesis.

Linear logic from its inception has been thought to be closely related to concurrent pro-
gramming. Indeed, when linear logic was first introduced by Girard in [17], he suggested that
there should be a link between the connectives of linear logic and concurrent computation.
In linear logic, there are two types of propositional connectives: the additives (x, 4, 1 and
0 ) and the multiplicatives (®, @ , T and L). The classical conjunction A and its unit T is
divided into the additive categorical product x with unit 1 and the multiplicative “tensor”
® with unit T respectively while the classical disjunction V and its unit L is divided into
the additive categorical coproduct + and unit 0 and the multiplicative “par” & and unit L
respectively.

There is a considerable literature concerning the connection between linear logic and the
logic of concurrent communication. Abramsky and Jagadeesan [I] proposed a game model
for the multiplicative linear logic where games are denoted by formulas and winning strate-
gies are denoted by proofs. From the game semantics view, a formula is represented as a
two-player game between “player” and “opponent” and “winning strategies” are proofs of
formulas for the player. So the interaction between player and opponent can be thought of
as a proof. From the proccess point of view, player is considered as the “system”, oppo-
nent as the “environment” and winning strategies as “deadlock free processes”. From this
perspective, a proof can be seen as a process or system that interacts with its environment.

The game model which is described in [1] does not provide a model for concurrent compu-
tation as it is only for seqential games which have a fixed interleaving of moves between the
player and the opponent. In [2], Abramsky and Mellies introduce a new form of concurrent
game semantics by using multiplicative-additive linear logic. In these “concurrent games”

both the player and the opponent can play in a distributed and asynchronous manner. How-



ever, there is no explicit notion of protocol or of message passing.

In [21], Joyal studied the free bicompletion of categories, that is categories with free
limits and colimits. A special case of this is known as sum-product logic or XII-logic when
the limits are products and the colimits are coproducts. The internal language of a category
with free products and coproducts is given by X1I-logic which was studied in [10] by Cockett
and Seely: they realized that this logic is just the logic of communication between processes
that allows communication only along a single (two-way) channel.

In [25], Pastro extended the XII-logic to support communication between processes via
multiple channels. In [§], Cockett and Pastro introduced the multiplicative-additive linear
logic for channel based concurrent communication where simple protocols are attached to
each channel. This multiplicative-additive linear logic is represented by linearly distributive
categories with additives (sums and products): note that the two tensorial structures ® and
@ allow bundling of channels together. However, in [§] there is no description of how to
define general protocols for channels or how a message passing mechanism might work.

In [9], Cockett and Pastro returned to the subject and proposed a model for message
passing for concurrency using a two-tier logic. The base tier they called “message logic”,
it represents a sequential programming logic, while the tier built on top of message logic
is the “message passing logic”, which is a concurrent programming logic. An equivalence
is established in [9] between the proof theory, the categorical semantics, and the internal
language for this message passing logic.

From the categorical point of view, Cockett and Pastro [9] describe sequential (mes-
sage) logic as a distributive monoidal category where tensor distributes over coproducts; the
concurrent (message passing) logic is then a linear actegory which is defined as a linearly
distributive category with a monoidal category acting on it both covariantly and contravari-

antly. The message passing logic which is developed in [9] can be thought of as a very basic



language for concurrent programs where two or more processes communicate via channels
by passing messages. However, general protocols had still not been introduced in [9].

It turns out that even in the concurrent world, categorical initial and final algebras (i.e.,
inductive and co-inductive data) can be used to express communication protocols in a formal
manner. The covariant and contravariant actions together with the additive connectives can
be used as the basis for generating protocols as initial and final fixed points. The fact that
the coproduct in the sequential world is connected to the additives in the concurrent world
allows control dependent on passed messages to transmit into concurrent actions governed
by these protocols.

This thesis describes the categorical semantics for message passing and introduces the
semantics of protocols as inductive and coinductive concurrent data. The properties of some
special protocols that are built on linear functors are then studied. In the concurrent world
linear functors play an important role: they provides a basic building block on which one can
build initial and final concurrent data or protocols. When data is built on a linear functor,
then the initial and final datatypes themselves form a linear functor pair. In this thesis, first
it is proven that the two actions from linear actegories give the structure of a parameterized
linear functor. Next it is proven that protocols generated by linear functors are themselves
a linear functor pair.

Outline of this thesis: Chapter 2 (Section provides the basic definitions from
category theory required in this thesis with examples. In Section[2.9] the definition of linearly
distributive categories are discussed with examples and Section describes the circuit

diagrams for linearly distributive categories. Section [2.11] and [2.12] provide the definition

of monoidal functors and the circuit represention of these respectively. Linear functors and
their circuit diagrams are described in Section and respectively.

In Chapter 3, linear actegories are defined and a proof of the first main result (Theorem



3.3.2)) is given. Section provides the definition of linear actegories. Section presents
the circuit diagrams for linear actegories and Section [3.3| proves Theorem which says
the actions defined in a linear actegory have the structure of a parameterized linear functor.
To establish this theorem, circuit diagrams are used extensively. Section provides the
circuit equalities (Figure 3.1-3.9). Chapter 4 is devoted to proving Theorem which says
the fixed point of a linear functor is a linear functor (see Section [£.5). This Chapter also
describes the algebraic versus circular definition of initial/inductive and final/coinductive
datatype with examples (see Section . It turns out that the circular form of the
definition is necessary in the concurrent setting in order to capture interaction with channels.
Chapter 5 presents conclusion and possible future work.

Contribution of this thesis: In Chapter 3, Theoremm (see Section is presented
and proved which is new to this thesis. It gives the structure of parameterized linear functor
on which initial and final concurrent data i.e., protocols can be built. To prove Theorem
[3.3.2 circuit diagrams for linear actegories are used. Chapter 4 defines the fixed points of
linear functors: these give basic protocols and the definitions of these fixed points is the first
presentation of this material. This chapter also shows that the fixed point of a linear functor
is a linear functor (Theorem which is also new to this thesis. This says protocols that

are generated by linear functors themselves form linear functors.



Chapter 2
Background

In this chapter, we start by providing some basic definitions from category theory [3], [13]
in Section [2.1}2.8) Then we discuss linearly distributive categories [29] in Section which
are important to this thesis as they form the basis for the categorical semantics of message
passing. Section provides the circuit representation for linearly distributive categories.
As the goal of this thesis is to introduce the semantics of communication protocols, which
are built on linear functors, the notion of linear functors [I5] is central to the thesis: these

are described in Section [2.13] The circuit representation of linear functors are provided in
Section [2.14

2.1 Categories

A category, X, consists of a collectionE]of objects, X, and a collection of morphismes,

X, together with:

e For each morphism, f € Xy, Dy(f) € Xy is a domain and D;(f) € Xj is a
codomain. A map f with Dy(f) = A and D;(f) = B is written as A—L-B.
The set of all morphisms from A to B is written as Hom(A, B) or X(A, B),

and is called the hom-set (from A to B).
e For each object A € X, there is an identity morphism 1, : A — A.

e For each pair of maps A—L-B and B—2~C where f,9 € Xy, there is a
composite, AL This data must satisfy (i) Identity: if f : A — B, then

laf = f = flp and (ii) Associativity: f(gh) = (fg)h.

6



-1
In a category X, AL Bisan isomorphism if there exists B~ A such that fft=1
and f~1f =1.

Examples:

1. The category, Set, is the category whose objects are sets, and morphisms are
functions between sets. The composition is the usual composition of functions

and identities are identity functions.

2. The category of relations, Rel, is a category whose objects are sets and mor-
phisms are relations. If R is a relation on X and Y, and S is a relation on Y
and Z then the composition of relations is RS = {(z,2) | Jy(x,y) € R and

(y,z) € S}. The identity relation on X is 1x = {(z,z) |z € X}.

3. Given two categories X and Y, one can define a product category X xY whose
objects are ordered pairs (X,Y), where X € X and Y € Y, and morphisms
are pairs of morphisms (f,g) : (X,Y) — (X',Y’), where f : X — X' and
g :Y — Y’ Composition of morphisms is componentwise composition, e.g.,

(f,9)(fi,1) = (ffi,991), where (fi,g1) : (X1,Y1) — (X1,Y]). Identities are

pairs of identities, e.g., 1(xy) = (1x, 1y).

4. Suppose R is a rig (ring without negatives), for example, the natural numbers,
N under addition and multiplication. The category of matrices, Mat(R) is

defined as follows:

e Objects: n € N;

e Morphisms: (a;;)nm are n x m matrices with entries in R;

!Categories which have both objects and maps sets are called small categories. However, for example,
the category of sets is not small in this sense because the set of all sets is not a set (Russell’s paradox).
This problem can be surmounted, for example, by allowing large categories to have objects to belonging to
a “class” while insisting the hom-sets are still sets.



e Composition: Matrix multipication,
m
(ab)zk = Z aijbjk
j=1
o Identities: Identity matrix, d;; where

0 ifij

1 ifi=j

61’]’ =

5. The simplex category, A is a category whose objects are finite ordered sets,
i.e., isomorphic to [n] = {0,...,n — 1} and also the empty set O (where [0] is

the empty set), and the morphisms are order preserving maps.

2.2 Functors

Given two categories X and Y, a functor F': X — Y is a pair of maps Fy : Xg — Y and

F - X, — Y, for which
o if f: A— Bin X, then Fi(f): Fo(A) — Fy(B) in Y;
o [(14) = 1p,a) for any object A in X i.e., functors preserve identities;
o I1(fg) = Fi(f) Fi(g), i.e., functors preserve composition.

We will generally drop the subscripts from the functor writing F'(f) and F(A) instead
of Fi(f) and Fy(A) respectively. Small categories and functors form a category called Cat
whose objects are categories, and morphisms are functors. For a category X, the identity
functor is 1x : X — X such that for every object A and every morphism f in X, 1x(A) = A
and 1x(f) = f. The composition of two functors F' and G is (F'G); = F;G;. X and Y are

isomorphic when there is an isomorphism X — Y in Cat.
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For a category X, its dual or opposite category is defined as X°P where the objects are
the same as X but a morphism B—LoAinX®is A—L~Bin X. A contravariant functor,
F from X to Y is F': X°? — Y where X° is a dual or opposite category of X. A covariant
functor F': X — Y is just an ordinary functor.

Examples:

1. The hom-functor is a bi-functor, consisting of a covariant hom-functor and a
contravariant hom-functor. Given a category X with an object X, the co-
variant hom functor, X(X,_) : X — Set is defined as: (i) for each object
A e X, X(X,_) maps A to X(X, A), the set of morphisms (ii) for any morphism
f:Y — Z X(X,.) maps f to the function X(X, f) : X(X,Y) — X(X, 2)
defined by g +— gf for g € X(X,Y). On the other hand, for an object W € X
the contravariant hom-functor, X(_, W) : X°® — Set sends an object A to
X(A,W) and a morphism f : Y — Z to the X(f,W) : X(Z,W) — X(Y, W)
given by g — fg for g € X(Z,W). The hom-functor, X(_,_) : X°? x X —
Set, consists of X(X,_) and X(_, W), which maps a pair of objects (X, W)
to X(X,W), and a pair of morphisms, f : X — Aand g : Z7 — W to
X(f,9): X(A,7) — X(X, W) that sends h: A — Z to

fhg: X w
f g

AT>Z

2. The Product functor, - x A : Set — Set is defined as

X X x A (:U7 a)
_XA:Set—Set: fl — ifo I
Y YixA (f(x),a)



3. The list functor, L : Set — Set sends a set A to the set of finite sequences

whose elements are in A, and extends the maps as

X L(X) (a1, ..., ay]
| oo o]
Y L(Y) [f(a1), ... f(an)]

2.3 Natural transformations

Given two functors F,G : X — Y, a natural transformation « : F = G is a family of
morphisms ax : F(X) — G(X), X € X, such that given any morphism f: X — Y in X,
the following diagram commute.
F(X) > G(X)
F(f)l iG(f)
FY) o~ G(Y)
The composition of two natural transformations, o : F' = G and 3 : G = H is defined
as (af)x = axfx
A natural transformation v : G = F' is called a natural isomorphism if it has an
inverse, a : F' = (. In this case, we say F' and GG are isomorphic.

Examples:

1. Given two functors F,G : X — Y, one can define the product of F' and G
as F' x G such that for each object A € X, (F x G)(A) = F(A) x G(A)
and for a morphism f : A — B, (F x G)(f) = F(f) x G(f). Then the
projections, m : FI(A) x G(A) — F(A) and m : F(A) x G(A) — G(A) are

natural transformations such that the following diagrams commute:

F(A) x G(A) —= F(A) F(A) x G(A) —= G(A)
F(f)xG(f)l lF(f) F(f)xc'(f)l G(f)
F(B) x G(B) -2 F(B) F(B) x G(B) —> G(B)

10



2. Constructing a list is a natural transformation. For example, consa(1,[2,3]) =

[1,2,3]. Moreover,

Ax L(A) —A_ L(A)
fo(f)J/ lL(f)
B x L(B) —*

3. Appending a list X to a list Y is a natural transformation. For example,

AppendX(['xlaan -'-7xn]a [y17y27 7ym]) = [3317 - Y1, 7ym}

Moreover,
L(X) x L(X) 2P 1(x)
L(f)XL(f)l lL(f)
L(Y) x L(Y) 2P 1(y)

4. Flattening a list of lists is a natural transformation. For example,

Flattenx[[1],[1,2],[3,4,5]] = [1,1,2,3,4,5].

Moreover,
L(L(X)) Flatteny L(X)
L(L(f))l le
L(L(Y)) Flatteny L(Y)

2.4 Initial and Final Objects

An initial object in a category X is an object ) such that for any object A € X there is
a unique map ? : @ — A. Dually, a final object in a category X is an object 1 such that
there is a unique map ! : A — 1 for any object A € X.

In the category of sets, the initial object is the empty set, (), and a final object is any

one element set.
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2.5 Products and Coproducts

Suppose A and B are two objects in a category X. The binary product of A and B is
an object A X B together with morphisms 7y : A x B — A (called the first projection) and
m : A X B — B (called the second projection) such that for any object D with morphisms

f:D — Aand g: D — B, there is a unique morphism (f, g) : D — A x B that makes the

! oy N
|
Y

o

A< Ax B> -p

following diagram commute.

Given two objects A and B in a category X then the coproduct of A and B is an
object A + B together with morphisms oy : A — A + B (called the first injection) and
o1 : B — A+ B (called the second injection) such that for any object E with morphisms
f:A— Eand g : B — F there is a unique morphism (f|g) : A+ B — E that makes the

following diagram commute.

A—%A+B<—B
|
|
f (flg) g
|
Y
E

2.6 Adjoints

Suppose F': X — Y and G : Y — X are functors. Then F'is a left adjoint to G if there
is a natural transformation 1 : X — G(F(X)) such that for any objects X € X and Y € Y

and for any map f : X — G(Y), there is a unique map f¥: F(X) — Y making the following

12



triangle commute.

X 7~ G(F(X))

I
#
X J/G(f)

G(Y)
This property of 7 is the universal mapping property, and (F(X),n) is a universal
pair. Dually, G is aright adjoint to F if there is a natural transformation e : F(G(X)) — X
such that for any objects X € X and Y € Y and for any map h : F(X) — Y, there is a

unique h’ : X — G(Y) making the following triangle commute.

F(X)
F(hb)i h
FGY))—Y

This property of € is the couniversal mapping property, and (G(Y),¢) is a couni-
versal pair.

An adjunction (n,¢) : FF G : X — Y consists of functors F: X — Y and G : Y — X
and natural transformations n : X — G(F(X)) and € : F(G(X)) — X with the above
universal and couniversal properties.

IfF:X—Y and G:Y — X are functors with natural transformations nx and €y that
satisfy the following triangle identities, then for any object X € X, there is a universal pair
(F(X),nx) for G at X. This means that an adjunction can be defined as two functors F
and G and two natural transformations nx : X — G(F (X)) and ey : F(G(X)) — X called

the unit and counit that satisfy the triangle identities.

G/ qrex) PO RGR(X))
5N
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Suppose F' : X x Z — Y is a functor and for each X € X, F(X,_) has a right adjoint

G(X, ).

Lemma 1. If F: XX Z — Y for each X € X has a right adjoint such that (n,e) : F(X,_) F

G(X,)):7Z —Y then G:X® x Y — Z is a functor where G(z,y) = (F(z,1)ey)°.

Proof. In order to show that G is a functor, we must show that G preserves identities and
composition. Preservation of identities is straightforward. For preservation of composition
we have to show that G(z2',yy') = G(2',y)G(x,y').

Givenz: Xog — X, 2/ : X1 > Xo, y: Yo — Y, and ¢/ : Y] — Y5, then

F(za',1 c !
F(Xo, G(Xa, Yo)) — 1 p( Xy, G(Xa, Vo)) Yo oY,
|
|

|
FL.G(z'yy") z

F(Xo,G V(X073@))

This diagram commutes by the couniversal property of adjunction.

F(Xo, G(Xs, Vo)) "2 F(Xy, G(Xa, V) "2 F (X, G(Xs, Vo))

I
| €
|
I

|
|
|
F(1,G(z'y)) | 1) F(1,G(z"y)) (2) Yo
|
| ‘ Y
\ F(z,1) \
(X07 (Xla}/vl)) HF(Xla (X17§/1)) }/1
|
F(1L,G(zy")) | (3) Y
N
(X07 (X()a}/Q)) € }/2

In this diagram, (1) commutes because of the functorialty of £, and (2) and (3) commute
by the couniversal property of adjunction. This means the composite G(2',y)G(x,y') =
G(z2',yy'). O

14



G : X°° X Y — Z is called the parameterized right adjoint of F': X x Z — Y. We note

the following important fact about parameterized adjoints:
Corollary 2.6.1. In a parameterized adjoint, ¢ is dinatural (and dually, n is dinatural).

The dinatural diagram is the following special instance of the couniversal property defin-
ing G(z,y) above:

F(z,1)

F(Xo, G(X1,Yp)) F(X1,G(X1,Yp)) — Yo

|
|
m¢w>
|
\
F(X07 G(X07 YO))

2.7 Monoidal Categories

A monoidal category X is a category equipped with a bi-functor, the tensor product,
®:XXxX — X, aunit T :1 — X (where 1 is the one-object-one-arrow category), and

three natural isomorphisms:

g (XQY)®Z — XY ®2Z2)
lg : T®X — X

T®:X®T — X

such that the following two diagrams commute:

XeoT)®Z 4o X®(T®2)
re®1 1®l®

X®7Z

15



(XY)Z) W oo (XY)®(ZoW)
|

a® ®1 a‘@

v
XY Z)oW X (Y22)aW) 22X e (Yo (ZeW)

A monoidal category is symmetric if there is a natural isomorphism, ¢y : X @ Y —

Y ® X, called the symmetry transformation, such that the following diagrams commute:

C®

X®Y X®Y X®T
N - N /

C® C®

N S N
Y oX X

(XQY)RZ-X®(YQZ) Y2 X
|

ca®1 a®
1®cg

YoX)®Z YR (X®2Z) ——=Y®(ZoX)

Examples:

1. The category of sets, Set, with cartesian product x is an example of monoidal
category. In this case, the unit object is a one element set ,i.e., 1 ={*} and the
tensor is S x T'= {(s,t) | s € S At € T}. In any category with products (or

coproducts) the product (or coproduct) always is a symmetric tensor product.

