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Chapter 1

Introduction

If we are to summarize the topic of this thesis succinctly, perhaps the best
way would be to say that it deals with problems, their solutions, and the
relationships between the two. We are surrounded by countless problems
in our everyday lives, many of which we can’t escape from solving. Hence,
we all frequently find ourselves face to face with the task of solving problems.
However, given its importance, how many of us have stopped to think about or
study the process of problem-solving? This thesis is an exercise in investigating
exactly this question: what is problem-solving and how to do it in the best
possible way.

We are surrounded by thousands of problems and very few solutions. But
why is problem-solving so difficult? Well, for once, problems are often not
specified well-enough. Making a “fair” legal system or a “safe” autonomous
car are examples of problems that cannot be solved until one clarifies what
“fair” and “safe” even mean. But even if a problem is unambiguously defined,
and is solvable, it does not mean that we are done. Often we have to pick one
among a collection of different solutions, many of which are not dominated
by another. This is usually a big pain when planning a trip or a holiday.
There might be dozens of different ways to get to your destination, each with
different costs, taking different time, with different modes of transportation,
and with many different characteristics. Picking the “right” option can be
very stressful and often takes quite a toll on the holiday-planner. But there’s
some light in the tunnel. Even the hardest problems become much easier if
we find a way to reduce them to problems that we already know how to solve.
And we use this technique a lot! We can reduce the problem of filling in our
tax return to the problem of hiring an accountant, which can be much easier.
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Or we can reduce the problem of evaluating a neural network to the problem
of matrix multiplication, which we know how to do very efficiently. Hence,
this philosophy of problem reduction indeed seems to be quite handy for any
problem-solver.

Often when one struggles with solving or understanding something, the
most important question to ask is if they are solving the right problem. Or it
could be that the problem is ambiguously defined or defined in inconsistent
ways. Sometimes, especially when multiple people are involved, this can also
be a result of some sort of miscommunication. It often happens that one party
has one thing in mind, but the other interprets it completely differently. While
neither side is really at fault here, there are strategies to help in this kind of
situation.

This is where formal systems come into play. Using formalisms allow
us to define and handle various objects and concepts unambiguously and
consistently. Hence, we can also communicate while being sure that both
parties interpret the problem in the same way: the only way. Itisnot surprising
that mathematicians are perhaps the most agreeable trope of the science and
engineering world: they tend to define their problems and objectives in formal
and unambiguous ways which ensures that everyone is on the same page. Of
course, formalism won't protect us from defining the wrong problem, but that’s
a point for a whole different discussion.

We started by saying that we stumble upon many problems in our daily
lives. And we mentioned that problems can be badly defined, might have
many different possible solutions, and can be reducible to other problems. The
main philosophy behind this thesis is that these three characteristic properties
of problems can be used to formalize problem-solving. Or, we could also say
that formalizing problem-solving implies that the resulting problems would
be well-specified, supporting multiple solutions, and reducible to one another.
Whetbher it is these characteristic properties or the formalization that gives rise
to the other, and if any at all, is one of the questions that we will not answer.
But one can imagine that we might be also observing a self-referential strange
loop biting its own tail. However, regardless of which comes first, and if any,
it is this intimate relationship that we are ultimately curious about.

The current work, despite conceived with a very different mission, is, in
fact, a study on the meta-problem of problem-solving. “Meta” because in
some way we tried to study the common nature of all problems. But this is also
a beautifully self-referential problem because the problem of problem-solving
is itself a problem and hence should be subjected to the very conclusions it
tries to reach. While this perhaps sounds like some mumbo-jumbo right now,
we will show it formally later in the text.

Putting this philosophical pondering aside, the official objective of this work
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is to formalize problem-solving so that we can reason about it in a systematic,
and automated way. We want to work in a formal setting because, as we
mentioned above, that is a way to make sure we agree what problem we are
interested in and what we mean by “solving” it. We are interested in systematic
reasoning because this would allow us to reason fast and efficiently. And as
a nice bonus of a process being systematic is that it might be well-suited for
automation with a computer or via some other mechanical means.

We tried to keep this work as general and widely applicable as possible.
However, the task of solving the problem of defining formalisms for defining
problems and for evaluating their solutions is in itself not well-defined. No
one provided us with a formal definition of a “problem” or a “solution” on
the outset. Hence, the definitions and the resulting theory that you will see in
this work are deeply ingrained with our assumptions of what problems and
solutions are and with our beliefs of what problem-solving should look like.
Hence, it is only fair that we make these biases explicitly known to the reader.

First, we are deeply convinced that problem-solving has an intrinsically
compositional nature. Problems rarely appear in a complete vacuum. A single
problem can often act as a component of more complex problems and can be
itself composed of other problems. For example, the problem of making a
salad has as subproblems washing the vegetables and cutting them. The
very same problem can also be a component of the problem of preparing a
three-course meal for a family. When we use the word “component”, we
can mean many different things. For example, we can use the answer to one
problem as the statement of the next one. The washed vegetables can act as
the starting point of their cutting. We can even use the answer of a problem as
its own statement, or part of it, creating a loop in the process. Or, we might be
interested in finding a steady solution to this loop. Or, we mightbe solving two
problems simultaneously. Or, we might be handling multiple problems and
their solutions and then comparing them in various ways. All these different
possible operations we will refer collectively to as “compositions”.

Everyone who was involved in this work is an engineer. And itis commonly
believed that engineers are supposed to be lazy. Though in practice they tend
to be unreasonably zealous at making the contraptions that allow them to
be lazy. This work is a very good example of such a device. Hence, due
to our engineering laziness, we conceived this thesis hoping that it will help
us outsource the actual problem solving, or even the solving of problem-
solving itself to a computer, a robot, or another computational device. Precisely
because we want to use computing devices we talk of procedures for solving
problems which are backed by concrete sequences of steps, algorithms, some
computer code, or even actual executables.

Finally, through the course of the study of the various ways one can define
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problems and solutions, we reached the very liberal conclusion that there is
no single correct way to do it. One might want to include the computational
resources needed for solving a problem within the particular formalism. Or
might be interested in the rich ways in which problems interact. Or in a more
probabilistic setting. Therefore, instead of simply saying, “well, it depends”,
we chose to take a look at the common properties of any such formalism and
of how they relate to one another.

This also explains the title of this thesis: Compositional Computational
Systems. “Compositional” because problems compose to create other prob-
lems. “Computational” because we want a computer to do the job instead of
us. And “Systems”, in the plural, because one can construct a family of such
systems with some common properties and structure while keeping a very
rich variety of the concrete implementation and applications.

This thesis is divided into two parts. PartIintroduces the theory of composi-
tional computational systems. Then we use Part II to discuss the mathematical
theory of co-design and the place it has in the compositional computational
systems framework. The particular choice of co-design is both because of our
personal interests and because it a structurally very rich theory and hence
serves as a good extended example. Nevertheless, Part II is not required to
understand the compositional computational systems aspect of this work.

We start in Chapter 2 by reviewing some of the most fundamental con-
cepts of the branches of mathematics that will be used throughout this work.
We review some basic notions from order theory such as posets and feasibil-
ity relations. Then, the focus moves to category theory and the definitions of
categories, functors, natural transformations, and their various variations. Fol-
lowing that, we introduce notation for defining anonymous functions which
will make some of the proofs much easier to read and understand. This is a
non-standard notation, so we recommend that even the knowledgeable reader
takes a quick look at it. Finally, we review some concepts from type the-
ory which will be useful for defining normed types, as well as problems and
procedures in Chapter 3 and Chapter 4.

Chapters 3 and 4 deal with a specific instance of a compositional com-
putational system that we call Lagado. We start with a concrete system as
it can be quite helpful for understanding the basic principles and philoso-
phy of representing problems, procedures, and solutions. Then, Chapters 5
and 6 generalize these ideas to an abstract setting where one can make various
choices for defining problems, procedures, and solutions, each one of which
giving rise to a different compositional computational system.

More precisely, in Chapter 3 we introduce the concept of normed types. A
normed type extends the notion of a type with a set of sizes and a function that
assigns a size to each term of the type. This will come especially handy when
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we later introduce procedures which are computational processes consuming
some resources to perform the computation, where the amount of the required
resources depends on the size of the concrete normed term.

Then, in Chapter 4 we provide our first formal definition of a problem
and a solution. We will define problems as binary relations between two
normed types, one dubbed a statement type, and another called answer type.
Every instance of a problem identifies with a particular statement, while the
answer would be what we want to receive when the instance is solved. We
allow for this relationship to be a binary relation because then we can model
both problems with multiple correct answers per statement and problems
that might have no correct answers for some statements. The collection of
problems is then shown to give rise to a categorical structure in the form of the
Prob category. Once we have cleared up a definition for what problems are,
we move to solutions. A solution to a given problem will be simply defined
as a procedure between the same normed types as the ones of the problem,
with the procedure returning a correct answer for any possible statement of
the given problem. Finally, we show how both problems and solutions can
be represented in a category, which we call Lagado, and how Lagado can be
considered to have a structure similar to a twisted category. To the best of
our knowledge, everything that is introduced in Chapters 3 and 4, is a novel
contribution of this thesis.

The reader will likely notice that Chapters 3 and 4 are build up with the de-
sire to put everything on a category-theoretical foundation. This might seem
arbitrary but it is not an end in itself. The first half of Chapter 5 (Sections 5.1
to 5.4) is an apology of this choice. There, we start by defining a few basic
assumptions that intuitively carry the meaning of “compositionality” and we
show that these assumptions result in a semicategorical structure. While the
presentation of this argument is original, the basic ideas go back to the seminal
paper on category theory by Eilenberg and MacLane (1945). We do though
contribute a new way of relating the morphisms of two (semi)categories which
we call kinded functions. We then go on to show how these kinded functions
generalize many other constructions that bridge two containers of mathemati-
cal objects, i.e. categories, sets, groups. Examples of such kinded functions are
procedures (as defined in Chapter 4), binary relations (so problems), functions,
functors, bifunctors, monoidal functors, etc.

The fact that Chapter 5 shows that a semicategory meets our assumptions
for compositionality and that kinded functions are a good abstraction of var-
ious relations between such semicategories is the reason why we base our
definition of a compositional computational system, the topic of Chapter 6, on
them. In Chapter 6, we provide new and more general definitions for prob-
lems and solutions: kinded functions between two semicategories. As long as
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the kinds of these kinded functions are rigs, one can construct a system (called
Laputa), with a structure very similar to the one of Lagado, and that contains
the new generalized definitions of problems and solutions. Depending on the
particular choice of objects, rigs for the kinds of the problems, and the solu-
tions, as well as the conditions which make a procedure a solution for a given
problem, we can define various such compositional computational systems,
each one with slightly different structure and properties. To illustrate this,
we provide examples for a system with functorial problems and procedures,
and one with probabilistic problems and procedures. Chapter 6 generalizes
the theory that we earlier developed in Chapters 3 and 4), and hence consists
of novel results. This would mark the end of Part I and would conclude the
development of the theory of compositional computational systems.

Then, in Part II we take the theory of co-design, first developed by Censi
(2016), and we show how it fits in the family of compositional computational
systems. We start this extended example in Chapter 7 by providing a few
more definitions of order theory and introducing various types of design
problems: the building blocks of co-design. Then, Chapter 8 focuses on the
computational aspect of co-design, i.e. how to compute the solutions of co-
design problems. The approach to solving these problems as well as the
procedures themselves are closely following the ones introduced by Censi
(2016). However, these solutions rely on a duality between upper sets of posets
and the antichains of their minimal elements. To the best of the authors’
knowledge, a characterization of the conditions under which such duality
indeed holds has not been performed yet, so we propose one in Chapter 8.
When combined with the necessary conditions for solving loop problems
via least fixpoints (again a method due Censi (2016)), we obtain a concise
definition of well-behaved design problems, which are the ones for which the
computational techniques of co-design are indeed guaranteed to work. This
too is a novel contribution.

Chapter 9 then focuses on categorical structures and connections in co-
design that have not been explored before. While we base the study of these
structures on the well-known properties of the category of design problems
which were first studied by Censi et al. (2020), our main contribution is ex-
tending them to the categories of answers of design problems and showing
that the functors which we use to relate the various problem formulations and
their answers preserve their rich structure. Concretely, we show that these re-
lationships are monoidal functors that preserve traces and the locally-posetal
structure of hom-sets. Unless whenever otherwise mentioned, this chapter
too contains original material.

Finally, Chapter 10 puts the two parts of the thesis together. It shows how
co-design fits in the bigger framework of compositional computational the-
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ories. We first show that every design problem is a problem in at least one
compositional computational system. Then, we move up a level of abstraction
and we show that the whole collection of design problems (the category of
design problems) can itself be considered as problem statements in a differ-
ent compositional computational system. Then we show how the functors
developed in Chapter 9 act as problems and procedures in this new system.
As these functors preserve tensor products, traces, joins, meets, etc, we pro-
vide a yet another compositional computational system that possesses such
structure. Finally, the focus is back on the computational question and we
show how to add resource-awareness to the procedures in this new system,
similarly to how it was earlier done for Lagado.

The process of exploring and studying the concepts and ideas that even-
tually made the body of this thesis was extremely rewarding. It allowed us
to find some fundamental and profound properties and connections in the
meta-problem of problem-solving. We are confident that this experience not
only produced this work but will also inform our future problem-solving en-
deavours. We hope that the reader can also experience at least part of our
excitement and that they will find as much use of these results and ideas as
we did.






Part 1

Compositional problem-solving






Chapter 2

Mathematical preliminaries

We start this thesis by reviewing some of the mathematical concepts that will
be frequently used throughout this document. Contrary to how one should
start any piece of writing, we will keep this chapter formal and rather dry.
The subjects covered are simply so rich in depth and scope that nothing we
can introduce here would give them justice. Nevertheless, we will provide
pointers to literature that discusses these topics in sufficient depth.

2.1 Posets

Posets, short for partially ordered sets, are one of the building blocks of order
theory and we will be frequently using them throughout this text. The in-
terested reader can find a more thorough treatment by Davey and Priestley
(2002), while Fong and Spivak (2019) give a broader study of the relations of
posets with some of the other concepts used here.

Definition 2.1 (Binary operation). A binary operation on a set N is a function

N xN — N.

Definition 2.2 (Poset). A poset (partially ordered set) is a tuple (P, <p) where
P is a set and <p is a binary relation on P which for all 4,b,c € P has the
following properties:
i. Reflexivity: a <p a;
ii. Transitivity: ifa <p band b <p c, thena <p c;
iii. Antisymmetry: ifa <p band b <p a, thena = b.

11
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In words we will refer to a < b as “a precedes b" or ‘b reduces to a’. We might
sometimes omit the subscript of the relation when it is clear from the context
(as in the previous sentence). We will often denote by P both the poset and its
set of elements. It should be clear from the context which one we are referring
to.

Definition 2.3 (Bool poset). The poset Bool is defined as ({T, F}, <) with only
one non-reflexive relation: F < T.

Definition 2.4 (Identity poset). We define a special poset I with a single ele-
ment ¢ and with a single relation ¢ < .

Definition 2.5 (Cartesian product). For two sets A and B, their Cartesian
product, denoted A X B, is the set of all ordered pairs (a, b) where a € A and
b € B, that is

AXB:={(a,b)|aeAAbeB}.

Definition 2.6 (Product poset). Given posets (P, <p) and <Q, SQ> we can
define the product poset (P x Q, <) on the Cartesian product P X Q by requiring

<p, q) < <p’, q’) if and only if (iff) p <p p’ and q <p q".

Definition 2.7 (Opposite poset). Givena poset P = (P, <) we define the opposite
poset PP = (P, §0p> as the poset which has the same elements but with p <, g
iff g < p.

Definition 2.8 (Monoidal poset). A monoidal structure on a poset (P, <) consists
of:

(i) Anelement I € P, called monoidal unit, and

(ii) afunction ®: P X P — P, called the monoidal product. Note that we write

®(p1,p2) = p1®p2, p1,p2 € P.

The constituents must satisfy the following properties:
(a) Monotonicity: For all p1,p2,q91,92 € P, if p1 < g1 and p2 < go, then
P1®p2 < q1® 2.
(b) Unitality: Forallp e P,I®@p =pandp I =p.
(c) Associativity: Forallp,q,r € P,(p®q)®r=p®(G®T7).
A poset equipped with a monoidal structure (P, <, I, ®) is called a monoidal
poset.

Remark 2.9. If the monoidal poset further satisfies that for any p1,p> € P we
have p1 ® p2 = p2 ® p1, then we call it a symmetric monoidal poset.

Lemma 2.10. The product poset P X Q of two monoidal posets (P, <p,Ip, ®p) and
(Q, <0,1g, ®Q> is also monoidal with:
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(i) Monoidal unit: Ip X Ig,
(ii) Monoidal product:

®pxQ: (PxQ)x(PxQ)—(PxQ),
<<P1/ ‘71> ’ <P2/ o]z)) = <P1 ®p p2, 91 ®Q q2> .

Proof. All required properties follow directly from the definitions of monoidal
poset (Definition 2.8) and product poset (Definition 2.6). O

Definition 2.11 (Monotone function). A monotone function between posets
(P, <p)and (Q, §Q> isafunction f: P — Q such that, forall elements x, y € P,

if x <p y then f(x) <g f(y).

Definition 2.12 (Upper set). Given a poset (P, <p), a subset S C P is called
upper set iff x € S and x <p y implies that y € S. The set of all upper sets of P
will be denoted by UP.

Definition 2.13 (Lower set). Given a poset (P, <p), a subset S C P is called
lower set iff x € S and y <p x implies that y € S. The set of all lower sets of P
will be denoted by LP.

Definition 2.14 (Feasibility relation). Let P = (P,<p) and Q = (Q, <g) be
posets. A feasibility relation for P given Q is a monotone function

®: P°P x Q — Bool.

This is denoted by @: P - Q. Forp € Pand q € Q,if ®(p, q) = T we say p can
be obtained given q.

Remark 2.15. A feasibility relation is a Bool-profunctor.

The feasibility relations admit a plethora of composition operations which
are studied in detail by Censi et al. (2020). We will review the most important
such operations in Chapter 7. Taking posets as objects and feasibility relations
as morphisms one obtains the compact closed category DP (Censi et al., 2020).

2.2 Category theory

Category theory is the workhorse of this thesis. Hence, almost anything we
do in the next chapters will be built up on top of its main concepts. This
section should be treated only as review of these concepts. Should one wish to
learn more about them, we recommend the Seven Sketches in Compositionality
book by Fong and Spivak (2019) as an introductory text, the classic Categories
for the Working Mathematician by Lane (1998) as a more general reference, and
ncatlab.org as an all-around resource.
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Definition 2.16 (Category). To specify a category C:
i. one specifies a collection Ob(C), elements of which are called objects;
ii. for every two objects ¢,d € Ob(C), one specifies a set Homc(c, d), the
elements of which are called morphisms from c¢ to d; any morphism
k € Homc(c, d) can also be denoted as k : ¢ — d. The collection of all
morphisms in the category is denoted by Homc;
iii. for every object ¢ € Ob(C), one specifies a morphism id, called the
identity morphism on c;
iv. forevery threeobjectsc,d, e € Ob(C)and twomorphisms k € Homc(c, d)
and | € Homc(d, e), one specifies a morphism k 3 € Homc(c, e), called
the composite of k and .
The morphisms should satisty the following two properties:
i. Unitality: for any morphism k : ¢ — d, composing with the identities at
c or d doesn’t do anything:

ide sk =k =kgidy;

ii. Associativity: for any three morphisms k : co — ¢1, [ : c1 — ¢, and
m : ¢y — c3 we have

(kshsm=kg(lsm)=ksglgm.

Note that the existence of a morphisms only specifies that a relation between
two objects exist, but does not define what this relation is. For example, there
might be two different morphisms k, [ : ¢ — d with k # [.

Lemma 2.17. Every poset (and in fact, also every preorder) is a category.

Proof. The elements of the poset are the objects of the category and anytime
x < yin the poset, we have a morphism from x to y in the category. Due to the
transitivity property of the posets, it follows that a poset is category with at
most one element in any of its hom-sets. It is trivial to check that the structure
of a poset meets all the requirements for a category. |

Example 2.18. As every poset is a category, that means that we can also have
a Bool category defined in the exact same way as in Definition 2.3.

Definition 2.19 (Product category). If C and D are two categories, then the
product category C X D is constructed as following:
i. the collection of objects Ob(C X D) is the Cartesian product of Ob(C) and
Ob(D), i.e. all pairs of objects from the two categories;
ii. for every two objects (a,b), (c,d) € Ob(C x D), the morphisms between
them Homcxp({a, b),{c,d)) are the Cartesian product of Homc(a, c)
and Homp(b, d), i.e. all pairs of morphisms (k, ), where k : 2 — cis a
morphismin Cand ! : b — d is a morphism in D;
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iii. identity morphisms are defined as above: id, yy = (id,, idp);
iv. for every three objects (a,b),(c,d), (e, f) € Ob(C x D) and morphisms

(k,1y € Homcxp (a,b),{c,d)) and (m,n) € Homcxp ({c,d),{e, f)),
the composite (k, I) g (m, n) is (k gm,l g n).

Lemma 2.20. A product category is a category.

Proof. If C and D are two categories, then Definition 2.19 is sufficient to define
the required objects, morphisms, identity morphisms, and composites. Hence,
the only thing left is to show that the so-constructed morphisms satisty the
unitality and associativity properties.

For any morphism <k, [) : (a,b) — (c, d) we have

ide ) 8 (k1) = (i, gk, idy g 1) = (k, 1)

The same holds for (k, I} gid 4.
For any three morphisms

(k, 1) € Homexp ({a, b) , (¢, d)),

(m,n)y € Homexp ({c,d), (e, f)),
(p,q) € Homeso (e, f) (9. 1)) ,

we have:

((k,1)g(m,n))s(p,q) = (kgm,lgn)s(p,q)
=((kgm)sp,(lgn)sq)
=(ksg(mgp),ls(ngq))
=(kgl)g(mgp,ngq)
= (kD)5 ((m,n)5(p,q),

due to the associativity of the morphisms in C and D.
Therefore, the morphisms of C X D satisfy the unitality and associativity
properties, and C X D is a category. O

Definition 2.21 (Subcategory). Given a category C, a subcategory D of C has:
i. objects being a subcollection of Ob(C);
ii. morphisms being a subcollection of the morphisms of C,
such that:
i. if the morphism k : ¢ — d is in D, then ¢, d € Ob(D);
ii. ifk:c —dand![:d — e arein D, then their composite k g [ is also in D;
iii. if c € Ob(D), then the identity morphism idg is also in D.

Definition 2.22 (Functor). Let C and D be categories. To specify a functor from
CtoD,denoted F: C — D:
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i. for every object ¢ € Ob(C), one specifies an object F(c) € Ob(D);
ii. for every morphism k : ¢ — d in C, one specifies a morphism in D:

F(k) : F(c) — E(d).

Furthermore, the following two properties need to be satisfied:
i. for every object c € Ob(C), we have that F(id.) = idp(c);
ii. for every three objects c,d,e € Ob(C) and for every two morphisms
k € Homc(c,d) and | € Homc(d, e), the equation

F(kgl)=F(k)sF(l)
holds in D.

Remark 2.23. One can think of a functor as a map between two categories which
respects their structures.

Definition 2.24 (Bifunctor). A bifunctor or functor of two variables is a functor
whose domain is the product of two categories. For the three categories Cj,
C,, and D, a bifunctor B from C; and C, to D is a functor B : C; X C, — D.

Definition 2.25 (Covariant and contravariant functor). A functor F is called co-
variant if it preserves the directions of the morphisms, i.e. for every morphism
f:A — B,onehas F(f): F(A) — F(B). A functor is called contravariant if it re-
verses the directions of the morphismes, i.e. for every morphism f: A — B, one
has F(f): F(B) — F(A). This can also be seen as a functor from the opposite
category A°P to B.

Definition 2.26 (Isomorphism). An isomorphism is a morphism k : ¢ — d in
a category C such that there exists another morphism [ : d — c satisfying
kgl =1id. and I g k = id;. The two morphisms k and [ are called inverses of
each other.

Definition 2.27 (Isomorphic objects). If two objects ¢, d € Ob(C) have a pair of
isomorphisms between them, then the two objects are called isomorphic objects.

Remark 2.28. Given two isomorphic objects in a category, they always behave
in the same way when composed with other morphisms. The reason is that
if one of the objects has an outgoing morphism, then the other object can also
use it by pre-composing with the respective component of the isomorphism.
The same, of course, holds for the incoming morphisms as well. Hence such
objects are also referred to as the same up to an isomorphism.

Definition 2.29 (Symmetric monoidal category). A symmetric monoidal cat-
egory is a category C equipped with a symmetric monoidal structure. A
symmetric monoidal structure consists of:
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i. abifunctor ® : C x C — C, called monoidal product;
ii. an object I € Ob(C), called monoidal unit,
which have to satisfy the following isomorphisms:
i. Ac:I®c — c,and its inverse AJ! : ¢ — I ® c, for every c € Ob(C);
ii. pc:c®I — c,and itsinverse p;!:c — ¢ ® I, for every ¢ € Ob(C);
iii. acg,:(c®d)®e — c®(d®e), and its inverse “;,};l,e 1 c®(d®e) — (c®d)Re,
for every c, d, e € Ob(C);
iv. 0c4:c®d — d®c, for every c,d € Ob(C), such that 0.4 304, = idcga.
If only condition iv. does not hold, then the resulting category is called a
monoidal category.

Remark 2.30. It is easy to see that the same way that a category generalizes
a poset, a symmetric monoidal category generalizes a symmetric monoidal
poset. In other words, any symmetric monoidal poset is a symmetric monoidal
category.

Definition 2.31 (Strong monoidal functor). Given two monoidal categories
(C,®c, Ic) and (D, ®p, Ip), a strong monoidal functor from C to D consists of
i. a functor F: C — D;
ii. a natural isomorphism 4, for every pair A, B of elements in C, such
that:
tap: F(A) ® F(B) — F(A ®c B);
iii. an isomorphism € : Ip — F(Ic),
satisfying the following properties:
i. Associativity: for all A, B, C € C the following diagram commutes:

F(A)F(B

(F(A) &p F(B)) &p F(C) — """ F(A) &p (F(B) &p F(C))

\LHA’B (29} idF(C) \LidF(A) ®D UB,C

F(A ®c B) ®p F(C) A®pF(BecF(C) (21
\LH(A@CB),C \LH(A@CB),C
F(a$, )
F((A®c B) ®c C) h > F(A®c (B ®c ),

where a€ and aP are associator morphisms in C and D, and id© and id®
are their identity morphisms;
ii. Unitality: for all A € C the following diagrams commute:

Ip ®p F(A) AR TEN F(Ic) ®p F(A)

\L/\D " \LWC'A (2.2)

F(A) < F(Ic®c A)

F(A9)
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and
id?(A) ®p €

F(A)®p Ip ——— > F(A) ®p F(Ic)

L@m le (2.3)

F(A) < oS F(A &c Ic),
A

where A€, AP, p€, and pP are the left and right unitors of C and D.

Definition 2.32 (Compact closed category). Let C be a category, (C, I, ®) be a
symmetric monoidal structure on it, and ¢ € Ob(C) an object. A dual for c is an
object c* € Ob(C) and the following morphisms:

i. unitforc: ne.:1 — c* ®c;

ii. counitforc:e.:c®c* =1,
satisfying the following two equations:

i pte(ide®no)gasl. s(ec ®ide) g Ac = id,;

ii. A7l g (e ®ide) § g v c § (ide ®€c) § pee = ide.

Definition 2.33 (Small category). A category Cis a small category if both Ob(C)
and Homc¢(A, B) are sets, for all A, B € Ob(C).

Definition 2.34 (Semicategory). To specify a semicategory C* (also known as
semigroupoid or a precategory):
(i) one specifies a collection Ob(C"), elements of which are called objects;
(ii) for every two objects c,d € Ob(C), one specifies a set Homc:(c, d),
the elements of which are called morphisms from ¢ to d; a morphism
k € Homc(c, d) can also be denoted as k : ¢ — d;
(iii) for every three objects c,d, e € Ob(C*) and morphisms k € Homc-(c, d)
and ! € Homc-(d, ), one specifies a morphism k § I € Homc:(c, e), called
the composite of k and .
The morphisms should have the property that for any three morphisms k :
co — c1,1:c1 = ¢y, and m : ¢co — c3 it holds that:

(kgl)gm=kg(lgm)=kglgm.

Remark 2.35. A semicategory is simply a category without requiring identity
morphisms and the identity property on the morphisms. It is clear that any
category is also a semicategory.