2. The simplex category, A, is a non-symmetric monoidal category (as its mor-
phism preserves order) where the tensor product ® is addition. For example,
[n]®@[m] = [n+m],ie., [0,1,..,n—1]®][0,1,...,m—1] =[0,1,....n—1,n,....,n+

m—1]. If f:n —n' and g : m — m’ are two morphisms, then we have

16



, f(@) ifi € [0,n—1]
(f®g)i) =
n'+g(i—n) ifi€nn+m—1]
3. The category of relations, Rel, is a monoidal category where disjoint union,
[], provides both the product and the coproduct and the cartesian product

in Set provides a tensor (®) which is neither a product nor a coproduct (See

Section 2.1-Examples: 2).

2.8 Closed monoidal categories

Let A € X. Then A® _: X — X is a functor in any monoidal category X: it takes an
object Bto A Bandamap f:B—CtoA®f:A®B — A® C. Then X is a closed
monoidal category if for each object A of X the functor A ® _ has a right adjoint.

Equivalently, a monoidal category X is closed if for two objects A and B, there is an
object A = B and a map evyp : (A = B) ® A — B that satisfy the universal mapping
property: for every map f : X ® A — B, there is a unique map A\f : X — A = B that
makes the following diagram commutes.

X®AA&>(A:>B)®A

eva. B
f

B

2.9 Linearly distributive categories

Cockett and Seely [29] defined linearly distributive categories which arise from the categorical
semantics of multiplicative linear logic [6]. The proof theory of multiplicative-additive linear

logic can be described as linearly distributive categories which have products and coproducts
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over which the multiplicatives distribute; these have been used to provide a basic setting for
communication in the logic [9.

A linearly distributive category is a tuple (X, ®, T, @, L, d%, d3) such that (X, ®, T) and
(X, @, L) are monoidal. The two monoidal structures, ® and @, called “tensor” and “par”

respectively, are linked by two linear distributions, dg and dg.

3 XeYaeZ) — (XeY)eZ
dg: (Y o2)9X — Y®(Z®X)
A linearly distributive category is symmetric if both the tensor and par are symmetric

given by cg and cg respectively. Note that in this case, the following two linear distributions

are canonically induced by dZ, d2, cg, and cg.

2 XeoYaoZ — Yo(Xe2)

& - Yor)eX — YeX)ez
The above data must obey certain coherence conditions which are as follows:

1. Tensors:
The two tensorial structures, ® and @ must satisfy the following set of equa-

tions:

ag (1®lg) = reg®1
ag ag = (ag®1) ag (1®ag)
ap (1®1lg) = re®1

ag ay = (ap ®1) ag (1D ag)

For the first two equations, the diagrams are in Section 2.7.
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2. Units and distributions:

TRXaY) (ToX)®Y L TR (X®Y)

| ® ‘ _—
d® l@ ®1 l@

(TeX)eY 4———XaY X®Y

The above diagrams generate the following set of equations by using the sym-

metry:

le = di (lg®1)
(le ®1) = df g

re = dg (1®rg)
(l®rg) = dire

lo = d¥ (1®1)

re = dg (re®1)
(re®1) = d%l Te

(1®ls) = d ls

3. Associativity and distributions:

XeY)®ZoW)—= s X@ (Yo ZoW))

\
1®d$
Y

dg Xo(YeZ)eW)

\
l v

(XeY)eZ)oW —2% . (Xe¥o2z)oWw
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The following equations follow from the above diagram:

02 (a5 ®1) = ag (1©d2) d
ag d2 = (d2®1)d2 (18 ag)
dg as = (ae®1)dg (1®dY)
(1®ag) dy = d (d2&1) ag

€ 1®ag) = ag (1@dY) dY

ag 42 = (A2 @1)dY (as @ 1)
d¥ ag = (1®ag) dE (1®dY)

(1 ®1)dE = d¥ (¥ @1) ag

4. Distributions and distributions:

<2

(XeY)o(ZaW)—=- ~Xa Y o(ZeW)

|
%
(XeY)2Z)eoW 16d%
\
d%veal l

XaYe2)eW —" sXa(Y®2Z) W)

The different forms of this diagram generate the following equations:
@01 a0 = dE(16d3)
i (19d2) & = (@Eo1)dE
A2 (d @1) ay = d% (1@dY)

ag (1®@dY)d3 = (2 ®1)dY
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5. Coassociativity and distributions:

X@(YaZ)oW) —2 . Xa (Y a(ZaoWw))
| \
a2 '
v v
XeoYeZ)eWw Yo (X®(ZaeW))
\
dgi@l 1@\;@

YoXe2)eW —" syYa (X2 aW)

The following equations are obtained from the above diagram:

d2 (A% ®1) ap = (1®ag)d (1®d2)
A (dZo1)as = (1e®1)dg (10dT)
ag (1®d2)d2 = ([d2@1)dY (ag®1)

ae (1®d2)d% = (d2 ®1)dE (1@ ag)

A linearly distributive category may have, in addition, products and coproducts and
these are expected to behave well with respect to the tensor and par. This in the sense that
tensor should distribute over coproducts and par should distribute over products. If X is a
linearly distributive category with a binary product, x, and binary coproduct, +, then the
following canonical natural transformations exists for any objects X, Y, Z.

(1®mo,1dm1)
_—

Xa (Y x2) (XaY)x (X&2)

X1t 1

(1®o0|1®01)
—_—

(XQY)+(X®2) X® Y +2)

0— 52X ®0

We say that @ distributes over products when the first two maps are invertible and sim-

ilarly, ® distributes over coproducts iff the second two maps are invertible.
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Examples:

1. A monoidal category can be viewed as a degenerated (collapsed) linearly dis-

tributive category in the sense that ® serves the role of both tensor and par:

the linear distributions are then given by associativity.

Any distributive lattice is a linearly distributive category where the objects
are elements and maps are comparisons. In this case, ® is the meet (A) and

@ is the join (V).

. Any x-autonomous category, as introduced by Michael Barr [4], [5], is a sym-

metric monoidal category (X, ®, T) together with a functor (1)* : X°? — X
such that for every object X € X there is a natural isomorphism X = X** and
(X®Y) = (X = Y*)*". Moreover, a x-autonomous category, X is also a sym-
metric monoidal category (X, @, L) where (X @Y) = (X" QY )" = X* =Y
and there is a following one-to-one correspondence:

XY —Z7
Y—X"®Z

The unit for @ is T* which can be denoted as L such that X@ 1 = (X*®@L*)* =
(X" T)=X*=X,

The above has all the linear distributions of linearly distributive categories.
Consider the linear distribution, df : X @ (Y & Z) —» (X ®Y) @ Z. We want
to show that this linear distribution is present. From closedness, we have:

X—YaZ
X1 —Y
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Then we can derive X @ (Y & Z) - (X ®Y) @ Z as follows:

YoZ—-YaoZ XQRY —-XQY
YaoZ)eZr—=Y Y -X"@(X®Y)
YaoZ)eZtr—-X"a(XR®Y)
XYael)Z*—- XY
XYaeZ) —-XY)eZ

The category of relations, Rel, and the category of vector spaces, Vect are
examples of x-autonomous categories. In Rel, X* = X and ® = & = x. In

Vect, ® = @ and X* is a dual vector space.

4. The category of sets with a relation, SetRel, is an example of a (non-symmetric)
linearly distributive category. In this category, an object is a set with a rela-
tion, e.g., (X, R) where R C X x X and a morphism for two sets X and Y
with two relations R and S is (X, R)——(Y,9), i.e.,, tRy = a(z)Ra(y).

Here, the tensor, ® is defined as (X, R) ® (Y, S) = (X][Y, R][S5), e.g.,

SN
OV,

and the par, @ is defined as (X, R)® (Y, 5) = (X [[Y, X xYU(R]]S)), e.g.,
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The units for the two tensors (® and @) are the same, ie., T = L = (0, 0).
To see that linear distributions hold, consider the linear distribution, d$ :
XeYaeZ) - (XeY)d Z.
X@YaeZ2) =X Y][ZY xZU(R]][Rs))

=(XHOY2), R I x ZU (R[] Rs)))

(XeoY)eZ=(X][]Y.Ri][R)®Z
=(XIIY) 12 (X1TY) x ZU (B [T R [ Rs))

Here, X [[(Y]]Z) C(X]IY)][Z. So now we have to check that Ry [](Y x
ZU (R [[R3) = (X]IY)x ZU (R ][ R2]1Rs). As AJ[(BUC) C BU
(A]]C), so we can write Ry [[(Y X ZU(R2[[ R3)) = Y X ZU(R, [[ Ro ][ R3)-
Then by applying second injection, o1 : Y — X [[Y, we get (X[[Y) x ZU
(R ]I R2]] Rs). Thus, linear distributions hold which satisfy all the coherence
conditions. SetRel is a mix category [7] as L = T. So it is rather special

linearly distributive category.

2.10 Circuit diagrams for linearly distributive categories

Joyal and Street used string diagrams [22] to express maps in tensor categories and in [6]

this was developed further to express the connection between proof theory and linearly
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Figure 2.1: Typed circuit

distributive categories. A typed circuit is constructed from a set of types and a set of
components. A component is a black box which has a number of typed input and output
ports to which variables or wires are attached to connect these components together. The
wires must have the same type as the ports which they connect. Figure 2.1 shows an example
of a typed circuit in which a component f has two input ports of type A and B respectively
and two output ports of type E and F respectively. Attached to the input ports are wires
X; and X (of type A and B respectively), attached to the output ports are wires Z; and Z,
(of type E and F respectively). The circuit expression is then written as [ X, Xs|f[Z1, Zs].

Two circuit expressions can be plugged together to form a new circuit expression: this is
indicated by juxtaposing the expressions. For example, [Xo, X3| f[Y1, Z1, Ys, Z5|[ X1, Zo, X4, Z1]
g|Ya, Y3, Yy] is the circuit shown in Figure 2.2; this is a “non-planar” circuit as there are cross-
ing wires. In a “planar” circuit, wires are not allowed to cross.

Circuits for linearly distributive categories, which have two tensorial structures, ® and
@, were introduced in [5]. These circuits are constructed from components S, as discussed
above, with ports typed by positive multiplicative linear formulae based on a set of atomic
types P. These formulae may be defined as: (i) A is a formula such that A € P, (ii) A® B

and A @ B are formulae if A and B are formulae, and (iii) T and L are formulae.
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Figure 2.2: Circuit composition

The circuits for linearly distributive categories have special components, called “links”

to represent the tensor and par structures [6]. These are:

[A,B]® I[A® B] ®-introduction
[A® B]® E[A, B] ®-elimination
[A,B]® I[A® B] @-introduction
[A@ B]® E[A, B] @-elimination
[TI[T] unit introduction
[A, T|TE[A] unit elimination
[ | LE[L] counit introduction
[A] LI[A, 1] counit elimination

The graphical representation of these links are shown in Figure 2.3 where (® F') and (1)

are “switchable” links following Girard. Proof theoretically, the (®1) and (®FE) links are

introduction and elimination rules for the tensor (®). Dually, the (1) and (®F) links are
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(™) T
(T 1) T (T &) l
T (I
o’
:"”Cj
(L) 1
(L 1) T (L &) l
L L
tSwitchable links

Figure 2.3: Introduction and elimination rules for ®, &, T, L

introduction and elimination rules for the cotensor ().

To build a legal circuit one must construct it following the judgement rules of the type
theory which determine what is a valid proof. A criterion for being a legal circuit was
introduced by Girard [I7]: it says that a circuit is valid if for any choice of “switch settings”
for the switchable links the circuit remains acyclic and connected; this means once any
switching is chosen there will be exactly one way to get from one component to any other.

However, as a test, Girard’s correctness criterion is not efficient because if the number of
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non-switching components is n, then there are 2" switchings which are possible and have to
be tested for acyclicity and connectedness. A more efficient procedure, introduced by Danos
and Regnier [16], for determining the validity of a circuit uses “sequentialization”. A circuit
with ® and @ is called sequential if it can be reduced to a single sequent box by applying
a series of reduction rules [0]: having such a reduction is equivalent to showing that it is a
valid proof. Figure 2.4 shows the sequentialization procedure: the reduction rules allow one
to “box” the non-switchings links and components, to combine boxes (cut rule), and to “eat”
switching links. In [0], it is shown that a sequential circuit, called a proof net, corresponds
to the morphisms of a linearly distributive category.

The determination of the equivalence of proof nets can be organized as a rewriting system
in which there are three types of rules: reductions, expansions, and equivalences, shown in
Figure 2.5. The reduction rules simplify the circuits while the expansion rules expand wires
to “express their type” that is until their type is atomic. The equivalences are concerned
with the unit links. All these rewrites are only valid, however, if they transform a legal
circuit into a legal circuit.

As there is a correspondence between proof nets and linearly distributive categories, the
coherence equations for linearly distributive categories can be represented using proof nets.
For example, consider the coherence equation for linearly distributive categories which is
ag (1®dE) d3 = d3 (ag ®1). Then the validity of this equation can be obtained by using
the reduction and expantion rules of (®, @)-circuits which are discussed in Figure 2.5. We
shall use this technique extensively in the sequel. The circuit diagrams for left side and
right side of the equation ag (1 ® d3) df = d (ag © 1) are shown in Figure 2.6 and 2.7
respectively. In Figure 2.6, the elimination rule for ® is applied. In Figure 2.7, at first we
applied the elimination rule for & then we applied the elimination rule for ®. Finally, we

get the same resulting circuit diagram from Figure 2.6 and 2.7.
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Figure 2.4: Sequentialization Procedure
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T recduces to

is an expansion of

reduces to {nothing)

is an expansion of

of

P

A

SN

reduces to

is an expansion of

reduces to

is an expansion of

(nothing)

Figure 2.5: Reduction, expansion, and equivalence rules for ®, @&, T, L
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(XeY)e(ZaWw)

:> é @
Xe(Yez)ew

Figure 2.6: Circuit diagram for ag (1 ® d%) dg

(XaY)e(Za W)

X® (Y @(ZaWw)

(X@(YeZ)aeWw

(XeY)@(ZaeaWw)

(Xe@Y)2(Zew)
(X@Y)®Z) & W = =
(XY ezZ)ew

(X@(YRZ)eW

Figure 2.7: Circuit diagram for d (ag @ 1)



2.11 Monoidal functors

Suppose X and Y are monoidal categories. A monoidal functor is defined as a functor F

between two monoidal categories X and Y with two natural tranformations:
mg : F(A) ® F(B) — F(A® B)
mt: T — F(T)
which must satisfy the following two coherence conditions:
(mt ®1) mg F(lg) =l
ag (1®mg) mg = (Mg ® 1) mg F(ag)
We can also express the above two equations diagrammatically which are as follows:

mT®1

T @ F(A) "2'F(T) @ F(A)

o |ms

F(A) <~ F(T® 4)

(F(A)® F(B)) ® F(C)—2~ F(A) @ (F(B) ® F(C))
F(A® B)® F(C) F(A)® F(B® C)
F((A® B)® C) F(A® (B®C))

For a symmetric monoidal functor, there is another coherence condition which must be

F(ag)

satisfied.
Mg F(C®) = Cg Mg

F(A)® F(B) ™~ F(A® B)

C®l lF(C@)

F(B)® F(A) ™~ F(B® A)

Dually, a comonoidal functor, F': X — X is a functor with two natural transformations
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o1 F(A® B) — F(A) o F(B)

n,:F(L)— L
In this case, the following two coherence conditions must be satisfied.
F(5) ne (0. @ 1) = 15!
ng (ne © 1) ag = Flag) ne (1 ng)

Fa) — L B a)

lgl l"

L@ F(A)<—F(L) & F(4)

F(A®@B) & () —=2>FA®B)® F(C

F(a@)l \Ln@EBl
F(A® (B Q) (F(A)® F(B)) @ F(C)
F(A) @ F(B& C) —=F(A) & F(C))

Examples:

e A monoidal functor for which mg and m+ are isomorphisms is said to be a

strict monoidal or iso-monoidal functor.

e Any functor between categories with coproducts is monoidal when we regard
the tensor as being the coproduct such that for any objects A € X and B €

SF(Uo)IF(01)> F

Y, F(A)+ F(B (A + B). Dually any functor between categories

with products is comonoidal.

2.12  Circuit diagrams for monoidal functors

Graphically, one may represent functors using functor boxes. Cockett and Seely introduced

a calculus of “functor boxes” in [I5] to analyze the structure of linear functors (discussed in
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the next section) by using circuits. If f is a component that takes an input A and produces
an output B, then we can apply a functor box F' on the component f. The input of the
functor box will be F'(A) and the output will be F/(B). If f has more inputs then we have
to use tensor (®) or par (@) links before applying functor box. Figure 2.8 shows a simple
functor box and a monoidal functor box. The wire leaves the functor box through a port
which is called principal port and it is denoted by a circle. If we have two functor boxes, then
the top box can be pushed down into the bottom box. Figure 2.9 shows this box-eats-box

rule.

F{A) F(a) F(B) F(C)

\ /

] ’

F(B)
F(D)

Figure 2.8: Simple functor box and monoidal functor box

For a functor F' to be monoidal, we know that there must be two natural transformations
mg and m+. Figure 2.10 shows the circuit diagrams for mg and mr. For mg, component
f is replaced by a link (®/7) which has two inputs A and B and one output A ® B and
for mr, component f is replaced by a link (T7) which has no inputs and one output T.
Similarly for comonoidal functors, the circuit diagrams for ng and n, are shown in Figure
2.11 where links (@FE) and (LE) are used for ng and n, respectively. The principal port is
located at the top of the functor box for comonoidal functors to create a distinction between

commonoidal and monoidal functors.
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F(A) F(B) F(C) F(Z F(X F(A) F(E) F'C'r)p\Z)
A\B C/ A B (o]
E
f
1
X Y z
F(Y) ﬁ
\ Y% g
g
D
D
o fam
F(D) F(D)

Figure 2.9: Box-eats-box rule

F(A)® F(B)

F(A) F(B) (?

F(Aa® B)

Figure 2.10: Circuit diagrams for me and m+
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FiA & B)

Alp B F(Ll)

FlAa) F(B)

F(A)& F(B)

Figure 2.11: Circuit diagrams for ng and n

The cohrence conditions for monoidal functors (Section 2.11) can be represented by circuit
diagrams. Here one coherence condition is considered which is ag (1 ® mg) mg = (Mg ®
1) mg F(ag). The circuit diagrams for the left-side and the right-side of this equation are
shown in Figure 2.12 and Figure 2.13.

In Figure 2.12, the circuit reduction rule for ® is applied. Then, the resulting diagram
is obtained after applying box-eats-box rule. In Figure 2.13, at first box-eats-box rule is
applied to the first two functor boxes, then this rule is applied again. Inside the box, the
circuit reduction rule for ® is applied. Finally, after applying the circuit reduction rule for

®, we get the resulting diagram which is the same as the resulting diagram of Figure 2.12.

2.13 Linear functors

Cockett and Seely introduced the notion of linear functors between linearly distributive
categories [I5] to express the common linear structures such as exponentials and additives.