Definition 2.36 (Semifunctor). Let C* and D" be semicategories. To specify a
semifunctor from C* to D*, denoted F : C* — D™:

i. for every object ¢ € Ob(C*), one specifies an object F(c) € Ob(D");

ii. for every morphism k : ¢ — d in C*, one specifies a morphism in D*:

F(k) : E(c) — F(d).
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Furthermore, for every three objects ¢, d,e € Ob(C*) and for every two mor-
phisms k € Homc-(c, d) and | € Homc:(d, e), the equation

F(kgl)=F(k)s F(l)
must hold in D*.

Definition 2.37 (The Cat category). The Cat category is constructed as follow-
ing:
i. objects are all small categories (Definition 2.33);
ii. morphisms are all functors between small categories;
iii. identity morphisms are identity functors;
iv. morphism composition is functor composition.

Definition 2.38 (The SemiCat category). The SemiCat category is constructed
as following:
i. objects are all small semicategories (Definition 2.34);
ii. morphisms are all semifunctors (Definition 2.36);
iii. identity morphisms are identity semifunctors;
iv. morphism composition is semifunctor composition.

Definition 2.39 (The Set category). The Set category is constructed as follow-
ing:
i. objects are all sets;
ii. morphisms from a set A to a set B are all functions f : A — B;
iii. identity morphisms are identity functions;
iv. morphism composition is function composition.

Definition 2.40 (The Rel category). The Rel category is constructed as follow-
ing:
i. objects are all sets;
ii. morphisms from a set A to a set B are all binary relations R C A X B;
iii. identity morphisms are identity binary relations;
iv. morphism composition is the composition of binary relations.

Definition 2.41 (Twisted category). Given a category C, the twisted category on
C, denoted by Tw(C) and also called category of factorizations, has
i. Objects which are morphisms in C;
ii. Morphisms between two objects f : A — B and g : C — D which
are pairs of morphisms <p :C—>A,q:B—> D>, such that the following
diagram commutes:

AWC

if l/é’

B—3D
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in other words morphisms p and g such thatg =p g f 5¢q;

iii. Identity morphism for f : A — B is the pair <idg,idg> of identity
morphisms in C;

iv. The composition of two morphisms

(h:E—C,i:D — F)

and
<p:C—>A,q:B—>D>

is
(h,iys(p,a)=(h sc P, 4 8¢ i)

Definition 2.42 (Natural transformation). Given two categories C and D, and
tunctors F, G: C — D, a natural transformation a: F = G between them is an
assignment of a morphism a,: F(x) — G(x) (called component of a at x) in D
for every object x € Ob(C) such that the following diagram commutes

F(x) —Z F(y)

b b
Gx) 22 G(y)

for any morphism f € Homc(x, y), i.e. F(f) g ay = ax § G(f).

Definition 2.43 (Natural isomorphism). A natural isomorphism o : F = G
between two functors F, G: C — D is a natural transformation such that each
of its components a,: F(x) — G(x), for all x € Ob(C), is an isomorphism in D.

2.3 Anonymous functions

In order to keep the presentation succinct we will make a frequent use of
anonymous functions. Here we introduce the notation that will be employed
when dealing with them.

When we wish to denote a function of one variable f : X — Y inanonymous
function notation we will write

f= [x |—>f(x)]

Note that the choice of the symbol x is completely arbitrary and can be changed:

f=lxm f@]=[e- fO)].
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We will sometimes explicitly specify the domain and range of the anonymous
function by adding them on top of the map symbol:

Fim |r 52 )| = [ 525 pee)|

We denote the application of an anonymous function to an argument by adding
the argument in parenthesis after the function, i.e.

f(x) = [5 = f(é)l (x"), x’ € X.

Example 2.44 (Identity function). The identity function can be expressed
as the anonymous function [x +— x]. Furthermore, clearly we also have
[x — x](x) = x".

Analogously, we can have anonymous functions of multiple parameters,

e.g.

RZ5R
X, y——x

Example 2.45 (Quadratic function). The quadratic function can be expressed
as the anonymous function

R—R 2
[xr———>ax +bx +cf.

Note how a, b, ¢ € R are not defined. We say that x is bound in this anonymous
function, while a, b, and c are free variables.

Definition 2.46 (Composition of anonymous functions). Given two anony-
mous functions

x —— f(x)

X-Y l

and
[}/ —5 9(y)l ,

such that the variable x is not a free variable in the second function, we can
compose them by applying one to the other:

5 g (|55 s ) = [+ 25 a0

Remark 2.47. In the case that x is a free variable in the second anonymous
function, we would have to first rewrite

iR f(x)l
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into

x'— f(x')

, XY l

with x’ not a free variable in the second function.
Example 2.48. To illustrate why the substitution above is important, take the
quadratic and identity functions as before with signatures as:

[xE—_iRaaxz+bx+c] and [a > a].

If we do not perform substitution composing the two expressions will leave
us with:
[x > ax®* +bx+c|(aral)=[ara®+ba+c|,

which is clearly not the same as the desired result:

[x|—>ax2+bx+c] ([a — a]) = [x|—>ax2+bx+c] ([a" = a’])
= [a’ |—>aa’2+ba’+c]
= [x+—>ax2+bx+c].

We will also make a frequent use of the following two functions which
extract an element of a tuple:

Definition 2.49 (fst and snd). For any two sets X and Y, we define the follow-
ing two functions:

XXY—X
fst=|x,y— x|,

XXY—-Y
snd = [x,y — yl.

Definition 2.50 (Product of functions). Given two functions f : X — Y and
g : Z — W, the product function f X g is defined as:

fxg:XXZ—->YXW,
(x,z) (f(x),g(z)).

2.4 Type theory

In this section we will do a quick and dirty review of some of the basic
concepts of type theory that will be used for the rest of the thesis. The readers
interested in more detailed and rigorous treatment can refer to (Pierce, 2002;
The Univalent Foundations Program, 2013), and for a study of type theory’s
connections with category theory, (Crole, 1994). The review here follows the
book by Crole.
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Definition 2.51 (Type system). A type system is a formal system which consists
of:
i. a collection of types;
ii. a collection of function symbols, each associated with a natural number
called an arity;
iii. a sorting for each function symbol f which is a list of a + 1 types
([a1,...,as, a]) and will be written

fral,...,0 > a,

where a is the arity of f.
If the arity of a function symbol k is 0, we will denote it by k : a, and will say
that k is a constant function symbol of type a.

Definition 2.52 (Terms of a type system). The terms of a type system is the
collection of:
i. variable terms: a countably infinite set of variables (x, v, .. .);
ii. constant terms: all constant function symbols of the type system (k, [, .. .);
iii. function terms: all expressions f(M;, ..., M,;), where f is any function
symbol with any arity a > 0 and each of My, ..., M, is a term of the type
system.

Remark 2.53. Note that it is the recursive formulation in the last point in the
above definition that provides the expressivity of a type system.

Definition 2.54 (Free variables of terms). Every term of a type system has a
set of free variables, which is defined inductively as:
i. FV(x) = {x}, where x is a variable term;
ii. FV(k) = @, where k is a constant term;
iii. FV(f(Ma, ..., M,)) = U FV(M;), where f(My, ..., M,) is a function
term.

Remark 2.55. When working with types it is important to be careful not to
reuse the same symbol for different terms. That is why, sometimes, when
substituting terms, one needs to change the variable names, in order to keep the
semantics of the combined term as expected. This is also called a-conversion.
In this work, we will implicitly take care of such conversions, but we will
nevertheless provide formal explanation of the substitution process.

Definition 2.56 (Term substitution). A variable x in a term M can be substituted
with another term N, an operation denoted by M[N /x] inductively as follows:
i. if M is the same variable x, then

M[N/x] = x[N/x] = N;
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ii. if M is another variable y, then
M[N/x] = y[N/x] = y;
iii. if M is a constant term, then
M[N/x] =k[M/x] =k;
iv. if M is a function term f(M;, ..., M,) of non-zero arity a, then
M[N/x]= f(My,...,Ma)[N/x] = f(Mi[N/x],..., Ma[N/x]).

Furthermore, if x = [x1,...,x,] is any list of n distinct variables, and if
N =[Ny, ...,N,] is a list of n terms, then the simultaneous substitution of the
variables x with the terms N, denoted M[N/x] or M[N1/x1,...,Nu/x,], is
recursively defined as:

M[N1/x1,...,Nu/xu] = M[z1/x1][N2/x2, ..., Nu/xn][N1/21],
or more explicitly:
MI[N1/x1,...,Nu/xn] = M[z1/x1] ... [zn/xu][Nin/zn]. .. [N1/21].

Inboth places, the z1, . . ., z, are distinct variables, also distinct from x1, . . . , x4,
such that

n
zi ¢ FV(M) U U FV(N)).
i=1
Remark 2.57. The above definition of simultaneous substitution is obtained via

successive applications of point 7.6 from (Curry, 1952). Crole (1994) has an
alternative but equivalent definition:

M([N1/x1, N2/x2] = M[N1[z/x2]/x1][N2/x2][x2/z].

Remark 2.58. The problem mentioned in Remark 2.55 can now be formally
posed. Take M, N, N’ to be any terms in a type system, and x, y, z be
distinct variables. Then the term M[N/x, N’/y] is not in general syntactically
equivalent to M[N/x][N’/y]. This is presented as Exercise 3.2.6 in (Crole,
1994).

Definition 2.59 (Typing context). A typing context I'is a sequence of terms and
their types, denoted by

r:: [.’XfllO(l,...,anO(n].

We say that the variable x1 appears in I’ with type a1. A typing context can also
be empty.
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Definition 2.60 (Context concatenation). Contexts can be combined by list
concatenation, denoted I', I or I', x : a, I".

Example 2.61. An example of a typing context is
I, =|x:T1, y: T2].
A typing context can be extended via concatenation:
Ty =Ts z:Ts=|x: Ty, y: To, z: T3] .

Definition 2.62 (Proved terms). Given a contextI', we write' - M : a to denote
a proved term. Proved terms are generated inductively by the following rules:
i. I',x:a,I"F x: aisaproved term, where I' and I” are typing contexts,
x is a variable, and « is a type;
ii. I' + k : a, where I is a typing context and k is a constant term of a
constant function symbol of type a;
iii. fI'FMj:aq,...,andT + M, : a,, and f is a function symbol with arity
a and sorting f : a1,...,a, — a, then:

Tk f(My,...,M,): a.

Whenever I' - M : a is a proved term, we will say that the term M has type « in
the context of T.

Remark 2.63. Due to the recursive definition of proved terms, given a proved
term I' + M : a, we know that the context I' implies that M can be only of
type a, and is also a well-formed term, which intuitively means that it is formed
with every single one of its constituent terms also being proved terms. This is
formally presented as Proposition 3.2.12 and Exercise 3.2.15.1 in (Crole, 1994).
Throughout the rest of this thesis we will only consider proved terms. So
whenever we refer to term, we mean a proved term.

Definition 2.64 (Unit type). The unit type I has the single term 1. Alternatively,
there is only one term with the unit type I and this term is denoted by t.

Definition 2.65 (Product type). Given two types a1 and a, we construct the
product type a1 Xay. Furthermore, if in some contextI’ we haveatermI + x1: a3
and a term I' + x2: ay, the term (x1, x2) has a type a1 X a; in the context of I,
ie,

I+ <X1,XQ> tap X ag.

Definition 2.66 (Function type). Given two types a1 and a», we construct the
function type a; — ap with domain a1 and codomain a,. Given some context
I, aterm f of the type a1 — a (ie. T+ f: a1 — az)andaterm I' + x: ay,
thereisaterm I' + f(x): ay called value of f at a.
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Remark 2.67. Function types are not the same thing as functions. Functions
f A — ap have type A — a». Function types are also not function symbols or
function terms.

Definition 2.68 (Association bijection). Given three types A, B, and C we
define the following two association functions:

aspc: (AXB)xXC — Ax(BxC),
({a,b),c) > (a,(b,c));

aapc: AX(BXC)— (AXB)xC,
(a,{b,c)) — ({a,b),c).
These functions are each other’s inverse, hence they form a bijection. The exact

same association bijection can be defined for A, B, and C being sets. We abuse
the notation a4p,c and a4 pc by using them for both types and sets.
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Normed types and procedures

We start by introducing some of the building blocks of this work: normed types
and procedures. Normed types are simply types whose terms are endowed
with some notion of size. We are interested in the “size” variation between
different terms because later some of these terms will be used to represent
“easy” problems while others will be used to represent “difficult” problems.
This hierarchy of “difficultness” will be represented by an order on the size
of terms. Procedures, on the other hand, will be our representation of com-
putational processes. A procedure connects two normed types and quantifies
the resources necessary to convert a term of one of the types to a term of the
other type. It does this while taking into account the resources needed for this
operation, which in turn depend on the size of the terms.

3.1 Normed types

As mentioned above, normed types are nothing but types endowed with a
notion of size. We leave the way of measuring a given type open. After all,
types which represent different things have different notions of size. Some
types can even have multiple different sensible choices for assigning sizes, as
we will see in Example 3.6. We do, however, ask for the size to have a notion
of order, meaning that we can ascertain whether one term is smaller, larger,
equal, or incomparable to any other term. This means that we ask that the
sizes of a normed type form a poset.

Definition 3.1 (Normed type). A normed type is a triplet
A=(A|Al,s: A—|A]),

27
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where A is a type, |A| is a poset called sizes of A, and s is a map from the terms
of A to the sizes |A|. The elements of A will be also called terms of A.

Remark 3.2. Note that we somewhat abuse the label “normed” in the above
definition. The sizes that we endow A with by no means constitute a proper
norm. That is, they do not satisty a triangle inequality and are not absolutely
scalable.

Example 3.3 (Lists). Given a type A, we define the type List[A], such that there
is a term:
() : List[A],

and a term (a, [):
[a: A, I: List[A]] + {a,l) : List[A].

A typical notion of size of a list is its length which has its values in Ny. We can
then recursively define a function

Siist : List — N,
() —0,
(a, 1) = 1+ sust(l).

Note that sijst has the same definition regardless of the underlying type A.
Now, the triplet List[A] := (List[A], Ny, s_ist) is a normed type.

Remark 3.4. In the above example, we have allowed ourselves to abuse the
functional notation a bit. Strictly speaking, a type is not a set. If A is a type
and B is a set, then

f:A—B

does not make much sense. Hence, a function from a type to a set is not
well-defined. Nevertheless, we will pretend that the collection of terms of a
given type forms a set and such functions would be associating every terms of
the type A with a single element from the set B.

Remark 3.5. Technically, List is a generic type and an example of parametric
polymorphism in type theory. The interested reader can find more details in
(Crole, 1994, Chapter 5) or in (Pierce, 2002, Part V). We will not consider this
in further detail and will take any List[A] to be an ordinary type, as introduced
in Definition 2.51.

Example 3.6 (Directed unweighted graphs). Throughout this work, we will be
making a frequent use of some running examples using graphs. These will
be done under the assumption that the reader is familiar with the basic terms
in graph theory. Otherwise, Graphs, Networks and Algorithms by Jungnickel
(2013) is a good reference.
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We denote by N the type of natural numbers and by B the boolean type
which has only two terms: T and F. Then, for any n: N, we define the type

= 2

G[n] := B",

where the exponentiation of the type is simply consecutive application of the
type product operation X. The key observation here is that when

(n:N) r g: G[n],

then g represents the adjacency matrix of a directed graph with n nodes.

We can define several different size functions on the terms with type é[n]:
i. the number of nodes:

snodes: Gln] -» N,
G
g—n
ii. the number of edges:

sédgesz é[n] — Ny,

n2
7 2o
i=1

where the indicator function 1, is 1 if the i-th component of g is T and
0 otherwise;
iii. the number of nodes and edges:

s‘(l;e: G[n] — N x N,

n?
g <n, Z ILgl.>.

i=1

iv. the number of cycles:

1 -
séyc . G[n] = Ny,

g — cycles(g),

where cycles is a function that counts the number of cycles in the graph.

Hence, for any n: N we can define the following three distinct normed types,

all of which have the same underlying type but different ways to measure their
size:

- nodes

[n] := <é[n], N, erlOdeS>,
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-ed -
G n] = <G[n], No, seédges>,

- n+e =

G"Cn] = <G[n], N x No, sg+e> ,

- cycles
G

[n] = <é[n], No, séydes>.

Remark 3.7. Here, G[n] is parameterized by the terms of the type N, hence it
is a dependent type. However, just like with the generic types above, we will
ignore this detail in the rest of this work and will treat it as any other type.

Example 3.8 (Other types of graphs). Similarly to the previous example we
can also define the type of undirected graphs with n nodes as

Gln] = BZ=",

where the exponent comes from the fact that an undirected graph can be
represented as a triangular matrix.

Both directed and undirected weighted graph types can be constructed
by just changing the underlying type from B to R. Even more, we can dis-
tinguish between positively weighted graphs, arbitrarily weighted graphs,
acyclic graphs and graphs with only positive cycles:

i. G[n] := B": directed unweighted graphs;

ii. G[n]:= BZi=1": undirected unweighted graphs;

iii. Gso[n] = RZZO: directed, positively-weighted graphs;
iv. é@[n] ={g € R™ | cycles(g) = 0}: directed weighted acyclic graphs;
v. Geln] = {g9 € R™ | g has no negative cycles}: directed graphs with no
negative cycles.
For each one of the above types, we can define a normed type, in the exact
same way as we did for G[n] in Example 3.6. One only needs to replace the
indicator function for s°48% to 1. for the weighted graphs.

Remark 3.9. In the above example, once again we abuse type theory. The set
comprehension notation clearly has no place in type theory. As we try to keep
the presentation light, we will allows ourselves to do that. Note, however, that

from a type theoretical perspective, Gol[n] and Gg[n] are subtypes of R,

Definition 3.10 (The NTypes category). We define a category NTypes:
i. The objects of NTypes are normed types (Definition 3.1).
ii. A morphism between two objects A := (A, |A|,s4) and B := (B, |B|, sg)
is a tuple (f A— B,h: |A| — |B|>,where:
a) f: A — Bis a term of the function type A — B,
b) g: |A| — |B|is a monotone function (Definition 2.11).
iii. The identity morphism for A is ida := (ida, id4)).
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iv. The composition of morphisms is the composition of the constituent
functions.

Remark 3.11. The NTypes category is what brings life into the normed types.
A morphism in NTypes tell us how we can convert the term of one type to
the term of another type, while at the same time, also handling the (possible)
change in size.

Lemma 3.12 (NTypes is a monoidal category). The NTypes category isa monoidal
category when considering the following additional structure:
e Tensor product ®, such that given two objects

A= (A A| sa)
and
B = <BI|B|ISB>
we have
A®B :=(AXB,|A|X|B|,sa Xsg),

with the first product being the product on types (Definition 2.65), the second
being Cartesian product (Definition 2.5), and the third being the product on
functions (Definition 2.50). The result of applying ® to two morphisms ( f, g>
from A to B and (h, k) from C to D is:

(frg)® (k) =(f xh, gxk).

Unit object being | = (I, |I|, s1), where I is the unit type (Definition 2.64),
|I| = {1} and s;(1) = 1.
Left unitor being the pair of morphisms

An:I® A — A, Ap:=(snd, snd);
ALA—IRA, A = (e (La)], [aw(1a)]).

Right unitor being the pair of morphisms

pa: ARl — A, pa:=(fst, fst);
pa i A—> ARl ppl=(a— (a,0)], [am(a,1)]).

Associator being the pair of morphisms

ansc: (A®B)®C > A®(B®C), aasc = (wap,c, a5 C|);
anrsc: A®(B®C) - (A®B)®C, aagc = {(aa,Bc, aja)B|c|)

where the o association bijections were defined in Definition 2.68.
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Proof. In order to show that NTypes is a monoidal category, we need to show
that the triangle and pentagon diagrams commute.

The triangle identity
(A®1)®B e > A® (I® B)
(3.1)
paA®ide ida ®Ag
A®B

is equivalent to the equation:
apiB § (ida ®1p) = pa ®idp .
The left-hand side evaluates to

app § (ida ®Ag)
= (@aLB, ajan,p1) §
<[(a, (1,b)) — (ida(a), snd(t, b))], [(a, (1,b)) — <id|A|(a), snd(1, b))] >
=(aars, ajayn,p)) 3 ([{a, {, b)) = (a,b)], [{a,(1,b)) — (a,b)])
=([{a, (t, b)) = (a, L)] ([{{a", '), b)) = (a’, (B )],
[{a, (1, b))  (a,b)] ([{{a’, 1), b") — (a’, (U, b'))]))
=([{a’, ('), by > (a’, )], [{(a’, 1), b") = (a’, b)]) .

The right-hand side evaluates to

pa ®idp = (fst, fst) ® <idB,id|B|>
=([{a, 1) = a], [{a,1) = a]) & ([b— b],[b - b])
=([{{a, 1), b) = (a,b)], [{{a,1),b) — (a,b)]).

The two expressions are equivalent, hence the triangle identity holds.
The pentagon identity

(A®B)®(C®D)
(A®B)®C)®D A®(B®(CeoD) (32

l/aAB,c®idD ida ®ach,DT

(A®(B®C))®D a®0)D s A®((B®C)®D)

is equivalent to the equation

aaB)C,D § @aB,cD) = (@aB,c ®idp) § aa@c),p § (ida ®ascp) -
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The left-hand side evaluates to

&(AB)C,D § XAB,(CD)
= {@w@s)c,0, aqalB)iclpl) § {¥AB D), A|AlBL(CID))
=([{a,b),c),d) — (a,b),{c,d))], [{(Ka,b),c),d)— (a,b), {c,d))])s
([{{a,b),{c,d)) > (a,{b,{c,d))], [{{a,b),{c,d)) > (a,{b,{c,d)))])
=([{(a, b) ,{c,d)) — (a,{(b,{c,d)))] ([{{a,b),c),d)— ({a,b),{c,d)]),
[({a,b),{c,d)) > (a,{b,{c,d))] ([{{{a,b),c),d)— {{a,b),{c,d))]))
=([{a,b),c),d) = (a,(b,{c,d)))], [{({a,b),c),d) > (a,{b,{c,d))]).

And the right-hand side evaluates to

(@aB,c ®idp) § @a@c),p § (ida ®asc,p)
=([{{a, b) ,c),d) — {aap,c {{{a,b),c)),idp(d))],
[((a, by, c),d) = (s, c {{(a, b, c)y,idp|(d))]) 3
aa@Be)p § (ida ®asc,p)
=([{{a,b),c),d) — ({a,{b,c)),d)], [{((a,b),c),d)— ({a,{(b,c)),d)])s
aa@Ec)p § (ida ®asc,p)
=([{({(a, b}, c),d) — (a, (b, c),d))], [{{a,b),c),d)—{(a,{b,c),d)])sg
(ida ®age,p)
=([{{(a, b}, c),d) > (a,(b,{c, )], [{a,b), c),d)w—(a,{b,{c,d)))]) .

The two expressions are equivalent, hence the pentagon identity also holds
and NTypes is indeed a monoidal category. |

The NTypes category can be thought of “types with something extra”.
However, we can also drop the “extra” should we wish to do so. Let’s first
define Types, the category without the “extras”.

Definition 3.13 (The Types category). The Types category has types for objects
types and function types for hom-sets. In other words, a morphism from type
A to type B is a term of the function type A — B. Morphisms composition is
defined by function composition. Associativity and identity trivially follow.

Remark 3.14. The Types category is also monoidal due to us having well-
defined product on types (Definition 2.65) and product of functions (Defini-
tion 2.50).

We can formalize “dropping” the extra size information as a forgetful func-
tor:
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Definition 3.15 (The U functor). The forgetful functor 1: NTypes — Types
maps normed types to their types and morphisms to the respective terms of
the function types. In other words:

H: NTypes — Types,
<AI |A|/ SA> = A,
(f:A—>B,g:|A| > |B|])— f,

where the first mapping is for objects and the second one for morphisms.

3.2 Procedures

A procedure represents a computational process with a given input type and
output type. Procedures do not model such processes explicitly. Rather,
they just represent the input type, output type, and the resources needed for
computation, without specifying the exact algorithm or implementation. Nev-
ertheless, a procedure is expected to be backed by an actual implementation.
One exception to this are the identity procedures which simply return the
input, something so trivial that an algorithm or implementation is not even
necessary.

We can extend the morphisms in NTypes in order to also account for the
computation resources needed to execute the mapping represented by the first
element of the morphism. We will model the computational resources as the
elements of a monoidal poset R. The fact that R has monoidal structure allows
tracking the accumulation of resources as we compose procedures.

The resources needed to execute a procedure depend on the complexity of
the input. We connect the input size with the computational effort: input terms
with small sizes need less resource, input terms with bigger sizes need more
resources. Furthermore, we want procedures to also estimate the size of the
output. Then, we can know the computational effort of composed procedures
before we even start computing. This proves quite useful for selecting the most
efficient procedure for solving a given problem.

Definition 3.16 (The Proc(R) category). Given a monoidal poset (R, <g, 0, +)
that we interpret as resources, we define a category Proc(R):

i. The objects of Proc(R) are normed types (Definition 3.1).

ii. A morphism (also called procedure) between two objects

A= (A Al 541 A — |A])

and
B = <BI|B|ISB: B — |B|>
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iii.

iv.

is a triplet
<p: A — B,1,: |Al — |B|, pp: |A| » R),

where:
* p: A — Bis aterm of the function type A — B called map of the
procedure,
* 7,: |A| — |B|is amonotonic function called translation which maps
sizes in A to sizes in B;
* pp: |A|l » R is a feasibility relation (Definition 2.14).
The composition of a morphism

p = <p;A—>B,Tp: |A| — |B|,Pp: |A| _")R>

from A = (A,|A|,sa:A — |A]) to B := (B, |B|,sg: B — |B|) with a
morphism

q:= <q :B—C,t5:|B] = |C]|, pg: |B] » R)
from B to C := (C, |C|,sc: C — |C]) is given by

Psq:={Psq, Tp§Tq Pp Br, Pq),

where p;, By, pgq is defined as:

pp Be, pg: |A|P X R — Bool,

(a,r) \/ ppla,r1) A pg(tp(a), r2) A(r1 + 12 <g 7).

r1,m€R

The binary operation p, By, pg is called series sum of p, and p, (with
translation tT,) and its result is also a feasibility relation (Lemma 3.18).
Procedure composition is associative as function composition and series
sum are both associative. The second is due Lemma 3.19.

The identity procedure for the normed type A is

ida = (ida,idja), ),
where pf is the identity feasibility relation

pf: |A|°P x R — Bool,
(a,r) — T.

Remark 3.17. Applying B, makes sense only when 7 is a map between the
domains of the two operands and when the codomains of the operands are
the same monoidal poset, as is always the case in the above definition.
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Lemma 3.18. For any two feasibility relations p, : |A| - Rand pg : |B| + R, and
a translation Ty : |A| — |B|, their series sum py, Be, pq is a feasibility relation.

Proof. 1t is sufficient to show that whenever (p, B:, pg)(a,r) = T, then for all
a’ € Aand v’ € R such thata’ <4 a and r <g r’ we also have

(pp Br, pg)a’, 1) =T.
If (pp Be, pg)a,r) =T, then there exist r1, 72 € R such that
pp(a,r1) A pg(tp(a), r2) A(r1+7r2 <gr) =T.

This trivially also holds if we replace r with " > r. Due to the monotonicity
of 7, and the fact that p, and p, are also feasibility relations, it also holds if
we replace a with a” <4 a. O

Lemma 3.19. Series sum with translation is associative. In other words, given three
procedures

<p:A—>B,Tp:|A|—>|B|,pp:|A|—HR> from A to B,
<q:B—>C,Tq:|B|—>|C|,pq:|B|—f->R> from B to C,
<r:C—>D,T,:|C|—>|D|,p,:|C|—f—>R> fromCtoD,

p
q
r

then (pp Hr, Pq) B(1,51,) Pr = Pp B, (Pq Hr, pr).
Proof. Writing out the left side we get:

((pp Hr, Pq)EE(TpgTq)Pr) (a,r)
= \/ (ppBe, p)(@,11)Apr((Tp57,)(@),r2) A(r1+72<7)

71,7 €R

=\ |\ po@r)npy(t,(@), ) A +75<m) |Apr((Tp57y)(@), r2) A(r1 +72<7)

r1,72€R r{,réeR

=/ pp@r)Apg(tp@) P A 415 <) AP (Tp5g)(@), P A(r1 472 <)
r1,r2,17,75€ER

= \/  pp@rDApy(ty(@), 1) Apr((Tp3Ty) (@), r2) A(r] + 7y +72<7).

12,71, 15€R

The right hand-side evaluates to the same expression, hence the equality
holds. |

Lemma 3.20. Series sum with the identity feasibility relation and identity translation
keeps the other operand unchanged, i.e.

pf Bid, Pp = Pp and Pp Bid,, pf = Pp-

where py, is a feasibility relation p,: |A| - R.
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Proof. Writing out the left side of the first equation we get:

(Pifﬁ1 Bid, PP) @)=\ piar)Applidiafa),r2) Alr +r2 <g 7)

r1,72€R
= \/ Pf(ﬁ/ r1) A ppla,r2) A(r1 +12 <R 7).
T1,?‘2€R

As by definition pf(a, r1) is T for any rq, it is T for r; = 0. However, then we
have

(piAd Bid Pp) (a,r) = \/ Pf(ﬂ,o) N pp(a, r2) A0 +7r2 <g 1)

r€R

= \/ pp(a,r2) A(r2 <g 7)

2€ER
= ppla, 1),
where the last equality is due the monotonicity of p,. Showing that the second

equality in the lemma holds can be done in the same way. m|

Lemma 3.21. For any monoidal poset R, the Proc(R) category is a monoidal category
when considering the following additional structure:
i. Tensor product ®, such that given two objects A = (A, |A|,s4) and B =
(B, |B|, sg) we have

A®B = (AXB,|A| X |B|,54 X sp),

the same as the tensor product on the objects of NTypes (Lemma 3.12). The
result of applying ® on two morphisms (p, Tp, pp>from A to B and (q, Tq, pq>
from C to D is:

(P 1p,pp) ® (0,74, pg) =P X 0, Ty X7, ppyBpy),
where the parallel sum operator R is defined as
pp B pg: (JA] X |C[)°P x R — Bool
((a,0),ry > \/ ppla,r) A pglc,r2) A(rr+72 < 7).

r1,m€ER

The product morphism is a valid morphism in Proc(R) due to p, ® p, being a
valid feasibility relation (Lemma 3.23).

ii. Unit object being | = (I, |I|,sr), where I is the unit type (Definition 2.64),
|I| = {1} and s;(1) = 1.

iii. Left unitor being the pair of morphisms

Ap: 1A — A, Ap = <Snd/ snd, p}C}(A>’
ALA 1A, A= ([a - (,a)], [a—(1,a)], pi).
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iv. Right unitor being the pair of morphisms

pa: ARl — A, pa = <f5t/ fst Pfxl%
pRle—>A®I, p;l = <[ﬂ'—><ﬂzl>]/ [a = (a, )], pf>‘

v. Associator being the pair of morphisms

apc: (A®B)®C—A®(BR®C), aapc 1=<aAB,c, Q|A||BI,|C]| - pi(ixB)xc>;
appc: A®(B®C)—(A®B)®C, aasc 1=<04A,Bc, ®AL,BIIC|/ pr(BXc)>.

Remark 3.22. As before, applying R is defined only when the two operands are
feasibility relations with codomains being the same monoidal poset, which is
always the case in Proc(R).

Lemma 3.23. For any two feasibility relations py, : |A| - Rand p, : |B| -+ R, their
parallel sum p, ® pg: |A| X |B| -» R is a feasibility relation.

Proof. 1t is sufficient to show that whenever (p, ® p;)({a, b),r) = T, then for
alla’ € A,b” € Band v’ € Rsuchthata’ <4 a,b’ <g band r <g r’ we also have
(pp ®pg)({a’, b"),1") =T. If (pp ® py)({a, b),r) = T, then there exist 1,2 € R
such that

pp(a,r1) A pg(b,r2) A(r1+12 <gr) =T.

This trivially also holds if we replace r with 7’ >r r. Due to the fact that p,
and p, are also feasibility relations, it also holds if we replace a with a’ <4 a
and b with b’ <p b. O

Lemma 3.24. Parallel sum is associative.

Proof of Lemma 3.21. Analogously to the proof of Lemma 3.12 we need to show
that the triangle and pentagon diagrams commute. Note that the first two
elements of the morphisms in Proc(R) are exactly the same as the elements
of the morphisms in NTypes. Also, the composition of morphisms is defined
element-wise. Hence, it suffices to show only that the last elements (the
boolean profunctors representing the feasibility relation) result in commuting
triangle and pentagon diagrams.

This is trivial to show because all of the terms that appear in these diagrams
% pid) ((a,b),7) = Tand any 4,
B,a € A, b € B, r € R. This can be directly concluded from Item i. and from
R being a monoidal poset. O

are pid which are T for any input pair and (p

Remark 3.25. The composition of procedures in Proc(R) cannot be done in some
cases which at first one might expect to be possible. Consider two procedures
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p=(p:A—B,1,:|A| > |Bl,pp)and q = (q:B — C,74: |B| = |C|, pg).
One can compose their maps p and g without a problem. However, we cannot
compose the translations because the codomain |B| of 7, and the domain |B |
of 7, differ. On the other hand though, for any a € A we know the value of
p(a) after computing the first function, we can use the sp' size function of the
origin of q to compute the size of the instance in |B|". That would be simply
spr(p(a)). So why shouldn’t we be able to do the composition?

Recall that the purpose of the translation composition is to be able to obtain
an estimate of the resources needed for the composite computation before we
perform the computation. In the above example, even though we eventually
can obtain the size of the input for the second procedure, we can do that
only after we finish the computation of the first procedure. That is why the
composition of p and q is invalid.

As mentioned before, the objects of NTypes and Proc(R) are the same. Also,
if we take a morphism p = (p, Tp, pp> from A to B, ignoring the third element
pp (the feasibility relation), we get a morphism in NTypes. Therefore, we
can define a forgetful functor II: Proc(R) — NTypes that forgets how much
resources each procedure requires while keeping everything else. It collapses
all procedures that evaluate the same function with the same translation into
a single morphism in NTypes.

Definition 3.26 (The II functor). The forgetful functor II: Proc(R) — NTypes
maps every object A in Ob(Proc(R)) to A in Ob(NTypes) and every morphism
p= <p, Tp, pp> to the morphism <p, Tp>. In other words:

IT: Proc(R) — NTypes,
<A/ |A|/ SA> = <A/ |A|/ SA> ’
<p 1 AtoB, 1y, : |A| — |B|, pp 1 |A] —f—>R> — (p :A— B, 1, |A] —f—>R>,

where the first mapping is for objects and the second one for morphisms.

Remark 3.27. One can compose the I and U functors to obtain a forgetful
functor that only preserves the types and function types:

IT s : Proc(R) — Types.

Example 3.28 (Matrix multiplication). Let’s consider one of the most ubig-
uitous problem in computer science: matrix multiplication. Take the two
monoidal posets T = (R, <g, 0, +), which we will refer to as time (e.g. in sec-
onds), and F = (R, <g,0,+), or flops (floating operations per second). We
denote by R their product T X F, which by Lemma 2.10 is also a monoidal
product.
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There is a natural trade-off that we would expect for procedures to have
when considering the resources R. If one increases the number of flops a com-
puter performs, the computation time would generally decrease. Conversely,
if we increase the computation time, one can do with a computer with lower
performance in terms of flops.

However, it is also possible that some algorithms dominate others over
some inputs for all values of T and F. This is the situation we’d like to study.

Let’s consider three matrix multiplication algorithms for matrices of size n:

(i) The naive algorithm, which takes 2 n® operations;

(ii) The algorithm by Strassen (1969, Fact 2), which can compute the product
with at most 4.7 n289735 operations;
(iii) The algorithm by Coppersmith and Winograd (1990), which takes about
C n237477 operations , where C is an extremely large constant.
Clearly, the Strassen algorithm dominates the naive one for large n and for
small 7 the naive approach has better performance. Without going into details,
although the Coppersmith-Winograd algorithm is asymptotically the best, C
is so large that it cannot be used for any practical problem (Robinson, 2005).
Hence the answer to the question which algorithm is “the best” is “it depends”.
In this case, it depends on the size of the input matrices.

The respective numbers of operations can be achieved via various time-

tlops trade-offs. Hence we can define the following feasibility relations:

P N°P x R — Bool,

T if2n3 <g tf,
n,(t, =
< ( f)> {F otherwise;

Strassen: N°P x R — Bool,

Pyvm
T if4.7n2807355 < tf,
(n,(t,f)>'—>{ | /
F otherwise;

pi: NP x R — Bool,

T ifC 2.375477< t ,
(n,(t,f)>'—>{ . <k if

F otherwise.
These can be then three procedures in Proc(R), each being a morphism from
the normed type

((SM X SMY, N, Ssyixsm : SM x SM — N}

to the normed type
(SM, N, SSM :SM — N) ,
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where SM is the type of all square matrices, (SM X SM)’ are the pairs of
square matrices of equal size, and Sgv maps a square matrix to its order. The
procedures are then:

pae = ([¢4, B) > AB], [(a,b) > al, piaise),

psrassen = ([(A, B) + AB], [(a,b) > a], piirassen),

P = ([(A,BY = AB], [(a,b) — al, pyp) -

The three procedures are identical, except for the last elements. Therefore, 1]
collapses them onto the same morphism in NTypes:

I (ppavee) = 1L (pRie™") = 1T (pyn) = ([{A, B) = AB], [(a,b) > al).

Example 3.29 (Distance product). Given two n X n matrices A and B with
entries respectively 4;; and b;;, their distance product C = A x B is

cij = min {aik + bk]' | k = {1..11}} .

The distance product is usually applied to the adjacency matrix of a graph. If
A is the adjacency matrix of G = (V,E), then A x A = A*? is a matrix whose
ij-th entry is the length of shortest path of exactly two legs from i to j. Hence, if
|V| = n, then A* = min{A, A*?,..., A*"}, where the minimization is applied
entry-wise, is the matrix containing the all-pairs shortest paths.

It has been shown by Romani (1980) that the complexity of the all-pairs-
shortest paths problem is the same as ordinary matrix multiplication (at least
for positive integer weights, and for simplicity we will assume that our adja-
cency matrices can be approximated by positive integer matrices). Without
getting into too much details, let’s assume that the number of operations
needed to obtain all shortest paths and their lengths are C(21n2 + M(n)), where
C is a constant and M(n) is the number of operations needed for ordinary ma-
trix multiplication of two matrices of size n (Watanabe, 1981). We will denote
the matrix of shortest paths corresponding to the lengths in A* by X*(A).

Therefore, we can define feasibility relations similarly to Example 3.28
which results in the following three procedures for computing (A*, £*(A))
for a square matrix A:

pia'ive — <[A — <A*,Z*(A)>] , [a — LZ] , pia'l've> ,
pitrassen — <[A — <A*, Z*(A)>] , [a — El] , pitrassen ,
ps" = ([A - (A%, ZXA))], [a a], V).

These procedures are morphisms from the normed type

(SM, N, SSM :SM — N>
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to the normed type
(SM X PM, N, Ssmxpm : SM X PM — N),

where SM s the type of all square matrices, PM is the type of all square matrices
with entries paths, and Ssyxpm : SM X PM — N maps a square matrix and a
path matrix to their order. Again, I collapses these three procedures onto the
same morphism in NTypes:

u (Pr;al've) — u (Pitrassen) — I—[ (pSW)

([A— (A, Z%(A))], [a - a]).



Chapter 4

Relationships between problems
and solutions

One of the main goals of this thesis is to formally study problems and solutions.
However, in order to do that we need to first explicitly define what we mean
by “problems” and “solutions”. We start this chapter by looking at how the
notion of a problem can be formalized and we will show that problems can
be represented as the category Prob. In the following chapters we will also
see how this notion can be further generalized and abstracted in order to
encompass an even larger array of applications.

We then turn our attention to the notion of “solution”. The procedures
which were introduced in Section 3.2 will play a key role. Procedures will
be the substance that can solve a problem. However, our intuition calls that
not every procedure can solve a given problem. Hence, some procedures
would be solutions for the problem, and some not. We will look in the formal
conditions in Section 4.2.

Next, we introduce Lagado: our first example of a compositional compu-
tational system. It is a category which combines the notions of problems,
procedures, solutions, as well as the notion of problem reduction under one
roof.

Finally, we show that the ways that problems and procedures interact in
Lagado resemble the structure of a twisted category. However, there are
some key differences, so we define heteromorphic twisted arrow categories which
generalize twisted categories. Finally we show that Lagado is a prime example
of a heteromorphic twisted arrow category.

Throughout the chapter the running example of shortest path search on
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various types of graphs will be further developed and its connections to some
of the other problems that we introduced before will be illuminated.

41 Problems

Intuitively when we think of problems we think of something that is in need
for an answer but is currently lacking one. What we sometimes miss to realize
is that many problems can have statements which are parametrized. For
example, the class of problems of summing two real numbers is very similar,
regardless of the particular choice of the two numbers and the regardless of
the answers being different. It is this type of structure that we attempt to
capture in our formal definition of a problem.

Definition 4.1 (Problem). A problem with a statement type being a normed type
T = (T, |T|,st) and an answer type being a normed type A = (A, |A|,54) is a
relation between T and A, that is a function 7t: T X A — Bool. We will denote
such a problem by 7t: T — A. The problem 7t can also be identified with the
set

Ry ={{t,a) |teT,ac A, n(t,a) =T} C T XA,

which is the more customary way of denoting a binary relation.

Example 4.2 (Shortest path problems). Let’s see how some of the classical
flavours of the shortest path problem fit in this framework. First, recall from
Example 3.6 and Example 3.8 that we can represent various types of graphs
with matrices.

We can represent a path in a graph of type G[n] (any of the types in
Example 3.8 works) with a list of integers between 1 and n for each node in
the path. We’d also like to keep some information about the length of each
segment in the path. We can do that by combining every node in the path
with the weight of the edge departing from it (and taking a 0 weight for the
last node). In the case of an unweighted graph, we’d just assign 1 to all nodes
but the last one. Hence, a path type could look like this:

Pln] := List [N} xR], ¥n e N, N/ :={n e N | <n < u}.

And P[n] can be converted into the normed type P[#] by using the construction
in Example 3.3. We also define the function length(p) which computes the
length of a path recursively as:

length: (p: P[n]) - R,
()~ 0,
{(n,1y,p’y — I +length(p’).
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Additionally, when we specify a shortest path problem we also need to
specity the origin and target nodes. This can again be done by the index of the
node in the adjacency matrix. Hence, we define the type OT[n] := N} x N7,
and its normed version OT[n] := (OT[n], |I|, s;), where s; maps any element
of OT[n] to 1, the only element of |I|.

Now, we can define shortest path problem formulations for the various
graph types in Example 3.8. We will only consider the normed graph types
with size the number of nodes and edges. Therefore, we can define the
following problems:

* G[n], the shortest path problem on a directed unweighted graph of size n, has

a statement being the type én+e[n] ® OT[n], an answer being the type
P[n], and d[n]((g, (0, 1)), p) = T iff p is a valid path in g and length(p) is
the minimal length of any path in g from o to ¢;

* G[n], the shortest path problem on an undirected unweighted graph of size

n, has a statement type én+e[n] ® OT[n], an answer type P[n], and
a[n]((g, (o, t)),p) = Tiff p is a valid pathin g and length(p) is the minimal
length of any path in g from o to ¢;

* Gxo[n], the shortest path problem on a directed positively-weighted graph of

size n, has a statement type é;e[n] ® OT[n], an answer type P[n], and
a=0[n]((g,(0,t)),p) = T iff p is a valid path in g and length(p) is the
minimal length of any path in g from o to ¢;

* Ggln], the shortest path problem on a directed weighted acyclic graph of size

n, has a statement type éi;e[n] ® OT[n], an answer type P[n], and
do[n]((g,(0,t)),p) = T iff p is a valid path in g and length(p) is the
minimal length of any path in g from o to ¢;

* Gg[n], the shortest path problem on a directed weighted graph of size n with

no negative cycles, has a statement type éz:e[n] ® OT[#n], an answer type
P[], and de[n]((g, (0, t)), p) = Tiff p is a valid path in g and length(p) is
the minimal length of any path in g from o to ¢.

These problems are also good examples of problems which can have mul-
tiple solutions. In a graph there might be more than one path that has the
minimum length. Also, if the graph contains two disconnected components,
then there might be also problems with no solutions. That is why the relations
R, which these problems define are not necessarily functions. In this setting,
we are also implicitly assuming that we are satisfied with any of the shortest
paths, should there be more than one, and we do not prefer one over another.

Definition 4.3 (The Prob category). The problem category Prob has:
i. objects which are normed types;
ii. morphisms A — B which are problems with a statement type A and an
answer type B;
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iii. composition of two problems 711 : A — B and n; : B — C defined as:

(m1872) (a,¢) = Vpep m1(a, b) A ma(b, ).
iv. identity morphism defined as:

ida : A X A — Bool

T ifay =ay,

(a1, az) — {

F otherwise.

Definition 4.4 (The b functor). Assuming that the terms of the type of any
normed type in Prob form a set, we define the forgetful functor b : Prob — Rel
to map every object A = (A, |A|, s4) in Ob(Prob) to the set A of its term in Rel
(Definition 2.40) and every morphism 7: A X B — Bool to the relation R.

4,2 Solutions

In the introduction of this chapter we hinted at solutions being some sort of
procedures. This is because we want computable means of obtaining answers
to particular statements of a problem.

However, not every procedure is a solution to a given problem. There
should be some consistency between the statement-answer map defined by
the problem and between the input-output map of the procedure. Here we
provide one formalization of this “consistency” that we find particularly in-
tuitive. However, this notion can be further abstracted and that would be a
major theme in some of the following chapters.

Definition 4.5 (Solution). We say that a procedure p = <p, Tp, pp> from the
normed type A to the normed type B solves a problem 7: A — B iff

ni(a,p(a)) =T,Va: A.
We also say that the procedure p is a solution of the problem .

Example 4.6 (Shortest path solutions). Let’s consider two of the most popular
shortest path search algorithms: the one due to Dijkstra (1959), and the one
proposed independently by Shimbel (1954), Bellman (1958), Ford (1956), and
Moore (1959), commonly called the Bellman-Ford algorithm. The Dijkstra
algorithm, with small modifications, can be applied to the undirected (G[n])
and the directed acyclic (G[n]) problems. The Bellman-Ford algorithm, again
with a bit of customization, can be used to solve any of the problems in
Example 4.2. While the Bellman-Ford algorithm is more versatile, it also
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has worse computational complexity. The average complexity of the Dijkstra
algorithm is
|E]

© (|E| + |V|log|—

log |V
Vlogll

and of the Bellman-Ford algorithm is
O(IVIIE]),

where |V| and |E| are the number of vertices and edges respectively (Mehlhorn
and Sanders, 2008, Ch. 10.4), (Cormen et al., 2009, Ch. 24.1).

We can therefore define the set of procedures for every pair of shortest path
problem and algorithm that can solve it:

. <fD n] ® OT[n] — P[n], ts[n], pD>, the solution of a
shortest path problem on a directed unweighted graph of size n with the
Dijkstra algorithm;

o $BF[n] = <fBF[n]: G "“[n]® OT[n] - P[n], 7s[n], pBF>, the solution of
a shortest path problem on a directed unweighted graph of size n with
the Bellman-Ford algorlthm;

e 5P[n] = (fP[n]: G"°[n] ® OT[n] — P[n], 75[n], p°), the solution of a
shortest path problem on an undirected unweighted graph of size n with
the Dijkstra algorithm;

o §%[n] = (fB[n]: G""*[n] ® OT[n] — P[n], t5[n] pBF), the solution of
a shortest path problem on an undirected unweighted graph of size n
with the Bellman-Ford algorithm;

e 30 [n] = < FP[n]: Gy [1] ® OT[n] — P[n], t5[n], pD>, the solution of
a shortest path problem on a directed positively-weighted graph of size
n with the Dijkstra algorithm;

« $%(n] = (75 [n]: G5 1n] ® OT[n] — Pln], 7y[n], pP), the solution of
a shortest path problem on a directed positively-weighted graph of size

n with the Bellman-Ford algorithm;

o 85F[n] = <§F[n]: ége[n] ® OT[n] — P[n], t5[n], pBF>, the solution of
a shortest path problem on a directed weighted acyclic graph of size n

with the Bellman-Ford algorithm;

o 58F[n] = <;§F[n]; ége[n] ® OT[n] — P[n], ts[n], pBF>, the solution of
a shortest path problem on a directed weighted graph of size n with no
negative cycles with the Bellman-Ford algorithm.

We define the translation function used in all the shortest path procedures
as:

Ts[n] = [<g, (0,t)> — n] .
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We made the choice that regardless of the particular problem statement, we
will always keep the size of the output as n, the number of nodes. This is
the longest possible shortest path in any graph. However, chances are that
given a fixed graph with n nodes the shortest path in it won't be of length n.
The problem is that we cannot know that before we solve the problem, and we
choose to have the worst case scenario. Nevertheless, one can also fix 0 or any
other natural number they see fit.

Let’s also take a look at the resources needed. Our measure of resources
will again be time and flops, as in Example 3.28. In the current setting we
unfortunately do not know the precise amount of floating point operations
needed to obtain an answer, we only have the asymptotic complexity. Hence,
we will only use the asymptotic complexity, even though it might be vastly
inaccurate for small graphs:

pP: (NxNg)x |I|] » T xF,
D € :
(((n,e},t},(t,f)) — C (e+nlogn logn),

pBE: (NxNy)x |I| - TxF,

(((n,e), 1y, (t, f)) — CPno,

where CP and CPF are some (carefully chosen) constants.

4.3 Lagado

The Lagado category is one of the most important constructions in this thesis.
It intuitively wraps the notion of problems (as its objects) and the notion of
procedures (as components of its morphisms).

A morphism in Lagado from one problem to another represents the reduc-
tion of the first problem to the second. This is done by a pair of procedures.
The first performs some computation that transforms the original problem
statement into a statement for the second problem. The second procedure
performs computation that transforms the answer of the second problem back
to the answer type of the original problem. The only thing missing is the
means to solve the second problem. But we will see that solving a problem as
defined above actually corresponds to morphisms to an identity problem in
the setting of Lagado.

Furthermore, Lagado also maintains the notion of resources needed for
computation that it inherits from the Proc category (Definition 3.16).
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Definition 4.7 (The Lagado(R)! category ). Assuming we are given a monoidal
poset (R, <g, 0, +) that we interpret as resources, we define a category Lagado(R)
such that:

i. objects are problems, i.e. the elements of the hom-sets of Prob;

ii. morphisms from a problem m;: P; — S; to a problem m2: P, — S;
are pairs of procedures (p,s), such that p € Hompyer)(P1,P2), s €
Hompo(r)(S2,S1), and for any h € Homp,oc(r) (P2, S2) which is a solution
of rp it holds that p s h §s € Hompyoe(r)(P1, S1) is a solution of 7ty;

iii. the identity morphism for a problem m: P — S is the pair of procedures
idLe2deR) (idp™¢,idg") (the superscript indicates the category in
which this is an identity morphism);

iv. given three problems 71: P1 — Sy, mo: P, — Sy, m3: P3 — 83 and
two morphisms (pa, sa) from m; to 72 and (pp, sp) from 7, to 73, the
composition of the morphisms is:

(Pa,5a) § (Pb, Sb) = (Pa § Pb,Sb §Sa) -

Lemma 4.8. Lagado(R) is indeed a category.

Proof. We need to demonstrate that the identity and associativity properties
hold.

Identity is straight-forward to show. Take two objects 711: Py — S; and
121 Py — 8y, together with a morphism between them (p, s), with

p=(p: P — P2, 7p: |P1| = |P2l, py: [Pl » R),
s=(5:S> > S1, T5: |S2] = [S1], ps: |S2| » R).

Then,

. yLagado(R
id @ ¢ (p, )
- <id£f°°, idgf“} s (p,s)
= <id£{°° $p, S idgf“)
= <<idP1,id|Pl|, p}gil> g <p, Tp, ‘Dp> ’ <S, Ts, Ps> § <id51/id|51|/ Pg>>

=((p. . pp), (5,75, p5))
={p,s),

!Named after Lagado, the capital of the island Balnibarbi in Gulliver’s Travels by Jonathan
Swift (1726). The Academy of Projectors in Lagado has built The Engine which resembles a
modern computer and is believed to be the earliest mention of such a device (Weiss, 1985).
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by using the properties of function composition with identity and Lemma 3.20.
And analogously:

(p,s) gidg =

=(p, s) 5 (idpr¢, idgr°)

= (p g idpree, idirgs)
= <<p/ Tp/ Pp> 8 <idP2/id|P2|/ P}%> 7 <id5211d|52|/ Plscl> 8 <SI TSI Ps>>

=((p, tp, pp) s (5,75, ps))
= <P/ S> .

Associativity follows directly from the fact that we compose the morphisms
element-wise, and due to function composition and series sum both being
associative as shown in Lemma 3.19. O

Remark 4.9. The definition of the Lagado(R) category shows us how we can
“convert” one problem into another, while accounting for the cost of the con-
version, i.e. the cost of executing the procedures that convert a statement for
one problem into one for another and the solution of the second problem
into a solution of the original problem. This definition is broad enough to
encompass various different settings. To provide some intuition, consider the
following few (non-exhaustive) cases:

¢ We can convert a problem instance into another representation almost
for free and the new representation allows us to perform the operation
much more efficiently. For example, imagine that you can rewrite your
problem from iterating over lists to matrix multiplications. In many
cases, hardware is optimized to calculate matrix multiplications much
more efficiently, hence that can result in less resources used. After the
computation is done you might want to again change the representation
of your data to the original structure, which would correspond to the
second procedure in the morphism pair.

* Maybe your problem can be solved by three sub-procedures. Imagine
we have the problem of calculating the Euclidean distance between two
vectors x, y € R" after they have been linearly transformed by the matrix
A € R™" je ||Ax —Ay”Z. Then we can have a pair of procedures
(p, s) which is a morphism from our original problem to the problem of
computing the difference of two vectors. Here, p is the procedure that
takes two vectors and a matrix, applies the matrix to each vector and
returns the resultant pair of vectors. Then, s is the procedure that takes
a vector and computes its Euclidean norm. The gap between the two,
i.e. computing the difference between the vectors, is to be performed by
any solution of the problem of computing the difference of two vectors,
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which problem is the target of our morphism. This is a simple example
in which the procedures not only change the shape of the input and
the output but also perform partial computation towards solving the
problem.

¢ The first point above only changed the representation of the data, the
second also performed some computation. It is only natural to ask, is
it possible for a morphism to perform the full computation, i.e. to be a
solution for the problem. And naturally, the answer is yes and the next
lemma shows how this can be done.

Lemma 4.10. Given a problem m: P — S € Ob(Lagado(R)), and a solution p of
it (as per Definition 4.5), then there are two morphisms in Lagado(R) from m to the
identity problems on P and S:

idgmb: PP

n:P—S (4.1)

idg™*: § —> S

Remark 4.11. It is easy to see how the diagram in Equation (4.1) represents
the solution p of the problem 7. One doesn’t really need a “solution” for
an identity problem: the problem statement instance is the solution instance.
Therefore, we can intuitively think of “solving a problem” and “reducing
a problem to an identity problem” as being the exact same thing. This is
formally formulated in Definition 4.12 and the connection between the solving
a problem and reducing it to identity is shown in Lemma 4.13.

Note also that every solution results in two morphisms. However, in prac-
tice it makes little difference which one we pick. As the resources required by
an identity procedure can be assumed negligible, in both cases the real cost
comes only from the resources required by p.

Definition 4.12 (Solution of a problem in Lagado(R)). Given any problem
n: P — S € Ob(Lagado(R)), any morphism (p,s) from m to idgmb for any
Q € NTypes is called a solution of t in Lagado(R).

Lemma 4.13. Given a problem 1t: P — S € Ob(Lagado(R)) and a morphism (p, s)
that is a solution of mt in Lagado(R), it holds that p &, . S is a solution of 7 as per
Definition 4.5.

Proof. For the procedurea = p g, . stobeasolution of the problem: P — S
we need that the origin and target normed types of a to be respectively P and
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S and that for any p: P we have n(p,a(p)) = T. From Definition 4.7 we know
that p: P — Q and s: @ — S. Then, the first condition holds because the
origin of a is the origin of p and its target is the target of s (due to the definition
of composition of procedures in Definition 3.16).