In this thesis, linear functors play a very important role because they gives the basic building
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(F(A) @ F(B)) @ F(C)

(F(4) @ F(B) & F(C)

F(A) @ (F(B) & F(C))
= = i
- \?

F(A)®@ F(B® C)
w F(A®(B®C))

F(A®(B®C)

Figure 2.12: Circuit diagrams for ag (1 ® mg) mg

(F(A)® F(B)) @ F(C)

(F(A)® F(B)) ® F(C)

£\
$467

xr F(A®(B®C))

DR

o

F((A®B)®C)

F(A® (B®C))

Figure 2.13: Circuit diagrams for (mg ® 1) mg F/(ag)
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block for data or protocols in concurrent communication which we shall use to build further
linear functors. Note that, protocols can be built on functors which are not linear.
Suppose X and Y are linearly distributive categories. Then a linear functor is a tuple

R L ,R ,L
(F®7 FEB7 VU1 Vgr Va» UEB) where

e Fy: X — Y is a monoidal functor on ®;

e F : X — Y is a comonoidal functor on @;

e The four natural transformations are as follows:

vg : Fe(A® B) — Fy(A) @ Fe(B)
Vg Fe(A® B) — Fy(A) & Fa(B)
Vg« F(A) ® Fi(B) — Fo(A® B)

vg : Fo(A) ® Fo(B) — Fy(A® B)

These natural transformations are called “linear strengths” satisfying several coherence con-
ditions which are discussed in Appendix B.
Sometimes we shall denote Fi, by F' and Fy by F' to save space.

Example:

A functor F' : 1T — X, from the one-object-one-arrow category 1 to a linearly distributive
category X, preserves all the structure of a linear functor. The one-object-one-arrow category
1 is a linearly distributive category where 1®1:=1, 1@ 1 := 1. A linear functor F': 1 — X
determines a linear Frobenius algebra in X. Setting Fiz(1) := Ag and Fg(1) := Ag then the

functor implies the presence of the following maps.

Ag ® Ag = Fo(1) ® Fg(1)™2>Fy(1® 1) = Ag (multiplication)

Ap = Fo(1®1)—2F3(1) @ Fo(1) = Ag ® Ag (comultiplication)
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——F5(1®1) = Ag (linear Frobenius maps

)
)——>Fg(1® 1) = Ag (linear Frobenius maps
)

(le ( )
(1l ( )
® Fy(l) = Ag @ Ay (linear Frobenius maps)
) = Ag @ Ag (linear Frobenius maps)

T F, (unit of multiplication)
Fy—*>1 (counit of comultiplication)
2.14  Circuit diagrams for linear functors

Linear functors consist of monoidal and comonoidal functors. So the linear functor boxes
will have both monoidal and comonoidal components. Figure 2.14 shows the linear functor
boxes where compononent f is inside the functor boxes which has many inputs and many

outputs.

F(A) F(B) F(C) F(A) F(B) F(C)
A\B 7 _A_\B

N

B
%

Lo
Lo
| .—-’-

=]

Figure 2.14: Linear functor boxes with monoidal and comonoidal components

In Figure 2.14, at the left-hand of diagram, the functor F' is applied to all the input wires
but at the bottom, the functor F' is attached only to the middle output wire that leaves

through the principal port which is denoted by a circle. The position of the principal port
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is therefore important. The dual situation is shown in the right-hand of diagram of Figure
2.14 where the F functor is on the rightmost input wire at the top that leaves through the
principal port which is denoted by a circle while at the bottom of the box, F functor is
applied to all the output wires.

The four “linear strengths” can be represented by linear functor boxes which are shown
in Figure 2.15. For v& and v}, component f is replaced by the link (@F) which has one
input A @ B and two outputs A and B; then F' functor is applied at the top of the boxes in
both cases while F' is passing through the principal ports at the bottom right and bottom
left of the functor boxes respectively. On the other hand, for vg and vé, component f is
replaced by the link (®1) which has two inputs A and B and one output A ® B; then at
the top of the boxes, functor F is applied to the right and the left input wires respectvely
passing through the principal ports, indicated by circles while F functor is applied at the

bottom of the boxes in both cases.
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FlAg B) F(A® B)

DS
DS

'Lg H
F(A) F(B) F{A) gz}
F(A) & F(B) F(A) @ F(B)
F(A)® F(B) F(A)® F(B)
R = L FrAl F({B)
Vg F(A) F(B) v - F(A)

e
Nes

F(A® B) FiAa® B)

Figure 2.15: Functor boxes for linear strengths
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Chapter 3

Linear Actegories and their Two Actions

This chapter describes linear actegories and provides a proof of the first main result of this
thesis which is Theorem [3.3.2] Section presents the definition of a linear actegory and
Section [3.2) presents the circuit representation for linear actegories. In Section [3.3 Theorem
is stated and proved: it says the actions defined in a linear actegory have the structure
of a parameterized linear functor. This is used as a basic building block for producing

protocols.

3.1 Linear Actegories

A linear actegory [9] is a linearly distributive category with a monoidal category that acts
on it both covariantly and contravariantly. Suppose A = (A, x, I, a, l,, T+, ¢,) is a symmetric

monoidal category. A (symmetric) linear A-actegory consists of the following data.
e A symmetric linearly distributive category X.

e Two functors o : A x X — X and e : A” x X — X such that A o _is the
parameterized left adjoint of Ae _. So the adjunction can be written as (n,e) :
Ao_F Ae_where the unit and counit are denoted by ns x : X — Ae (Ao X)

and e x : Ao(AeX) — X.
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e The following natural isomorphisms in X for all A, B € A and X,Y € X:

U : T o X — X,

Ue : X — [0 X,
a’: (AxB)oX — Ao (BoX),
a;: Ae(BeX)— (AxB)eX,
ag, : Ao (X ®Y) = (Ao X)®Y,

ag: (AeX)DY — Ae (X DY)

e The following natural morphisms in X for all A, B € A and X,Y € X:

& Ao (X®Y) = (Ao X) @Y,
dy,: (AeX)RY — Ae (X ®Y),

d;:Ao(BeX)— Be(AoX).

e The following natural transformations (or isomorphisms) from the symmetries

of ¥, ®,and &:

a’: (AxB)oX — Bo(AoX),
al:Be(AeX)— (A% DB)eX,
a: Ao (X®Y) = X®(AoY),
ag: X O (AeY) — Ae (X DY),
A Ao(X@Y) = X @ (AoY),

dé,:X@(AoY)er(X@Y).

The above data must satisfy a large number of coherence conditions listed in Appendix A.

Below are the coherence conditions which will be used in Section for proving Proposition
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[3.3.1] and Theorem [3.3.2] are collected. The rest of the coherence conditions are listed in
Appendix A and are obtained by applying the symmetries.

This data has several symmetries [9]. The main source of symmetry is a basic duality,
obtained by reversing the arrows, swapping ® and @, T and 1, o and e. In addition,
symmetries are also obtained by reversing the *, the ®, and the @. All of these symmetries
are preserved by the coherences of a linear actegory.

Symmetries: The following diagram links symmetry and the associativity of the action:

a

Ao (X®Y) — s (AoX)®Y

Aocg c®
(Lo 7

Ao (Y ®X) — =Y ® (Ao X)

ag cg = (Aocg) ay (3.1)

Unit and associativity: The following diagrams commute for unit and associativity:

"
a
(A*I)OXHOAO(IOX)

rx«o0X
Aoug

Ao X

a Aou, = r,oX (3.2)

AeX — 2 s Te(AeX)

ue af = I;'eX (3.3)

Ao(TRY) ——= T ® (AoY)

Aol®
'®

AoY

GS@/ l@ = A e} l® (34)
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Unit and distributivity: The following diagrams link unit and distributivity:

ue®Y
XY ——> IeX)QY

(Le ®Y) df, = us

a®

Io(X®Y)i>(IoX)®Y

Uo
uo®Y

XQY

@ (,®Y) = u

Associativity: The following diagrams commute for associativity:

Aea}

Ae(Be(CeX)) — > 5 Ae((BxC)eX)

la:

o (Ax(Bx0))eX

larlox
o*

(AxB)e(CeX) — > 5 (A«B)+C)eX

(Aeal)al (a;'eX) = ala;

* L]

(A*B)o (Y ®X)

Ao (Bo (Y ®X))

iAoa%,

agy Ao (Y ® (Bo X))

iaf@/
Y®ag

Y®R((A*B)oX) — > S Y ® (Ao (BoX))

a; (Aoagy) ag = agy (Y ®ay)

45

(3.5)

(3.6)



Distributivity and associativity: The following diagrams commute for distributivity and

associativity:
dae,
Y®(A-(BOX))$A'(Y®(BOX))

iA-d:@,

Ae(Be (Y ® X))

ia:
dé,

YR (A*xB)eX) ——— > (A*B) e (Y ® X)

Y®a}

d:®/ (A (] dé/) af - (Y ® at) :®/

o
d®®Z

(AeX)®Y)® Z (Ao (X®Y))® Z

ld:@

“® Ae((X®Y)® Z)

lea®
L]
i®

(AeX)@(YRZ) — > Ao (X ® (Y ® Z))

Z®d®,
ZR(XQ(AeY)) ————— > ZQ(Ae (X QY))

ld:@/

b Ae(Z® (X ®Y))

lA-a(@l
d:@,

(ZRX)®(AeY) —————— > A ((ZRX)QY)

d®,®z
(X®AeY)R®Z — > (Ao (XQY))®Z

N s

XQ@(AeY)® 2) Ao (X®Y)Q® Z)

X®dg§ Aeag
dé,

XQAe(YRZ) —— > Ao (X® (Y ® 2))

(d,®Z)d (Aeay) = ag dS)
(Z®dy) dy (Aeag') = ag' dy

(dyy @ Z) dyy (Aeag) = ag (X ®dy)
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d.
(Ae(X®Y)®(BeZ) — 2~ Ae((X®Y)® (Be2)

d:@,l lAud:@,

Be((Ae(XQY))®Z) Ae(Be((X®Y)® Z))

Bodg@ al
aﬂ

Be(Ae(X®Y)®RZ) — > (AxB)e ((X®Y)® Z)

’

A% (Aeds)a; = do (Beds) a (3.13)

Unit and counit: The following diagrams link unit and counit:

Toue
JToX ——=>TITo(IeX)

uo
er,x

X

(Ious) erx = U (3.14)

Aodé

Ao ((AeX)QY) ——————— > Ao (Ae (X ®Y))

aﬁél \L“A,x@y
€A, X®Y

(Ao (AeX)®Y X®Y

(A o) d:@) EAXQY = af@ (GA,X & Y) (315)

In linear actegories, originally the x is just a symmetric tensor (®) but here it is a

cartesian product (X ).

3.2 Circuit diagrams for linear actegories

In this section we describe the circuit rules for linear actegories. These circuit rules are
discussed in [9]. Figures 3.1 - 3.6 show the circuit introduction, elimination, reduction and
expansion rules for o, e, and x. In Figures 3.7, 3.8 and 3.9, copy rule, box-elimination rule

and box-eats-box rule are shown. Copy rule takes one input and produces two copies of that
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input. Box-eats-box rule combines two functor boxes where we pushed the top box inside

the bottom box and box-elimination rule eliminates functor box by connecting wires. Figure

*

3.10 shows the circuit diagrams for a}, af,, a,, and ag and Figure 3.11 shows the circuit

representation of dg,, dg,, and dy.

A X AcX

(OIJ\T/ (o E) /%

AcX A X

Figure 3.1: Circuit introduction and elimination rules for o

A AsX

(e E)

Figure 3.2: Circuit elimination rule for e

We can prove equalites in linear actegories using the circuit rules of linear actegories and
linearly distributive categories (discussed in Section 2.10). Consider the coherence condition
(Aody) d; (Beay) = ag dg. In Figure 3.12 and Figure 3.13 the left-hand side and the

right-hand side of this coherence condition are shown. In Figure 3.12 we apply the circuit

Figure 3.3: Circuit introduction and elimination rules for x
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o) A X
AoX =

)
A X

AsX AsX

)
= A X
©
AcX

Figure 3.4: Circuit reduction and expansion rule for o

AoX AsX

Figure 3.5: Circuit expansion rule for e
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A B
AsD =
A B
AxB
AsD
= A B

Figure 3.6: Circuit reduction and expansion rules for

Figure 3.7: Copy rule

Figure 3.8: Box-elimination rule
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)

Figure 3.9: Box-eats-box rule

Ae(BeX)
Ao (X @Y)
(A«B)o X
@
- 74}
%o L. al bt
& L
@
! ®
. |
Ao(BoX) Ao(BoX) (AoX)@Y

Figure 3.10: Circuit diagrams of a}, ag,, a; and ag,
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(AeX)®Y

Ao (X @ Y)

Ao(Be X)

d E{. :

(Ao X)PY

Ae(X®Y)

Figure 3.11: Circuit diagrams of dg,, dg,, and d;

reduction rule for ®, and then we get the resulting diagram. In Figure 3.13 the circuit
reduction rule for o is applied first, and then the box-eats-box rule. After that, inside the
box, we apply the box-elimination rule, and then the circuit reduction rule for ®. Finally,

we get the resulting diagram which is equivalent to the resulting diagram of Figure 3.12.

3.3 Actions and linear functors

In this chapter, our main goal is to show that the two actions of linear actegories provide a
parameterized linear functor. To prove this we first have to show that A e _is a monoidal
functor and dually, A o _is a comonoidal functor. Then we have to show that there exist
linear strengths between the two functors, Ae_and Ao _, satisfying the coherence conditions

which are discussed in the definition of linear functor (Section 2.13).

Proposition 3.3.1. A e _is a monoidal functor (dually, Ao _is a comonoidal functor).
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Ac((BeX)®@Y)

Ao((BeX)@Y)

Be(X®(Ao0Y))

Be (X ®@(A0Y))

Figure 3.12: Circuit diagram for (Ao dy) d; (B eag,)

Ac((BeX)@Y)

Ao((BeX)®Y)

Ao(Be(X®Y))

X - ! :
Be(X&(AdoY)) Be(X &(AoY))

Figure 3.13: Circuit diagram for ag, dg,
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Proof. For a functor to be monoidal, there are two natural transformations:

Mg : (AeX)@(AeY)— Ae (X R®Y)

mr:T — (AeT)
These natural tranformations must satisfy two equations.

l@ = (mT & 1) meg (A [ ] l®)
ag (1®@mg) mg = (mg®1) mg (Aeag)
To prove these two equations hold, we have to define mg and my. Figure 3.14 and Figure

3.15 show the defining diagrams of mg and m+ respectively.

me

(Ae X)® (AeY) Ae (X ®Y)

dé i Ael T
Aed®

Ae(X®(AeY)) L Ae(Ae(X DY) 2= (AxA) e (X3Y)

Figure 3.14: Defining diagram of mg,

T—>AeT
UJ/ loT
leT

Figure 3.15: Defining diagram of m

Validity of the first equation, lg = (mT®1) mg (Aelgy), is shown in Figure 3.16 where each
of the numbered cells commute for the following reasons: (1) uses equation (3.5), (2) uses
the naturality of dg,, (3) and (4) use equation (3.13), (5) commutes because of the naturality
of d2, (6) uses equation (3.3), (7) commutes by the naturality of a}, (8) commutes by the

combination of A with (! 1), (9) commutes because of bullet(e) functor.
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Validity of the second equation, ag (1 ® mg) mg = (mg @ 1) mg (A e ag), is shown
in Figure 3.17 where (1) commutes because of equation (3.10), (2), (3), (4), (7) and (14)
commute by the naturality of d3,, (8) commutes by equation (3.12), (5), (9) and (15) commute
by the naturality of d%,, (6), (13) and (16) commute because of the naturality of a}, (11) and
(12) use bullet(e) functor, (17) uses associativity of A. Validity of diagram (10) is shown in
Figure 3.18. In Figure 3.18, (1) uses the naturality of dg,, (2) commutes by equation (3.11),
(3), (5) and (8) use the naturality of af, (4) commutes by equation (3.9), (6) commutes by

equation (3.7), (7) and (9) use bullet(e) functor.

qe

ue®1 le1®1
TR(AS) —————————————> (1o T)R(AeS) ——————————> (Ao T) R (AeS) ————————> Ae (TR (AeS))
uwe (1) dé/ gy @) Ay 3) Aedg,
/ le(le1®1)
le(T®(AeS)) Ae((leT)RS) ——————————> Ae((AeT)®S) Ae(Ae(T®S))
g, (10) le é, (4) led® (5) ledg a}
/
I
/ ,
| le(le(1®1)) ay
lg (11) le(Ae(T®S)) Ae(le(TRS) ——————————> Ae(Ae(TRS) —————— > (AxA) e (TK®S)
T ai\ 1 %Ml@l) ® o
AO(T®S)ﬁ(1*A)O(T®S) o Ae(T®S)
1y el

Figure 3.16: Validity of Iy = (mT ® 1) mg (A elg)
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LS

led?,

le(lea_ 1) a¥
Ao (X R(Ae (Y R(AeZ)))) ——> Ae(Ae (X ®(Y ® (Ae Z)))) $A.(A.((X®Y)®(Aoz))) (AxA) e ((XQRY)R® (AeZ))
le(1@(ledg,)) (1) le(le(18dY,))
1-d',
Ae(XR(Ae(Ae (Y RZ)))) ——> Ae(Ae (X R (Ae (Y ® 2)))) (2) 1'(100%/) (3) le :®’
1.(1-d:®,)
lo(lc(loaél)) al
le(1®a}) (4) Ao (Ao (Ao (X ®R(Y®Z)))) —— Ae(Ae(Ae (((X®Y)® 2)))) I
leay (5) leay (6) ag
1ed®, le(leag 1) a}y ay lel
Ao (X R((AxA) e (YRZ))) — > Ae((AxA) e XR(Y RZ) ———> Ao (AxA) e ((XQRY)®RZ) ——> (A*x(AxA) e ((XRY)R® 2) N
(7) (9) leag
le(leag) (8) leag  ((AxA)xA)e(X®(Y®Z))
axel

Ae((AxA)e X ® (Y ® Z))

Figure 3.18: Validity of diagram (10) from Figure 3.17

(Ax(AxA)e(XR(Y ®Z))



In this way, we have shown A e _is a monoidal functor. Dually, A o _is a comonoidal

functor. O
Theorem 3.3.2. Ae _ and Ao _ have the structure of a parameterized linear functor.

Proof. We already showed in proposition 3.3.1 that A e _is a monoidal functor (and Ao _
is a comonoidal functor). It remains to show that the linear strengths between these two
functors fulfill the coherence conditions.

For a linear functor, the four natural transformations we seek, called “linear strengths”,

are:

Ug:A.(X@Y)H(AOX)@(A.Y)

Ao (XDY)— (AeX)®d (AoY)

&~

v
VB (AeX)®(AoY)— Ao (X Q®Y)
vk (Ao X)® (AeY) - Ao (X ®Y)

The defining diagrams for v and vZ are shown in Figure 3.19 and Figure 3.20. Similarly,

we can define the others two linear strengths, vé and vé by using symmetry.