For the second condition, we know thatp g, q $p,o S mustbe a solution

of 7 if q is a solution of idg®. Given that the identity procedure idg is a
solution of idg®® and that p gp,,. idg®° = p, we have thata = p g, Sisa
solution of the problem 7, hence nt(p,a(p)) = T. m|

People often find themselves in situations where they need to solve more
than one problem, hence it makes sense for the Lagado(R) category to allow
us to solve multiple problems at the same time. In fact, that is enabled by
defining a monoidal product on it:

Lemma 4.14 (Lagado(R) is a monoidal category). For any monoidal poset R, the

Lagado(R) category is a monoidal category when considering the following structure:

* Tensor product || (read parallel), such that given two problems m1: Py — S
and 1to: P, — S, we have

71 || 7121 P1 ®NTypes P2 — S1 ®NTypes S2,
that is the relation between P71 X P> and S1 X S»:
11 || i (P1 X Pp) X (S1 X Sp) — Bool,
({p1,p2), (s1,52)) > m1(p1, 51) A T2(p2, 52).
Take two morphisms (p’, s’) and (p”,s"), such that
p’ € Hompyoe(r)(P7, P3),
s’ € Hompyoe(r) (S5, SY),

p” € HomProc(R)(P”/ Plz,)/
s” € Hompyoe(r) (S5, S7).

The result of applying || to them is:
<P,r S’> I <P”1 S”> = <P, ®Proc(R) P”/ s’ ®Proc(R) S”> .

* Unit problem is the identity problem on the identity normed type id,Pmb, where
| is as used in Lemmas 3.12 and 3.21 and the identity problem is the identity
morphism in Prob (Definition 4.3).

* Given a problem 1 : P — S, its left unitor is the pair of morphisms:

A

7

}Iagado(R): idlpmb ” no 7, A}Iagado(R) — <AI';roc(R), A;l Proc(R)> .

)\;1 Lagado(R): 7 —s idIProb | =, A;l Lagado(R) = <P;1 PrOC(R)’ pgrOC(R)>-
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* Right unitor is defined analogously.
* Given three problems 11 : P1 — Sy, mp : P2 — Sy, 13 : P3 — Sg, associator
being the pair of morphisms

Lagado(R) Lagado(R) . Proc(R Proc(R
a BN (mllm) s> mll(malins),  amenn, .=<apf‘;:;fpg, asjf’;§S§>;

Lagado(R) Lagado(R) , Proc(R Proc(R
aﬂl,gT(zT[3 : 7—(1”(7—(2”7—(3)_)(7—(1"7—(2)”7—(3/ anl,gTKzT(3 '=<apff)|§£p§/ aS:gcz(,SZ>

Example 4.15 (Shortest path problems in Lagado(R)). Some of the five shortest
path problems we defined in Example 4.2 can be easily represented as other
shortest path problems:

* every undirected graph can be converted into a directed graph by simply
adding two directed edges for every undirected edge, which is the first
procedure in the morphism:

G[n] . qProc(R)\ .
<C5[n]' idp) > /
¢ an undirected graph can be represented as a directed graph with edge

weights 1 if there is an edge in the original graph and oo otherwise, hence
we also have the following morphism:

é[n] . 1Proc(R)\ .
<°620[n]' idp > /
¢ if a graph has positive weights, it cannot have a negative cycle, hence we
also have a morphism
os0[n] . yProc(R)\ .
<°a®[n] it > /
* and trivially, if a graph has no cycles, it has no negative cycles too, hence
there’s also the morphism

Goln] . Proc(R
(<ot i ™).

Recall that in Example 3.29 we defined procedures for computing all short-
est paths in a graph defined by an adjacency matrix. Lagado(R) can be used
to show how a shortest path problem can be converted into a distance product
problem. To keep the example simple, we will again ignore the fine print
about infinite precision and the weights being positive integers.

First, we define the distance product problem 6 to have statement type

(SM, N, SSM :SM — N>
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Figure 4.1: The subcategory of Lagado(R) that contains the problems and
procedures discussed in Example 4.15.
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Figure 4.2: The subcategory of Lagado(R) that contains the problems and
procedures discussed in Example 4.15 represented with intuitive descriptions.
The objects and morphisms correspond to the ones in Figure 4.1. “SPP” refers
to “shortest path problem” and “Keep” is used for identity procedures that
simply return their statement as an answer.
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and solution type
(SM x PM, N, Sgnvixpm : SM X PM — N)

and 6(A, (A*, L*)) = Tiff A;} is the length of the shortest path from i to j in the
matrix generated by the adjacency matrix A and Z;} is one of the paths from i
to j in that matrix with length Af] From Example 3.29 we know that there are

three procedures that can be used to solve §: ptaive, pStrassen and pSW,

Now, assume that there is a procedure that “extracts” the adjacency matrix
from the graph type at no cost and a translating function that maps to the
number of vertices of the graph. We will denote these procedures by a® and
will index them by their problem type. Similarly, we define the procedure
k¢ which, again at no cost, extracts a path, given an adjacency matrix (and
corresponding paths), together with an origin and target vertex. In other
words, if we have the matrix of all-pairs shortest paths ©*, and a pair of
vertices (i , ]> it returns the path ¥; ; which is the shortest path from i to j.

All the resulting problems (objects in Lagado(R)) and procedure pairs (mor-
phisms in Lagado(R)) are illustrated in Figure 4.1 using the notation developed
so far. Figure 4.2 shows the exact same setting but with more intuitive labels.

The wide row has the five shortest path problems that we are considering
in this example. The procedures between them either keep the structure of the
graphs unchanged, or simply add two directed edges for each undirected edge
or weigh every edge with a constant weight 1.0. The answers don’t need to be
changed because all shortest path problems have the same answer type, hence
the second procedure in the morphisms between them is simply an identity
procedure.

All of these problems can be directly solved with the Bellman-Ford algo-
rithm and some can also be solved with Dijkstra’s algorithm, which is illus-
trated with morphisms to idgf%’. Again, once the problem is solved and a
path is obtained as an answer, no further processing is needed so the second
procedure in these morphisms is also just an identity.

As mentioned above, all five shortest path problems can be represented
as an all-pairs shortest path problem. That is because if one wants a single
shortest path it can be trivially obtained from the all-pairs answer. However,
when one moves from a single path to all-pairs they also lose the information
on the origin and target nodes because origin and target mean nothing in the
all-pairs problem because all nodes are both origins and targets. Therefore,
in order to maintain this knowledge, we add the identity problem idgfr"[a] in
parallel to it. This identity problem simply holds the origin and target nodes.
Then, once we have an all-pairs solution, then k€ uses the information stored
in this identity problem to know which entry of the answer path matrix it
should extract.
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Finally, the all-pairs shortest path 6 can be solved using any of the three
procedures introduced in Example 3.29. These are represented by the topmost
three morphisms in the figures.

4.4 Lagado as a heteromorphic twisted category

The careful observer probably noticed that Lagado(R) looks very much like
a twisted category but where objects and morphisms come from different
categories. That is indeed the case and we aim to demonstrate it in this section
by introducing heteromorphic twisted categories which are a generalization of the
concept of a twisted category (Definition 2.41).

Definition 4.16 (Heteromorphic twisted category). Consider two categories C
and D which have the same objects, i.e. Ob(C) = Ob(D). Consider also that we
have a family of functions O such that for every A, B, C, D € Ob(C) we have
the function:

AI:IC Homp(C, A) x Hom¢(A, B) Xx Homp(B, D) X Hom¢(C, D) — Bool,

satisfying the following two requirements:
(i) forall A, B € Ob(C) and all f € Homc(A, B) it holds that

404 (8. 1168, 1) =,

where id® are the identity morphisms in D;
(ii) forall A,B,C,D,E,F € Ob(C) it holds that

40S(p, f,9,9) A SO g,5,h) =T = 40E(rsp p, f,g8p 5, 1) =T

Then we define the HTw(C, D, O) category having;:
i. objects which are morphisms in C;
ii. morphisms from the object g : C — D to the object f : A — B are pairs
of morphisms (p, q), where p € Homp(C, A) and g € Homp(B, D), such
that

2050w, f,q9,9) =

iii. identity morphism for the object f : A — B is <idg, id?) ;

iv. morphism composition for any three objects f: A — B, g: C — D,
h: E — F, and two morphisms (p,q): g — f, (r,s): h — g, their
composition is defined as:

(r,s)s{p.q9)=(r o P, 9 8p 5)-
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Remark 4.17. In the above definition we defined ‘gl:lg to be a function with a
domain being the Cartesian product of hom-sets. Strictly speaking that is true
only if the hom-sets are actually sets (rather than classes), which means that
C and D would have to be small categories. However, we will ignore such
technicalities and will assume that the above definition is always valid.

Lemma 4.18. For any two categories C and D with Ob(C) = Ob(D), together with
a family of functions O that satisfies the two requirements in Definition 4.16, it holds
that HTw(C, D, O) is indeed a category.

Proof. We need to show that the requirements for the O family imply that
all identity morphisms and all compositions of morphisms exist, as well as
that the associativity and identity axioms hold. Condition (i) ensures that the
identity morphisms are included in HTw(C, D, O). Condition (ii) ensures that
all composition are also included in HTw(C, D, O).

Let’s demonstrate that the identity axiom holds. Take two objects g : C — D
and f : A — B, together with the morphism between them

<p:C—>A,q:B—>D>.
Then, then due to the identity axiom holding for morphisms in D we have:

(p,q)sids = (p,q)s(ida,idp) = (p sp id}, idg 85 q)=(p.q),

and

idy 5 (p,q) = (id2,idp) (p,q) = (id@ sp p, 9 5p idD) = (p.4).

Finally, let’s also show that the associativity axiom holds. Take three mor-
phisms (p,q): g9 — f, (r,s):h — g, (t,u):i — h. Then, due to the
associativity of the morphisms in D we have:

(Ct,u)5¢r,)) s(p,q) =(tsr,ssu)s(p,q)
=((tsr)sp,qs(sgu))
=(ts(rsp), (75s)5u)
= (t,u)s(rsp.q3s)
= (t,u) 5 ((r,s)3{p.q))-

O

Remark 4.19. The definition of the heteromorphic twisted category is almost
the same as the one for a twisted category. There are two main differences,
however. First, the direction of the arrows is flipped. In a twisted category
we have a morphism f — g if g factorizes through f, but in a heteromorphic



4.4. Lagado as a heteromorphic twisted category 59

twisted category a morphism f — g implies that f factorizes through g. The
change is introduced for convenience down the road and the definition can
easily be flipped, should one wish to do so.

The other difference is the introduction of the O functions. This is necessary
because once we get morphisms from two different categories, we can no
longer talk about building commutative squares with them, or even about
composing such morphisms. Hence, the purpose of the O functions is to act
as a “glue” and to generalize the notion of commutativity to morphisms from
different (heteromorphic) categories.

Remark 4.20. The heteromorphic twisted category HTw generalizes the twisted
category Tw. In particular, if we take:

405 : Homc(C, A) x Homc(A, B) x Homc(B, D) x Homc(C, D) — Bool,

T lf 2 9 =g,
<p,f,q,g>l—>{ Pscfica=yg

F otherwise,

then HTw(C, C, ) = (Tw(C))°?.

Lemma 4.21. Takea family of functions O such that forany A, B, C, D € Ob(NTypes)
we have:

QDS: HomProc(R)(c/ A) X HomProb(Ar B) X HomProc(R)(Br D) X HomProb(C/ D) — Bool,
T if Vh € Hompyo(r)(A, B), s.t. f(a,h(a)) =T,Va € A
it holds that

g(c, (pshgq)(c) =T,VeeC,
F otherwise.

(p.f,a,9)

Then, Lagado(R) = HTw(Prob, Proc(R), O).

Proof. Both the objects of Lagado(R) and HTw(Prob, Proc(R), ) are mor-
phisms in Prob, hence the two categories are the same object-wise. So it’s
only left to show that if a morphism is in Lagado(R) then it also must be in
HTw(Prob, Proc(R), ), and if a morphism is in HTw(Prob, Proc(R), O) then
it also is in Lagado(R).

A morphism in Lagado(R) from a problem m1: Py — S; to a problem
mp: Py — S; is a pair of procedures (p, s), such that p € Hompyoe(r)(P1, P2),
s € Homp,o(r)(S2,S1), and for any h € Homp,o(r)(P2, S2) which is a solution
of 1y it holds that p g h § s € Hompye(r)(P1,S1) is a solution of 7. For any h
which is a solution of 7y we have ma(p2, h(p2)) = T, Vp2 € P;. and of course
we also have that 71(p1, (p s h 5 q)(p1)) = T, Vp1 € Py1. But then that also means
that

gil:lgi(p, 05,8, 71) = T.
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And from Definition 4.16 we know that if the above is true then the pair (p, q)
is a morphism from 71 to 7 in HTw(C, D, O).
Showing that the opposite also holds can be done in an analogous way. O



Chapter 5

Compositional systems and
relations

In the previous chapters we developed the theory of compositional problems
in a factual-definition way by simply saying “this is that and this and that hap-
pen to work out just fine”. For example, from the onset we started defining
everything in terms of various concepts of category theory but we never justi-
tied why this is a good modelling framework. The main goal of this chapter is
to serve as a defense for this choice.

We will do that by defining a number of assumptions which seem reason-
able when one aspires to work with compositional theories and will show that
these assumptions result in the structures used in the previous chapters. In
fact, we will show that they result in something more general: semicategories
and kinded functions. Then, finally, we will show how many other concepts
we used in the previous chapters are instances of semicategories and kinded
functions. We do all that in order to prepare for Chapter 6 where we will
use them to generalize the problems, procedures and solutions that we saw in
Chapter 4.

In order to keep an open mind, we will introduce things with new names
and will only use concepts previously introduced in this thesis only after they
have been shown to be equivalent to the concepts here.

5.1 Compositional systems

First, let’s address the “compositionality” question. We have never defined
what we mean by compositional so far. Intuitively, “compositional” means that

61
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as long as some things respect the same interfaces they are interchangeable. To
be more concrete, let’s call these things components. Then, our first assumption
would be:

Assumption 5.1. Anything that composes in a component is a component.
Anything that a component composes in is a component.

We will illustrate a component C; composing in a component C; like this:

C C
1 © 2

We said we’d like to have components sharing the same interface to be
interchangeable. If one component composes in another, then there is an
interface between them. Hence, any other component sharing this interface
should be able to replace one of the original components. Then, it is also
natural to make the following assumption.

Assumption 5.2. If component Cy composes in component C», then any com-
ponent C; which composes in C; also composes in any component Cg that Cq
composes in.

Hence, visually:

Cq Co
©
Cr Cy CL Cr
©® — ©
C Cr
LEC)

We will also refer to the statement “C; composes in C>” as the tandem of Cq
and C, and will denote it by T(Cy, C2). Note that the composition as defined
above is not symmetric, i.e. C1 composing in C, does not imply C, composing
in Cq. The precises meaning of component and composes in we leave free, we
only constrain them to relate as in the assumption.

It is also reasonable to consider that whether composing two components
affects their ability to compose to other components. For example consider
having two pipes, each with two holes, one on each end. These holes can have
different diameters but we require that one of the holes of the first pipe is the
same as one of the holes of the other pipe, so that we can connect them. Once
we connect them we again have a pipe with two holes which so happen to have
the diameters of the holes we did not connect and to which we can connect
other pipes. This example illustrates why we believe that it is reasonable to
make the next assumption.
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Assumption 5.3. If component C; composes in component C, and component
C, composes in component C3, then the tandem of C; and C; composes in C3
and C; composes in the tandem of C; and Cs.

From Assumption 5.1 and Assumption 5.3 we can conclude that the tandem
of two components is a component itself, hence:

C C T(C1,C2) C
1 ® 2 © 3

= (5.1)

C C C T(C2,C3)
2 ® 3 1 ®

Note that we speak of the tandem even though we never specifically con-
strained that there is only one. However, it is easy to see that as far as the
composability properties outlined above are concerned, any tandem would
behave identically in this system. Hence, should there be more than one, it
does not matter which one we pick.

We will call a collection of such components together with a collection of
pairs of components where one composes in the other a compositional system.
If we want to write this more precisely, take C to be a set of components,
T :CXC < Cis a partial function, and # C & to be a set of pairs of
components, such that if (C1, C2), (Ca, C3) € P, then T(Cq, Cz) and T(Cy, C3)
are defined (i.e. @ is the domain of definition of T) and (T(C1,C,),C3) € &
and (Cq, T(C2, C3)) € #. Then (C, T, ) is a compositional system.

Remark 5.4. Itis perfectly possible to construct compositional systems in which
no two components can be composed. The simplest example is a composi-
tional system with only one component which doesn’t compose in itself. Or a
compositional system with two components neither of which composes into
itself or the other. Or a compositional system with N such components. While
it is rather counter-intuitive that we use the adjective compositional for systems
in which no components can be composed, this will allows us to develop a
more general theory later on.

5.2 Relationships between compositional systems

Let’s take a step back. In this thesis, we are addressing the problem of com-
positional problems and solutions. So let’s say we have two compositional
systems called Problems and Solutions. If we call them with these names, it
would give them some semantic meaning and expectations. However, these
can be any arbitrary compositional systems. So, to keep our discussion as
general as possible, let’s rename them Alice and Bob.
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Now, we would like some way of studying the relations between the com-
ponents of Alice and the components of Bob. Of course, the first question we
should ask is what is a relation between components of two compositional systems.
The most basic kind of a relation is one that is constant: regardless of what it
is, it is the same for any pair of components of Alice and Bob. Clearly, this is
as good as nothing because if everything relates in the same way there’s not
much to study about this relationship. Perhaps, instead we can distinguish
two levels of relating which we can call Compatible and Incompatible. Now, we
can be speaking of a component A; of Alice being compatible with a com-
ponent By of Bob. Of course, we can extend the two levels to any arbitrary
amount. We will call these kinds and will denote the kind of two components
A, B, respectively from Alice and Bob, by K(A, B). Let’s formulate this as a
new assumption:

Assumption 5.5. A kinded relation of kind set K between two compositional
systems Alice and Bob assigns every pair of components of Alice and Bob an
element of the kind set K.

This might be sufficient at first sight but recall that we can also compose
components of Alice and Bob which results in new components which in turn
should again be mapped to elements of K. If we do this arbitrarily we might
be left in an interesting situation. For example, imagine we map (A1, B1) to
<, (A2, By) to >, and that A; composes in A; and By composes in By, while
their tandems happen to map to O as in the equation bellow. Then, one is left
wondering whether <, >, and O should be completely independent or whether
we should require some relationship between them as well.

Alice : —2 A2 o2 (T(A1,A)
Bob : el i b o (T(B1, B2)) (5-2)
K: < > O

For an even more convincing illustration for the need for structure in K con-
sider the following case where we assume that A; composes into A, which in
turn composes into A3, and similarly for the Bs:

. Aq Ap As T(A1,A7) T(Az,A3)
Alice :
Bob : b B, Bs T(B1,B2) T(B,,B3)
oo A > @ z (5.3)
Alice . TTAADA) T AD A TG T A TlALT(2A)

T(T(B1,B2),B3) T(B1,T(B2,B3)) T(T(B1,B2),B3) T(B1,T(B2,B3))
Bob :

K: & & 'y Q
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In the second row we are trying to assess the kind of compositions of the exact
same things (sameness will be formalized in Assumption 5.7).

Recall the pipe example. Whether we first connect pipes 1 and 2 and then
pipe 3 or we connect pipe 1 to the previously connected pipes 2 and 3 should
not change the kind of the relation between the final tandem and a component
in another compositional system. Hence, it is also reasonable to identify the
two compositions (i.e. to enforce associativity). We can, however, do this at
the level of the compositional system or at the level of the relation between
two compositional systems. In the compositional system that'd be done by
asking for T(A1, T(A, A3)) to be the same component as T(T (A1, Az), Asz). If
we are to require it at the level of the relation between Alice and Bob, we’d be
asking for the four pairs in the bottom row of Equation (5.3) to have the same
kind, i.e:

. T(T(A1,A2),A3) T(T(A1,A2),A3) T(A1,T(A2,A3)) T(A1,T(A2,A3))

Alice
Bob - T(T(B1,B>),Bs) T(B1,T(B2,Bs3)) T(T(B1,B>),Bs3) T(B1,T(B2,Bs3)) (5.4)
K: L) L) L) L)

The first situation, of course, implies the second one. Furthermore, following
the example with the tubes, as well as other real-world systems, our intuition
hints at associativity being an intrinsic property of the compositional system
itself, rather than an effect that only arises whenever it is being related to
another system. Connecting pipes 1, 2 and 3 results in the same final pipe
regardless of whether it is being in relation to another system or simply by
itself. Hence, we add the following assumption:

Assumption 5.6. If component C; composes in component C, which composes
in component C3 then the tandem of the tandem of C; and C, with Cs is the
same component as the tandem of C; with the tandem of C; and C3. Or,

T(T(Cy,C2),C3) = T(Cy, T(C2, C3)).

The above assumption itself depends on the assumption that we have a
concept of “sameness” of components in a compositional system. To make
sure that this is indeed the case, let’s formalize it.

Assumption 5.7. Given any two components C; and Cj, they are either the
same or they are distinct. If C; and C; are the same then any component that
composes in C; composes in C, and vice versa. Furthermore, if C1 and C; are
the same then C; composes in any component that C; composes in and vice
versa.

Thanks to Assumption 5.6 it means that we do not need to specify the
order of composition, hence all four of the tandems in Equation (5.4) can be
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represented as:

A A A
Alice : Zeole =2

B B B
Bob : Zeo2oe =
K: Py

We still haven't solved the original problem, though. Recall that we were
concerned that <, > and O in Equation (5.2) are not at all related. But once
again, why do we care about it? After all, we solved the associativity problem
already! Let’s see another example that should illustrate the nature of our
concern:

Alice : A A ﬂ@ﬁ A—,z ﬂ@A—/2
Bob: B B Bi g B 5 Bg (55)
K: < > O > [ ]

Of course we assume that everything that’s composed above is actually com-
posable. Now we get that the pairs (A5, B2) and (A’ , Bé) are of the same kind
but if the pair (A1, B1) is composed into each of them we obtain two different
kinds of tandems. That doesn’t feel very compositional.

So, essentially we want that T(A1, A2) and T(Bj, By) are mapped to the
same kind as T(A1, A}) and T(By, B)), or that in Equation (5.5) we have 0 and
B being the same kind. In other words, if we replace a pair of components
with another pair which maps to the same kind, then the kind of the tandem
should not change. Let’s put it as an assumption:

Assumption 5.8. If
K(A1,B1) = <,
K(Az,By) =1,
K(A},B}) =<,
K(A},B)) =1,
K(T(A1,A2), T(B1, By)) =,
then
K(T(A1,A}), T(B1,B5) =0 A K(T(A},A2), T(B, By)) =0,
where A1, A|, Az, A;, are components in Alice and By, B}, B2, B} are compo-
nents in Bob.
Visually that looks like:

. A1 Ay A A A A A Ay A Ay A A;
Alicee'— — — — —0 — — 00 - —0 — — © —

Bi B B B B B, — B B, By B, — B B,
Bob: = =2 2 2 g2 12 Lo o2

K:i <« > <« > O O O O

©
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The second implication follows from applying the assumption twice.

5.3 The kinded nature

Assumption 5.8 prevents the tandem of similarly kinded components to be
differently kinded, but it still leave space for some interesting effects. In this
section we will try to see what these effects are and what should the structure
of a kind be.

The main observation here is that Assumption 5.8 requires that both the
interfaces and the kinds of the components match. Hence, it does not pre-
vent that a pair of components kinded < and > composes to a kind O for
some components and to a kind m for other components, as long as the con-
stituent components cannot be composed. While the explanation can be a bit
convoluted, an example can make the situation clear. The above statement
essentially means that we are completely fine with the following situation:

Alice : A A A ©® 42 Ax Ay A oAy
Bob: B B BgBR BB B B (56)
K: < > O < > m

where A cannot be composed in A, Ay cannot be composed in Ay, By cannot
be composed in B Y and B, cannot be composed in B,. We could ask that such
situations do not occur, thus identifying the pair (<, >) with 0. However, we
could also choose not to do it, because the above situation does not hurt us as
long as we don't try to compose the pairs that we just said we cannot. And
Assumption 5.8 ensures that this is indeed the case.

Even if we compose the two distinct tandems from the above equation into
the same pair, we still can map the composition of the components with the
same kinds to different kinds. Here’s an example of this situation:

Alice: 2 A2 A A A A A A A

Bob: B B B B B B B B B

K: < > O 4 > - "

. A A A A A A A A A A

Alice: — @28 2ok gl Ag2gik

By B B2 Br B, By Br By By Br

Bob: — o — = 6 — oL R 5o B g B
K: X % v A

where we have the same non-composability conditions as above. First, note
that the first two tandems on the bottom row must map to the same kind.
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That is directly due Assumption 5.8 as K(A,, B,) = K(A2, Bz) and both A, and
A compose into Ag, and as B, and B, compose into Bg. However, this does
not prevent us from having the second two tandems on the second row being
different. Assumption 5.8 does not apply here because A; cannot be composed
in Ay, Ay cannot be composed in A, By cannot be composed in By, and B,
cannot be composed in By.

We have observed that pairs of components together with a specific kind
map induce some sort of structure on the kinds. For example, above, we saw
that “combining” < and > “can result” in O (but can also result in something
else). In fact we saw all the following combination mappings:

@) (g,>)— 0,

(i) («,>) > m,
(i) (m, %) — V,
(iv) (O, %) —> A,
(V) (>, %) > X,
(vi) (Q,X) >V,
(vii) (<, X) > A.
Instead of simply thinking of K as a set with this structure being induced by a
specific pair of compositional systems and a particular map K, we can think of
what is the structure on K that makes it possible to be a kind. This structure
can be considered as a homogeneous relation of degree 3 over the set of kinds
K,i.e. R € KX K XxK. Then the above list of combinations can be rewritten as:
(i) (<,>,0) €R,
(ii) (<,>,m) €R,
(iii) (m, %, V) € R,
(iv) (O, %,A) €R,
(v) (>, %, X) €R,
(vi) (q,%,V) €R,
(vii) (<, X, A) € R.

Note that such a relation over the kinds is the most general construction
that can be used to describe a relationship between two compositional systems.
However, depending on the precise nature of this relationship, one might wish
to restrict it further. We will soon see that that is indeed the case when one
wishes to characterize the problem relationship between the compositional
systems of statements and answers and the solution relationship between
these two compositional systems.

5.4 The categorical connection

In the previous sections we developed several assumptions that resulted in
specific constraints for our compositional systems and the possible kinded
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relations between them. Here we will see the connections between these
constraints and well-known categorical concepts.

First, we claim that Assumption 5.1, Assumption 5.2, Assumption 5.3, and
Assumption 5.6 imply that a compositional system is a semicategory (Defini-
tion 2.34).

Lemma 5.9. A compositional system satisfying Assumption 5.1, Assumption 5.2,
Assumption 5.3, and Assumption 5.6 is a semicategory.

Proof. First, let’s see what is the connection between the components of the
compositional system and the structure of the semicategory. Then, we will
show that composition is well-defined and associative, as required in Defini-
tion 2.34.

Take M = (C, T, &) to be our compositional system. Recall that C is the set
of components, T : C X C < C is a partial function that identifies some pairs
of components with another component which we called their tandem, and
that & is the domain of definition of T which has the property that

(C1,C2) €e P A(C2,C3) € P = (T(Cq,C3),C3) € P A(T(Cq,Cp),C3) € P.

Now, the components C are the morphisms in a semicategory M*. We will
define the objects implicitly, based on the compositional structure of M. Our
construction is based on the following rules for the target of the morphism
corresponding to a component A € C:
Ti If A composesinto another component B, then the target of the morphism
corresponding to A is the origin of the morphism corresponding to B.
Tii Otherwise, the target of the morphism corresponding to A is an object
that is the origin of no morphism.
And the following rules for the origin of the morphism corresponding to A:
O. If another component B composes into A, then the origin of the mor-
phism corresponding to A is the target of the morphism corresponding
to B.
O.i Otherwise, the origin of the morphism corresponding to A is an object
that is the target of no morphism.

Let’s show that this is a consistent definition, meaning that every morphism
in M" has exactly one origin and one target object. Take a component A € C.
A must have at least one target because in both T.i and T.i it is assigned a
target and a case not covered by these two cannot exist. The same holds for
the origin of A.

Now, let’s show by contradiction that A cannot have two or more targets. If
it has two targets, then there must be two distinct components By, B, € C that
A composes into. Then, due to O.i we know that unless there is a component
A’ composing into B; which doesn’t compose into B, the origins of B; and
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B, would be the same. However, it is impossible to have a component A’
composing into B; which doesn’t compose into By due to Assumption 5.2:

A By
©
’ A’ B
A ©® B1 = © 2
A B>
©

Hence, the morphism corresponding to A has exactly one target. The argument
that it also has exactly one origin is symmetric.

Next, the tandem of components and the composition of morphisms in
a semicategory are exactly the same thing. Furthermore, Assumption 5.3
guarantees that the composition of morphisms in M" is transitive.

Finally, the associativity of M directly follows from Assumption 5.6. O

Remark 5.10. In fact, our original setting of compositional systems that focused
on component compositionality rather than on objects is much more aligned
with the historical view on categories. In their seminal paper, Eilenberg and
MacLane, 1945 defined a category purely by the means of its morphisms,
while objects were delegated solely to be induced by the identity morphisms.

The natural question that follows is how do kinded relationships as in
Assumption 5.5 fit in the categorical perspective. We defined kinded relation-
ships to map pairs of components of two distinct composite systems Alice and
Bob to elements of a set K. We just showed that there are semicategories Alice’
and Bob" whose morphisms are the component of Alice and Bob. Hence, pairs
of components of Alice and Bob are pairs of morphisms of Alice® and Bob".
Therefore, a kinded relation can be represented as a function from the product
of the sets of morphisms (assuming that the two categories are small) to the
set of kinds. We call such functions kinded functions.

Definition 5.11 (Kinded function). Given two semicategories C* and D", and
a set K, a kinded function between C* and D" of kind K, denoted

% K o
C—->D
is a function

U Homc:(A, B) X U Homp-(A, B) — K,
A,B€Ob(C*) A,BeOb(D*)

where the unions are over all the objects in the respective semicategories.
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Remark 5.12. In Definition 5.11 we implicitly assume that taking the union over
these hom-sets is indeed possible. However, to be strict, that is only possible if
T, A, and C are small categories. We will nevertheless ignore such subtleties
and will allow ourselves to continue abusing the notation in this way.

Lemma 5.13. Given two compositional systems Alice and Bob and a kinded relation
of set K between them, one can construct a kinded function:

R: Alice’ X Bob’,
or if expanded:

R: | J Homuew(d,B)x |] Hompg(4,B)—K,
A,BeOb(Alice") A,BeOb(Bob")

such that if A and B are components of respectively Alice and Bob and o and f3
are their respective morphisms in Alice” and Bob”, then K(A, B) = R(a, ). Here
Alice” and Bob" are the semicategorical representations of Alice and Bob.

5.5 Categorical representations of some
compositional systems

In the previous sections we built up to the conclusion that compositional
systems can be represented as semicategories and that the relationships be-
tween them can be represented as kinded functions. We did that somewhat
handwavy by establishing several assumptions that seemed to sound right.
However, nothing gives us any guarantees that the above conclusion is at all
useful. In order to clear up any remaining doubt we will provide a number of
examples of collections of components with various degrees of “composition-
ality”, as well as relations between them, and will show that all of them can
be represented as semicategories and kinded functions.

The least compositional case is when nothing is composable (as discussed
in Remark 5.4). This degenerate setting would correspond to a good old-
fashioned set.

Lemma 5.14. Given a set S, the semicategory S* with Ob(S*) = S and

@ if Sy is distinct from Sy,

H * S /S =
oms:(S1, S2) {{51} if Sq is the same as Sy,

forall S1,S> € Ob(S*) is indeed a semicategory.
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Proof. First of all, we are working in a setting where the elements of S are
components of a compositional system, hence they satisfy Assumption 5.7
and the notions of sameness and distinctness are well-defined. Second, as there
are no morphisms between distinct objects in S*, there are no compositions,
hence nothing to check for associativity. Therefore, it trivially holds that S* is
indeed a semicategory. |

Remark 5.15. We require that the components of the compositional system be-
come morphisms in the respective semicategory. That is why in the above
setting we have each component be not only an object in §* but also a mor-
phism.

Remark 5.16. A (semi)category where there are no morphisms between any
two distinct objects is usually called a discrete category.

Of course, we can treat the terms of a type in the exact same way. Hence,
they can also be represented as a discrete semicategory.

Lemma 5.17. Given a type T, the semicategory T* with Ob(T*) being the terms of T
and
@ if Ty is distinct from T»,

Hom 4 T ,T =
-(T1, T2) {{T1} if Ty is the same as T,

forall T1, T, € Ob(T*) is indeed a semicategory.

As a normed type can be represented as a collection of terms of a type and
their respective sizes, it is a yet another example of a discrete semicategory.

Lemma 5.18. Given a normed type A == (A, |A|,s : A — |Al), the semicategory A*
with Ob(A*) being pairs {(a, s(a)), with a a term of A and

@ if ay is distinct from as,
{{a1,s(a1))} if ay is the same as ay,

Homa: (a1, 5(a1)) , (a2, 5(22))) = {

forallay: T,ay: T is indeed a semicategory.

So far we considered only compositional systems with no compositionality.
However, if we move away from the discrete semicategories to a more general
one, in its morphisms we can find the very notion of compositionality we were
seeking earlier in the chapter. Of course, needless to say, any semicategory can
extremely trivially be represented as a semicategory. But, more interestingly,
any category can be represented as a semicategory as mentioned in Remark 2.35.
This is simply due to the definition of a semicategory being a relaxation of the
definition of a category.
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Semicategories

N\ T

Normed types Types Categories

/S}’/mmetric

Sets monoidal
categories

1\
Compact
closed
categories

Figure 5.1: Hierarchy of compositional systems, i.e. the Qs poset.

As any category is a semicategory, also categories with even more structure
such as (symmetric) monoidal categories (Definition 2.29) and compact closed
categories (Definition 2.32) also represent compositional systems.

In fact, the property of one of these compositional systems being repre-
sentable in another system can be thought of a poset ()5, where A <q, B if any
compositional system of the collection A can be represented as a compositional
system of the collection B. This is illustrated in Figure 5.1.

Remark 5.19. Upon seeing Figure 5.1 some readers might be eager to say that
Set (Definition 2.39) is a category, hence “Sets” should be under “Categories”.
However, in the context of compositional systems we are considering a “set” to
be a collection of components, which become the morphisms in the representa-
tive semicategory. If we instead consider the category Set, whose morphisms
are functions, then the morphisms in the representative semicategory would
also be functions. While both settings are certainly valid, they are very differ-
ent.

5.6 Categorical representations of some kinded
relations

In the previous section we demonstrated that a number of widely used com-
positional systems can be represented as semicategories, hence defending our
call for categorical representations for compositional systems from Section 5.4.
Here, we continue this argumentation by also illustrating how various types
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of relationships between such compositional systems can be represented as
kinded functions (Lemma 5.13).

Let’s first consider compositional systems that were originally sets. One
type of a relationship between sets is a function. Assume we have two sets, S
and P, and their semicategorical representations S* and P* due to Lemma 5.14.
Take any function f : S — P. Then the question is, what should the corre-
sponding kinded function R be in order to respect Lemma 5.13.

But then, first, what should the kind K of this kinded relation be? Clearly,
as forany s € S, and any p € P, f(s) is either p or isn't p, the kind set of this
relation should have two elements. Then, let’s pick K = {T, F}.

Now, according to Lemma 5.13 the signature of R £ is:

Ry : U Homsg:(s,s”) % U Homp:(p, p’) — {T,F}.
s,s’€0b(S*) p,p’€Ob(P*)

But from Lemma 5.14 we know that these homsets are non-empty only when
s = s’ or p = p’, hence we define Ry as:

Ry : U Homg:(s,s) X U Homp-(p, p) — {T,F},

seOb(S*) peOb(P*)
T if =p,
< s, P> N if f(s)=p
F otherwise.

Hence, we’ve proven the following lemma:

Lemma 5.20. For any two sets S and P, and any function f : S — P, there exists a
kinded function Ry of kind {T,F} from S* to P* that satisfies Lemma 5.13.

Another type of a relation between sets is a binary relation. We already
encountered that in the definition of problems in Lagado (Definition 4.1). Take
again the two sets S and P and their semicategorical representations S* and P*.
Now take any binary relation G C S X P. We can construct a kinded function
that represents it:

Rg: | ] Homs(s,s) x | ) Homp(p,p)— {T,F},
seOb(S*) peOb(P~)
T if (S,p)EG,

<s,p> ~ {F otherwise.

Hence, we’ve also proven the following lemma:

Lemma 5.21. For any two sets S and P, and any binary relation G € S X P, there
exists a kinded function Rg of kind {T,F} from S* to P* that satisfies Lemma 5.13.
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Speaking of Lagado, we also made use of procedures there (Definition 3.16).
A procedure connected two normed types, which we already know to be
representable as semicategories (Lemma 5.18). A procedure from a normed
type
A= (A |A]l,sa: A— |A])
to a normed type
B := (B, |B|,sg: B — |B|)

is a triplet

p = (p: A — B,1,: |Al — |B|, pp: |Al » R>,
where p: A — B is a term of the function type A — B, 7,: |A| — |B|is a
monotonic function, and p,: |A| - R is a feasibility relation (Definition 2.14),
with R a monoidal poset.

Let’s see how p can be represented as a kinded function Rp. First, the
morphisms of the categorical representations A* and B* of the two normed
types are pairs (a,s4(a)) and (b, sg(b)), as already established in Lemma 5.18.
Hence, given two such terms, we need to evaluate if the procedure p can
produce the second from the first one while obtaining its correct size. Further-
more, this has to be done while keeping track of the resources which enable
such conversion. If the conversion is possible, then the resources enabling it
form an upper set (Definition 2.12) in R, something which follows from the
monotonicity of p,. Following this intuition, we can define R, as:

Rp : Ha x Hp — {F} UUR,

{r | pp(sa(a),r) =T} ifp(a)=">band
({a,s4(a)),(b,sp(D))) — Tp(sa(a)) = sp(b),
F otherwise,

with
Ha = | ) Homa:((a,54(a)) , (a,54(a))),
a: A

Hp = || Homg:((b, s5(0)) , (b, s8(b))).
b: B

Note that the kinds of R, consist of F if the relation doesn’t hold, and of the
upper sets of resources (R) that enable it, in the cases when the relation holds.
This is the proof of the following lemma:

Lemma 5.22. For any two objects A, B € Ob(Proc(R)) and any procedure
p € HOmme(R)(A, B)/

there exists a kinded function Ry of kind {F} U UR from A" to B* that satisfies
Lemma 5.13.
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So far we looked only at relations between compositional theories that
are represented as discrete semicategories. Let’s see what happens when
we consider something with more structure, for example categories. The
fundamental relation between two categories is a functor.

We will take a look at functors in a bit, but let’s first see what happens
if our relation is described by a bifunctor to a third category. In a nutshell,
every bifunctor corresponds to a kinded function. Then we will show that
every functor can be represented as a bifunctor, so then also every functor
corresponds to a kinded function too.

Take the bifunctor

II: TxA —C,

where T, A and C are all categories. The morphisms of the category C will
become the kinds of the kinded relation. Then we need to define a kinded
function with the following signature:

R : U Homrt(t,t") x U Homa(a,a’) — U Homc(c, ¢’).
t,t'€0b(T) a,a’€Ob(A) ¢,c’eOb(C)
(5.7)
However, the fact that IT is a functor means that its effect on morphisms is
exactly a function with this signature. Hence, we need not explicitly define a
kinded function representation for such a bifunctor: the bifunctor itself can be
thought of as a kinded function!

Remark 5.23. In fact, a bifunctor is much stricter than the kinded function.
While the kinded function was defined to be as general as possible, the defi-
nition of a bifunctor requires that the endpoints of the morphisms are consis-
tently mapped to the endpoints of the maps of the morphisms, as well as that
the compositions are mapped to the compositions of the mapped components.

Lemma 5.24. Every bifunctor
II:TXA—-C

induces a kinded function Ry from T to A with its kind being the collection of
morphisms of C.

Now, let’s see what happens with functors. We want to show that every
functor can be represented as a bifunctor.

Definition 5.25 (The And category). The And category consists of two objects
T and F with the following morphisms between them:

(3, f
féTOF@f.

f
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The identity morphism of T is t and of F is £f. Furthermore, we identify the
following compositions:
(i) tst=t,
(ii)) tgf=1,
(iii) £5t = £,
(iv) fgf =1

Remark 5.26. The name of the And category comes from the fact that only a pair
of t morphisms identifies with t and from the fact that the only t morphism
is the identity on T. The use of this structure will become clear shortly.

Lemma 5.27. Given two categories C and D and a functor F : C — D between them,
the map F defined as
F:CxD — And

if F(C)=D,
otherwise,

(u,m) {t JEw =1,

T
(C,D) > {F

f otherwise,

is a functor. In the above definition, C and D are objects and u and 1 morphisms in
respectively C and D.

Proof. First we need to show that the above mapping respects the endpoints
of the morphisms. Consider any y : C; — C2in Cand 1 : D1 — D in D.
Note that regardless of where F sends u and 7, there is always a £ morphism
between F(C1,D;) and F(Cy, D,). This is not the case with t, so we need to
show that whenever F(u) = 1, it follows that F(C1) = D; and F(Cy) = D;. This,
however, must hold as F itself is a functor, hence F respects the morphisms’
endpoints.

Next, we also need to show that F respects identities. From the functoriality

of F we know that if F(C) = D, then F (idg) = idB, hence F (idg,idg) =t. If
F(C) = D, hence also F(C,D) = T. And as t is the identity of T, it respects the
identity requirement. In the other case, i.e. if F(C) # D, F (idg) +1idR, hence

E (idg, idB) = £. If F(C) # D, hence also F(C, D) = F and f is its identity. O

Remark 5.28. The main implication of the above lemma is that any functor F
between the categories C and D can be represented as a bifunctor F between
their product category C x D and the category And. Hence, a bifunctor
C x D — And is a generalization of a functor C — D. If one is to make an
analogy to the world of functions, a function relates to a binary relation in the
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Kinded functions

Procedures Bifunctors
Binary relations Functors
Functions Monoidal functors

Figure 5.2: Hierarchy of compositional relations, i.e. the Qg poset.

SC

Figure 5.3: Valid relationships between the hierarchies of compositional sys-
tems and compositional relations. The acronyms correspond to the collections
in Figures 5.1 and 5.2.

same way a functor relates to a bifunctor to And. In fact, any binary relation
can be represented as a bifunctor to And, as the next example shows.

Wejust showed (Lemma 5.27 and Remark 5.28) that every functor F : C — D
can be represented as a bifunctor F : C x D — And. Before, we also showed
in Lemma 5.24 that any bifunctor can be represented as a kinded function.
Therefore, any functor can then too. The following lemma naturally follows:

Lemma 5.29. Every functor
F:C—D

induces a kinded function R from C to D with its kind being the set {t, £}.

Remark 5.30. The kind of the kinded relation in Lemma 5.29 is simply the
collection of morphisms of the And category.
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Remark 5.31. Actually, we can also show that bifunctors generalize binary
relations too! Take any binary relation R € C X D between two sets C and
D. We can define C and D to be the discrete categories whose objects are the
elements of respectively C and D. Then, the functor R : C x D — And maps
the pair (c,d) to Tif (c,d) € R and to F otherwise. As there are only identity
morphisms in C and D they map to the corresponding identity morphisms in
And. Hence, the bifunctor to And can also be thought of as a generalization
of a binary relation.

Just in the same way that we showed that some compositional systems in-
clude others, it is also true that some relations between compositional systems
are generalized by others. Hence, we can create a hierarchy of compositional
relations. This again can be represented as a poset Qg where A <q, B means
that any relation of the collection A can be represented as a relation of the
collection B. We illustrate this in Figure 5.2.

Remark 5.32. Not only do compositional systems and relations form two posets,
but one can also define a feasibility relation (Definition 2.14) between them.
In other words, we can define the monotone function

Q: Qgp X Qr — Bool,

T if a relation from the collection R can be defined
(5,R) — for any two compositional systems from S,

F otherwise.

To see that this is indeed a feasibility relation, we have illustrated the valid
pairs in Figure 5.3.






Chapter 6

Compositional computational
systems

In the previous chapter we went on a quest for the minimal (and hence most
general) way to represent compositional systems and the relationships be-
tween them. The result was that compositional systems which fall in the
boundaries of the set of assumptions we developed can be modelled as semi-
categories and the relationships between them as kinded functions. Then,
when we looked for examples of such systems and relations, we saw that all of
the concepts that we used earlier in this thesis to construct Lagado showed up
as particular instances of semicategories and kinded functions. But if Lagado,
a concept that we will call a compositional computational system, is build up of
particular instances of compositional systems and relations, then is it possible
to generalize it by using semicategories and kinded functions as the building
elements? That leaves us with a question of creating the minimal (and hence
most general) system of problems and solutions, i.e. the “ultimate” general-
ization of Lagado. And this is what we devote this chapter to.

Most readers probably already see how the generalization of a composi-
tional computation system would look like. For the rest, let’s spoil it. We
already concluded that semicategories and kinded relations should be our
fundamental building blocks. Therefore, we will define our problems and
solutions as kinded relations between semicategories. Then, this induces cat-
egorical structures on problems and solutions, which allow us to define a
heteromorphic twisted category on them, just as we did with Prob, Proc(R)
and Lagado(R) (recall Lemma 4.21). The resulting category is our answer to
the question of generality above, and we will call it Laputa.

81
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We will reuse the names of a lot of the previously defined concepts. In
the text, it would be clear from the context which one we are using. For the
mathematical concepts, in order to distinguish them, we will be putting a
small circle over the last letter of the generalization concept.

6.1 Generalized problems and procedures

As we mentioned above, we generalize the definition of a problem (Defini-
tion 4.1) to a new one:

Partial Definition 6.1 (Problem). A problem I1 with a statement semicategory
T*, answer category A", and kind the set N is a kinded function of kind N from
T" to A™
N
II: TP — A",

Partial Definition 6.2 (Procedure). A procedure A with a statement semicategory
T", answer category A*, and kind the set M is a kinded function of kind M from
T to A™:

AT 5 A

Remark 6.3. We label the above two definitions partial because there is structure
on N and M that we require but haven't established yet. This stems from our
desire for problems and procedures that are composable. We will soon take a
look at this.

Remark 6.4. Apart from that, Definitions 6.1 and 6.2 are exactly the same. They
only differ in the name of the kind set but as this is arbitrary, it is not a real
difference. Hence, in this generalized setting problems and procedures are
modelled in the exact same way. Note however, that we give them different
semantic meaning. While we do consider a problem to be simply a map of
sorts between statements and answers, we do expect that a procedure has a
computational backing, i.e. some algorithm, code, or program that takes an
input a statement and produces an answer. Furthermore, we allow differ-
ent kind sets for the two settings. For the problems, the kind stresses their
(potentially) compositional structure. For the procedures, the kind can be con-
taining information of the quality of the approximation or the computational
resources needed.

We said above that Definitions 6.1 and 6.2 are partial definitions because we
need to be stricter in how we pick N and M. Let’s see exactly what we meant
there.

First, we want to be considering compositional problems. Hence let’s con-
sider three semicategories and two problems (kinded functions) between
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them.

T > To > T3 (6.1)

My: | ) Homre(4,B)x | ] Homr,:(4,B)—N

A,BeOb(TyY) A,B€Ob(T,")
Tg: U Homr,-(A, B) X U Homr, (4, B) —» N
A,BeOb(Ty") A,BeOb(T3)

If we are to compose the two problems, we should end up with a problem
* N *
ITa: T17 — T3

This problem takes a morphism t; from T1* and a morphism ¢3 from T3* and
returns an element of N that characterizes the problem. If we are building
this from I14 and Il this constrains the domain of I14 and the range of I1p
but not their interaction at T3*. Hence, we need to “integrate out” the T,".

Let’s first fix a single morphism ¢/, from T,". Then we can obtain I14(t1, ) =
na € N and Hg(té, t3) = ng € N. However, in order to obtain a single element
of N which characterizes the composition of I14 and Il we need a way of
“combining” n4 and np. As this must hold for any n4,np € N it can be
thought of as a binary operation. We will call it multiplication and denote it by
X. Now, we can combine n4 and ng as ng X ng € N.

Imagine we have three problems instead:

* H * H * H *
T —2 T — T3 —= Ty, (6.2)

and we have fixed morphisms t] from T," and t] from T3". Then, for any t;
from T¢" and t4 from T4* we can write the multiplication of the respective
kinds in two ways:

(TT(t1, t5) X TI(t), t5)) X T1(£5, ta),
I1(t1, ) x (TI(t5, £5) X TI(t5, t4)) .

However, it doesn’t make sense that the order of multiplication of the kinds
would affect the resulting kind of the composition. Hence we would like to
have:
(TI(t1, t5) X TI(t5, £3)) X TI(£5, ta) = T1(tq, £5) x (TI(t, £5) X T1(t5, t4))
= TI(t1, t5) x TI(t}, t5) x TI(t}, ta).

Therefore, the multiplication operation X over N should be associative.
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Now, let’s get back to composing the two problems in Equation (6.1). Recall
that so far we had the morphism at T," fixed as some particular value. To
obtain I'14p we need to evaluate what happens with the value of

[Ta(ty, ty) x IIp(t5, t3)

over the whole range of morphisms ¢, in T,". To this end, we can define a new
binary operation over N, called addition, which will be denoted by + (or }.).
Now, we can define the composition of problems (or any kinded functions)
as:
[ag(t, t3) = (ITa §I1g) (1, t3) = Z [Ta(t1, t2) x Ip(t2, t3),

treHy

where
Hy= | ] Homr,(4,B).
A,BeOb(T,")

It of course makes sense for the addition on N to also be associative. Further-
more, we don’t want to have the value of Il(t1, t3) depending on the order of
going through the morphisms in H. To ensure that we will also require that
the addition operation on N is commutative.

Now that we have defined how the composition should look like, let’s
take another look at the example where we compose three problems (Equa-
tion (6.2)). Then we would get:

I1apc: H1 X H4 — N
(6.3)

(t1,tg) — Z ITa(ty, t2) X Z Ig(t, t3) X Ic(ts, ta) |,
treH, t3€H3

where H1, Hy, H3 and Hy as defined analogously to above. However, we
would like the kind of the composition to not change if we instead consider
summation over the multiplication of three kinds (recall that the multiplication
was defined to be associative). I.e. we want that the term in Equation (6.3) to
be equal to:

Z Z Ia(t, t2) x T1p(t2, t3) X Hc(ts, ta).

treHy t3€H3

This is equivalent to asking that the multiplication operator X distributes over
the addition operator +.

Recall that in Lagado we also had a notion of identity problem which
actually represented a solution. That was because both the statement and
answer types of such a problem are the same and the map between them is
the identity function. Hence the statement and the answer are always equal,
making it a problem that is very trivial to solve. We would like to extend
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this concept to the general setting we are constructing. So, we will also need
identity problems.

An identity problem should have the property that when composed with
another problem, it doesn’t change it. Let’s consider the following setting:

I . .
T —= T, Dy (6.4)
We ask that:

D Ta(t, ) X T8, ) = Tla(ty, 1), Vi € Hy, Vo € Hy,
téGHz

The left-hand side of the above equation can be rewritten as:

[a(t, t2) X T3 (b2, b2) + D Tla(by, £5) X TIE(#, ).
theHy\{t2}

The desired result would be achieved if Hizd(tz, t2) evaluates to a multiplicative
identity on N and
TTa(t, th) XTI (t), t2)
theHy\{t2}

evaluates to an additive identity. The second essentially means that multipli-
cation by the additive identity should annihilate any value (i.e. should result
to the additive identity itself).
Let’s summarize all the properties that we established to be desirable in the
kind N:
i. N is equipped with a binary operation X : N X N — N.
ii. The binary operation X is associative.
iii. The binary operation X has an identity element.
iv. N is equipped with a binary operation + : N X N — N.
v. The binary operation + is associative.
vi. The binary operation + is commutative.
vii. The binary operation + has an identity element.
viii. The binary operation X distributes over the binary operation +.
It just so happens that this is the definition of a rig.

Definition 6.5 (Rig). A rig, also called semiring, is a set R equipped with two
binary operations (Definition 2.1), addition (+) and multiplication (X) such
that:
i. The addition operation:
® js associative, i.e.

(a+b)+c=a+(b+c), Va,b,ceR;
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® is commutative, i.e.
a+b=b+a, Va,beR;
* has an identity element denoted 0, i.e.
O+a=a+0=a, VaeR;

ii. The multiplication operation:
® js associative, i.e.

(axb)yxc=ax(bxc) Va,b,c€eR;
* has an identity element denoted 1, i.e.
1xXa=ax1=a, VaceR;

iii. The multiplication operation distributes over the addition operation, i.e.
foralla,b,c € R it holds that

ax(b+c)=(axb)+(axc)
(a+b)yxc=(axc)+(bxc)

iv. The addition identity 0 is the annihilating element of R with respect to
the multiplication operation:

OxXa=ax0=0, VaeR.
A rig can be denoted by the tuple (R, +,0, X, 1).

Clearly, everything we asked for N leads to it being a rig. Moreover, as
we mentioned in Remark 6.4, apart from the symbol we use for the kind the
two partial definitions for problems and procedures (Definitions 6.1 and 6.2)
are exactly the same. Hence, if we wish to have identities and the same
compositional properties on the procedures, we also need the structure of a
rig on M.

With this we can now give the complete definitions of problems and pro-
cedures, as well as formal definitions of composition and identity.

Definition 6.6 (Problem). Given a rig
N = (N, +n,0n, XN, 1N),

a problem I1 with a statement semicategory T*, answer semicategory A*, and
kind N is a kinded function of kind N from T* to A™:

N
I: 7" — A".
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Definition 6.7 (Procedure). Given a rig
M = (M, +m,0m, Xm, Im) ,

a procedure A with a statement semicategory T, answer semicategory A*, and
kind M is a kinded function of kind M from T* to A™:

AT Y A
Definition 6.8 (Problem composition). Given a rig
N = (N,+n,0n, XN, 1N),
and two problems:
My Ty* =T, and  Tlg: Ty' — Ty,
we define the composition I14 g I'1p as:

HAgHB:H1XH3—>N.

(t1,t3) Z ITa(t1, t2) XN Ig(t2, t3),
treH»

with }} being the repeated application of +y, and Hi, H, H3 being the collec-
tions of morphisms of respectively T1", T2", T3".

Definition 6.9 (Procedure composition). Analogous to Definition 6.8.

Definition 6.10 (Identity problem). Given a rig
N =(N,+n,0n, XN, IN),
, N
and a semicategory T*, we define the identity problem HITCE :T"—> T onT" as

Id: HxH — N,

1 ift=+t,
()] "
Oy otherwise,

with H being the collection of morphisms of T.
Definition 6.11 (Identity procedure). Analogous to Definition 6.10.

Of course, we need to show that the identity problem indeed acts as an
identity:
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Lemma 6.12. Given a rig
N = (N, +n,0n, XN, IN),

and a problem:
N
I1: Tl* — Tz*,

it holds that
NIy, =TT and TIf. ¢TT=TL

Proof. The left-hand side of the first equation is:
(s 1) (11, )

= D Tt 1) Xy T (8, 1)

téEHz
:(H(tl,tz) XN Hdez*(tz,tz)) N Z T(t1, t5) Xn TTg. (8, £2)
theHy\{t2}
= ([(t1, t2) XN IN) +N Z I1(t1, t5) XN On
tieHa\{t2}
=TI(t1, t2) +n Z On
theHy\{t2}
=I1(t1, t2) +n On
=I1(t1, t2),

which is the right-hand side. Hence, the first equation holds. Above we
used the properties of the additive and multiplicative identities of a rig, as
well as the fact that the additive identity Oy is the annihilating element of N
with respect to Xy (Definition 6.5). The second equation can be shown in an
analogous way. O

And the case for the identity procedure is exactly the same.

Lemma 6.13. Given a rig
M = (M, +p,0p, Xp1, 1),
and a procedure:
M
A: Tfe i Tz*,

it holds that
AsANd =A and A gA=A.
2 1
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6.2 Laputa

We just showed that problems and procedures are kinded functions between
semicategories with kinds having the structure of rigs. Furthermore, we
showed how this structure implies that we can compose these kinded functions
and that they also have identities. We have seen a mathematical structure
before that consists of objects, things between them, means of composing
these things, and identities: a category. Indeed, collections of problems and
procedures can be thought of as two categories.

Definition 6.14 (The ProB(O*, N) category). Given a rig
= (N, +n,0n, XN, IN),

and a subcategory O* (Definition 2.21) of SemiCat (Definition 2.38), the
Prob(O*, N) category has:
i. objects which are the objects of O;
ii. morphisms A* — B* which are problems with statement semicategory
A*, answer semicategory B*, and kind N;
iii. composition of two morphisms defined by problem composition (Defi-
nition 6.6);
iv. identity morphisms being the identity problems (Definition 6.10).

Definition 6.15 (The Pro¢(O*, M) category). Given a rig

M = <M/ +M, OMI XM, 1M> s

and a subcategory O* of SemiCat, the Pro¢(O*, M) category has:
i. objects which are the objects of O;
ii. morphisms A* — B* which are procedures with statement semicategory
A", answer category B*, and kind M;
iii. composition of two morphisms defined by procedure composition (Def-
inition 6.9);
iv. identity morphisms being the identity procedures (Definition 6.11).