R

(Ae X)® (AoY) i Ao (X®Y)
a%Tl

AO((A.X)@Y) Aoe
Aodg9

Ao(Ae(X@Y)) 2N AxA)o(Ae(X®Y))—>A0(Ao(Ae(X®Y)))

Figure 3.19: Defining diagram for v}
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Ae (X DY) i (AoX)@® (AeY)

Ae(Ao(Ae (X DY)))

Ae(Ae (Ao (X ®Y)))

o

(Ax A) o (Ao (XBY) Ao Ao (Ao (XBY)) % Ae((AoX)BY)

Figure 3.20: Defining diagram for vg

From the definition of linear functor, we know that linear strengths satisfy several coher-
ence conditions. In order to prove this theorem, we will check three coherence conditions.
The first one is Ig' (mT ® 1) vl = Ao I5" which creates a link between I3, m+ and vl
All the other forms of this coherence condition are obtained by symmetries. The second
coherence condition is (mg ® 1) v& (Aoag) = ag (1 ®@ vE) vf which creates a link between
M, vg and ag: the other forms of this coherence condition are generated by symmetries.
The third coherence condition is ag (1 ® vk) vf = (vE ® 1) vk (Ao ag) which establishes a
link between ag, v% and v%: the symmetries generate all the other forms of this coherence

condition.
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Now we will prove that the first coherence condition, Ig' (m+ ® 1) vi=Ao0 I5" holds.

mT®1

T®(AoS) (AeT)®(A0S) 2~ Ao (T ®S)
l% /Aol®1/
AoS

To verify 5" (mT ® 1) vl = Ao I3, we have to use the defining diagram of m+ and
vf. Figure 3.21 shows the validity of this coherence condition. In this figure, (1), (2) and
(8) commute by tensor (®) functor, (4) and (12) commute because of the naturality of ag,l,
(5) uses equation (3.8), (6) commutes by the naturality of af, (7) uses the naturality of
ag, (9) commutes because of the dinaturality of e (See Section 2.6), (10) commutes by the
functoriality of circle (o), (13) uses equation (3.4) and (14) uses equation (3.14). Validity of
(3) and (11) are shown in Figure 3.22 and Figure 3.23 respectively.

In Figure 3.22, (1) and (4) commute by the tensor (®) functor, (2), (7) and (8) commute
by the naturality of ag,l, (3) commutes because of circle (o) functor, (5) uses equation (3.8),
(6) commutes by the naturality of a, (9) commutes because of the naturality of ag, and (10)
commutes by equation (3.15).

In Figure 3.23, (1) commutes by the combination of A with (1x!), (2) uses equation (3.2),

(3) uses equation (3.6), (4) commutes by the naturality of a’, (5) commutes because of the

naturality of ag,. So we proved the coherence condition, lél (mT®1) vg =Ao lél.
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ue®1 (te1)®1 “®
T®(A0S) ————— > (1eT)® (A0 S) (AeT)®(AoS)

Ao ((AeT)®S)

1®(Ao1) (1) ue®(Aol) (2) 1®(Aol) Aod®,

e 1®a
T®((A*A)OS)‘@;IUQT)@((A*A)OS)9(10T)®(A0(AOS)) (3) Ao (Ae(T®S))

(4) a

o(ue®1) i

(A*A)o(T@S);(A*A)o((loT)(@S) Ao((leT)® (Ao S))

d

(6) ad 10a®,

/ ®' ¢
|
1ot |
i lo(lo(ue®1))
|
|
|
|

® o

(AxA)o(Ae(T®S))

k3
0 ¥

Ao (Ao (T®S) —=> Ao (Ao ((1LeT)®S)) Ao (Ao (Ae(T®S)))

(11)  loa (7) loag

1o((loue)®1) 1o((1o(lel))®1)
Ao ((AoT)®S) ——= Ao ((Ao(1eT))®S) Ao ((Ao(AeT))®S)

1o((101)®1) (8) 1o((101)®1) (9) Tole®1)

To(ug '®1) To((loue)®1) 1o(e®1)
Ao (T®S) = Ao ((1oT)®S) — = A6 ((1o(1eT)®S)

Ao(T®S)

olg (10) lo(uo®1)

Figure 3.21: Validity of ig' (mtT® 1) v = Aol
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(le1)®1

(leT)®(AoS)

1®(Aol)

(1eT)® ((AxA)o S)

1®a;

(leT)® (Ao (Ao S))

®°

Ao((LeT)® (Ao S))

Ao (Ao ((1eT)®S))

Ao((Ao(1eT))®S)

(1)

(le1)®1

(4)

(le1)®1

(7)

lo((lel)®1)

(8)

(AeT)® (Ao S)

1®(Aol)

(AeT)®((A*xA)oS) ———————— > (A*xA)o((AeT)®S)

*
1®a0

(AeT)® (Ao (Ao S))

(2)

o—1

ags

(5)

-1
o
loa_,

®

0 ¥

ol

(3)

(A*A)odg@

(6)

10(1odé)

Ao ((AeT)®S)

Aod®

Ao (Ae(T®S))

(AxA)o(Ae(T®S))

Ao((AeT)®(Ao0S)) ——————————> A0 (Ao ((AeT)®S)) ————> Ao (Ao (Ae (T ®S)))

lo(lo(('el)®1))

(9)

lo((1o(lel1))®1)

Ao((Ao(AeT))®S)

Figure 3.22: Validity of diagram (3) from Figure 3.21

(10)

lo(e®1)

Ao (T ®S)



Ao(T®S) (AxA)o(T®S)

/

(1x!)o1

101\ (1) /

tousl (20 (Ax1)o(T®S) ak

—1

*

lo(ug '®1) (3) ad (4)
|
Ao(lo(T®S)) PoSTS Ao(Ao(T®S))
10(%/ ) load
/
Ao((1oT)®S) Ao((AoT)®S)

lo((lo1)®1)

Figure 3.23: Validity of diagram (11) from Figure 3.21

Now we have to show that the second coherence condition, (mg ® 1) v (Ao ag) =

ag (1 ®@vE) vl holds.

(AeX)® (AeY))® (Ao Z) —= (AeX)® ((AeY)® (Ao Z))
(Ao (X ®Y))® (Ao Z) (Ae X)® (Ao (Y ® Z))

R R
”@l i”@

Ao((XeY)® 2) Ao (X @ (Y ®2))

Aoag

If we use the defining diagram of mg and v then the above coherence requirement
becomes the commutative diagram of Figure 3.24. But this diagram is unmanageable to

prove using categorical commuting diagrams. In order to make the proof manageable we

shall resort to circuit diagram proofs.
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dg@@)l T®1 (Ael)®1
(AeX)R(AeY)®(AoZ) —> (Ae (X R(AeY)))® (Ao Z) > (Ae(Ae(XRY)))R®R(A0Z)> (AxA) e (XRQY))R® (Ao Z) (Ao (XR®Y))® (Ao 2Z)
a 0‘71
i 1
(AeX)®((AeY)® (A0 2)) Ao ((Ae(X®Y))®Z)
1®a%’71 Aodg®
(AeX)® (Ao ((AeY)® Z)) Ao(Ae(X®Y)® 2))
1®(A‘odg§) Tl
(AeX)® (Ao (Ae (Y R 2)) (AxA)o(Ae ((XQY)® Z))
1®(‘A01) al
(AeX)R((AxA)o (Ae (Y ® Z))) Ao (Ao (Ae ((XRY)R® Z)))
1®aj A\Ee
(AeX)® (Ao (Ao (Ae (Y ® 2)))) Ao ((XQ®Y)® Z)
1®(L°5) Aocag
o~ 1 Aod® \L
(AeX)® (Ao (YRZ) ———> Ao (AeX)® (YR Z) ——> Ao (Ae (X ® (Y ® 2))) i>“(A»«A)o(Ao(X®(Y®Z)))(;Ao(Ao(A-(X®(Y®Z))))AL>Ao(X®(Y®Z))

Figure 3.24: Validity of (mg ® 1) v (Ao ag) = ag (1 @ vE) vl



(AeX)®(AeY)

L\u e X)®(AsY)

As(X@(AeY))

As(Ae (X @Y))

Ae (X ®Y)
(A+A)ys(X®Y)

Ae(X®Y)

Figure 3.25: Circuit Diagram of mg for e

To prove the coherence condition, (mg ® 1) v& (Ao ag) = ag (1 ® vE) vE using circuit

diagrams, first we need circuit diagrams for mg and vf: these are shown in Figure 3.25 and
Figure 3.26 respectively.

In Figure 3.25, the input for mg is (A e X) ® (A eY) and the output is Ae (X ®Y).
We first apply box-eats-box rule for the first two functor boxes and also for the last two
functor boxes. Then we apply box-elimination rule inside of these. After that, we use circuit
reduction rule for * and box-eats-box rule. Finally, after applying box-elimination rule, we
get the resulting diagram.

In Figure 3.26, the input for v is (A e X) ® (AoY) and the output is Ao (X ®Y). At
the first step, we apply circuit reduction rule for o, then we apply circuit reduction rules for
® and o. Finally, we apply box-elimination rule.

Now, we can draw the circuit diagram for (mg ® 1) vf (Aoag) = ag (1@ vE) vE. Figure

R

3.27 shows the circuit diagram for (mg®1) vt (Acag) (left side of the coherence condition).

Here we use the circuit diagram for mg and vZ. First we apply the circuit reduction rules
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AeX)®(AoY
(AeX)® (AoY) (AeX)®(A0Y)

Ao((AeX1®@Y)

Ac(X®Y)

Figure 3.26: Circuit Diagram for vég

for ® and o, then the box-elimination rule. Finally, we get the resulting diagram by the
reassociation of A and the circuit reduction rule for ®.

Figure 3.28 shows the circuit diagram for ag (1 ® vf) vE (right side of the coherence
condition). Here we use the circuit diagram for Ug. We apply the circuit reduction rule for
®. Then by applying the circuit reduction rule for ® and o, we get the resulting digram which
is the same as Figure 3.27. So the coherence condition (mg ®1) v (Aoag) = ay (1@vE) vl

holds.
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(AeX)®(AeY)) @ (Ao Z)

Ao(X@(Y®2Z)

(AeX)® (AeY)) @ (Ao Z)

(AeX)® (AeY))® (A0 Z)

(AeX)® (Ao (Y ®Z))

Ao (X ®(Y® 2Z)

Ao (X ®@(Y®Z)

Figure 3.28: Circuit Diagram for [ag (1 ® vE) vE]
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Finally, we will check the third coherence condition, ag (1®v%) vE = (vVE®1) vk (Aocag).

vé‘"@l

(AeX)® (AoY))® (AeZ) (Ao (X ®Y))® (AeZ)

(Ae X))@ ((AoY)® (Ae Z)) Ao (X ®Y)® Z2)
1®véi iAO%
(Ao X)® (Ao (Y ® 2)) i Ao (X ® (Y ® 2))

We shall verify this coherence condition by using circuit diagrams. In this case, we need
the circuit diagram for vg that we discussed in Figure 3.26. We also need the circuit diagram
for v% which is shown in Figure 3.29. In this figure, we apply circuit reduction rule for o
first, then we apply circuit reduction rules for ® and o. Finally, we apply box-elimination
rule and get the resulting diagram for v%. Here, the input is (Ao X) ® (AeY) and the

output is Ao (X ®Y).

(Ao X)®(AeY)

(AoX)@(AesY)

Ao (X ®Y)

Figure 3.29: Circuit Diagram for vé
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(Ae X))@ (AcY )@ (Ae D)

(As X))@ (AoY ) @ (AeZ)

(AeX)R((AoY) @ (AeZ)

Ao (X @(Y ®Z)

Ao (X @ (Y ®2Z)N

Figure 3.30: Circuit Diagram for [ag (1 ® vE) vZ]

To verify the coherence condition, ag (1®v%) vl = (vVE®1) vk (Aoag), the circuit diagram

for ag (1 ®vk) vE is shown in Figure 3.30 and the circuit diagram for (v ® 1) vk (Ao ag)
is shown in Figure 3.31.

In Figure 3.30, we use the circuit diagrams for Ué and vg. We apply the circuit reduction
rule for ® first, then after applying the circuit reduction rules for ® and o, we get the
resulting diagram.

In Figure 3.31, we also use the circuit diagrams for va and vg. Here we first apply the
circuit reduction rules for ® and o. Then we apply the circuit reduction rules for o and ®.
Finally, we apply the circuit reduction rule for ® and we get the resulting diagram which is

the same as the resulting diagram of Figure 3.30.
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(AsX)®(AoY)) ®(AeZ)

(AsX)®(A0Y))@(AwZ)

Ao ((X®@Y)® Z)

Ao (X @ (Y @ Z))

Ao (X ®(Y ® Z))

Figure 3.31: Circuit Diagram for [(vE ® 1) v} (Ao ag)]
So, the coherence condition, ag (1 ® vk) vl = (vE @ 1) vk (Ao ag) holds. O

Thus, every linear A-actegory gives rise to a family of linear functors, Ao _and Ae _
A € A, where A e _is a monoidal functor, A o _ is a comonoidal functor and the linear

strengths exist between these two functors which satisfy the coherence conditions.
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Chapter 4
Fixed Points of Linear Functors

In this chapter, the fixed point of a linear functor is defined. This provides a very basic source
of communication protocols for the concurrent world which have nice structural properties.
Protocols, in general, are produced by considering inductive and coinductive data in linear
actegories. As a linear functor is a pair of functors, the fixed point of a linear functor is also
expected to be a pair of functors: the pair is supplied by the inductive datatype built on the
comonoidal functor and the coinductive datatype on the monoidal functor. This pair then
itself forms a linear functor pair, which is the second main result of this thesis, Theorem
[4.5.1] It shows that the fixed point of a linear functor is itself a linear functor.

The chapter starts by describing the initial and final algebras [20] which correspond to
inductive and coinductive datatypes [11], [12], [24] respectively and the more sophisticated

circular definitions for datatypes [14]. We examine some properties of these datatypes in

Section E.IH4.3]

4.1 Algebra definition of inductive and coinductive datatype

Given an endo-functor F': X — X, an F-algebra consists of an object A € X together with
a morphism a : FI(A) — A. It is called initial if for any F-algebra b: F'(B) — B, there is a

unique morphism f : A — B such that the following diagram commutes.

F(B)——B
Dually, a F-coalgebra, ¢ : C' — F(C) is called final if for every coalgebra d : D — F(D),
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there is a unique morphism ¢ : C' — D such that the following diagram commutes.

C—S F(C)

g Fg)
v Y
D—>F (D)

Initial algebras and final coalgebras [20] are equivalently known as inductive and coin-
ductive datatypes in “set-like” and sequential settings as they can be constructed inductively
and coinductively respectively. An inductive datatype for an endo-functor F': X — X is an
object px.F(x) with a map cons : F(ux.F(z)) — px.F(x) such that given any object A € X
and a map f : F(A) — A, there exists a unique fold map such that the following diagram

commutes.

F(ux.F(z)) === px.F(x)
| !
F(fold(f)) 1 | fold(f)

F(4) A

!

Dually, a coinductive datatype for F is an object va.F(z) with a map dest : va.F(z) —
F(vz.F(zx)) such that given any object A € X and a map f : A — F(A), there exists a

unique unfold map such that the following diagram commutes.

A—"L s Fa)
[ [
unfold(f) | | F(unfold(f))

v v
ve. F(z) &5 F(va. F(x))
Both the inductive and the coinductive datatypes of an endo-functor F' are fixed points

of F' in the following sense.

Lemma 2. (See [20]) If F : X — X is a functor for which ux.F(x) exists then cons :
F(ux.F(x)) — pzx.F(x) is an isomorphism, i.e., F(pz.F(z)) = px.F(z) and (dually) if
ve.F(xz) exists then dest : ve . F(x) — F(ve.F(x)) is an isomorphism, i.e., vr.F(x) =
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Proof. In order to show that cons is an isomorphism, we have to produce an inverse function.

It is the unique map A in the following diagram:

F(uz.F(x)) —="— pz.F(z)

F(h)l lh
F(F(px.F(2))] " F(ue.F(x))

F(cons) i \Lcons

Fpw F(2)) —gng— p-F ()
In this diagram, by the uniqueness property of inductive datatype, we have h cons =
1z p(z)- It then remains to show cons h = 1p (4. p(z)). But we have cons h = F'(h) F(cons) =

F(h cons) = F(1,4 p(z)) = 1p(uz.F(z)) Where we again use the fact that h cons = 1,, p(z).

We could prove va.F(z) = F(ve.F(x)) dually. O

When F has an inductive datatype, we call ux.F(z) the least fixed point of F. On the
other hand, if F' has a coinductive datatype then vz.F(z) is called the greatest fixed point
of F.

Parameterized functors give rise to parameterized datatypes [24]. Consider a parameter-
ized functor F': Y x X — X. By fixing the first argument of F', we get Fi4 : X — X for
each object A € Y. So the fixed point of Fs is a parametric fixed point of ' at A. This is
pux.F(A, ), the least fixed point of F, which satisfies the following universal diagram for
any other F-algebra f: F(A, X) — X:.

F(A px.F(A x)) " px.F(A, x)

| |
F(1,fold(f)) | | fold(f)
y

F(A, X) \

7 X

H
Setting F' 4 = px.F (A, x), we next show that this parameterization is functorial (following

[14]), i.e., identities and composition are preserved. In order to prove this, we shall use
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the uniqueness property: given two maps m,n : uz.F(A,x) — Z if we want to show that
m = n it suffices to show that for a fixed k : F(A,Z) — Z, m = fold(k) and n = fold(k).
If cons m = F(1,m) k, then by uniqueness of fold(k) we have m = fold(k). Similarly, if

cons n = F'(1,n) k, then by uniqueness of fold(k) we have n = fold(k). This means, m = n.

Lemma 3. If F: Y x X — X is a functor such that for each object A € Y, there exists

?A € X, the least fized point of Fa, then A — FA :Y — X forms a functor.

Proof. Given a map f : A — B, one can define f: A — B +— <F(f) : ?A — ?B such that

F( f) is the unique fold map determined by the following diagram:

cons

«—
F 4
|
F(lf(f))lv F(f)
R — F(f,l) — cons <—
F(A7FB) (BaFB) FB

The above diagram is the defining diagram of F. First we check that identities are

preserved: if f =14, then f: A — A+ F(f) : FA — ?A such that the following diagram

commutes:
F(A, FA) cons ?A
F(lfl?(f)i J/?(f)
F(A, ?A) cons ?A

—

From the above diagram, we have F(1, ?(f)) cons = cons F'(f). By replacing ?(f)
with the identity, it follows that (]?(1 4) = L5 4y
It remains to show that composition is preserved. This means

F(f F F(f
A f B gCH?A() (FB (Q)FC:A fgC’}—><]?A (f9) ?C

We want to show that ?(f)?(g) = <F(fg) To achieve this it suffices to show that both

maps satisfy the same universal property.



First, we have to show that for a fixed k, <f(f) <I?(g) = fold k.

F(A,F 1) F A
F(l,?m:V (1) VF(f)
FIA, Fp) 2 p(B, F ) Fp
F(lf(f»:v ) | FAF() ) VE

FA, Fo) 2 ps, T o) 22 po, Fore— T,

In this diagram, (1) and (3) commute by the defining diagram of F (f) and (2) commutes
because of the functorialty of F. So we get ?(f) ?(g) = fold[F'(f,1) F(g,1) cons] where,

F(f,1) F(g,1) cons
Next we have to show that for a fixed k, <]?(fg) = fold k.