In the Lagado setting we also had a notion of solution (Definition 4.5). We
labeled a given procedure as a solution of a problem if it always produced
a correct answer. In the generalized setting we’re considering here we are
moving away from “correctness” and instead allow to label problems and
procedures with kinds. Hence, we also need to generalize the notion of a
solution. In fact, we will abstract the decision of whether a certain procedure
is a solution to a problem in a higher-order function

N M
W Ax: (T* — A*) X (T* — A*) — Bool.

We will call W a solution judgement map.
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Definition 6.16 (Solution). Given two rigs N and M, and function W indexed
by two semicategories:

N Mo,
W A (T* — A*) X (T* — A ) — Bool,

N M
a solution of a problem IT: T* — A” is a procedure A : T* — A", such that
Wt oa- (IT,A) = T.

Now that we have cleared up that problems and procedures form categories,
and that we have means of assessing when a procedure is a solution to a
problem, we are ready to define the category Laputa which represents our
general compositional computational system.

Definition 6.17 (The Laputa' Category). Take a subcategory O* of SemiCat,
two rigs N and M, a solution judgement map W, and the family of functions
O such that for any four semicategories A*, B*, C*, D* € Ob(O") we have:
A0S.: €(C, A") x B(A", B*) x C(B*, D*) x B(C*, D*) — Bool,

T ifVA, € Hompmé(M)(A*, BY),

s.t. Wa-p (Hf,Ah) =T

it holds that We: p- (ITy, Ap 3 Ap 3Ag) =T,
F otherwise,

<AP'Hf'A‘1’H9> =

where € = Homp,o¢(m) and B = Homp, o5 n)- Then, the Laputa(O*, N, M, V)
category is the heteromorphic twisted category

HTw(Prob(O*, N), Pro&(O*, M), ).
Heteromorphic twisted categories were introduced in Definition 4.16.
Remark 6.18. As for any selection of O*, N, M, and W the resulting
L; = Laputa(O*, N, M, V)

is a category, this Laputa category can be a problem statement or an answer
in another Laputa category that has as objects categories. In other words L;
can be a problem statement or an answer in any L, = Laputa(Cat, -, -, -) or any
L3 = Laputa(SemiCat, -, -, -) category. Itis even more curious that as L, and L3
are themselves categories, they can also be problems statements and answers
in themselves. This self-referentiality allows some of the compositional com-
putational systems, such as any such L, or L3 to have an “internal model” of
themselves and to reason about their own structure. Note that in such a case
a problem statement or an answer would correspond to a pair of procedures
of the same category:.

!Named after Laputa, the island floating above the island of Balnibarbi in Gulliver’s Travels
by Jonathan Swift (1726). In the novel, Balnibarbi is subjugated to the king of Laputa.
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6.3 Lagado and Laputa

We deliberately constructed Laputa(O*, N, M, W) to be the most general cat-
egory for handling generalizations of problems, procedures and solutions.
But then, if Laputa is so general, then our original problem-solution category
Lagado should be nothing but a specific instance of it. In this section we aim
to show that this is indeed the case. All we need to do is to show that given a
monoidal poset R, there is a choice of Olagado rigs N Lagado 511 q plagado 5nd
a solution judgement map WLa834° for which Lagado(R) is equivalent to

Laputa(O*Lagado’ NLagado/ MLagado/ \I]LagadO).

What should O*?8%9° be then? Well, while all normed types can be consid-
ered as semicategories (Lemma 5.18), not all semicategories are normed types.
Hence, we will take O*12839° t be the subcategory of semicategories which
represent normed types.

Now, what should the rig N be so that Prof)(O*Lagad‘), N)is Prob. A problem
is nothing but a binary relation (Definition 4.1) and we already showed that
binary relations are kinded functions with kind Bool = {T,F}. Now, we only
need to add the additive and multiplicative structure on Bool that results in
the composition and identities from Definition 4.3.

Recall that problem composition was defined in Definition 4.3 as:

\/ m(a, b) A ma(b, ).
beB
And problem composition was defined in Definition 6.8 as:
Z a(t, t2) Xn T (E2, £3).
treH»

Hence, the addition operation should be Vv and the multiplication operation
should be A. As an additive identity we need an element X € {T, F} such that:

XVT=T,
X VF=F,

hence, X must be F. Similarly, as a multiplicative identity we need an element
X € {T,F} such that:

XAT=T,
X AF =F,

hence, X must be T. And it is now also easy to check that the additive identity
is the annihilating element of the multiplication operation:

FAT=F,
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FAF=F.

Therefore, we have N282d° .= (Bool, V, F, A, T).

Now, let’s see what the rig M should be so that Pro&(O*13839° A1) is Proc(R)
for some monoidal poset R = (R, <g,Or, +r). We already showed how pro-
cedures (Definition 3.16) can be represented as semicategories (Lemma 5.22).
Recall that the kind of the corresponding kinded function is {F} U UR. Hence
we also pick {F} U UR as our set underlying the M'283d° rjg.

Take three normed types A, B, C. Each one of these has a corresponding
category A, B, €, with both objects and morphisms being pairs (a, s,), where
Sa = sa(a) is the size of the term a. Take also two procedures between them:

. MLagado
Ai: A—— B,

Ar: B m (o}
Then, their composite is:
A13Ar: Hy X He — {F} UUR,
({a,50), (e, 56)) P> D" A1({a,50) , (b, s8(D))) Xat Ao (b, s5(B)) , (¢, sc(e)))
b:B

We achieve this by defining Xy as:

Xpm: MxM— M,

(F,F) > F,

(R',F) > F,

(F,R’y > F,
(R1,Ro) = {r1 +r 12 | 11 € Ry, 72 € Ry},

for all R’,R1,R, € UR, and with multiplicative identity 15y = R. And by
defining +; as:

+M: MXM— M,
(F,F) —F,
(R',F) » R/,
(F,R’y » R,
(R1,Ra) = {r1 +r 72 | 11 € Ry, 12 € Ro},
for all R’, Ry, R, € UR, and with additive identity 0p; = F. One can easily

verify that procedure composition and identity procedures following from
the above definitions are exactly the same as the ones in Definition 3.16. Also,
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the additive identity F is indeed the annihilating element with respect to the
multiplication operation. Therefore, we have

MLagado ._ {F}UUR, +Mm,F, XM, R).

The only thing left is to provide an appropriate solution judgement map
plagado e already know that the resultant family of functions [JLagado
should be the same as the one in Lemma 4.21. Hence, we get that \pLagado
should be:

NLagado MLagado
ylhagade, (T — A) x (T - A) — Bool,
T ifA(t,a)#F = II(t,A(t,a)) =T,
(IT,A) > Vt:T,Va: A,
F otherwise.

Therefore,
Laputa (O*Lagadol NLagado, MLagadol \I;Lagado)

is indeed the category Lagado(R) as defined before in Definition 4.7.

6.4 Functorial problems and procedures

The semicategories that form the objects of 0*13829° are discrete semicate-

gories. That means that there’s not much interaction between their elements.
Let’s then see an example where the relation is functorial. That means that
we have compositional properties not only between problems and between
procedures but also within the statements and answers themselves.

To be more concrete, we will be asking that our statements and answers
form categories and that problems and procedures are functors between them.
We already saw in Lemma 5.27 that we can represent any functor I1: C — D
as a bifunctor C x D — And. As part of this realization we also concluded
that it can then be represented as a kinded function with kind being the set
{t, £} (Lemma 5.29).

Note that as C Xx D — And generalizes also binary relations, we get even
more structure. The functor IT maps an object C from C to only one and exactly
one object in D. The same holds for morphisms too. However, C x D — And
can map C to any number of objects in D (or to no object too). We will use that
property to handle problems that can have varying number of solutions.

Remark 6.19. It is immediately obvious how also any problem 7t : T — A as per
Definition 4.1 can be represented in the alternative form T X A — And. The
category T will have an object (¢, st(t)), a pair of element and its size, for every
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element ¢ of the normed type T. The category A is similarly defined. Then
IT({t,sT(t)),{a,sa(a))) = Tiff n(t,a) = T. Hence, the definition of problems
in this section encompasses the original one that we saw in the context of Prob
and Lagado(R).

So how would this compositional computational system look like? First,
let’s call it LAnd. We want to deal with categories only, so then we are
interested only in the objects of Cat, the category of (small) categories (Defini-
tion 2.37). It is trivial to see that Cat is indeed a subcategory of SemiCat. As
we take both problems and procedures to be functors (or bifunctors to And),
we know that the sets underlying our two rigs N and M should both be {t, f}.
Note that despite the difference in capitalization, we give the same semantic
meaning to {t, f} and {T,F} = Bool. Hence, the rig N2 also can apply
here. It also carries the meaning that we wish: to work as functor composition.
Therefore, we define both the problem and procedure rigs to be:

B = ({t,f},V,F,A,T).

And we can define a simple solution judgement map for any two categories T
and A:

B B
wlhand, (T = A) X (T = A) — Bool,

(T1, A) /\ /\ AT, A) = TI(T, A).

TeOb(T) AcOb(A)

(6.5)

This behavior WA js to simply check whether every time that the procedure
says that a statement and an answer match, they also match according to the
map of the problem.

Now we can define the LAnd category as:

LAnd = Laputa (Cat, B,B, \I’A“d) .

Let’s see an example of a problem in this setting.

Example 6.20 (Linear systems). As an illustration of a problem with more
structure, let’s consider solving systems of linear equations, that is problems
of the type:

Ax =a,

where A € R 4 € RF are given, and we solve for x € R!. More precisely,
we'll consider a slight twist of this problem, namely, given a matrix A, find a
function that maps every a to an x such that Ax = a. Note that depending
on A, such a function might not exist (the inconsistent case), or might not be
unique (the indeterminate case).
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Our statement category will be the category of matrices M defined as fol-
lows. The objects of M are the (positive) natural numbers. A morphism from
an object k to an object ! is then a matrix A € R¥*!. The identity morphism for
the object k is the identity matrix Iy. Morphism composition in M is simply
matrix multiplication.

The answer category N also has as objects the (positive) natural numbers.
A morphism from an object k to an object [ in N is a function f : RF — R/,
Composing two morphisms f : R — R/ from k to [ and g : R — R™ from I
to m is the function composition f g g from k to m. Identity morphism for the
object k is the identity function idg.

Now we need to provide the problem functor IT': MXN — And. I1* maps
a pair of integers to T only if they are the same. Otherwise they are sent to F.
1t maps a pair of morphisms, one matrix and one function, to T only if the
function provides an answer to the problem for any input. Formally:

I1t: M xN — And,
T ifm=mn,
(m,n) —
F otherwise,

t ifk=m,l=mn,
(Atk—>1, fim—n)m Af(z) =z, Vz e R™,
f otherwise.

In order for this to be a valid functor definition, it must respect morphism
endpoints, as well as the identity and composition requirements.

The endpoints are respected because a pair of a matrix and a function gets
mapped to t only if their dimensions match, which is also the requirement for
mapping their endpoints to T. Validating the identity requirement follows a
similar procedure as in the proof of Lemma 5.27. The composition requirement
states that forany A € R and B € R and every f: k' — I’and g: I’ — m’
it must hold that:

" ((A, f) s (B, 9)) =TI"(A, f) 8anq TT5(B, 9). (6.6)

The right-hand side is t only if f is a solution for A and g is a solution for B,
ie.k=k',I1=1I,m=m’,and

Af(u)=u, Vu € RF  and Bg(v) =v, Vv € R’
But that also implies that

ABg(f(u)) = Af(u) = u, Yu € RF,
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hence f g g is an answer for AB, and the left-hand side of Equation (6.6) must
also hold. One can also show that the reverse also holds, i.e. the composition
of answers implies that the two functions should be answers by themselves.
For a given problem statement (i.e. a matrix A € R®), there might be none,
one, or an infinite amount of answers. In other words:
¢ if A is an inconsistent matrix, there’s no morphism f in Homn(k, ) such
that HL(A,f) =t;
e if A is an indeterminate matrix, then there are an infinite amount of
morphisms f € Homy(k, [) such that TT-(A, f) = t;
* otherwise, there’s exactly one morphism f in Homn(k, ) such that
IH(A, f) = t.

Remark 6.21. Equation (6.6) shows why we are interested in functorial rela-
tionships between statement and answer categories. When we have such a
functorial relationship it naturally follows that the kind of a composition of
a statements and answers is the composition of the kinds of the individual
pairs.

Example 6.22 (Solving linear systems via Moore-Penrose pseudoinverses).
One common way to solve a system of linear equations Ax = a is via the
Moore-Penrose pseudoinverse A*. A very useful feature of this result is that
it is well-behaved also for indeterminate and the inconsistent cases. Given a
matrix A € R® and a vector a € R¥, the Moore-Penrose pseudoinverse A*
provides all solutions via the equation

x=Ata+(I-A"A)w,

where w can be any vector in R’. If the system has a single answer, then
I — A* A evaluates to a zero matrix, hence x = A*a. If the system has multiple
answers, then they can all be obtained with a suitable choice for w. Finally, if
the system is inconsistent, then AA*a # a, so this can be used as a test.

Therefore, we can now define a procedure AM? in LAnd that solves the I
problem outlined above.

AMP . M XN — And,
T ifm=n,
(m,n) —
F otherwise,

t ifk=m, [ =mn,and
Vz € R" existsa w € Rl s.t.
f(z)=A"z+(I-A*A)w,

f otherwise.

<A:k—>l,f:m—>n>|—>
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AMP

We can directly see that is indeed a solution of I, i.e. we have

Witnd(Ih, AMP) = T.

That is because if we have f(z) = A"z + (I — AT A)w, for any z then f is indeed
the right answer as per the definition of TT.

Example 6.23 (Linear systems (extended)). Let’s revisit the problem definition
in Example 6.20. We mentioned that a linear system represented by a matrix
A can have no solutions, a single one, or an infinite amount of solutions. Note
that when the matrix has no solutions, then no matter what function we pair
it with, it will never map to the t morphism in And. Hence, if a matrix
together with some function map to t, the corresponding linear system would
have either one or an infinite amount of solutions. More concretely, if A is
invertible, it’d be of the first case, otherwise, it’d be of the second case. And
furthermore, note that the product of two matrices A and B is invertible only
if both of them are. This hints at a compositionality property.
Let’s modify And a bit:

We call this category And” and we identify t!' g t' with t! and all other
compositions between t! and t* with t®. Now, we can have a problem
1M : M x N — And” that maps single-solution and multi-solution problems
to different morphisms in And* while respecting the compositionality of this
property.

Note that TT:# is not a problem in LAnd, but rather can be one in a Laputa
category where the kinds for the problems are the morphisms of And*:

LAnd" := Laputa (Cat, B* B, \IJA“d#) ,

with B and wAnd" appropriately defined.

6.5 Probabilistically correct solutions

So far we have been working in a deterministic setting. However sometimes
we can solve a problem only probabilistically, i.e. we will get an “answer” but
whether this answer is correct or not is something that we cannot be 100%
sure.
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One example of that are inference problems. When dealing with such
problems, one usually has a dataset sampled from a (partially) unknown
distribution and they need to infer the distribution from the data. Because
the sample is a random variable itself, the inference about the distribution is
also random. Hence, conclusions about it can be only made in a probabilistic
setting. We’ll illustrate this in Examples 6.24 and 6.25.

Another setting where we speak of having a solution only probabilistically
is the case of randomized algorithms. We will show how verifying that a
function solves a linear system (the problem in Example 6.20) can be solved
with a randomized algorithm.

The computational computational system that we will be using will be very
similar to the LAnd system in the previous section. Again, statements and
answers will form categories. However, now instead of having kind {t, £} we
will use probabilities instead.

So we define the category of probabilities Pr. It has a single object o, and
morphisms indexed by the reals in the range [0, 1]. The identity morphism on
this object is 0, and the composition of two morphisms rq, 7 is

r1 g1y == min(l, ry + r2).

We still need to define a rig on the morphisms of this category. The objects
of this rig would be simply the reals in the range [0,1]. When we compose
problems, we would like the resulting probability to be the probability that
both statement-answer mappings are correct, hence, assuming that they are
independent, that would result in the product of their respective probabilities.
And as we integrate over the various terms for the inner object, we would like
to pick the pair that results in the highest probability. Hence, we define our
probability rig as:

Pr:={{xeR|x€][0,1]},max,0,x,1).

One can easily check that with this definition composition, identities, and the
annihilation properties follow.

Finally, we also need a solution judgement map. Let’s choose the following
semantics for something being a “solution”: a procedure is a solution to a
problem if the probability that the procedure assigns to the correctness of a
pair of a statement and an answer is at least as high as the probability assigned
by the problem. Hence, we want to err on the safe side. Put more formally:

WLPr . (TiA)x(TiA) B
TA" ool,

(T1, A) A A A(T, A) > TI(T, A).

TeOb(T) AcOb(A)
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Therefore, the resulting compositional computation system can be defined
as:

LPr := Laputa (Cat, Pr, Pr, \I’Lpr) .

In order to illustrate the utility of LPr, let’s take a look at a concrete example
of a problem in it.

Example 6.24 (Location model of the normal distribution). Consider the prob-
lem of estimating the mean of a normally distributed variable. Take X to
be normally distributed with an unknown mean u and known variance o2,
ie. X ~ Ny, 0?). We also assume a Bayesian setting, hence we take as a
prior that y is also normally distributed with known mean and variance, i.e.
u ~ N(uo, 05). The problem then is, given n identically and independently
distributed (iid) samples x1, ..., x,, taken from X, and an interval [/, u] in R,
find the probability that p is in this interval, i.e. P(u € [I, u] | x1,..., x5).

Our statement category T is a discrete category, with objects finite sets
of real numbers. The only morphisms are the identity morphisms, hence
morphism composition is not possible. Hence, an element T € Ob(T) is a
dataset with n = |T| samples.

The answer category A isa preorder (a Bool-enriched category, or a category
with at most one morphism between objects) with objects the real numbers
and with morphism i : I — u, I, u € Ob(A) designating the [/, u] interval in
R. Note that we require that the intervals are always valid, i.e. | < u. The
identity morphism on object x is the interval [x, x]. Morphism composition
is simply interval concatenation, i.e. givenany i : | — u, i’ : u — u’, we have
thatigi’: | — u’is the interval [, u'].

Now, the problem functor IMV:TxA — Pr maps (the identity morphisms
on) a dataset T sampled iid from X and an interval [/, u] to the probability
that the unknown p is in the interval:

. Tx A — Pr,
(T,x) o,
<idT/ [l/ 1/[]> — P (l’l € [l/ M] | T) .

The compositionally of this system is due to the fact that the probability of u
falling in an interval [/, u] which contains m equals the sum of the probabilities
that it falls in either [/, m] or in [m, u].

We can also provide a procedure for solving the ITN problem.

Example 6.25 (Solving the location model). It is a well-known fact that the
posterior distribution of u given a dataset T = {x1, ..., x,} is also normal and
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is distributed as

0 1 1
0
y|x1,...,xn~n( Z—E X; Ho, )
2, 0%2n 2 2 noy 1
o5+ 1= noy+o 02+03
~——
(@ o*(T)

Therefore the probability that u € [/, u] is:

- u*m) _q)(l - u*(T))

o*(T) o*(T) ©67)

P(uell,u]|T) :(13(
where @ is the cumulative distribution function of the standard normal distri-
bution.

Hence, we have the procedure

AN - TxA — Pr,

(T,x) + o,

(dr, [1, u]) > @ (” _ “*(T)) _ (ﬂ) .

a*(T) a*(T)

We can immediately see from Equation (6.7) that AN always return the same
morphism in Pr as [TIN. Hence, we must have \I/'fPli (HN ,AN ) = T, meaning
that the procedure AY is indeed a solution for the problem ITV.

Let’s also take a look at a probabilistic algorithm. Recall Example 6.22.
The definition of the procedure contains a statement like “for every z € R",
there exists a w € R!”. However, an algorithm that checks a statement for all
elements of an uncountably infinite set would never terminate. Hence, that is
not a very good procedure. We will now look into a randomized algorithm
that can check whether a function f provides solutions for the linear system
A with various degrees of certainty.

Example 6.26 (Randomized verification of linear system answers). If we don’t
have any additional information about the functions that constitute the mor-
phisms of N, e.g. that they are linear, then there can be no deterministic
procedure that can verify that a function always provides the correct answer
to a system A. To see why this is the case, assume that there’s a function f
that is indeed the correct answer, i.e. Af(z) = z, Vz € R™, where A € R"™*".
Now pick any z’ € R” and a y € R" such that y # f(z’). Then the function

F(z) = {f(z) ifz#z2,

y otherwise
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provides the correct answer everywhere but on z’. A procedure can only find
this if it checks for all elements of R™ which can be an infinitely long process.

We can, however, sample many random vectors from R". If Af(z) = z
holds on all of them, then it is very likely that f is a correct answer. Exactly
how likely is a question that we can answer with the Hoeffding’s inequality
(Hoeftding, 1963). The Hoeftding’s inequality states that if Xy, ..., X}, are iid
random variables with support on the interval [0, 1], then:

1
P(BIX] = — (X1 +...+Xy) 2t <e 2yt > 0.

Take an iid sample V = {vy,...,v,} of vectors from R™. We said that we
can be never completely right so let’s say that we are happy if the function f
fails to produce the right answer in at most 1 of the cases. For example, for 1
in 1000 failure rate, that'd be n = 0.001.

We can consider the indicator variable

b(Z) = H[Af(z);tz]

to be a Bernoulli random variable. Let’s also assume that for all v; € V it holds
that b(v;) = 0. After all, if that’s not the case we know that f is not a correct
answer. As all random variables b(v;) have support only on 0 and 1, we can
apply Hoeffding’s inequality:

PlEZ[Af(Z) # Z] - % (b(v1) +...+b(vy)) = t) < e—Zntzl Vt >0,

where Ez[Af(Z) # Z] is the probability that f is not A’s answer for some z.
And as all b(v;) are 0, this becomes

P(Ez[Af(Z)#Z] 2 t) <e 2, Vtx0.
We said above that we are willing to tolerate at most 7 failures, so:
P(EZ[Af(Z) #Z] = 1) < e 27,

Hence, using the above result we can define the following procedure which
evaluates the probability that a function f is the correct answer to a linear
system problem with statement A:

A%: Mx(NxNs;)— Pr,

(m,(n,s)) o

(A,(f,s)) — min {1 —max {b(v1),...,b(vs)},1 - 3—25772} ,
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where Ny is the discrete category whose elements are the positive natural
numbers, and the {vy, ..., vs} is an iid sampled dataset of size s. It is assumed
that 1 is a constant that is determined beforehand.

For example, if we take 1 = 0.001 as above and we take s = 1,000,000
samples, all of which resulting in b(v;) = 0, then we have the probability of f
providing the correct answer in at least 99.9% of all possible cases to be

1 — exp(=2 x 1,000,000 x 0.0012) = 0.8647,

so about 86.5%. However, if even for a single v; we have b(v;) = 1, then A’
would map to 0%.



Part 11

Co-design and compositional
computation
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Chapter 7

The mathematical theory of
co-design

This part of the thesis will be mainly devoted to the theory of co-design and
how it fits in the compositional computational systems developed in Part I.
The theory of co-design is particularly rich in compositional structure which
makes it a very good choice for illustrating the main concepts developed in
this work. Furthermore, co-design is of significant utility for designing and
optimizing real-world systems, hence showing connections with it further
illustrates the theory of compositional computational problem-solving.

We start this extended example by first introducing the mathematical theory
of co-design. This chapter will review just the fundamental definitions and
results and might be rather dry to the reader who encounters co-design for the
tirst time. For those interested to learn more, we strongly recommend (Censi
et al., 2020). Historically, co-design, as we use it here, was first proposed by
Censi (2016) as means for designing complex physical systems with multiple
design objectives. It can also be extended to work with uncertainties (Censi,
2017). Nevertheless, its applications are much broader than this and it sits
on an especially rich compositional and category-theoretical foundation. In
this and the following chapters we will explore that and provide some new
useful results as well as connections with some compositional computational
systems.

105



106 Chapter 7. The mathematical theory of co-design

7.1 A bit more order theory

We first introduced some notions of order theory in Section 2.1 because they
were necessary for the development of the compositional computational the-
ories in the first part of this thesis. Co-design is solidly grounded in order
theory. Therefore, we need to also arm ourselves with the notions of upper
and lower closures, joins, meets, lattices, as well as with some properties of
posets.

Definition 7.1 (Upper closure). The operator T maps subsets S of a poset
(P, <p) to the smallest upper sets that contain them:

T: %P — UP,
S—{yeP:3IxeS:x<py}.

Lemma 7.2. Given a poset (P, <p), UP is a poset with order given by

There is a top element in UP and it is the empty set. There is also a bottom element:
P itself.

We can similarly define the dual concept of lower closure:

Definition 7.3 (Lower closure). The operator | maps subsets S of a poset (P, <p)
to the smallest lower sets that contain them:

l: ®P > LP,
S—{yeP:3IxeS:y <px}.

Lemma 7.4. Given a poset (P, <p), LP is a poset with order given by
A<pB = ACB.

There is a top element in LP and it is P itself. There is also a bottom element: the
empty set @.

Definition 7.5 (Join). Given a poset P = (P, <p) and a subset of its elements
S C P, then the join | | S of this subset is an element x € P such that s <p x,
forall s € S, and for any x” € P, such that s <p x’, Vs € S, we have x < x’. In
other words, | | S is the least element that reduce to all elements of S. If S has
only two elements, i.e. S = {a, b}, we will also denote their join by a LI b. The
join of a subset S does not always exist.
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Example 7.6. Take the real numbers and their typical order <. Then the join
of any twoa,b € Ris
alb=max{a,b}.

The join of the subset S; = {x € R: 0 < x < 1} is | |S; = 1. The join of the
subset S, = {x e R: 0 < x <1} isalso | |So =1, even though 1 ¢ S,.

Example 7.7. Take the set
P={(a,x):xeR, x<0}U{(g,x): xR, x>0tU{(>,x): xR, x >0},

together with the relation <p such that:

i. (A,a)<p(A,b) & a <D,

ii. (9,a)<p(«,b) & a<b,

iii. (>,a) <p (>,b) & a <D,

iv. (a,a)<p(«,0),VaeR, a<0,

v. (A,a) <p (>,0), Va eR, a <O.
Then | |{(a,x) € R: x < 0} does not exist because, both (<, 0) and (>,0) are
upper bounds for the subset but neither reduces to the other. If we also had
(<,0) <p (>,0) and (>,0) <p (<, 0), then both of them would be joins for this
subset, and would be equal due to the antisymmetry property of posets.

Definition 7.8 (Meet). Given a poset P = (P, <p) and a subset of its elements
S C P, then the meet [ ]S of this subset is an element x € P such that x <p s,
forall s € S, and for any x € P, such that x’ <p s, Vs € S, we have x” < x.

Remark 7.9. The meet is a dual of the join (i.e. it is the join in the opposite
poset), hence all the claims for the join hold equally for the meet.

Definition 7.10 (Lattice). A lattice is a poset (P, <) with some additional prop-
erties:
i. Given two points p, q € P, it is always possible to define their join a LI b;
ii. Given two points p, q € P, it is always possible to define their meeta mb.

Definition 7.11 (Bounded lattices). If there is a least upper bound for the entire
lattice A, it is called the top (T). If the greatest lower bound exists it is called
the bottom (L). If both a top and a bottom exist, we call the lattice bounded, and
denote it by (A, <, U, M, L, T).

Lemma 7.12. Given a poset R, UR is a bounded lattice (Definition 7.10) with

(UR, <ur, Lur, Tur,Uur, Mur) = (UR,2,R,2,N, V).
Proof. Can be found in (Censi et al., 2020). O
Lemma 7.13. Given a poset F, LF is a bounded lattice (Definition 7.10) with

(LF, <Lr, Lvr, Tor, ULr, M) =(LF, S, @, F,U,N).



108 Chapter 7. The mathematical theory of co-design

Proof. Can be found in (Censi et al., 2020). O

Lemma 7.14. Given a poset (P, <p), we can identify every element p € P by an upper
set in UP, by taking its upper closure. Furthermore, there exists a partial function
xp : UP < P such that

P'=T{p} < «xp(P’)=p.

Proof. We give an explicit definition for xp:

xp: UP — P,
p’ if exists p’ € u such that p’ <p u’, Vu’ € u,
u
undefined otherwise.

Note that if such p’ exists it must be unique due to the antisymmetry property
of posets. Furthermore, we can see from Definition 7.1 that for any p it holds
that xp (T{p}) = p. Now we need to also show that T{p} is the only upper set
in UP which xp maps to p. Assume there is another upper set v € UP such
thatp € v,p <p v’, Vv’ € v. As T{p} is the smallest such upper set, v must
contain at least one additional element x, for which it must hold that x <p p,
p <p x or they are not comparable. The first case is in contradiction with the
definition of kp, the second case implies that x € T{p} and v cannot be distinct,
which is another contradiction, and the last again contradicts the definition of
kp. Hence, v must equal T{p}. O

Lemma 7.15. Given a family P’ = {P;}icr of upper sets of the poset (P, <p) indexed
by a set 1, their union \ J;¢; P; is also an upper set.

Lemma 7.16. Given a poset A, and any element a € A, it holds that:

Tala} = Lyop{a}.

7.2 Design problems

From a mathematical point of view, a “design problem” is simply a different
name for a feasibility relation. We first saw the notion of feasibility relation
in Definition 2.14. Then, feasibility relations were used to keep track of the
resources required for computing procedures (Definition 3.16). However, de-
sign problems (as we will call them from now on) are much richer in structure
and are the building blocks of co-design.

From a semantic point of view, design problems illustrate trade-offs in
decision-making. If we have two posets F and R and a feasibility relation
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(or, interchangeably, a design problem) with functionality F and resource R is
written
d:F-»R.

We call the elements of F a functionality because they usually refer to some-
thing we want, e.g. money in the right currency, a new bike, universal health-
care, or a well-functioning legal system. Each element of F corresponds to a
different specific instance of this class of desired things, and the order on P
acts to designate which instances are more preferable. For example, getting
100 CHF is commonly believed to be better than getting 10 CHF and having
impartial judges but limited access to legal help, while not perfect, is perhaps
better than having biased judges and limited access to legal help. Both of these
things can be expressed as order relations on the functionality poset F.

But, as people say, “there is no free lunch”. Hence, the elements of the
poset on the other end of the design problem, the resource R, correspond to
the “price” of getting what we want. It can represent other currencies, or debt,
prices, tax burden, or political risk. And again we can have our preferences
ordered.

Recall that we ask for feasibility relations to be monotone. When we trans-
late this to the interpretation we use above this results in the following philos-

ophy:

If it is possible to get feasibility f by giving up resource r, then it is also
possible to get it by giving up “more” than r, e.g. v’ >r r. Similarly, if
it is possible to get feasibility f by giving up resource r, then it is also
possible to get “less” than f,e.g. f' <p f with the same resource r.

At first this might seem a little bit constraining and the curious reader might
be ready to argue that many things in the real world are not monotone. If
that’s the case, we’d like to urge them to look for an example that cannot be
represented as or converted to a monotone problem. It is surprisingly difficult.
The intuition and applications are much broader and Censi et al. (2020) do
a great job at explaining them so we recommend the reader to refer to their
paper. We will instead focus on the mathematical aspects of co-design.

Definition 7.17 (Composite design problem). Given three posets P, Q and R,
and two design problems (feasibility relations) ® : P -» Qand W : Q -» R,
one can define a (then-)composite design problem for P given R as

dsW: PP X R — Bool,

(p,r) P\ p,q) AW, 7),
q€Q

where g € Q refers to the set of objects of the poset Q.
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An intuition for the composite feasibility relation is that p can be obtained
given r if there is at least one ¢ € Q which can be obtained given r and which
in turn can be used to obtain p.

Lemma 7.18. The composite design problem is indeed a design problem (feasibility
relation), i.e. composition preserves monotonicity.

Proof. As ® and W are monotone maps to Bool we only need to show that vV
and A preserve monotonicity. We can directly see that from how they map the
product poset Bool X Bool to Bool:

(true, true) "
......... T
true true / \ true,l:'rue

>< T p— (false, true)( ,false) s T T

false false
......... >

false false

O

Lemma 7.19. The composite design problem is associative, i.e. for any four posets
P,Q,R,S and three feasibility relations ®pg : P - Q, Por : Q - R, and
®Drs : R » S we have:

(Prg § Dor) § Prs = Ppg § (Pgr § Prs).

Proof. Due to the properties of V and A we have:

(Ppg § Por) § Prs = \/ \/ Dpo(p, q) A Pgr(q, 1) | A Prs(1,5)
re€R | \g€Q

= \/ \/ [q)pQ(p, q) AN Pqr(q, 1) A Prs(r, 5)] :

r€R geQ

The same can be shown for ®pg 3 (Por § Prs), hence the composition of
design problems is associative. |

Definition 7.20 (Identity design problem). For any poset P = (P, <p) one can
define the identity design problem CD};i :P-»Pas
. T ifp<pp/,
q)ld , 7 —
PP ) {F otherwise.

Lemma 7.21. The identity design problem is indeed a design problem.

Proof. In order to show that the identity design problem is a design problem
we need to show that it is a monotone map to Bool. In particular, that if for
some p,p’,q,q" € P we have that

(P, p") <porxry (4,9")
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then q)}Jd(p/ P/) SBOO]_ (I)}gl(q/ ql)
From Definition 2.6 and Definition 2.7 we know that:

(P 1) <worsr) (0,9) &= p<peq AP <pq’
= q<pp Ap <pq.

If p <p p’ then by the transitivity property of posets 4 <p 4. But then also
CD}?(p,p’) =Tand @}Dd(q, q’) =T, so fl)f(p,p’) <Bool @f(q, q’). If p £p p’, then
CI)llﬁl(p, p’) = F and for any value of CDf(q, q’) we have @f(p, P’) <Bool CD}?(q, q’).

O

Definition 7.22 (Product design problem). Given 4 posets P, Q, R, S and two
design problems ® : P -» Q and W : R -» S, we define the product design
problem for the product poset P X R given the product poset Q X S as

OXxW:(PXxR)Px(QxS)— Bool,
({p.r),(4,8)) = @lp, ) AW(r,5),
Lemma 7.23. The product design problem is indeed a design problem.

Proof. In order to show that the product design problem is a design problem
we need to show that it is a monotone map to Bool. Consider some p,p’ € P,
q,9"€Q,r,v" €R,s,s" € Ssuch that

@xW) ((p,r),(q.,5)) =T,

as well as (p’, r’> <pxR <p,r>, and (q,s> <0Oxs (q’,s’). From the product
poset definition (Definition 2.6) we have:

<p’, r’> <pxR <p,r> = p'<pp A1t <pv,
(q,s) <oxs {q',s") = g <0q As<gs.
Also from the product design problem definition:
@xW)({p,r),{(q,5)) =T = D(p,q) =T A Y(r,s)=T.

And due to the monotonicity of ® and W we have:

D(p,q) =T
psep = O(p.q)=T,
q<qq
W(r,s)=T
r'<gr ¢ = Y(',s)=T
s <gs’

Therefore, (® x W) ((p’,7’),(q’,s")) is also T. O
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Definition 7.24 (Sum design problem). Given 2 posets P, Q and two design
problems ® : P -+ Q and W : P -» Q, we define the sum design problem for the
two as:

OV W:PPx(Q — Bool,
(p,q) = @(p,q) vV ¥(p,q).

Lemma 7.25. The sum design problem is indeed a design problem.

Proof. In order to show that the sum design problem is a design problem
we need to show that it is a monotone map to Bool. Consider some p,p’ €
P, q,9" € Qsuch that (@PVW¥)(p,q) =T, p’ <p p, and q <g 4’. Note from
Definition 7.24 that the sum relation is true if at least one of its two terms are
true. And due to the monotonicity of ® and W, if one of them is T for (p, q),
it must be T for (p’, q’). Hence if (O V W¥)(p,q) = T, then it must hold that
(@VvV¥)(p',q')=Tas well. O

Definition 7.26 (Intersection design problem). Given 2 posets P, Q and two
design problems @ : P -» Q and W : P » Q, we define the intersection design
problem for the two as:

O AW : PP x(Q — Bool,
(P, q) = (p,q) AP (p,q).

Lemma 7.27. The intersection design problem is indeed a design problem.

Proof. Analogous to the proof of Lemma 7.25 m|
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Solving design problems

So far we have discussed design problems (feasibility relations) and the posets
on which they operate. We have seen various ways to combine them and
to build more complex problems from simple ones. However, we have not
mentioned how one can solve a design problem. This section will focus on
that. The parts of this section which describe the means for representing
the solutions of design problems and solving them follow the treatment from
Censi (2016). To the author’s best knowledge, the characterization of the
properties needed for a design problem to be solvable with these techniques
is a novel contribution of this work.

8.1 Representation of a solution

First, we need to address the question of what does it even mean to solve
a design problem. Intuitively, we mean finding the “smallest” resource that
makes a given functionality in which we are interested feasible. However, as
we deal with posets, there might also be multiple non-comparable resources
that make our target functionality feasible. Therefore, we will need some more
tools in order to make this definition specific.

Definition 8.1 (Chain). A chain in a poset P = (P, <p) is a subset C C P such
that for any 4, b € C we have eithera <p b or b <p a.

Definition 8.2 (Antichain). Anantichaininaposet P = (P, <p)isasubsetA C P
such that for any a,b € A it holds that if a <p b then a = b. The set of all
antichains in P will be denoted by AP.
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A chain is a subset of the poset on which we have total order (also called
linear order). Anantichain is the opposite: none of the elements of an antichain
are comparable.

Definition 8.3 (Minimum elements of a set). The minimum elements map of a
poset P = (P, <p) is the function

Min: #P — AP
S—{xeS|(yeS)A(y<px) = (x=y)}.

Min maps every subset of P to the antichain that contains all elements in the
subset that do not reduce to any other element of the subset.

Note that for a set S endowed with a relation <g there’s a difference between
the minimum element min S, should such exist and the minimum elements
Min S. The first exists only if there is an element s € S such thats < p, Vp € S.
If, however, there is an element s’ € S which is not comparable with s, then
there would be no minimum element in S. In this case we can still have (an
antichain of) minimum elements, which is a generalization of the minimum
element.

Lemma 8.4. AP is a poset with order given by
A<zp B:=TADTB.

Proof. This is a poset because A € B A BC A = A = B. There is a top
element in AP and it is the empty set. There is a bottom element only if P
itself has a bottom element. If that is the case, then the bottom of AP is the
bottom of P. m|

All the computational results in this section make use of an intuitive duality
between upper sets and the minimum elements. The idea is that each upper
set can be compactly represented with its set of minimum elements and that
(most) operations performed on upper sets can be performed more efficiently
on their corresponding antichains of minimum elements. However, there are
some subtleties when dealing with the minimum elements of a set that have
counter-intuitive results, as the following example illustrates.

Example 8.5. Consider the (total) order on the reals (R, <) and the subset
S ={x € R | x > 3.0}. One might expect that Min S = {3.0} but 3.0 ¢ S, hence
that cannot be true. In fact, as for every x € S we have at least one y # x, such
that y < x, it is true that for no x € S it holds that

(yeS)n(y<x) = (x=y).

Therefore, Min S = @. Furthermore TMin S = @.



8.1. Representation of a solution 115

For reasons that will become clear later in this section this setting is highly
undesirable. In fact, we would like to make use of the following relation for
every upper set U € UP:

U =TMin U. (8.1)

So, the natural question to ask and study is what are the conditions for Equa-
tion (8.1) to hold. Theorem 8.7 addresses this question.

Remark 8.6. Using the minimum antichain as a representation for an upper set
is an idea going back to the original paper by Censi (2016) that introduced
the mathematical theory of co-design. However, Censi did not consider the
conditions under which Equation (8.1) holds true. To the best of the author’s
knowledge, no subsequent publications have addressed this question. Theo-
rem 8.7 proposes an answer to it and is one of the main results of this section.
When combined with the conditions necessary for solving loop problems with
the Kleene Fixpoint Theorem (Theorem 8.33), we end up at the definition of
well-behaved design problems (Definition 8.39). This definition clarifies a
fundamental but previously unaddressed theoretical aspect of the theory of
co-design: which design problems admit the solution techniques forming the
basis of computational co-design.

Theorem 8.7 (Equivalence between upper sets and their minimum elements).
Sufficient conditions for Equation (8.1) to hold for an upper set U € UP are:
i. U is a finite set, or
ii. every chain in U has a lower bound, or
iii. for every element a of a chain in U which doesn’t have a lower bound it holds
that{x e U | x <a}NMinU # @.
The third condition is also a necessary condition.

Before we prove it, we need the definition for a lower bound of a chain and
the axiom of choice.

Definition 8.8 (Lower bound of a chain). Given a poset P = (P, <p) and a
subset S C P, the lower bound of S (under the induced order from P) is an
element of P such that Vs € S, p <s.

Example 8.9. Take again the (total) order on the reals (R, <) and the subset
S={xeR|x>3.0}.

First, note that S is a chain as it has a total order. Any y < 3.0is a lower bound
of the chain S, hence a chain can have more than one lower bound. Consider
now the subset

S"={xeR|x<3.0}.

This is also a chain but has no lower bound.
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Definition 8.10 (Choice function). A choice function is a function f that is
defined on some collection X of nonempty sets and assigns to each set S in
that collection some element f(S) of S.

We need a choice function in order to be able to “take an element from
the set S”. One can construct such a function for a finite collection X by
simply stating which element should be picked out from every set. Things get
complicated when the collection X has an infinite amount of sets. Then, such
a construction cannot be created and there is no way to show that it even exists
under the usual axioms of set theory (e.g. Zermelo-Fraenkel axiomatization).
That is why we need the Axiom of choice:

Axiom 8.11 (Axiom of choice). Given a non-empty family X = {X;};e; of non-
empty sets indexed by the elements of I, there exists a choice function for X,

that is a function
f:l—- UAZ',

iel

such that for all i € I, it holds that f(i) € A;.

Armed with the above definitions and the Axiom of choice, we can now
prove Theorem 8.7.

Proof of Theorem 8.7. Given a subset S C P and s € S we can define the set of
all the elements of S strictly preceding s as:

Ss={xeS|x<psAx#s}.

We will call S the strictly preceding set of s in S. Hence, we can rewrite the
definition of Min as:

S {xeS|Se =0}

Using this we can rewrite the expression in Equation (8.1) as:

U=TMinU
={ueP|3dmeMinlU, s.t. m <p u}
={uel|3dImeMinlU, s.t. m <p u} (8.2)
={uel|dIme{xel|Uy=0}, st. m<pu}
={uel|dImel, st. U, =0 Am <p u}. (8.3)

Equation (8.2) follows from the fact that fornop € P/U itcan hold thatm <p u
for some m € Min U C U. Therefore, proof of equality in Equation (8.3) boils
down to showing that for every u € U there is an m for which the condition
on the right-hand-side holds.



8.1. Representation of a solution 117

We will start with showing that (ii) is a sufficient condition. For any chain
C € U we then have a lower bound L(C). Then it must hold that C;c) = @,
otherwise L(C) wouldn’t be a lower bound.

To prove that (ii) holds we will show that for every u € U we can build
a sequence by recursively picking elements from the strictly preceding set of
the last element of the sequence until we reach a u” € U, such that U, = @.
Note that by the Axiom of choice we can have a choice function that selects an
element from every non-empty U,:

f:l1->U st Viel, f(i)e Uy.

For an u; € U, if U,, = @, then the right-hand-side of Equation (8.3) holds
trivially and u; € TMin U. Otherwise, if U, # @, then we can use f to select
another element u; = f(u1) € U,,. Again, if U,, = @, then the right-hand-
side of Equation (8.3) holds for m = uy. If U,, # @, then we can continue
building the sequence. This sequence is strictly decreasing, as we always
pick the next element from the strictly decreasing set of the previous element.
Hence, it is a chain, and as every chain has a lower bound, the sequence must
terminate, and the final element would be one that satisfies the right-hand-
side of Equation (8.3) and u; € TMinU. This holds for any u; € U, so the
equality of the two sides of Equation (8.3) directly follows.

Now, let’s show that (i) implies (ii), hence it is also a sufficient condition.
We will do that by contradiction. Assume U is finite, but there is some chain
starting at 4 € U which doesn’t have a lower bound. Hence, Aeu, U, =02,
ie. Vb € U,, U, # @. Assume again that we have a choice function f
from every Uy, b € U,. These subsets are all non-empty, so its existence
is guaranteed (and as U, C U, C U and #U are all finite, we don’t even need
the Axiom of choice). So we can build a sequence (which is also a chain) as in
the previous paragraph. However, we will never reach the terminal condition,
so this sequence would be infinite. Furthermore, as it is a strictly decreasing
sequence, its elements must be all unique. Hence we are trying to select an
infinite amount of unique elements from a finite set, which is impossible.
Therefore, every chain in a finite set must have a lower bound.

Let’s prove the third necessary condition. Note that {x € U | x < a} N
Min U # @ holds for every a € U, such that all the chains that contain it have
a lower bound (following from (ii)). Hence, condition (iii) states that for all
elements a € U, itholdsthat {x e U | x <a} N Min U # @. But:

{xeUl|x<a}nMinU#@ =3Imel, st U,=0, m<a, (8.4)

which is the right-hand-condition of Equation (8.3). Therefore, the condition
holds for all elements of U and the equality of the sets holds.
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Finally, we have to confirm that (iii) is also a necessary condition. In
particular, we have to show that if there is an element a € U, such that
{xelU|x <a}nMinU = @, thena ¢ TMin U. From Equation (8.4) we know
that the condition in Equation (8.3) would not be satisfied for this a4, hence
a ¢ TMin U. This concludes the proof. O

Example 8.12. Let’s now see where Example 8.5 fails. We saw that
S={xeR|x>3.0}

does not satisfy Equation (8.1). Now we can see why. The set is itself a
chain with no lower bound. Furthermore, as MinS = @, condition (iii) in
Theorem 8.7 is violated. Therefore, one should either restrict themselves to
upper sets of R defined by non-strict inequalities, i.e.

S ={xeR|x>3.0},

or would need to extend R with special elements that serve as minimums:
R =RU({Ly | x € R} such that

Ly<y, Vye{y eR|x<y'},VxeR.

Now we can better describe what we mean by solving a design problem.
Given a design problem D: F - R, and a functionality f € F which we wish
to obtain, we define the feasible set of resources for f as the set

8r={r e R|D(f,r) =T}
Lemma 8.13. For any f € F the set §y is an upper set of F.

Proof. By the requirement that the design problem D is monotonic we know
that if for some r’ € R we have that 7’ € i, then any r € R, such that v’ <g 7,
must also be in §y. O

Remark 8.14. For the rest of this document, we will always assume that the
teasible sets of resources satisfy condition (iii) of Theorem 8.7. This is a critical
requirement, as all the computational results would depend on the duality in
Equation (8.1).

The feasible set of resources for our desired functionality u is in a sense
what we are looking for. However, typically most of the elements of the set
would have very little practical value. In fact, it makes more sense to instead
only consider the minimum resources needed. Due to the monotonicity, we
know that any resource that reduces to a minimum resource must also be in
the feasibility set. Furthermore, thanks to Theorem 8.7 we know that we can
always recover the upper set from its minimum elements, as long as it satisfies
the necessary condition in the theorem. The minimum resources are in fact
the antichain Min .
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Definition 8.15 (Solution map for a design problem). Given a design problem
D: F - R, its solution map hp is defined as:

hp: F - AR
f = Min{r e R| D(f,r) =T}.

The map h maps each functionality f to the set of minimal resources that
can realize it. We will from now on assume that each design problem D
comes with its solution map hp. The rest of this section will study what
happens with the solution maps under the various composition operations
we defined before. In fact, we will show that the solution map for a problem
composed from subproblems with known solution maps, can be represented
(and calculated) as a function of the maps of the subproblems.

As the solution map is a representation of a feasibility relation, it is only
natural to expect that it also has some monotonicity properties. These are
formalized in the following lemma.

Lemma 8.16 (Monotonicity of the solution map). Given a design problem
D:F +R,

and f € F, then for any f’ € F, f’ <r f, it holds that hp(f’) <ar hp(f).

Proof. Directly from the definition of a solution map we have that:

ho(f) = Min{r € R | D(f,7) =T},
hp(f’) = Min{r € R | D(f',r) = T}.

Due to the monotonicity of D we know that if D(f,r) = T for some r, then
D(f’,r) = T. Hence,

{reR|D(f,r)=T}C{reR|D(f,r)=T}

Note that the two sides of the above equations are feasible sets of resources
and therefore, due to Lemma 8.13 they are upper sets. Hence, assuming
Remark 8.14, Equation (8.1) holds for both of them:

TMin{r € R | D(f,r) = T} € TMin{r € R | D(f’,r) = T}.

It follows from the definition of the order on antichains (Lemma 8.4) that the
following must also hold true:

hp(f’) <ar hp(f).
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Remark 8.17. It is important to mention that co-design also has the concept of
dual problems. That is, finding the maximal antichain of functionalities that
can be achieved with a given resource. The whole treatment is symmetric and
one would need a dual solution map. We will show in Chapter 9 that any dual
problem can be represented as a problem in the original setting we presented
here. Therefore, we will not concern ourselves with the solution techniques
for dual problems.

8.2 Composition of solution maps

Now, we need to show what every single one of the feasibility relation compo-
sition operations that we defined in Section 7.2 does with the solution maps.
Again, these composition operations would be correct only if the duality be-
tween minimum elements and upper sets holds (Remark 8.14).

Lemma 8.18 (Solution map of the composite feasibility relation). Given two
feasibility relations @ : P — Q and ¥ : Q — R with solution maps he: P — AQ
and hy: Q — AR respectively, the solution map he § hy for the composite feasibility
relation O g W is:

heo shy: P — AR
p Ns[]lgn U hy(s).
seho(p)
Lemma 8.19 (Solution map of the identity feasibility relation). Given an identity
feasibility relation CI)iIE1 : P — P, its solution map is:
I’lq)%il P — AP
p = Ap}
Lemma 8.20 (Solution map of the product feasibility relation). Given two feasi-
bility relations ® : P — Q and ¥ : R — S with solution maps he: P — AQ and

hy: R — AS respectively, the solution map he X hy for the composite feasibility
relation ® X \V is:

h@thIPXR—)ﬂ(QXS)
(p, 1) ho(p) X hw(r).

Lemma 8.21 (Solution map of the sum feasibility relation). Given two feasibility
relations ® : P — Q and WV : P — Q with solution maps he: P — AQ and
hy: P — AQ respectively, the solution map he V hy for the composite feasibility
relation ® vV W is:

ho Vhy: P — AQ
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p = Min (o (p) U b (p)).

Lemma 8.22 (Solution map of the intersection feasibility relation). Given two
feasibility relations @ : P — Q and ¥V : P — Q with solution maps he: P — AQ
and hy: P — AQ respectively, the solution map he A hy for the composite feasibility
relation ® AW is:

ho Nhy: P — AQ
p = Min ((Tha(p)) 0 (Thw(p)))

as long as

TMin ((Tho(p) 0 (Thu(p)) = (The(p)) N (Thu(p))

Lemma 8.23. Let P = (P, <p) be a poset in which all joins exist and {A;} be a family
of non-empty elements of AP. Then it holds that

ﬂTAi :l\/sllijn{Uailai € A;, Viel}.

Min
<p R -

iel i€l

Proof. First, let’s show that any x € Ming, ((;¢; T Ai) is also in the right-hand

side of the equation. For this x it holds that x € TA;, Vi € I, and if there is an

x" € TAj, Vj €I, then x’ = x. As x € TA; we also know that for all i there

exists a x; € A; such that x7 <p x. Now take

X=|_|x;.‘e{|_|ai|aieAi, Viel}.

iel iel
Due to the properties of the join, we know that x; <p X, Vi €], hence
X € A;, Vi € I. But we said above that if such an x’ exists, then it should equal

x. Thus
x:X:ijE{UailaieAi, VieI}.

iel iel

Now we only need to show that it is a minimal element of this set. Assume by

contradiction that
x¢1\gn{|_|ai | a; € Aj, ViEI}.

iel
Then there must be a collection {b; | b; € A;} such that | |;c; b; <p x. The join

| lie; bi should be in (N);¢; T A, but then x cannot be in Ming, ((;¢; T Ai), which
is our contradiction. Therefore:

ﬂTAi gMin{uaimeAi, Viel}.
<p

Min
<p . -
i€l i€l
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Now, let’s show that any x € Ming, {| |;c;a; | a; € A;, Vi € I} is also in
Ming, ((;e; TAi). We need to show two things: first, that x € ();¢; T A, and
second that thereisno y <p x alsoin();¢; T Ai. We know that we can represent
x as [ Jjer x7, where x7 € A;. Then:

x;<px,Viel = xe€lA;,Viel = xemTAi.
i€l
Now, for the second requirement, assume, by contradiction, that a lesser

element y exists. Then y € TA; and exists a y: € A;, s.t. y; <p y, foralli € I.
It follows that

iel i€l

Uy;e{uai|aieAi, Viel} <Py <p o

But then, either | |;c; y7 = x or x € Ming, {| Jic;ai | a; € A;, Vi € I}. Thisisa
contradiction. Therefore:

ﬂTAi

Min
<p .
i€l

;)NSIin{UailaieAi, Viel},

i€l
and the two sides of the equation in the theorem are indeed equal. |

Lemma 8.24 (Solution map of the intersection feasibility relation (alternative)).
Given two feasibility relations ® : P — Q and WV : P — Q with solution maps
heo: P — AQ and hy: P — AQ respectively, the solution map he A hy for the
composite feasibility relation ® A WV is:

hq) A\ ]’l\p: P - ﬂQ
p N%n{ql Uqz | q1 € ho(p), 92 € hw(p)},

if the join g1 U g2 (Definition 7.5) exists for all q1, g2 € Q and

TMin ((Tha(p) N (Thw(p))) = (Tha(p)) N (Thw(p)) -

Proof. Follows directly from Lemma 8.23.

8.3 Fixpoints and feedback

The one type of composition that we have not yet provided a solution map
for is the feedback loop. Feedback loops can be used when a design problem
has the same poset as a resource and as a functionality. Then we can feed
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the provided functionality as the resource, making it at least partially self-
sufficient. This is a very powerful tool so we refer to curious reader to (Censi,
2016; Censi et al., 2020) where feedback in design problems is discussed in a
great detail.

Given a design problem @: F X R - R and its solution map hg, we define
the loop(®) problem which feeds the resource as part of the functionality as:

Djoop:  FP X R — Bool,
T if3r <gr, ©(f,7r),r)=T,
WW{ if 3 <g 1, D(f, 1), 1)
F otherwise.

Computing the solution map hq,,,, however, is more complicated as it must
be the solution of

hq)loop: F—>R
Using 1,7 €R,
Min., 7,
fr s.t. r € ho(f,1),
r<gr.

We can fix the f in h¢ in order to obtain a new design problem that has as a
resource and as a functionality only R. We call this hé :

R — AR,
r’" = ho(f,1).
Lemma 8.25. Let A be an antichain in the poset P. Then
aeA — {a}=ANnTa.
Proof. First, let’s show the = direction. If a € A, then we have
AnNTa=An{peP|a<pp}.

But, as A is an antichain, the only element a” € A such that a <p a’ is a itself.
Therefore, the intersection can only contain a.

The = direction is immediately obvious: if a is in an intersection of A
with another set, thena € A. O

By using hé and Lemma 8.25, we know that for every feasible 7,7’ € R
according to Section 8.3 the following must hold:

(ry =1 N1 (8.5)
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But we also know that r <z r’, and hence by Lemma 8.16 we have that

hg)(r) <aR hé(r’). We can use this result, together with the following lemma
to get rid of r’.

Lemma 8.26. Let A,B € AP and S C P, where P is the poset (P, <p). Then,
A <zp Bimplies ANS <zp BNS.

Proof. Take an elementb € T(BNS), thenb € BA b € S. Itis trivial to see that
S CT(ANS). Hence, b € T(ANS). As this holds for any b € T(B N S), it holds
that T(ANS) 2 T(BNS). |

Now we can remove the 7’ term from Equation (8.5):
BN Tr <ar BN Tr = {r). (8.6)

Any feasible r should satisfy this recursive condition. Here by feasible we mean
an r that satisfies the conditions in Section 8.3 and one that is not reducible
to any other r* that also satisfies the conditions. In other words, any r in the
solution antichain of Section 8.3 must satisfy Equation (8.6).

Instead of considering the elements of the antichain separately, we would
like to instead obtain a condition for the whole antichain. Call the antichain
of solutions R € AR. Then we can tautologically rewrite it as:

R = Min U{r}. (8.7)
reR
Lemma 8.27. Let A,B,C,D € AP and A <zp C,B <zp D, where P is the poset
(P,<p). Then,AUB <zp CUD.