F(A, FA) cons ?A
| |
F(1,F(fg)) | 'F(fg)
‘V F(fg,1) < .cons (_‘V
F(A Fc)HF(C,Fc)HFc

This diagram commutes by the defining diagram of F. Here, ?(fg) = fold[F'(fg, 1) cons]

= fold[F'(f,1)F(g,1) cons| (as F' preserves composition). Thus, <}7(f) F(g) = <}_7(fg).

4.2 Circular definition of inductive and coinductive datatype

There is an alternative method of defining the universal property of inductive and coinductive
data which uses the notion of a circular combinator; the idea was used by Varmo Vene [30]
and Luigi Santocanale [27], [28]. A circular combinator for an endofunctor F' : X — X

over D is an assignment.




which given a map, f : A — D, delivers a new map c[f] : F(A) — D such that the

following implication of commutative triangles holds:

The inductive datatype px.F(z) with its constructor cons : F(ux.F(z)) — px.F(z) may
then be defined as having the following universal property: for any circular combinator c[_] of
F over D, there exists a unique map pa.cla|, the “circular fold map”; such that the following

diagram commutes.

clpsa.cla]

D

pna.cla)

Dually, the coinductive datatype vz.F'(x) with its destructor dest : ve.F(z) — F(vz.F(x))
may then be defined as having the following universal property: for any cocircular combi-
nator c[_] of F under D, there exists a unique map vb.c[b], the “circular unfold map”; such

that the following diagram commutes.

vb.clb]

D

c[vb.c[b]]

ve.F(x)

dest

Lemma 4. (See [1]|]) Circular combinators for F' over D correspond precisely to F-algebras
on D. Given an F-algebra f : F(D) — D one obtains a circular combinator, cs[] and

conversely, given a circular combinator c[_] one obtains an F-algebra, c[lp]: F(D) — D.

Proof. If f : F(D) — D is an F-algebra, then a circular combinator, cf[g| is defined as

follows:
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A—2=D

F(g)

Ct
f

F(A) F(D)—D

So cflg] = F(g)f and the following implication holds.

Conversely, a circular combinator, c[_| defines an F-algebra as follows:

D—=D

So ¢ = ccp)- Note that cf[1] = f. O

Proposition 4.2.1. (See [T]]) The algebraic definition and the circular definition of datatypes

are equivalent.

Proof. Given px.F(zx) satisfying the algebra definition of an inductive datatype, we must
show it satisfies the circular definition of the datatype. If pz.F(x) is an inductive datatype,

then for any F-algebra f : F(D) — D the following diagram commutes.

F(uz.F(x)) == pz.F(z)
F(fold( f))l lfold(f)
F(D) D

f
From this diagram, we get F'(fold(f))f = cons (fold(f)). Given a circular combinator c|_]
of F' over D one may extract an algebra f = c[lp] : F(D) — D. Then we get ua.cla] =

fold(f) and the following circular diagram:
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fold( F(fold(f))

poFa)—2D . p o F(uz.F(z)) F(D)
fold(f) / c[fm /
D D

Thus, fold(f) satisfies the properties required by the unique induced circular map pa.clal.
Conversely, if px. F'(x) holds the circular definition of an inductive datatype, then it must
satisfy the algebra definition. Given an F-algebra f : F(D) — D one can define a circular

combinator c[_] such that

F(h)l \c[h] J{h

D

Here, h = pa.cla] and c[h] = F(h)f as c[] is a combinator.

4.3 Circular rules

We may formulate datatypes type theoretically using circular rules in a manner which is
reminiscent of the way one writes a recursive program. Given a map, f : X — D, having
a circular combinator says that one can derive a map F(X) — D: this says there exists a
unique circular fold : pz.F(z) — D map. The following scheme shows the derivation of a

circular fold map where the object D is fixed but f and X can vary.

vX f:X—=D

X —D
F(X)— D

px.F(z) — D
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For cons : F(pz.F(x)) — px.F(x), if a map, f: X — F(ux.F(x)) is given, then we can

derive cons[f] as follows:

X1 F(ux.F(x))

cons|f]

X —> ux.F(x)

Similarly, we get a unique circular unfold : D — wvz.F(x) map if for a given map,
f: D — X, it is possible to derive a map, D — F(X) by applying a cocircular combinator.

The derivation of a circular unfold map is as follows:

VX f:D—X

D— X
D—>F(X)

D — vz.F(x)

For dest : vax.F(z) — F(vx.F(x)), given a map, f : F(vz.F(z)) — X, one can derive

dest[f] as follows:

Fva.F(z)) L~ X

dest[f]

ve.F(x)

For example, consider the set of natural numbers, N with zero : 1 — N and succ : N — N

constructors. Then for the functor of natural numbers, 1 + _, we get the following map:

[zero,succ]

1+ N N

such that the following diagram commutes.

[zero,succ]

1+N

14+f f
\

v
1+U BT U
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The above map forms an inductive datatype which uses the property of the coproduct

structure. So the datatype for natural numbers is written as:

datanat 4= N =zero:1 — N

| succ: N — N

The above diagram can be expressed as follows:

Zero succ
—_— -~

5N
q
\ \

h

N

1 f

By using the circular combinator, we get

VX Xk U

1k, U XFpU
I+ XFU

Nk, U

Here, g gives the circular fold map for natural numbers.
For the list functor, L(A) = pz.1 4+ A X z, the constructor is [nil,cons] : 1 + A x L(A) —

L(A) which satisfies the following universal property:

14 (A x LA™ 1A
1+(1xf) f
v \
1+ (A x B) B

[u,h]

The datatype for finite lists may be defined by the form of its fold map:

data L(A) - C =nil: 1 - C
|cons: Ax C — C
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To get the types of the constructors, one can replace C' by L(A). Then the constructors

for list will be:

nil: 1 — L(A)
cons: A x L(A) — L(A)

Here the nil constructor produces an empty list and the cons constructor prepends
an element of type A to a list of type L(A) to produce a list. For example, [1,2,3] =
cons(1, cons(2, cons(3, nil()))).

As the list datatype uses the coproduct structure the above universal property for list

can be written diagrammatically as:

1—" L(A) <A x L(A)

1 ; 1xf
v v
11— —B ; AXxXB
Using the circular definition,
vX AxXbFy B

b, B Ax Xt B
1+AxXFB

L(A)+, B
As an example of fold on list, we can consider length function that returns an integer as
the length of a finite list and we can write it as:

len(y) = {nil — zero | cons y ys +— succ(len ys)}

where y refers to the first element of a list while ys refers to the rest of the elements of a list.
In Section 4.5, the circular definition is used to get fixed points in linearly distributive

categories. In this case, we want the following circular fold map where I' is the context.
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VX IXFA

LXEA
ILF(X)FA

[ pe.F(x) E A

In the algebra definition of fold, we have to specify an algebra, f : F(A) — A, in order to
obtain a unique fold map px.F(z) — A. In the circular definition, we just need to have an
inference between maps rather than an explicit algebra. These two definitions are equivalent
in the basic setting, as proven above. However, in the presence of contexts this equivalence
breaks down. In the linearly distributive case one needs to have a circular combinator in
a particular two-sided context. When the linearly distributive category has duals (i.e., it
is *-autonomous) then it is possible to manipulate the context out of the way: however, in
general, a linearly distributive category need not be x-autonomous so that the circular form
of the definition becomes essential.

Explicitly, consider the x-autonomous case. One is allowed to flip formulae from left side

to right side and from right side to left side of sequents by “negating” it. Thus:

X,TFA
T XA

T X, A
X" TFA

This means that in a x-autonomous category, from a circular combinator, one can still

recover an algebra. Given a circular combinator:
LXEA o]
OFX)FA

we get the following circular fold map in a *-autonomous category.
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VX X FT*A

X T A

T,LXFA
WA
F(X)F ™A

px F(x) =T A
[ pe.F(x) E A

However, in a linearly distributive setting, we can not express the passage above because
a linearly distributive category does not allow flipping of formulae. So, the only way to

express this is to use circular rules.

4.4 Fixed point of a monoidal functor

Suppose F' : Y x X — X is a parameterized monoidal functor that takes a pair of objects

(Y, X) to X, where Y € Y and X € X, and a pair of morphisms (f,¢g) : (Y, X) — (Y, X')

to g, where f : Y — Y and g : X — X'. If va.F(Y,x) is the greatest fixed point of F,

then Y — ve. F(Y,z) : Y — X. Let F = ve. F(_, x). Dually, the least fixed point of F' is
px.F (Y, z) which can be written as = px. F( x).
— — —

Given a map, f : A — B, F(f) : F(A) — F(B) is the unique unfold map which is

determined by

(A) =% F(A, F(A)) — F(B, F (A))
?(f\>4 lF(L?(f))
F(B)— F(B, F(B))

This diagram is the defining diagram of F.
Given two maps h and k where h,k : X — ]?(A) In order to prove that h = k, it

suffices to show that for a fixed g : X — F(A,X), h = unfold(g) and k£ = unfold(g). If
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h dest = g F(1,h) then; by uniqueness of unfold(g), we have h = unfold(g). Similarly, if
k dest = g F(1,k) then; by uniqueness of unfold(g), we have k = unfold(g). So h = k. In

Proposition 4.4.1 this property is used to prove that the two maps are equal.
Proposition 4.4.1. The greatest fized point F of a monoidal functor F' is monoidal.
Proof. For the greatest fixed point F of a monoidal functor F to be monoidal there must
be the following two natural transformations:
m: F(A)® F(B) — F(A® B)
—
mT
which will satisfy two equations:

(m7®1) m

ST
&
I
&

ag (1@ 7) M = (

_)
So in order to prove that F' is a monoidal functor, we have to show that the following two

diagrams commute.

F(A) (T® A
(F(A) @ F(B) o F(A4) —=FA) e (F(B)a F(C))
m®1i im@m’
F(A®B)® F(0) FA e FBeC)

84



We start by defining 7 and m.

est®dest

F(A) o FBY™S'F(A, F(A) @ F(B, F(B) —>F(A® B, F (A) @ F(B))

\ iF(l,

— —

3l

)

FAe B) F(A® B F(4e B)
m
T F(T,T)
ﬂ*@?l lF(l mT)

F(T) s F(T,F(T))

dest

Now we will check the first equation, (mt ® 1) m F(lg) = lg. To prove this equa-

tion holds, it suffices to show that for a fixed g, (m7 ® 1) m F)(Z®) = unfold(g) and
ls = unfold(g). The diagram for (mT ® 1) m F}(l(@) = unfold(g) is shown in Figure
4.1. In this figure, cell (1) commutes by tensor (®) functor, cell (2) commutes because
of the defining diagram of m7, cell (3) commutes by the naturality of mg, cell (4) and
(6) commute by the functoriality of F, cell (5) commutes because of the defining dia-
gram of m and cell (7) commutes by the defining diagram of F. So we get [(mT ®
1) m ?(l@))] dest = [(m®dest) mg F(lg, 1)]F(1, [(mT®1) m F(ZQ@)]). Then by uniqueness
of unfold, (m7 ® 1) m ?(l(@) = unfold|[(m+ ® dest) mg F(lg,1)].

The diagram for lg = unfold(g) is shown in Figure 4.2. In this figure, cell (1) commutes
by the naturality of lg, cell (2) commutes because F' is monoidal, cell (3) commutes by
the functoriality of F. So we get, [y dest = [(mT ® dest) mg F(lg,1)] F(1,ly). Then by
uniqueness of unfold, lg = unfold[(mt ® dest) mg F(lg, 1)].

Now we will show that the second equation, ag (1 ®@ m) m = (m ® 1) m Z_T)(a@)) holds.
To prove this equation holds, it suffices to show that for a fixed g, ag (1®7) M = unfold(g)
and (M®1) m F)(CL@) = unfold(g). In Figure 4.3, the diagram for ag (1®m) 7 = unfold(g)
is shown. In this figure, cell (1) commutes by the naturality of mg, cell (2) and (3) commute

because of tensor (®) functor, cell (4) commutes because F' is monoidal, validity of cell (5) is
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. 1®dest N mT®1 _, me R F(lg,1) .
TR F(A) —=>TQ®F(A, F(A)) —> F(T,T)@ F(A, F(A)) — > F(T® A, TQ® F(A)) —> F(A, T ® F(A))

mT @1 (1) T @1 (2) F(1,T)®1 (3) F(1,mT®1) (4) F(1,mT®1)

-  1@dest_, i o, dest®1 - - ™ - -, Flg.D - -
F(T)® F(A) —> F(T)®R F(A, F(A)) = F(T,F(T)) F(A,F(A)) > F(T® A, F(T)® F(A)) — F(A, F(T)® F(A))

o ) F(1,m) (6) F(1,7)

— dest — F(lg,1) —

F(T® A) F(T®A, F(T®A) —> F(A, F(T ®A))
Flg) (n F(1,F(g))
— d —

F(4) F(A, F(A))

Figure 4.1: (m7 ® 1) m F(Z@)) = unfold(g)

— 1®dest _ mT®1 _ meg _ F(lg,1) .
T® F(A) > TQF(A, F(A) == F(T, T)® F(A, F(A)) = F(T®A,TQ F(A) = F(A, T® F(A))

\l® 2) Fligilg) (3)
\ \L F(l,lg)
dest

F(A) F(A,F(A))

l® (1)

Figure 4.2: lg = unfold(g)

shown in Figure 4.4, cell (6) commutes by the defining diagram of 7. So, ag (1 ® M) M =
unfold[((dest ® dest) ® 1) (mg ® 1) (1 ® dest) mg]. In Figure 4.4, cell (1), (2), (4) and (6)
commute because of tensor (®) functor, cell (3) commutes by the defining diagram of i,
cell (5) commutes by the naturality of mg.

The diagram for (m ® 1) m F’)(a@)) = unfold(g) is shown in Figure 4.5. In this figure,
cell (1) and (4) commute because of the defining diagram of 7, cell (2) commutes because
of tensor (®) functor, cell (3) commutes by the naturality of mg, cell (5) commutes by the
defining diagram of F. So (mel)m ]_7>(a®) = unfold[((dest ® dest) ® 1) (mg ® 1) (1 ®

dest) mg].
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L8

(dest®@dest) ®1

meg®1 1

dest

m

- - - - - - - - - ® - - - ® - - -
(F(A)® F(B))® F(C) — (F(A, F(A) ® F(B, F(B))) ® F(C) —> F(A® B, F(A)® F(B)) @ F(C, F(C)) — > F(A® B, F(A) ® F(B)) ® F(C, F(C)) > F((A® B)® C, (F(A) ® F(B)) ® F(C

— — — — — ® — — —
F(A)® (F(B)® F(C)) > F(A, F(A)) @ (F(B, F(B)) ® F(C, F(C))) > F(A, F(A)) @ F(B® C, F(B) ® F(C))

1Qm

FAQF(BC)

F(A® (B®C))

(dest®dest) @dest

(2)

1®dest (3) meg @1

(1) (F(A,F(A) ® F(B, F(B))) ® F(C, F(C))

dest®(dest®d;q’st)

1@m

(4)

me

dest®dest

F(A,F(A) @ F(B®C, F(B®C))

(6)

dest

Figure 4.3: as (1® m) m = unfold(g)

Flag.ag)

F(A® (B®C), F(A)® F(B®C))

F(1,1®m)

F(AQ (B®C), F(A)® F(B®C))

F(1,m)

FA®(B®C), F(A® (B®C)))
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F) e (FB) e F@)

F(A)® F(B®CO)

dest® (dest@dest) 1®@m

y / ) By

1@mg
F () ® (F(B, F(B) ® F(C, F(0)) —> F(A) @ F(B® C, F(B) @ F(C)

-~

(3) 1QF(17m) (4)

1® (dest@dest) (1)

F(A)®F(B®C, F(B®C))

1®dest (6) dest® 1

dest®dest

Figure 4.4: Validity of diagram (5) from Figure 4.3

®
F(A, F(A) ® (F(B, F(B)) ® F(C, F(C))) > F(A, F(4)) ® F(B® C, F(B)®F(C))>F(A®(B®C) F(A)@FBeO)

1QF(1,7m) (5) F(1,1Qm)

m

F(A,F(A)®FBRC, F(BRC)) —> F(AR (B®C), F(A)® F(B® C)
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_ _ _ (dest@dest) @1_, R _, meoel R _ 1®dest _ _, me _, N _
(F(A)® F(B))® F(C) == (F(A, F(A)® F(B, F(B)))® F(C) > F(A® B, F(B®C())® F(C) > F(A® B, F(B® C))® F(C, F(C)) = F(A® B)® C,(F(A)® F(B)) ® F(C))

me1 (1) F(1,m)®1 (2) F(1,m)®1 (3) F(1,m®1)

dest®1 — — 1®des N — m — N
- F(A®B,F(A®B))®F(C)9£(A®B,F(A®B))®F(C,F(C))HF((A@B)@C,F(A@B)@F(C))

F(A® B)® F(C)

(4) F(1,7)

dest

F(A® B)®C)

F((A® B)® C, F((A® B) ® C))

Flag) (5) Flag,F(ag))

dest

F(A® (B®C))

FA® (B®C), F(A® (B®C)))

!

Figure 4.5: (m ® 1) m F (ag) = unfold(g)



—
Thus, the greatest fixed point F' of a monoidal functor F' is monoidal as it satisfies all

the conditions to become a monoidal functor. O

4.5 Fixed point of a linear functor

Given a parameterized linear functor, F': Y x X — X Proposition 4.4.1 suggests that one
may be able to construct from the coinductive fixed point of the monoidal part of F', ?,
and the inductive fixed point of the comonoidal part of F|, f, a linear functor. The next
theorem shows that this does happen by exhibiting the linear strengths and proving they

satisfy the required coherence conditions.
Theorem 4.5.1. The fized point of a linear functor is linear.

Proof. In previous section, we proved F is monoidal (and dually, F s comonoidal). It
remains to prove that (i) the linear strengths exist; (ii) they are natural and (iii) they satisfy
several coherence conditions.

We know that a linear functor has four linear strengths, vZ, vk, v&, and v% (See Section
2.13). In order to prove that linear strengths exist, first we will show that vZ : F(A)®F(B) —
F(A® B) exists. Then we will show that v% : F(A® B) — F(A) @ F(B) exists. The others
two linear strengths, vé and vé can be obtained by symmetries.

By using fixed point of (co)monoidal functor, the linear strength, v will be v'E : F}(A) ®
(}7(3) — F(A ® B). To check that v’ exists and it is unique fold map, we have to use
circular combinator c[]. Given a circular combinator c[] for F over D, there exists a unique

7 such that the following diagram commutes.
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So ? exists if there is a combinator c[] (over F)

A=D g

F(A)—D
We get fixed points if and only if we have circular combinators. Given h, k : F —~D. To
show that h = k, it suffices to show that cons h = c[h] and cons k = c[k] where h and k are
both unique. Then by uniqueness of 7, we have h = 7 and k = 7 Circular combinator is

easily constructable by using proof box. To show that T)g map exists, we have the following

proof box:

— —
VX F(A)@ Xy F(A® B)

A®@BF A®B F(A) @ X F(A® B)
F(A® B, F(A)® X) Fpup F(A@ B, F(A® B))
F(A® B, F(A) ® X) Fp(1,f) cons <F(A ® B)

F(A, Z_7>(A)) ® F(B,X) FuR FLp) F

F(A® B)
(A® B)

cons

— —
F<A) ® F(B’ X) l_(dest®1) vg F(1,f) cons

1)

F(A)® F(B) by F(A®B)

R It is the unique fold map such that (1 ® cons)

—
v —

So there exists v v

& =cvg
(dest ® 1) vf F(1,U'E) cons. As U'E gives natural transformation, so we have to check the

following diagram commutes.
— «— 75 «—
F(A)® F(B)— F(A® B)
F(a)®F () iﬁa@b)

F(AY® F(B)=> F(A ® B
Ve

To show that v'E (F(a ®b) = (?(a) ® F(b)) B, it suffices to show that they are both
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equal to the fold map. That means it suffices to find a combinator b[_] such that

(1® cons) V& <F(a@b) = b[vE F(a@b)] (4.1)
(1®cons) (F(a)® F(b) T8 = b[(F(a)® F(b) TE (4.2)

Validity of equation 4.1 is shown in Figure 4.6. In this figure, the upper part commutes
because of the defining diagram of "2 [as "2 is unique such that (1 ® cons) % = (dest ®
1) v F(1,7'E) cons]. The lower part commutes because of the defining diagram of 7.
Here, the combinator is b[v'E ?(a ®b)] = (dest® 1) v& F(1,VE) Fla®, <F(a ® b)) cons.
So we get from the Figure 4.6, (1 ® cons) v'E F(a ®b) = b[vE F(a®b)] = (dest ®
1) & F(1,7R) Fla®b, F(a®b)) cons.

The diagram for equation 4.2 is shown in Figure 4.7. In this figure, there are six cells
where (2) and (5) commute because v gives natural transformation, (1) commutes by the
defining diagram of ?, (6) commutes because v’ is unique, (4) commutes because of tensor
(®) functor and validity of cell (3) is shown in Figure 4.8 where, (1) and (2) commutes because
of the tensor (®) functor and (3) commutes because of the defining diagram of F. So we
get, (1@ cons) (F(a)® F (b)) TE=b[(F(a)® F (b)) TE = (dest®1) vf Fla®b, F (a) ®
F (b)) F(1, TR) cons.

We know that linear strengths satisfy a large number of coherence conditions. In order
to prove this theorem first we will check the coherence condition, (mg ® 1) vE F(ag) =
ag (1®@vf) vE which links mg, v%, and ag. The other forms of this coherence condition are
obtained by symmetries. Then we will check the coherence condition, (vF ® 1) vk F(ag) =
ag (1 ®vé) vg, which creates a link between ag, vé and vg. The symmetries generate all the
other forms of this coherence condition. Finally, we will prove that the coherence condition,

(vE®1) dE (1®mg) = mg F(d3) vf holds which links mg, d2, and vf. All the other forms

of this coherence condition are generated by symmetries.
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F(A) ® F(B, F(B)) g o F(A) ® F(B)
dest®1 Vg
F(A, F(A) ® F(B, F(B)) F(A® B)

vg

F(A® B, F(A)® F(B))

FawR) F (a®b)
F(A® B, F(A® B))
F(a®b,F (a®b))
F(A'® B, F(A' @ B')) — o> F(A'® B)

Figure 4.6: Validity of equation 4.1

Now we will prove that the coherence condition (mg ® 1) v2 F(ag) = ag (1 @ vE) vf
holds. If we use the fixed point of (co)monoidal functor, then the coherence condition will

be

mel 19V E
— — — —
F(A® B)® F(C) F(A)® F(BC)
vE lm
@ 55}
— F(a@)) —

F(A®B)2C0)——>—=F(A® (B ()

We have to show that the above diagram commutes. It suffices to show that they are

both equal to the fold map. This means it suffices to find a combinator u[_] such that

(1®1)®cons) ay (1@ VE) VE = ulay 1o vE) VE (4.3)

X
(1®1)®cons) (M ®1) TE Flag) = u[(@@1) T8 Flag)] (4.4)



F(4) @ F(B, F(B) oo Fa) o F(B)

/

dest®1 1®F (1, F (b)) (1) 19 F (b)
_ B - _ ~ - 1QF(b,1) _, B - 1®cons _, -
F(A, F(A)) ® F(B, F(B)) F(A)® F(B, F(B')) —> F(A)® F(B', F(B")) —> F(A)® F(B’)

/

of F(a,D)@F(b,1) 3) Fol (@) F(a)®1

FA® B, F(A)® F(B) (2 F(A',F(A) e F(B, F(B) Fa) o F(B, F(B) = F(a) o F(B)

%a» F(1,F (b)) dem/
R /

F(a®b,1) S

\

<l

2B

F(A' @ B, F(A)® F(B) &) FA,F(A")®F(B, F(B)) (©)

/

52k

F(1,F (a)QF (b)) v

F‘(l,?g) .
F(A'® B/, F(A)® F(B')) —> F(A' ® B, F(A' ® B')) —> F(4’ ® B)

Figure 4.7: Validity of equation 4.2

Validity of equation 4.3 is shown in Figure 4.9 where (1) and (2) commute by the natural-

—

ity of ag, (3) and (8) commute because v£ is unique, (4) commutes by the definition of linear

functor, (6) commutes because of tensor (®) functor, (5) and (7) commute because vZ gives
natural transformaton. So we get, (1®1)®cons) ag (1@ VE) VE = ufag (10 VE) VE] =
(dest ® dest) ® 1 mg ® 1 vE Flag,ag) F(1,1® vE) F(1,VE) cons.

Validity of equation 4.4 is shown in Figure 4.10. In this figure, (1) and (2) commute
by the defining diagram of i, (3) commutes because v’ # is unique, (4) commutes because
vg gives natural transformation and (5) commutes by the defining diagram of F. Thus,

(1®1) @ cons) (M @ 1) TE Flag) = ul(i ® 1) TE F(ag)] = ((dest @ dest) @ 1) (mg ®
1) vf F(1,m 1) F(1, TE) Flag, F (ag)) cons.
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1QF(1,F (b)_, (b,1)
—_—

— I - 1QF(b,1) _ - Faol_, _ -
F(A)® F(B, F(B)) F(A)® F(B, F(B')) — > F(A)® F(B', F(B")) — F(A")® F(B', F(B"))

dest®1

F(A, F(A) ® F(B, F(B)) (2)

dest®1

1®F(1,F (b)) dest§1 (3) dest®1

F(A, F(A) ® F(B, F(B"))

1®F(b,1)

_ B . F(a,1)®1 _ - - F(1,F(a)®1 _ - —
F(A, F(A) ® F(B', F(B')) = F(A', F(A)) ® F(B', F(B")) F(A', F(A")® F(B', F(B))

Figure 4.8: Validity of diagram (3) from Figure 4.7

R

Now we have to show that the coherence condition, (vE ® 1) vk F(ag) = ag (1®vk) vl

holds. Using the fixed point of (co)monoidal functor, we can write this equation as:

(F(A)® F(B)® F(C)—=F(A) @ (F(B)® F(C))
F(A®B)® F(C) F(A®F(BC)
«— ’ F(a@;) — l ’

F(A B)C)— F(A® (B®())
We have to show that the above diagram commutes. It suffices to show that they are

both equal to the fold map. This means it suffices to find a combinator v[_] such that

(1@ cons) ®1) ag (1® TE) TE = viae (1® TL) TH (4.5)
(1®cons) @ 1) (TE@1) T Flag) = v[(TE®1) TL Flas)] (4.6)

The diagram for equation 4.5 is shown in Figure 4.11. In this figure, (1) and (2) commute
by the naturality of ag, (5) commutes by the naturality of v%, (6) commutes because of tensor

(®) functor, (3) commutes because v'% is unique, (8) commutes because v'E is unique, (4)
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commutes from the definition of linear functor and (7) commutes because v gives natural
transformaton.
The diagram for equation 4.6 is shown in Figure 4.12 where (1) and (4) commute because

of tensor (®) functor, (2) commutes because v 2 is unique, (3) commutes by the naturality of

vE, (5) commutes because V'L is unique, (6) commutes because v% is natural transformaton
and (7) commutes by the defining diagram of 7.

Now we will show that the coherence condition, (vE ® 1) df (1 ® mg) = mg F(d) vk
holds. Before going to the proof of this coherence condition, first we have to check that
the linear strength, vZ : F(A & B) — F(A) @ F(B) exists. If we use fixed point of a (co)
monoidal functor then we can write v'E : ?(A ® B) — F(A) ® ?(B) To check that o2
map exists and it is the unique unfold map, we have to use circular combinator d[_]. Given
a circular combinator d[_| for F' over D, there exists a unique 7 such that the following
diagram commutes.

—

D—t R

di7]
_)
F(F)

dest

So 7 exists if there is a combinator d[_] (over F)
D=4 g
D — F(A)

We get fixed points if and only if we have circular combinators. Given h,k: D — ?, we
have to show that h = k. It suffices to show that h dest = d[h] and k dest = d[k] where h
and k are both unique. Then by uniqueness of 7, we have h = 7) and k = 7

In order to show that 7% exists, we have the following proof box:
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— —
VX F(AeB)F; F(A) e X

A®BF A®B FA®B)F; F(A)®X
F(A® B, F(A® B)) Fruy F(A® B, F(A) & X)
F(A® B) Fes rup) F(A® B, F(A) @ X)
(AD B) Faeqt 11,5) on F(A, F(A)) @ F(B, X)
(A® B) Faest r(1p) vl (cons@1) (F(A) F(B,X)

—

F D
—_
F 2]

— —
F(A® B)Fwr F(A) @ F(B)
So there exists 75. It is unique unfold map such that
UE (1@ dest) = d[v'E] = dest F(1, VE) vE (cons & 1)

Now we can check the coherence condition, (vE®1) df (1®mg) = mg F(d3) vE. Using

the fixed point of a (co)monoidal functor, we can write (vE®1) dS (1&ni) = mi ?(d%) vE

FAoB) o FO) —=(Fa) e FB) e F(C)
F(AeB)®0) F(A)a (F(B) e F(0))
?(d%)i lmam

So we have to show that the above diagram commutes. It suffices to show that they both

equal to unfold map this means it suffices to find a combinator x[_] such that

(VE®1)dE 1em) (1@dest) = x[(VE®1)dS (1om)) (4.7)
W F(d2) TE (1@dest) = x[m F(d2) T (4.8)

The diagram for equation 4.7 is shown in Figure 4.13. In this figure, (1) and (3) commute

because of tensor (®) functor, (2) commutes because v’ is unique, (4) commutes by the
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naturality of mg, (5) commutes by the naturality of d2, (7) commutes because of the defining
diagram of 7 and validity of diagram (6) is shown in Figure 4.14. In this Figure 4.14, (1) and
(8) commute by the naturality of v%, (2) commutes because of tensor (®) functor, (3) and
(5) commute by the naturality for d2, (4) commutes from the definition of linear functor, (6)
commutes because of the naturality of mg and (7) commutes by par (6) functor. Validity
of equation 4.8 is shown in Figure 4.15. Here (1) commutes by the defining diagram of m,
(2) commutes by the defining diagram of F and (3) commutes because ' E is unique. So if

a linear functor has a linear fixed point then it is linear.
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66

- - - (1®1)@cons - — -
(F(A)® F(B)) ® F(C, F(C)) (F(A)® F(B)) ® F(C)

\a® (1) a

\_, R _ - 1® (1®cons) - R -
(dest@dest) @1 @ F(A)® (F(B)® F(C, F(C))) F(A)® (F(B)® F(C))
1® (dest®1)
- - _ = °® - - _ o dest®(®1), - _ e
(F(A, F(A)) ® F(B, F(B))) ® F(C, F(C)) — F(A, F(A)) ® (F(B, F(B)) ® F(C, F(C))) <— F(A)® (F(B, F(B)) ® F(C, F(C))) ®
me @1 1®vg (5) 1®'ué§' 1®?$
F(A® B, F(A)® F(B)) ® F(C, F(C)) FA,F(A) @ F(B®C, F(B)® F(C) ——— F(A)® F(B& C, F(B)® F(C))
@ ©) 1®F(LTE)
'R 1®F(1 —>R) — _ — 1®cons — —
o8 TE) FA)eFBeC, F(B®C)) F(A)® F(B® Q)
vg (7) dest®1
F(((A® B)® O), (F(4) ® F(B)) ® F(C))) F(A, F(A)® F(B® C, F(B®C)) ®) vE
FW@JW\\ vg
Fa1eTE) \L FAvE)

—

F((A® (B®O)), (F(A)® (F(B)® F(C)) > F(A® (B® C)),(F(A)® F(B®C)) > F(A® (B®C)), F(A® (B® C))) —> F(A® (B® O))

Figure 4.9: Validity of equation 4.3



00T

(1®1)®cons

(F(A) @ F(B)) ® F(C, F(C)) (F(4)® F(B) ® F(C)

(dest®le5t)®l \m@ 1 m‘@
) ] - \ o . ) j{ )
(F(A, F(A))® F(B, F(B))) ® F(C, F(C)) 2 F(AQB)® F(C,F(C)) — > F(A®B)® F(C)
'rn®®1 dest®1

_ _ _ - F(1,m)®F(1,1) _ _ -
F(A® B,F(A)® F(B)) ® F(C, F(C)) — > F(A® B, F(A® B)) ® F(C, F(C))

uj‘;‘ (4)
F((A®B)®O), (FARFMB)RFQ) _8 (3) 78
F(1,m®1)

F((A® B)® C),(F(A® B)® F(C)))

F(1,

.
¢

F((A®B)®C), F(A® B)®C))

R
@)

cons

F((A® B)® C)

Flag.F(ag)) (5) Flag)

cons

F(A® (B®C)

F(A®(B®C)), F(A® (B® C)))

Figure 4.10: Validity of equation 4.4
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— — — — (1®cons)®1 — — —
(F(A)® F(B, F(B))) ® F(C) (F(A)® F(B)) ® F(C)

\a® (1) a

\ o _ 1@ (cons®1) - - -
(dest® 1) @dest (2) F(A) ® (F(B, F(B)) ® F(C)) F(A)® (F(B)® F(C))
1® (1Rdest)
— _ - - ‘® - _ - —, dest®(1®1)_, _ - -
(F(A, F(A))® F(B, F(B))) ® F(C, F(C)) — F(A, F(A)) ® (F(B, F(B))® F(C, F(C))) <— F(A)® (F(B, F(B)) ® F(C, F(C))) (3)
v%@l 1®vé’5 (5) 1®”6La 1®?é§
o N O S
F(A® B, F(A) ® F(B)) ® F(C, F(C)) F(A, F(A) ® F(B® C, F(B)® F(C)) = F(A)® F(B® C, F(B)® F(C))
) (6) 1QF(1,7E)
'L 1®F(1 —>L) — _ — 1®cons — —
ok TE) F(A)QF(BRC, F(B®CQC)) F(A)® F(B®C)
v i (7) dest®1
F(((A® B)® O), (F(4)® F(B)) ® F(C))) F(A, F(4)® F(B®C, F(B®C)) ® gL
FW@JW\\ vg
F(l,l@?é) \L F‘(l,?gz

—

F((A® (B®O)), (F(A)® (F(B)® F(C)) > F(A® (B®C)),(F(A)® F(B®C)) > F(A® (B®C)), F(A® (B® C))) —> F(A® (B® O))

Figure 4.11: Validity of equation 4.5
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_ B — _ (1®cons)®1
(F(A)® F(B, F(B)))® F(C)

(dest®1)®@1

(dest®1) @dest (1)

(1®1) @dest ug@n

R
Fa,wE)e1

cons®@ 1

(F(A)© F(B) ® F(C)

)

Tz’@@)l

:

(F(A, F(A)) ® F(B, F(B))) ® F(C, F(C)) =— (F(A, F(A)) ® F(B, F(B))) ® F(C) == F(A® B, F(A)® F(B))® F(C) —> F(A® B, F(A® B)) ® F(C) ———> F(A® B) ® F(C)

J ——

vg®1 (3) 1®dest (4)

\L / F‘(l,?g)@l

F(A® B, F(A)® F(B) ® F(C, F(C))

’Uf (6)
F(((A® B)® 0), (F(A) ® F(B) ® F(C))) vg

F,vEe1

-

F((A®B)®0),(F(A® B)® F(C)))

o
i~
(Sl

<~

cons

1®dest

F(A® B,F(A® B)) ® F(C, F(C))

(5)

F((A®B)®C), F((A® B)® C))

Flag,F(ag)) (n

cons

F((A® (B®C)), F(A® (B®C)))

Figure 4.12: Validity of equation 4.6
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[&1s)]

F(A®B)®C)

Flag)

FA®([BC)



€01

-
R
dest®@dest mg F(1,7E®1)

- —
F(A®B)® C

<l
@

®1

(F(a) ® F(B) ® F(C)

d (5)

Fa) e (F(B)e F(O)

1@m

T~

F(A@ B, F(A®B))® F(C,F(C)) —>F(A®B)®C), F(A® B)® F(C)) —> F((A® B)® C), (F(A) @ F(B) ® F(C)

dest®1 (1) /1®de/
F(A® B, F(A® B)) ® F(C) F(1L,T Byt (4) me

—R S 40

(2) F(l,v®)®1 (3) F(d ,d®)

. - - 1@®dest - - —
F(A® B, F(A)® F(B))® F(C) —> F(A® B, F(A) ® F'(B)) ® F(C, F(C))

vg@l

’

(F(A, F(A) @ F(B, F(B)) ® F(C)

F((A® (B® 0)),(F(A) & (F(B)® F(C))

F(1,1®m)

(1@destK(consjl)®l (6)

(F(A) @ F(B,F(B) ® F(O) F((A®(B®0)), F(A) & F(B®C))

[ oB
d v

1D (dest®1) \L_) N _ — \L N
4;%@4) ® (F(B, F(B)) ® F(C)) F(A,F(A)® F(B®C,F(BRC))

®

16 (1 ®dest)
F(A) @ (F(B, F(B) ® F(C, F(C)))

(7) 1dmg cons®1

\1@}*(1,%)
1@dest \)

Fa)e FBeC), F(B)® F(Q)

FA)®FB®C F(B®C))

F(A) e F(B®O)

Figure 4.13: Validity of equation 4.7
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— — — 1@dest — — — m® — — —
F(A@® B, F(A)® F(B)) ® F(C) F(A® B, F(A)® F(B))® F(C, F(C)) — > F(((A® B)® C), (F(A) & F(B)) ® F(C)))

| o

'ug®1 (1) vEBer
_ — — — (1@1)@dest — — ® _ — — — o B
(F(A, F(A)® F(B, F(B))) ® F(C) = (F(A, F(A)) ® F(B, F(B))) ® F(C, F(C)) = F(A, F(A)) ® (F(B, F(B)) ® F(C, F(C))) 4 Fldg,dg)
(cons@P1)®1 (2) (cons@‘l)@l (3) 14 1®
1@dest ug
(F(a)s F(B, F(B) ® F(C) —>= (F(4) & F(B, F(B))) ® F(C, F(C)) F(A, TAA) 8 F(BR®C, F(B)® F(C) =——— F((A8 (B® O)),(F(4) & (F(B)® F(O)))
®) F(110m)
%) cons@®(1®1) 10F(1m) F(A®(B®O)),(F(A) @ F(B®CO)))
a® a® cons@® 1 (7) vg'
(6) F(A, F(A)® F(B®C, F(B®C))
cons@ 1
16 (1®dest) 1&mg L& F(1,m)

F(A)® (F(B, F(B)) ® F(C)) ——> F(A) & (F(B, F(B)) ® F(C, F(C))) ———> F(A) @ F(B® C, F(B)® F(C)) — > F(A) & F(B®C, F(B® C))

Figure 4.14: Validity of diagram (6) from Figure 4.8



N - dest@dest _ - m . _
F(A@B)® F(C) —> F(A® B, F(A®B))® F(C,F(C)) —= F(A® B)® C), F(A® B)® F(C))

T (1) F(1,m)

!

F((A® B)®C) F((A®B)®C), F((A® B)® C))

Fad) @ FEE.F@d)

dest

dest

F(A® (B®O)) F(A®(B®C)), F(A® (B®C))

‘,*’R
F(1,v ®)

J

@ F((A®(B®0)), F(A) & F(B®C))

R
v®

’

F(A, F(A) @ F(B® C, F(B® C))

<l

®x

consP 1

— — 1dest — N
F(A)e F(B®C) F(A)@ F(B®C, F(B®C))

Figure 4.15: Validity of equation 4.8

]

Thus, the fixed point of a linear functor satisfies all the conditions to be a linear functor.
The inductive and coinductive datatypes are the fixed points of linear functors that give
protocols in concurrent communication and Theorem 4.5.1 proves that the protocols which

are built on linear functors form a linear functor pair.
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Chapter 5

Conclusion and Future Work

This thesis proposed the categorical semantics of protocols as inductive and coinductive data
in the message passing world. We began with the definition of linear actegories, proposed
by Cockett and Pastro, which provides a categorical semantics for message passing. A linear
actegory consists of a linearly distributive category with a monoidal category that acts on it
both covariantly and contravariantly. In this thesis, first we proved that the contravariant
action of a linear actegory gives a monoidal functor. Dually, the covariant action gives
rise to a comonoidal functor. Then we proved that these two actions of a linear actegory
yield the structure of a linear functor. In order to prove this, we used the circuit diagrams
representation of the maps of a linear actegory.

Next we discussed fixed points and the significance of the circular definition to this work.
We then proved that the fixed point of a monoidal functor is monoidal, and dually the fixed
point of a comonoidal functor is comonoidal. Finally, it was shown that the fixed point of a
linear functor is itself a linear functor. This means protocols which are generated by linear

functors form a linear functor pair.

Future Work This thesis provided the technical details for the formulation of special pro-
tocols generated by linear functors. However, there are general protocols which are not built
on linear functors. In this thesis, we did not explore the properties of general protocols which
is left to future work. From the programming language perspective, it will be interesting to
have an implementation of the view of concurrent processes and their protocols suggested

by this work.

106



1]

Bibliography
Samson Abramsky and Radha Jagadeesan. Games and full completeness for multiplica-

tive linear logic. Journal of Symbolic Logic, 59:543-574, 1994.

Samson Abramsky, Paul-André Melliés, and Equipe De Logique Mathematique. Con-

current games and full completeness, 1998.

M. Barr and C. Wells. Category Theory for Computing Science. Centre de Recherches

Mathématiques, third edition, 1999.
Michael Barr. *-autonomous categories, 1979.

Michael Barr. *-autonomous categories, revisited. Journal of Pure and Applied Algebra,

111:1-20, 1996.

R. F. Blute, J.R.B. Cockett, R.A.G. Seely, and T. H. Trimble. Natural deduction
and coherence for weakly distributive categories. Journal of Pure and Applied Algebra,

113:229-296, 1991.

Categories Cockett and R. A. G. Seely. Proof theory for full intuitionistic linear logic,
bilinear logic, and mix categories. In Theory and Applications of Categories 3, pages

85-131, 1996.

J. R. B. Cockett and C. A. Pastro. A language for multiplicative-additive linear logic.

Electron. Notes Theor. Comput. Sci., 122:23-65, 2005.

J. R. B. Cockett and Craig Pastro. The logic of message-passing. Sci. Comput. Pro-

gram., 74:498-533, 2009.

107



[10]

[11]

[12]

[16]

[17]

[18]

[19]

[20]

J. R. B. Cockett and R. A. G. Seely. Finite sum - product logic. Theory Appl. Categ,

8:2001, 2001.
J. R. B. Cockett and Dwight Spencer. Strong categorical datatypes 1, 1991.

J. Robin B. Cockett and Dwight Spencer. Strong categorical datatypes ll: a term logic

for categorical programming. Theor. Comput. Sci., 139:69-113, 1995.
J.R.B. Cockett. Category theory for computer science, 2009.
J.R.B. Cockett. Notes on operational semantics of processes. 2009.

J.R.B. Cockett and R.A.G. Seely. Linearly distributive functors. J. Pure Appl. Algebra,

143:155-203, 1997.

Vincent Danos and Laurent Regnier. The structure of multiplicatives. Archive for

Mathematical Logic, 28:181-203, 1989.
Jean-Yves Girard. Linear logic. Theor. Comput. Sci., 50(1):1-102, Jan 1987.

Marco Giunti and Vasco T. Vasconcelos. A linear account of session types in the pi
calculus. In Proceedings of the 21st international conference on Concurrency theory,

pages 432-446. Springer-Verlag, 2010.

Kohei Honda, Vasco T. Vasconcelos, and Makoto Kubo. Language primitives and type
discipline for structured communication-based programming. In Proceedings of the 7th
FEuropean Symposium on Programming: Programming Languages and Systems, pages

122-138. Springer-Verlag, 1998.

Bart Jacobs and Jan Rutten. A tutorial on (co)algebras and (co)induction. EATCS

Bulletin, 62:62-222, 1997.

108



[21]

[22]

[23]

[20]

[27]

28]

[29]

[30]

A. Joyal. Free bicomplete categories, 1995.

Andre Joyal and Ross Street. The geometry of tensor calculus 1. Advances in Mathe-

matics, 88:55-112, 1991.

R. Milner. A Calculus of Communicating Systems. Springer-Verlag New York, Inc.,

1982.
Alberto Pardo. A calculational approach to strong datatypes, 1996.

C.A. Pastro. Y [[-polycategories, additive linear logic, and process semantics. Master’s

thesis, University of Calgary, 2004.

Matthew Sackman and Susan Eisenbach, Jul-2008. Session Types in Haskell: Updating

Message Passing for the 21st Century.

Luigi Santocanale. Parity functors and p-bicomplete categories. In Fized Points in

Computer Science, 2001.

Luigi Santocanale. Free p-lattices. Journal of Pure and Applied Algebra, 168(2-3):227—

264, 2002.

Cockett Seely, J. R. B. Cockett, and R. A. G. Seely. Weakly distributive categories. In

Journal of Pure and Applied Algebra, pages 45—65. University Press, 1991.

Varmo Vene. Categorical Programming with Inductive and Coinductive Types. PhD
thesis (Diss. Math. Univ. Tartuensis 23), Dept. of Computer Science, Univ. of Tartu,

August 2000.

109



Appendix A

Coherence Conditions for Linear Actegories

Linear actegories satisfy a large number of coherence conditions. In Section 3.1, we mentioned

some of the coherence conditions. Here we listed the rest of the coherence conditions which

are as follows:

Symmetries: The following diagrams must commute for symmetries.

a2

®
Ao(X®Y) — = (Ao X)R®Y

Aoc®i ic®
a?@,

Ao (Y ®X) — > Y ® (Ao X)

YEB(A.X)C%G(AOX)EDY

aé,l laé
Aecg

Ae(YHX) — > Ae (X DY)

ag cx = (Aocg) ag (A1)
Cop aé == a/é/ (A [ ] C@) (AZ)
4% °®
Ao(X@Y) — > (Ao X)®Y YQ(AeX) — > (AeX)®Y
A°“@i iﬂea dé/i ldg@
dge/ Aecg
Ao (Y X) ——=Y (Ao X) Ao (YR X) —— Ae (X ®Y)
ng Cgyp = (A o} C@) a/?e/ (AS)
Ce dé = d:@/ (A [ ] C@) (A4)

Unit and associativity: The following diagrams must commute for unit and associativity.

.
a
(AxT)oX — 2> Ao (IoX)

re«oX
Aoug

Ao X

a, Aou, =

(Aeu,) a, =

110

Aeug
AeX — > Ae (e X)

7‘*1.X\L /
a
.

(AxI)eX
reoX (A.5)
e X (A.6)



a*

(I+A)oX —2>To(AoX)

l*oXl /
Uuo

Ao X

o

*

Ue A, =

a®

®
Ao(XQ®@T) — = (Ao X)® T

Aor
07®\L %

Ao X

a®

®/
Ao(TRY) ——= T ® (AoY)

Aol®i /
1
®

AoY

ag Te

Te g
[}

a®/ l@

l@ a/é/

a’ u, =

u
AeX — > >Te(AeX)

17 tex f
de

(IxA)eX

l,oX

Ile X

*

”
52
AeX — > (Ae X)) L

Aor@ .
)

Ae(X® 1)

1
2
AeX — > L d(AeX)

Aelg
a,é,

Ae(LdX)

Aorg
A.T@
Aol

Aelg

(A.9)
(A.10)
(A.11)

(A.12)

Unit and distributivity: The following diagrams must commute for unit and distributivity.

Aor@
Ao X ————> Ao (X 1)

AoleB
AoX — > Ao (L@ X)

l
@l o
Y

L@ (AoX)
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%
(AeX)®T —— > Ae(X®T)

1z

AeX

dé,
TR(AeY) ——= Ae (T QRY)

o

AeY



(Aorg) dg
d, (Aerg)
(Aolg) dg
a2 (Aely)

do

®
To(X®Y) —> (IoX)BY

Uo
uo @Y

XY

o
dor

Io(Y@X)i>Y@(IoX)

dg, (ue ®Y)
(1Y) d
o (Y @ uo)

(Y ® u,) diy

To(XQY) ——= (IoX)®Y

e
g
lg
lg

ue XY
XQY ——> (IeX)QY

Ue
.
dg

Te(XQ®Y)

YQue
YRX —>YR{TeX)

ue DY
XY —> TeX)DY

o

Te(X®Y)

Y Gue
YOX ——>Y @ (eX)

Ue
Uo

Ue

(A.13)
(A.14)
(A.15)

(A.16)

(A.17)
(A.18)
(A.19)

(A.20)

(A.21)
(A.22)
(A.23)

(A.24)



IO(AOX)dH.A.(IOX)

Uo
Aeug

AeX

d; (A ewu,)

(Aou,) d

Aoue
AoX —> Ao (IeX)

Te(AoX)
Us (A.25)
Ue (A.26)

Associativity: The following diagrams must commute for associativity.

ax0X

(AxB)*C)o X ———— > (A*x (B*(C))o X

*
\Lao

al Ao ((BxC)o X)
lea(’;
(AxB)o(CoX) — 2 5 Ao(Bo(CoX))
a*loX

a* Ao ((CxB)oX)

’
*
leao
’
*
ag

(B¥A)o(CoX) ——— > Ao (Bo(CoX))

(a, 0 X) al (Aoay)
(Aea) (a7t e X)
(a;' 0 X) af (Aoal)

(Ae af/) af/ (a, o X)

o%

(A% B)o (CeX)

Ao (Bo(CeX))

leds

dg Ao (Ce(BoX))

o
d.
Cea}

Ce((A*xB)oX) ———— > Ce (Ao (BoX))
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Aea

Ae(Be(CeX) — > 5 Ae((B*xC)eX)
ay (Ax(BxC))eX
ia*—lox
(AxB)e(CoX) — 2 S (AxB)xC)e X
Aoai,
Ae(Be(CeX)) — > Ae((CxB)eX)
ai' ((C*B)xA) e X
ia*ox
(B*A)-(COX)(L%-(C*(B*A))OX
= aa (A.27)
= a, a, (A.28)
= o a’ A.29
- ao ao ( . )
= a af A.30
- CL. ao ( . )
dO

Co(Ae(BeX)) ———— > Ae(CoBeX))

Aedg
Coa} Ae(Be(CoX))
dq i
Co((AxB)eX) — > (AxB)e (CoX)



!

%o

(BxA)o(CeX) ———— > Ao (Bo(CeX))

\LAodi

dg Ao (Ce(BoX))
Coaél
Ce((BxA)oX) ———— > Ce (Ao (BoX))

at (Aod) &

o

& (Aed) a

[ )
’

ag (Aody) d,

a2 (Ao ds) al

(A*B)O(X®y>;g>Ao(Bo(X®Y))
o
ag Ao ((BoX)®Y)
|+
((A*B)ox)cpy&mo(fsox))@y
(B*A)o(X@Y)a—g>Ao(Bo(X®Y))
lAOa%’
ag Ao((BoX)®Y)

ia?@
a:l®Y

(B¥A)oX)®Y ————> (Ao (BoX))®Y

a®

(A-(BQX))EBY%'}A.((BQX)@Y)
iAoaé
ag@Y Ae(Be(XBY))

ia’:
B

(A*xB)eX)®Y — > (AxB)e (X DY)
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do°

Co(Ae(BeX)) — > 5 Ae(CoBeX))
iA.dﬁ
coal’ Ae(Be(CoX))

dg l
Co((BxA)eX) ——— > (BxA)e (CoX)

d, (Ceal) (A.31)
(Coal) d (A.32)
I
d, (Cea}) (A.33)
!
(Coay)d, (A.34)
(AsB)o(Y®X) — 2 & Ao(Bo (Y ®X))
J{Aoa%,
oy Ao (Y ® (Bo X))
la%/

Y®ak
Y®(A*B)oX) ——— > Y ® (Ao (Bo X))
(BrxA)o(Y®X) — 2 & Ao(Bo(Y®X))

leai’@,
agy Ao (Y ® (Bo X))
la%/

Y®a;/

Y®(B*xA)oX) — > Y ® (Ao (Bo X))

a®

Y@(A-(BoX))#A.(Y@(BQX))
leaé,
Y @ag Ae(Be (Y& X))

ln’i
EEB'

Y®(A*xB)eX) — > (Ax B) e (Y & X)



a®

(A.(BOX))@Y%€B Ae((BeX)dY)

iAoaé

ot @y Ae(Be(X®Y))

’
*
ia.
a®

((B*A)OX)QBY%-€D (BxA)e (X DY)

a; (Aoag) ag
ay (Aoag) ag
al (Aoad) al,

al (Aoal) ay

*

ag, (Aeag) a,

ag (Aead,) a,
«f

ay, (Aeay) a;

!

ag (Aeay,) a;

a®

Ao((X®Y)®Z)—®>(AO(X®Y))®Z
\La%@z
Aocag, (Ao X)RY)® Z
\La®
Ao(X®(Y®Z))—®>(A0X)®(Y®Z)
Ao(Z®(X®Y))%®>Z®(AO(X®Y))
\LZ@(I%,
Aoaél ZR(X®(AoY))

a—l
®
a%,

Ao ((ZRX)QRY) —————————> (ZR@X)® (AoY)
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a®

YEB(A.(B.X))%€B Ae (Y ® (BeX))

leaé,

y®ar Ae(Be (Y@ X))

lai,
(laa,

YD ((BxA)eX) ————> (BxA) e (Y & X)

ag, (a;®@Y) (A.35)
agy (Y ®aj) (A.36)
al (af @Y) (A.37)
a2, (Y @al) (A.38)
(aq @Y) ag, (A.39)
(Y & a) al (A.40)
(af @Y) a, (A.41)
Y@®a)al, (A.42)
(AOX)GB(YEBZ)L((AoX)@Y)@Z
-
S (Ae(X0Y)®Z
;
A'(XGB(YEBZ))&)Ao((X@Y)@Z)
(ZOX)D (AeY) LZ@(X@(A.YW
iZGBaEB,
Y Z@(Ae(XBY))
|
Auaél

Ae((ZBHX)BY) — > Ae(ZD(XDY))



ag, (ay ® Z) ag
ag (ag ® Z) ag,
g (Z ®agy) ag'
aél (Z @ agy) agy

(AxB)o(X ®Y)

Ao(Bo(X®Y))

ag/i iAoa%}/

Bo(Ao(X®Y)) Ao (X ®(BoY))

Boa% a%
u.%)/

Bo((AoX)®Y) ——————— > (Ao X)®(BoY)

*

(A*B)o(X@Y)%AO(BO(X@Y))

a;/i iAoag@

Bo(Ao(X®Y)) Ao ((BoX)®Y)

Boa%,i i‘l?@/
o
a

Bo(X®(AoY))—®>(BoX)®(AoY)

ay (Aoag) ag =

*

ag, (Aead)a, =

a; (Aoa3) a =

*

at (Aeat) ;=

= (Aoag) (ag)

(A.43)

= ag (Aeag) (A.44)

= (Aoag') ay (A.45)

= ad (Aeaz') (A.46)
(AeX)8(BoY) — 2 4 Ae(xaBev)

aé,l leaé,

Be((AeX)DY) Ae(Be(X®Y))

Boaél lni
’
*
de

Be(Ae(X®Y)) — > (AxB)e (X @Y)

a®

(B-X)@(AOY)$AQ((BOX)€DY)

aél lA-azB

Be (X ®(AeY)) Ae(Be(X®Y))

Boaé,l lai
’
*
Te

Be(Ae(X®Y) — > > (AxB)e(X®Y)

at (Boal) al, (A.A47)
a%, (Beal) a; (A.48)
al (Boal) ag (A.49)
a% (Beal,) a; (A.50)

Distributivity and associativity: The following diagrams must commute for distributiv-

ity and associativity.

*
%0

(A*xB)o(X®Y) ———— > Ao (Bo (X @Y))

o
iAod€B

dg Ao ((BoX)®Y)
a;@Y
(A*B)oX)BY — 2 S (Ao(BoX) @Y

116

(A*B)O(Y@X)LAO(BMY@X))
lAOdSB’
dgsr Ao (Y ® (Bo X))

ldé/
Y®ag

Y@®(A*xB)oX) — > Y@ (Ao (Bo X))



!

o

(BxA)o(X®Y) ——— > Ao (Bo(X®Y))

iAodge

dg Ao((BoX)®Y)

o
*/
al @Y

(B*¥A)oX)Y ———————> (Ao (Bo X)) DY

d.
(Ao(BOX))®Y4®>Ao((BoX)®Y)
iAodg@
ay®Y Ae(Be(XR®Y))

iai
L]
4®

(A*B)eX)@Y — > (AxB) e (X ®Y)

d.
(Ao (BeX)OY — 2 o Ae((BeX)aY)
iAodg@
ot @Y Ae(Be(X®Y))

iai,
L]
®

(BxA)eX) QY — > (BxA) s (X®Y)

ag (Aodg) d
a; (Aodg) dg,
al (Aods) S,

al (Aod) d,

d, (Aedy) ag
dy (Aeds) ag

ds, (Aeds) af

2 (Aed) al
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!

Ao

(BxA)o(YHX) ——— > Ao (Bo (Y @ X))

J{Aod(é,

dgyr Ao (Y ® (Bo X))
ld?e/
Y@a(’;'
YO ((B*xA)oX) ————>Y @ (Ao (BoX))
d:®,
Y®(Ae(BeX)) ————— > Ae (Y ® (Be X))
J{Aodé,
YQ®ay Ae(Be (Y ®X))

la:
dé’,

YQ((AxB)eX) — > (AxB) e (Y ® X)

de,
Y ®(Ae(Be X)) #A.(Y@(B.X))
J{Aodé,
v®al' Ae(Be(Y®X))

lat,
dé’,

YR (BxA)eX) — > (BxA) e (Y ® X)

& (aX @) (A.51)
&2, (Y @al) (A.52)
3 (aX @Y) (A.53)

o (Yaa) (A.54)
(aq®Y) d (A.55)
(Y @a2) d2, (A.56)
(af @Y) d2, (A.57)
Y ®al)d, (A.58)



.
Aod®

Ao ((BeX)®Y) ———— > Ao (Be (X ®Y))

ids

kY, Be(Ao(XQ®Y))

iBaa%,
L]
4%

(BoeA)® (AoY) —————— > Be (X ®(AoY))

Aod:@,
Ao(X®(BeY)) ——— > Ao (Be (X ®Y))

|

af@ Be (Ao (X Q®Y))

iBaa?@
d:@,

(AoX)®(BeY) ——————— > Be ((AoX)®Y)

(Aods) & (Beds)
(Boagy) d, (Aedy)
(Aody,) dy (Beag)

(Boaf,) d, (Aedg,)

Aoal®
Ao (X® (Y ® Z)) Ao ((X®Y)® Z)
ag (Ao (X®Y)®Z
\La%’@z
g

(AeX)@(Y ®Z) — = (Ao X)QY) 8 Z

Aod%/
Ac(YE2)®X) — > Ao (YR X) 2)

o

S (Ao (Y ©X) &2

o
, J{a®€92
<2
de

(YBZ)®(AoX) — > (YR(Ao X))@ Z
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Boa®,

Bo(X®(AeY)) — > Bo(Ae (X @Y))

lds

dg Ae(Bo(XDY))

lA-d‘é
agB,

(BoX)®(AeY) ——————————> Ae((BoX)@Y)

Boa®
Bo((AeX)dY) ———— > Bo(Ae (X Y))

lds

gy Ae(Bo(X®Y))
J{Aod%,
(AQX)GB(BOY)%LIGB Ae (X ®(BoY))
— a2, d (A.59)
= 5 a (A.60)
= a3 dl, (A.61)
- dZB/ a/aa <A62)
Aod®/

Ao (X®(ZBY)) ——— > Ao (ZD (X Q®Y))

i dge/

a,g@ ZB(Ao(XQ®Y))
Z@a%
d%’
(AoX)R(ZPY) ———————>Z® (Ao X)®Y)
Aod%

Ao((ZBY)®X) — > Ao (Z@ (Y ® X))

l dg}/

agy Z® (Ao (Y ® X))

iZ@a?@,
<2
4o

(ZOY)®(AoX) — > Z@ (Y ® (Ao X))



a®®Z

(AeX)0Y)8Z —— s (Ae(X0Y)®Z
|
dg Ao ((XBY)® Z)
. \LA.d%
e}

(AeX)®(YR®Z) —— > Ao (X8 (Y ® 2))

a®, 0z
(X®(AeY)Q®Z — > (Ae (X BY))® Z

ld:@

a®’ Ae((XDY)® Z)

®
A.dg'
a. 7

(X®Z)D(AeY) ————————> Ao ((XR®Z)DY)

(Aod2) d (a3 @ 2)
(Aodf) dZ (Z@a)
(Aod?) & (a3 @ 2)
(Aod2) d2 (7@ a)

(a3, ®7) d (Awd3)
(Z@at) dy (AedY)
(a3 ®© 2) s, (Aed)

(Z @ aty) dy (Aed2)

®°

Ao ((Y ® Z)® X)

(Ao(Y®Z)®X

\Ld‘é@x

Aod®D (AoY)®Z)® X

®
4%

Ao(YD(Z®X) — > (Ao Y) ® (2 ® X)
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Z®aa3
ZR((AeX)BY) —— > ZQR(Ae(X®Y))

i dg@l

a®’ Ae(ZR (X ®Y))

D
ledgl
L]
e}

(AeX)®(ZRY) ——> Ao (X B (Z2QY))

Z®a®,
Z@XB(AeY)) — > Z R (Ae (X BY))

i dg@l

a® Ae(Z®(X®Y))

iAod%
aé,

(ZRX)D(AeY) —————————> Ao ((ZRX)DY)

= ag df (A.63)
= a2 d¥ (A.64)
= a2 d¥ (A.65)
= ag dg (A.66)
= df af (A.67)
= d¥ a, (A.68)
= d2 a2, (A.69)
= d3 ay, (A.70)

AO((Y®Z)®X)—>QS® (Ao (Y@ 2)®X

ldg},w

Aca®’ (Yo(A® 2) @ X

(Dl
dge,

Ao (Y RX)BZ) ——————> (Y ®X)D (A0 2)



a®

Ao(XB(Y D) — S X@(Ao(Y @ 2))

\LXQM%

A0a’ Ao (Y ® (X ® 2))
ld%/

%
Ao(YB(X®Z) — > (Ao Y) ® (X ® 2)
a3
(AeY)Q(ZBX) — > (AeY)R Z)® X

\Ldg@eax
4% (Ao (Y®Z)® X
J/aaa
Aodg

Ae(YR(ZDX) — > A (Y ® Z) ® X)

(AeY)® (X ® 2) LX@((A-YN@Z)
o=
dg X®(Ae (Y ®Z))
®’ \Laé/
A-dED

Ae(YR(XPZ) — > Ae (XD (Y ® 2))

ag (dg, @ X) dS
a3, (dy ® X) dZ
0y (X @d3) df
al (X ®d) d

dg (dg, ® X) a,
dg (d% ® X) a,
d2 (X @ d3) ay

dy (X @ dy) ady
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a®

Ao(X@(Y@Z))%(@)Xg;(Ao(Y@z))
ixggd‘é,
Aodg X QY ® (Ao 2))

®
lde}
dg’e,

Ao((X®Y)BPZ) — > (XQY)D (Ao Z)

a®’
(ZEBX)@(A-Y)#(Z@(AOY))@X
id:@,@x
g (Ae(ZQRY))®dX
, |+
Aod%

Ae((ZBX)RY) ————> A0 ((ZRY) D X)

(X0Y)®(AeZ) LX@W@MO@)
ixe;dg@,
gy X @ (Ae (Y ®Z))
I
A.d®

A ((XBY)®Z) — > Ao (X B (Y ® 2))

(Aod?) o
(Aod?) d
(Aod?) d
(Aodg) ds,
a2, (A d2)
L (Aed?)
dt (Aed?)

o (Ae dg)

(A.71)
(A.72)
(A.73)
(A.74)
(A.75)
(A.76)
(A.77)

(A.78)



Ao(X@(Y@Z))&Ao((X@Y)@Z)
|
g (Ao(X@Y)@®Z
\Ldgeeaz
e}

(AoX)®(Y®Z) — > (Ao X)DY) D Z

Aca !

Ao((Z2Y)®X) — > Ao (Z & (Y & X))

J/ dge/

Z® (Ao (Y @ X))

\Lzead%,
-1
a

(Z@Y)@(AOX)#Z@(YEB(AOX))

dé@z
(AeX)RY)®Z — > (Ao (XQY))®Z

-

Ae(X®Y)® Z)
d.

iAoa@)
®

(AeX)®(Y®Z) — > Ae (X ® (Y ® Z))

Z®d®,
ZR(X®(AeY)) ——————>ZR(Ae(XQY))

i d:@/

oz Ae(Z®(X®Y))

lea®1
d:@/

(ZRX)®(AeY) ——————— > Ae ((ZR®X)RY)

d®,®z
(XQ(AeY)RZ — > (Ae(XQY))® Z

a®l

X®(AeY)R® 2Z)

[
X®d®i

.
doy

-

Ao ((X®Y)® 2)

J{Aoa®

XR(Ae(YRZ) — > Ae(X® (Y ® Z))

(Aoag) dg (dg ® Z)
(dy ® Z) d, (Aeag)
(Aoazh) & (7 d2)
(Z@dy) dty (Aeay))

(@2 © Z) d% (A wag)

a*

(A*xB)o(X®Y) ——> = Ao (Bo(X@Y))

“:/\L led%,

Bo(Ao(X@®Y)) Ao (X @ (BoY))

49

o
Bod® @

d%,
Bo((AoX)®Y) ———— > (Ao X)@ (BoY)
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= d3 ag (A.79)
= ag dy (A.80)
= do a3 (A.81)
= ag' d3 (A.82)
= ag (X ®@d2) d2 (A.83)
(A-(X®Y))®(B-Z)d4é>A°((X®Y)®(B°Z>)

d:@'i \LAodé,

Be((Ae (X®RY))®Z) Ae(Be ((X®Y)® Z))

Bodg@i \Lai
o

Be(Ae (X@Y)®Z) — 2 5 (AxB)e(X®Y)® 2)



a*

(AxB)o(XBY) — > > Ao (Bo(Xa@Y))

ag’l ledg9

Bo(Ao(X®Y)) Ao(BoX)@Y)

Bod%,l ld%,
dO
@

Bo(X®(AoY)) ————— > (BoX)® (AoY)

at (Aody)
& (Aeds) a;

a; (Aodg) dg

dy, (Aedy) a

Ao ((BeX)®Y) “& (Ao (BeX))®Y
Aodéi idﬁ@y
Ao(Be(X®Y)) (Be(AoX)®Y
) [
Beal

Be(Ao(X®Y)) ———— > Be ((AoX)R®Y)

4%
Bo((AeX)®dY) ————— > (Bo(AeX))BY
Boaéi id?@y
Bo(Ae (X ®Y)) (Ae(BoX))®Y
| |+
Aedgy

Ae(Bo(XPY)) —————— > Ae((BoX)DY)

6 (E®Y) d
CLS@/ (Y ® di) :8)/
dg, (de@Y) ag,

29/ (Y EB df) aé/
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dae,
(B.Z)@(Ao(X@Y))LA.((B.Z)@(X@Y))

‘| e

Be(Z®(Ae(X®Y))) Ae(Be(Z®(X®Y)))

Bod:@, ag
ax’

Be(Ae(Z@(XQY))) — S (A+xB)e(Z®(X®Y))

al (Bods) d (A.84)

* (Bed) al (A.85)

al (Bodd) d3 (A.86)

s, (Bed) a; (A.87)
Ao (Y ® (BeX)) LY@(AO(BWX))

Aodé,i

Ao (Be (Y ® X)) Y ® (Be (Ao X))

dg d?g)/
Bea?,

Be (Ao (Y ® X)) —— = Be (Y ® (Ao X))

iY@dﬁ

dg),

Bo(Y®(AeX)) ———— > Y @ (Bo(Ae X))
Boaé,l ly@df
Bo(Ae(Y & X)) Y @& (Ae(BoX))
dsl ln’é/
Aed®,

Ae(Bo(Y® X)) ————— > Ae (Y G (Bo X))

(Aods) d3 (Bead) (A.88)
(Aods,) dS (Beas) (A.89)
(Boal) do (Aeds) (A.90)
(Boal) d5 (Aeds) (A.91)



9%
Ao((BeX)@Y) ———— > (Ao (BeX))dY
Aoaéi idg@y
Ao(Be(X®Y)) (Be(AoX))®Y

dsi iaé
o
Bod@

Be(Ao(X®Y)) — > Be((AoX)BY)

o

Bo((AoX)@Y)%g(BO(AOX))(X)Y
Bod?@i ide@Y
Bo(Ae(XQ®Y)) (Ae(BoX))®Y

| |
Aoa%)

Ae(Bo(X®Y)) ———— > Ae((BoX)®Y)

o
Aoy

AO(YGB(BQX))$Y€B(AO(BOX))
Aoaé,l ly@ds
Ao (Be (Y ® X)) Y @ (Be (Ao X))

dg agel
B.d%,

Be (Ao (Y@ X)) ——— > Be (Y $ (A0 X))

a®

Bo(Y®(AoX))$Y®(BO(AOX))
Bod?@,l ly@df
Bo(Ae (Y ® X)) Y ® (Ae(BoX))

dg dé,/
Aua%,

Ae(Bo(Y®X)) ————— > Ae (Y ® (Bo X))

& (d@Y)ay = (Aoal) d: (Bed) (A.92)
L (Yed)ay, = (Aoal)dd (Bedy) (A.93)
a2 (2@Y)d, = (Bods)d: (Aead) (A.94)
@, (Y®d)d, = (Bods)d (Aead) (A.95)

Unit and counit: The following diagrams must commute for unit and counit.

ny

er

X Toue X
X —>ITe(IoX) ToX ——=>TITo(leX) ITo(leX) —— X

Uve Uo
Teug €1, x

IToX X

nrx (Leu,) =

({ou,) erx =

€1, x Ue =
X tAnBX (AxB)e((AxB)oX)
Xl
(Ae (Ao X)) (AxB)eat’
AmB,on\L
Ae(Be(Bo(AoX))) L(A*B)Q(BO(AOX))
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s

Use (A.96)
Uo (A.97)
Uo (A.98)

(A*B)oa:/
(A*B)o(Be(AeX)) — > (AxB)o((AxB)eX)

*
aol

Ao(Bo(Be(AeX))) €AxB,X

AOGB,A.X\L
€A, X

Ao (AeX) X




NAxB,X (A * B) ® CL:/
(A * B) o af, eA*B,X

nAXQY
XY Ae(Ao(X®Y))

nA,X®Yi \LA.G,%
Li.
®

(Ao (Ao X)®Y ————————————> Ae((AoX)R®Y)

nAYRX
Y ®X Ae (Ao (Y ® X))

Y®na x Aeag,
dae,

Y®R(Ae(AoX)) —————> Ao (Y ® (Ao X))

naxey (Aeay)
(Aoal) eaxay
nayex (Aeay)
(Aoagy) eavex

nAXDY
XeY Ae (Ao (X BY))

nA’XEBYi \LAod‘é
L]
a
[52]

(Ao (AoX)BY ———————————> Ae((AoX)BY)

nAY®X
Y ® X Ae (Ao (Y @ X))

Y@nAYXi led‘é/
aaa/

Y@ (Ao (Ao X)) ———— > Ae (Y ® (Ao X))

nNA xXoy (A [ ] d?e)
(A e} dé) eA,X@Y
nA7Y@X (A [ J dg}/)

(A (@) d%)/) 6A,Y®X

124

*
a, Ao €B,AeX

o
3

(Ao(Ae X)) DY

nax Aenp ax (A.99)
(A.100)
Aoaé
Ao ((AeX)BY) ————— > Ao (Ae (X BY))
\LGA,XQ}Y
eA,XGBY
XaY
Aoa.,

Ao (YH(Ae X)) ——— > Ao (Ae (Y ¢ X))

dge,l

Y @ (Ao (AeX))

(nA,X & Y) d;@
d% (eA,X ®Y)
(Y ® nA7X) d:@/

dga/ (Y @ eA’X)

3|

(Ao (AeX)®Y

., l

Y ® (Ao (Ae X))

(nax ®Y) af,
ag (eax ®Y)

(Y ®nax) agy

\L‘:A,YQBX
Y®ey x
Y & X
(A.101)
(A.102)
(A.103)
(A.104)
Ao ((AeX)RY) LAO(A.(X@Y))
\LCA,XQ@Y
5A,X®Y
X®Y
Ao (Y ® (Ae X)) LAO(A.(Y@X))
lh&,y@x
Y®eq, x
Y ® X
(A.105)
(A.106)
(A.107)
(A.108)

agy (Y ®eax)



Appendix B

Coherence Conditions for Linear Functors

For linear functors, there are four linear strengths satisfying the following coherence condi-

tions:

' (mr®1)of = F(3"

7"(;91 (1®mT) Ué = F(rél)

The diagrams of the above two equations are as follows:

F(La A)
vgl lg

n, @1

F(L) @ F(A)“E- 1 e F(A)
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Flag) vE 1@vl) = 08 (ng@1) aq
Flag) vE (1&ng) = vk (Whe1l) ag
(me @ 1) v§ Flag) = ay (1@ vg) v
(v ®1) vg Flag) = ag (1©mg) vg

The above four coherence conditions can be represented by the following four diagrams:

F((AaB) & C)— ") . FA® (BaC))

R R

F(A® B)® F(C) F(Aye F(Ba C)
n@@ll il@vg

(F(A)® F(B)) ® F(C) —2> F(A) & (F(B) ® F(C))

F((AaB) & C)— ") _ FAa (BaO))
F(A® B)® F(C) F(A)@e F(Bo C)
vé@ll il@n@
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1®v§l

FA)@ F(B®C)—> > F(A® (B C))

L

(F(A)® F(B)) ® F(C]*"~ F(A® B) @ F(C)

F(A)® (F(B)® F(C)) F(A® B)® C)
1®m®l ip(aéb)

F(A) o F(B® C)—"—~ F(A® (BoO))

Flag) vf (18 05) = o (vf@1) ao
(WE@1) vk Flag) = ag (1005) of

Diagrammatically, the above two equations are as follows:

Fl(AeB)a0)— ) . pAe (Be )

L R
”®l l”@

F(A® B)® F(C) F(A)@e F(Bo C)
Ug@li il@vé

(F(A) ® F(B)) ® F(C) —>F(A) ® (F(B) ® F(C))
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(F(A) @ F(B)) ® F(C) "2~ F(A® B) ® F(C)

- ;

F(A) ® (F(B) @ F(C)) F((A® B)® C)
(

1®v®l iF ag)
R
F(A)® F(B®C) 2

(1@vd) d2 (vEe1) = mg F(d2) vE
(k®1)dd (1evl) = me F(dD) vk
(1®vh) d2 (vkel) = vk F(dE) ne

(v(g2 ®1) dg (1 @vg) = vg F(dg) Ne

In a diagrammatic way, the above four coherence conditions are as follows:

F(A)® F(B® C) —=p(4) @ (F(B) & F(C))

- ;

F(A® (B&(0)) (F(A)® F(B))® F(O)

F(dg)l lvg@l
vR
F((A®B)oC) —=

F((A®B)®C) F(A) & (F(B) ® F(C))

F(d%)l \Ll@vé
F(A® (B®C))— == F(A) & F(B® ()
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(1®vE) dS (me®1) = me F(d2) v
(R@1)dE (1&ms) = me F(dZ) ol
(1®ng) d2 (WEe1) = v F(d) ng

(ng ®1) dg (1 @Ué) = Ué F(d%) Ne

The following four diagrams illustrates the above four equations:

F(A)® F(B® C) —2p(A) @ (F(B) & F(C))
F(A® (B (C)) (F(A)® F(B))® F(C)
F(dg)l
F(A®B)&C)—= = F(A® B) & F(C)
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F(A® B) ® F(C) —22(F(A) ® F(B)) ® F(C)
| -

F((Ae B)® () F(A)e (F(B)® F(C))
m@%

F(A® (B C))

il@m(@

F(A)e F(B® ()

B

F(Ae B)® () F(A) o (F(O)® F(C))
F(d%)l ll@vé
F(A® (B® () —2—=F(A) @ F(B® C)

In the symmetric case,
R . _ L
vy co = F(ce) vg

F(A® B)—% F(4) & F(B)

F(C@)l lCGB
L

F(B& A)—% F(B) @ F(A)
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