Proof. Notethat A <zp C = TA2TC,andB<szp D = TB2TD. If
e € T(C U D), then there should exist an ¢’ € C U D, such that e <p ¢’. Then
there are three possible cases: ¢/ € C € TA, ¢’ € D C TB, or ¢’ is in both.
Hence we have thate € TA and/ore € TB. But TA C T(A U B), because for
every a € TA, an a’ € A, such that 2’ <p a should exist. But this 4’ is also
in A U B and hence the same a is also in T(A U B). Similarly, TB € T(A U B).

Therefore, ¢ € T(A U B), and that holds for any ¢ € T(C U D). O
Combining Equations (8.6) and (8.7) and using Lemma 8.27, we get:
Min|_Jih(r) 017 <zr Min|_J{r} =R. (8.8)
reR reR

One can verify that all chains of feasible resources R satisfy Equation (8.8)
and if an antichain R satisfies Equation (8.8), then it must be an antichain of
feasible resources. We can rewrite the constraint in Equation (8.8) as:

®¢(R) <ar R, (8.9)
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where @ ris defined as:
®s: AR — AR,

R MinUhg(r) NTr<ag .
r€R

Therefore, the optimization problem in Section 8.3 can be rewritten as the
problem of finding the minimum antichain in A R that satisties Equation (8.9).
This is the least fixpoint of ®¢. Fixpoint refers to the fact that ®¢(R) <zr R,
where we don’t require equality (this condition is also referred to as pre-
fixpoint). Least refers to the fact that we are interested in the antichain that
precedes all antichains that are fixed points. The final form of Section 8.3 is
thus:
hcploop: f = lfp(q)f)

The least fixpoint of @ does not exist in general. However, it exists if AR

is a pointed directed-complete partial order and if @ is Scott-continuous. If that

is the case, then the Kleene Fixpoint Theorem states that @ f has a least fixpoint
and provides a way for computing it.

Definition 8.28 (Directed subset). Given a poset P = (P, <p), a subset of its
elements S C P is called a directed subset if for any a,b € S exists a c € S such
thata <cand b < c.

Definition 8.29 (Directed-complete poset). A poset P = (P, <p) is a directed-
complete poset if each of its directed subsets has a join (Definition 7.5).

Definition 8.30 (Pointed directed-complete poset). A poset P = (P, <p) is a
pointed directed-complete poset if it is directed-complete and also has a bottom
element.

Definition 8.31 (Scott-continuous function). Given two posets P = (P, <p) and
Q =(Q, <p),afunction f: P — Q is called Scott-continuous if it preserves the
joins of all directed subsets. In other words, for any directed subset D C P,
the image f(D) is also directed and furthermore

f(UD) = u{f(d)|d € D}.
Lemma 8.32. Ifa function f: P — Q is Scott-continuous, then it is also monotonic.

Proof. Take two elements from a,b € P such that a <p b. Then, due to the
Scott-continuity of f we have that

f({a, b}) = f(b) = U{f(a), f(D)}.

But then, due to the definition of the join, it must hold that f(a) <p f(b), hence
f is monotonic. O



126 Chapter 8. Solving design problems

Theorem 8.33 (Kleene Fixpoint Theorem). Take any pointed directed-complete
partial order (poset) P = (P, <p) and a Scott-continuous endofunction f: P — P.
Then f has a least fixpoint which is the join of the ascending Kleene chain of f:

1 <p f(J_) <p fZ(L) <p....

Hence,

lfp(f) = U{f"(L) | n € N},

Proof. First, we have to show that indeed f"(L) <p f"*!(L1), ¥n € Ny. As L
precedes all elements of P, it holds that 1 = f%(1) < f!(L). Now assume that
F"Y(1) <p f"(L) for some n. Due to Lemma 8.32 it holds that f(f"~'(L)) <p
f(f™(L)). Hence, by induction, f"(L) <p f"*!(1), ¥n € N,.

Denote the chain { (L) | n € N} by K. As every chain is a directed subset,
and as P is directed-complete, k = LIK exists. Note that for any non-empty
S € P, itholds that LS = LI(SU {L1}). Hence, UK = LI{f(k") | k" € K} = k. Due
to the Scott-continuity of f, we know that

flk) = fUK) = f(L{f(K') | K" € K}) = u{f(K') | K € K} = k.

Therefore, k is a fixpoint.

Now, we only need to show it is the least fixpoint. Assume that there is
another fixpoint k* € P. Let’s show that k <p k*. First of all, all elements
of K precede k*. Trivially, fO(L) = L <p k*. If f"(L) <p k%, due to the
monotonicity of f it holds that f"*1(L1) <p f(k*) <p k*, where the last equality
is due to k* being a fixpoint. Then by induction, all elements of K precede
k*. If all the elements of K precede k*, then their join also precedes it, hence
k = UK <p k*. O

When we solve a loop problem, the poset on which we are computing the
least fixpoint is the partial order (poset) of antichains on the resources. Hence
we would have to show that for a given R, AR is a pointed directed-complete
partial order. Luckily, it so happens that any (useful) antichain poset is a
pointed directed-complete partial order.

Theorem 8.34. Tuke any poset P = (P, <p) for which the join UQ exists for any
subset Q C P, and a subset of its antichains S € AP such that

ﬂTTzTMm(ﬂTT), VS’ € 8.

TeS’ TeS’

In other words, Equation (8.1) (i.e. the conditions in Theorem 8.7) hold for the union
of every subset of the upper sets of the antichains in S. Then, the poset S = (S, < zp)
is a pointed directed-complete partial order.
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Proof. First, S is a subset of AP, and the antichains order induces posetal
structure (Lemma 8.4, hence S is a poset. It is pointed, because the bottom
element of AP, which is P itself, is trivially in S. Take any subset of elements
of S. We will refer to the elements of this subset as A;, indexed by the set I.
We argue that their join exists, and that it is

ﬂmi :Min{l_l a;|a; €A, Viel}. (8.10)

i€l i€l

J = Min

The above equality is due Lemma 8.23. The join exists because we require that
the joins exist for all elements of P and because Min is defined for all subsets
of P.

We need to show that | € S. Take any potentially empty subset S’ of the
elements of S. Then combining | with the condition in the theorem we get:

T]m(ﬂTT) = (TMin ﬂmi m(ﬂTT).

TeS’ i€l TeS’

As {A;} C S, the condition should also hold for it:

TJn(ﬂTT)= (14| 0 ﬂTT)
TeS’ i€l TeS’
= 1T
TeS'U{A;}
= 1 Min ﬂ 171
TeS'U{A;}

As this holds for any | constructed from elements of S and for any subset S’
of S, ] €8S.

Now, let’s also show that | is indeed the join of {A;}. For it to be the join, in
needs to reduce to every A; and to be the least element of S with this property.
From Equation (8.10) we know that for every x € | there exist x; € A; such
that x = | |;c;x;. Then, x; € TA;, Vi € I. But as x; <p x it also holds that
x € TA;, Vi el. Hence, TA; 2 ], Vi € I, or alternatively, A; <xp J, Vi € L.

To show thatitis the least antichain with this property, assume by contradic-
tion thatthereisa " suchthatA; <zp J', Vi € Iand ]’ < zp |. Takeanyy € T/,
and any y; € Ajsuch that y; <p y,and such y; existsforall j e [asT]" C TA;.
Then we have | |ie; yj <p y, butalso | |ie; yj € {Lierai | ai € Ai, Vi € I}. For
any x € Min {|l;c;ai | ai € A, Vi € I} = Jitthenholdsthatx <p | |ie; yj <p .
This holds forany x € Jand y € J’, hence TJ 2 1] and J <xp J'. |
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The essence of Theorem 8.34 is that, as long as one restricts themselves to
the subset of antichains satisfying the condition of the theorem, one can safely
apply Theorem 8.33.

The condition of Theorem 8.34 seems quite restrictive at first. However, it is
also a necessity if one wants to have the duality between minimal elements and
intersections of upper sets to hold. For finite sets, for example, the condition
holds trivially.

Remark 8.35. In the proof of Theorem 8.34 we never restricted that {A;} is
directed. One can see that it always is. Hence, the subset S is in fact a pointed
join-semilattice, or a partially ordered set that has a join for any nonempty set,
and also has a bottom element.

Remark 8.36. The identity feasibility relation is Scott-continuous. Furthermore,
if @ and W are Scott-continuous, thenso are D sW, O x WV, d Vv ¥, ® AW, and
®Dyo0p, as long as these exist. This is discussed by Censi (2016), and the proofs
can be found in (Gierz et al., 2003).

8.4 Well-behaved design problems

In this chapter we looked at a number of different conditions that allow us
to perform composition operations on design problems. In practice, however,
we don’t want to keep track of the properties of each design problem and to
wonder whether if we compose it it will still be well-behaved. Therefore, let’s
combine all the conditions that allow us to have an isomorphism between min-
imal elements and upper sets, to take intersections of antichains representing
upper sets, and to be able to apply Kleene’s theorem. It is important to see
that these are not properties of the poset alone, but are more so of the feasible
sets of a given design problem that has it as a resource. Hence, we will call
any design problem that has these properties a well-behaved one.

Definition 8.37 (Well-behaved upper sets). Given a poset P = (P, <p) and its
set of upper sets UP, we call a subset of the upper sets U*P C UP the set of
well-behaved upper sets if for any subset P’ C U*P it holds that

ﬂp:TMin ﬂp ,

peP’ pepr’

which is equivalent to conditions in Theorem 8.7 for the intersection of the
upper sets, and if furthermore for any other subset U’ with the same property,
it holds that 2" € U*P. In other words, U*P is the universal set with this

property.
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Definition 8.38 (Primally well-behaved design problem). A design problem
D : F -» R, with a solution map

hp(f) =Min{r € R | D(f,r) =T},

is primally well-behaved if:
i. for any subset R’ C R there is a join element LIR” € R;
ii. all feasible sets of resources are well-behaved upper sets, i.e.

{re R|D(f,r) =T} € U'R, Vf € F;
iii. the solution map hp is Scott-continuous.

We mentioned before that in co-design there are also dual problems. While
we haven't provided formal definition of the dual problem and the means
to solve it, it suffices to mention that it behaves symmetrically to the primal
problem. It will be discussed in further detail in Chapter 9. In order for the
dual problem to also be well-defined we can extend the definition to:

Definition 8.39 (Well-behaved design problems). A design problem D : F -»
R, with a primal solution map

hin(f) = Min{r € R | D(f,r) =T}
and a dual solution map
hip(r) =Max{f € F| D(f,r) =T},

is well-behaved if:
i. for any subset R’ C R there is a join element LIR" € R;
ii. for any subset F’ C F there is a meet element MF’ € F;
iii. all feasible sets of resources for the primal problem are well-behaved
upper sets, i.e.

{re R|D(f,r) =T} € U'R, Vf € F;

iv. all feasible sets of functionalities for the dual problem are well-behaved
upper sets of the F°P poset (well-behaved lower sets of F), i.e.

{f eF|D(f,r)=T} € U'F?, Vr € R;

v. the primal solution map hp is Scott-continuous;
vi. the dual solution map h}, is Scott-continuous in the inverse posets F°P
and R°P.

Aslong as a design problem is well-behaved, we can identify every upper set
with an antichain and Equation (8.1) holds. We can also take the intersection
of design problems (Lemmas 8.22 and 8.24). And we can also close feedback
loops (Theorem 8.33), because thanks to Theorem 8.34 we know that the
antichains for the resource upper sets for this feasibility relation form a pointed
directed-complete partial order.






Chapter 9

Compositional properties of
co-design

In Section 7.2 we showed that co-design problems can be composed in various
ways. Then, in Chapter 8 we saw how each composition of design problems
can be solved via composing their solution maps. In the current chapter, we
will show that this compositionality not only happens to be a very nice prop-
erty but also has a strong structural representation in the way of categorical
constructions.

We are going to see how co-design problems and their solutions form
categories and the relationships between them are not only functorial, but also
have much stronger properties. This will be the main argumentation behind
using co-design as an example of a collection of problems and solutions in
compositional computational systems that are rich in structure, something
that will be the main focus of the next chapter.

9.1 The categories of upper and lower sets

We will show how co-design problems form a category, a result originally
by Censi et al. (2020). The feasible sets for the primal design problems form
upper sets, which can also be thought of as objects in a category. Similarly,
the feasible sets for the dual design problems form lower sets with their own
category.

Definition 9.1 (The DP category). The category of design problems, DP, consists
of:

131
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i. objects which are posets;
ii. morphisms between two objects A, B € Ob(DP) are design problems
d : A - B (formally defined as feasibility relations, Definition 2.14);
iii. composition of two morphisms f: A - B and g: B -» C, denoted by
(f 3g9): A -+ C, given by Definition 7.17;
iv. identity morphismidas: A - A, given by Lemma 7.21.

Lemma 9.2. DP is indeed a category.

Proof. We already showed that the g operator is associative (Lemma 7.19) and
that the composition of two design problems is a design problem (Lemma 7.18).
It is also easy to see from the definition (Definition 7.20) of the identity design
problem that g is also unital. m|

Definition 9.3 (The UPos category). The UPos category has:
i. objects which are posets;
ii. morphisms between two objects A, B € Ob(UPos) are monotone maps
of the form f: A — UB (recall Definition 2.12);
iii. composition of two morphisms a : A — UB and 8 : B — UC defined as
the “fish” operator:

iv. identity morphism for an object A: ida(a) := T{a} (Definition 7.1).
Lemma 9.4. UPos is indeed a category.

Proof. First, let’s show unitality. Given a: A — UB, we have:

(a=idp)(a) = | ] idp(b)

bea(a)

= | J 18}

bea(a)
= U (V) eB:b<gb'}

bea(a)

We can rewrite a(a) as:

a@) = | ) (0}

bea(a)

- U (V' eB:b<pl'},

bea(a)
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where the second equality is due to a(a) being an upper set. Thus,

(ar<idp) (a) = afa).

U a(a’)

a’eid(a)

U a(a’)
weTia}
= a(a),

Similarly,

(ida ><a) (a)

with the last equality due to a being monotonic and due to the definition of
the order on upper sets (Lemma 7.2), resulting in a(a’) € a(a), Va’ € T{a}.

We also need to show that the fish operator is associative. Take three
morphisms a : A — UB, f: B — UC,and y : C — UD, then:

(@xpy=y)@= |
c€(Upea(a) B())

o = | U y(©),

bea(a) ceB(b

(ax@=)@= ] [J o,

bea(a) cep(b)

and

demonstrating associativity.
Finally, we need to make sure that the output of x is also an upper set,
which trivially follows from the definition of the operator. |

Definition 9.5 (The LPos category). The LPos category has:
i. objects which are posets;
ii. morphisms between two objects A, B € Ob(LPos) are monotone maps of
the form f: A — LB;
iii. composition of two morphisms a : A — LB and  : B — LC is the fish
operator:

iv. identity morphism for an object A: ida(a) = |{a} (Definition 7.3).
Lemma 9.6. LPos is indeed a category.

Proof. Analogous to the proof of Lemma 9.4. O
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We will now show that the UPos and LPos categories are equivalent.

Definition 9.7 (Equivalence of categories). An equivalence between two cate-
gories C and D is:
i. a pair of functors F, G:

ii. natural isomorphisms (Definition 2.43)
FgG = idc,

and
GgPEidD.

Two categories are called equivalent if there exists an equivalence between
them.

This definition of equivalence of categories is due Lane (1998, Sec. IV.4).

Remark 9.8. Note that LPos®® # UPos, because the morphisms are different,
just flipping the direction does not suffice. The next lemma, makes this remark
more precise.

Lemma 9.9 (UPos and LPos are equivalent). There is a pair of functors
/1 UPos — LPos

and
«" : LPos — UPos

such that & § o = idypes and « § & = idypos, where idypos and idypes are the
identity functors on UPos and LPos, respectively. In other words, & and o are
inverses of each other and UPos and LPos are equivalent categories (Definition 9.7).
We call /# lower flip and «* upper flip.

Proof. We prove the lemma by giving explicit definitions for the /* and «
functors. Both UPos and LPos have the same objects, which are posets. We
know that for every poset P, there’s the opposite poset P°P (Definition 2.7).
Therefore, we choose our two functors such that they map the poset P in the
origin category to the poset P°P in the target category.

Given a morphism a : A — UB in UPos, we have:

A (a): AP — L(B®P),

a a(a).
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Similarly, given a morphism  : A — LB in LPos, we have:

2 (B): AP — U(B®P),
a — B(a).

Hence, the functors maintain the subset to which they map, but by flipping
the order they change the context of this subset from upper set to a lower set
and back.

For £ and « to be functors, they need to preserve compositions and identi-
ties. Composition is preserved because the functors keep the sets unchanged:

AlaxB)=axpB=~(a)< LA(B), «€Homypes(A,B), p € Homypoes(B, C),

S(axpB)=axp = (a)x(B), «acHomipes(A,B), B € Homppes(B, C).

Preservation of identities is also trivial:
2 (ida) = Ta{a} = Ly {a} = idaw, A € Ob(UPos),

where id4 is an identity morphism in UPos, id ser is an identity morphism in
LPos, and the second equality is due Lemma 7.16. Similarly:

2(ida) = L4{a} = Ty {a} = idaor, A € Ob(LPos).

Finally, we need to show that composing the two functors results in the
identity functor. The composition of /* and « is an identity on the objects
because for any poset A, it holds that (A°P)°P = A. And again, as the functors
do not change the subset of elements of the poset but only flip its context, the
composition of the functors is also an identity on the morphisms. O

Remark 9.10. In the statement of Lemma 9.9 we set that £ § « = idypes and
« § /& = idrpes, hence that the composition of these functors results in the
identity functor. This is a stronger condition than the one in Definition 9.7
which asks only for natural isomorphisms. This stronger condition is often
referred to as an isomorphism of categories (Lane, 1998).

Remark 9.11. As * and « are a pair of functors which is an equivalence of
the categories UPos and LPos, it also holds that the * and «* functors are full
and faithful (Lane, 1998, Section IV.4, Theorem 1). We can also see that directly
from the definitions of the two functors. Their effect on hom-sets is bijective
because they do not alter the monotone maps, but simply flip the orders in
their domain and range, which is a trivially invertible operation.

Finally, let’s formalize the notion of duality of problems.
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Definition 9.12 (Dual design problem). Given a design problem
d: A°° x B — Bool
in Hompp(A, B), we define the dual design problem d’ € Hompp(B°P, A°P) as:

d’: Bx A°P — Bool,
(b,a) — d(b,a).

As mentioned before, the duality of design problems is a concept due Censi
(2016) and Censi et al. (2020).

Definition 9.13 (The i functor). The I functor is an involute contravariant
(Definition 2.25) endo-functor on DP that maps each poset P to its opposite
P°P and each design problem (morphism) to its dual.

Lemma 9.14. Take a design problem d : A - B. Foralla € A, it holds that the upper
set{b € B | d(a, b) = T} in the poset (B, <p) and the lower set {b € B | d’(b,a) = T}
in the poset (B, <°P) have the same elements. Furthermore

F(I@) =4,

hence taking duals is an involution.

Proof. Directly from the definition we see that d(a,b) = d’(b,a) foralla € A
and b € B, hence the two sets are the same. O

9.2 Co-design problems and Lagado

Recall from Section 7.2 and (Censi et al., 2020) that a design problem in DP
is a feasibility relation between two posets. We can have two different for-
mulations for this problem. The primal formulation fixes a functionality and
asks for the upper set of resources that can provide it. The dual formulation
(Definition 9.12) fixes a resource and asks for the lower set of functionalities
that can be obtained with it. And one can convert a primary problem to a dual
problem via the i functor (Definition 9.13).

We will now study how these two different formulations (which correspond
to different problems in the sense of Definitions 4.1 and 6.14) are included in the
Lagado category. This is meant to serve as a simple example to motivate why
we are interested in co-design. We will then study the deeper compositional
computational properties of co-design in greater detail in Chapter 10.

Consider the type

DP = U Hompp(4, B),
A,B
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which gives rise to the normed type DP. We can also define the type of upper
set functions
UPos = | JHomupes(4, B),
A,B

each element of which is a function from a poset to the upper sets of a poset.

By endowing it with a size, we obtain the normed type of upper set functions

UPos. Similarly, we also have the normed type of lower set functions LPos.
Now, the primal problem is a morphism in Prob (and an object in Lagado):

DP. pp x UPos — Bool,

Tt
f
T ifu: F(d) = U(R(d)) and for all f € F(d) it holds:
(d, u) u(f)=A{r|reR@), d(f,r)=T},

F otherwise.

In the above definition, the problem statement d is a co-design problem, R(d)
is its resource space and F(d) is its functionality space. As the solution u is
a morphism from F(d) to R(d) in UPos, it is a function from the elements of
the functionality space of the design problem to the upper sets of its resource
space. The condition in the above definition ensures that the only pair of d
and u for which the problem relation holds is the pair where the function u is
the one that maps a functionality to the resource upper set that can provide it.
In an analogous way there’s an object in Lagado for the dual problem:

7PP: DP x LPos — Bool,
T ifl: R(d) — L(F(d)) and for all r € R(d) it holds:
(d, I} — I(r)=Af|f€F@),d(f,r) =T},

F otherwise.

This problem has a problem statement d, again a co-design problem, but the
solution / is now a function from the elements of the resource space of d to the
lower sets of feasibilities that d can provide with a given resource.

The 7PF problem is the dual of H?P because of a fundamental relationship
between the two problems. One can always reduce one to the other. To see
this, let’s first see how we can flip the resource and feasibility spaces of a
design problem. Lemma 9.14 immediately shows us that if we have a problem

in H?P which has as a solution a function that returns an upper set of resources

for every feasibility f, then there is a problem in 7P¥ which has as a solution
a function that returns a lower set of feasibilities for every resource f, such
that the sets returned by the two functions are the same. To make this more
precise, we provide the explicit definitions of these conversion procedures:
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DP — DP,
d— i(d)

Cdual

Note that after performing the conversion, the result is no longer of the
correct type. If originally we were looking for an upper set of R, now we get
a lower set of R°P as cP d , maps the design problem d : F°? X R — Bool to the
design problem d’ : R x F °P — Bool. We already saw the same problem in the
proof of Lemma 9.9, where the * and « functors maintain the subsets but
flip the order of the target. We will abuse the notation here, and will assume
that there are two procedures, also denoted by /* and « which apply this
operation on our results in Lagado. Hence, we get the following problems
and pairs of procedures in Lagado:

<Cdua] °2‘> ﬁ DP

f (e ) —— T ©1)

9.3 Functorial relationships

As we mentioned, ¥ and 7PY are functions from the space of design prob-
lems to respectively the spaces of upper sets and lower sets of posets. As the
domain and ranges of these functions also happen to be the hom-sets of DP,
UPos, and LPos, these functions also have functorial properties. We refer to
the functorial avatars of nJ]?P and 7P as H?P and T1PP,

Definition 9.15 (The H]]?P functor.). The TIP? is a covariant functor (Defini-

tion 2.25) from DP to UPos which maps: !
i. a posetin DP to the same poset in UPos;
ii. a morphism d in Hompp(A4, B) to the morphism u in Homypes(A, B),
where u is the monotone function

u: A— UB,
ar— {beB|d(a,b)=T}.

Remark 9.16. Recall that for any design problem d : A -» Band anya € A
it holds that {b € B | d(a,b) = T} is an upper set (Lemma 8.13). One can
similarly show that for any b € B it holds that {a € A | d(a, b) = T} is a lower
set.

Lemma 9.17. H?P is indeed a functor.
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Proof. Directly from Definition 9.15 we see that HfDP respects the sources and

targets of the morphisms. To check that it also preserves identities we need
to recall what the identity design problem is. The identity design problem on
the poset A is:

idBP: AP’ x A — Bool,

, T ifa<ya,
(a,a’y — _
F otherwise,

as in Definition 7.20. The functor takes this to the u function in Homypes(A, A):
u: A— UA,
ar>{a" €Ala<pa},
which is exactly T,{a} as in the definition of the identity in Definition 9.3.

Finally, we need to show that I'[Jl?P respects the composition of morphisms,

in other words that
17 (d § d2) =TI (d1) < T127(d),

where d; : A » Band d, : B -+ C are two design problems.
The left-hand side is a monotone function from A to C, hence a morphism
in UPos. Writing it out (referring to Definition 7.17) we get:

2" (s spp da) = |a 4= TP (1(a, 1) = Ve (e, b) A da(b, )|
=[a > {c € C| Vyepila, b) Ada(b,c) = T}].

Writing out the right-hand side we obtain:
I (d1) = T17"(d2)
=la>{beB|di(a,b)=T}] =< [b {ceC[dab,c)=T}]

=lam— ) AcecCldb,0=T1)
be{beB|dy(a,b)=T}

=lar— {ceC|beB, di(a,b)=T, dyb,c)=T}]

=la {c € C| Vyepdi(a,b) Ada(b,c) =T}],

and hence the two sides are equal. Therefore, IT* is indeed a functor. m]

f

In an analogous way we can also define the ITP" functor:

Definition 9.18 (The I functor.). The TTPY functor is a contravariant functor
(Definition 2.25) from DP to LPos which maps:
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i. a poset in DP to the same poset in LPos;
ii. a morphism d in Hompp(A, B) to the morphism ! in Homppes(B, A),
where [ is the monotone function

[:B— LA,
b {a€A|d(a,b)=T}

Lemma 9.19. T1P? is a functor.
Proof. Analogous to the proof of Lemma 9.17. m]

Now, we have the following functors between our three categories DP,
LPos, and UPos:
UPos
N
1 DP - s 9.2)

LPos

Note that this diagram does not commute! However, this only raises the ques-
tion whether we can still identify some of the compositions. To address this,
we offer the following lemma.

Lemma 9.20. | gH?Pg » =TIPP and T gTIPP g 2 = H?P.

Proof. Object-wise, the HJ]?P and I'TPY map the posets in DP to the same preo-

reders in UPos and LPos respectively. {, # and «, however, map each poset
in their orgin to its opposite poset in the target. In both of the equations in
the body of the lemma we have two functors of the second kind, which cancel
each other, hence the effects of left-hand and right-hand side of the equations
are the same on the object.

Let’s verify that this also holds for the morphisms. First, we will address
the ] 5 H?P s & = I1PT equation. Take a design problem

d:A-»Be€ HOI’I’IDP(A, B)
Taking its dual we obtain i(d) = d’ € Hompp(B°P, A°P), with

d’: Bx A° — Bool, ©.3)
(b,a) v d(a,Db). '

DP
f

1: B — U(A°P),

Applying the IT-* functor we obtain H?P(d’) = u, with
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bs{acA|db,a)=T)={acAl|dab) =T},

where the equality is due to the definition of a dual design problem (Defini-
tion 9.12). Finally, applying the last functor, we obtain /* (1) = I, with

l[: B — LA,
b {aecAl|d(a,b)=T}

And directly from Definition 9.18 we see that, TTPT(d) = I, and hence the first
equality holds.

Now let’s take a look at § § ITPP g o» = H?P. We take the same design

problem d with the same dual I(d) = d’ (Equation (9.3)). Applying the ITPP
functor we obtain ITPP(d’) = I, with

I: A% — |(BP),
ars{beB|d(ba)=T)={beB|da,b)=T).

Finally, applying the last functor, we obtain «* (I) = u, with

u:A— UB,
avr— {beB|d(a,b)=T}.

And directly from Definition 9.15 we see that, H?P(d) = u, and hence the
second equality also holds. m|

Remark 9.21. One can now see that Equation (9.1) and Equation (9.2) look
very similar. In both cases we have a way of translating the primal problem
into a dual problem and the solution of the dual problem into a solution for
the original primal problem. And of course, we can also do the opposite:
translating the dual problem into a primal problem and the solution of the
primal problem into a solution for the original dual problem.

Lemma 9.22. It holds that | 5 H?P =T1PP 5 2 and § s TIPP = H?P 52

Proof. Follows directly from Lemma 9.20 and Lemma 9.9. O

9.4 Monoidal properties

The DP category is a symmetric monoidal category (Censi et al., 2020). The
monoidal product of the objects in DP (which are posets) is simply the product
poset (Definition 2.6). The monoidal product of two design problems (mor-
phisms in DP) is simply their then-composition (Definition 7.17). We will
now show that UPos and LPos are also symmetric monoidal. And not only
that, but also the functors that we defined in the previous section preserve the
tensor products of these categories.
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Lemma 9.23. UPos is a monoidal category when considering the following additional
structure:

i. Tensor product ®, with the operation on objects being the poset product as
defined in Definition 2.6, and operation on two morphisms f: A — UB and
g:C—UD

f®g: AxC — U(BxD),
(a,¢) = fla)xg(c),
as the Cartesian product of upper sets is also an upper set.

ii. Unit object being the identity poset I (Definition 2.4).

iii. Left unitor being the pair of morphisms
A I®A — UA,
(t,a) = Na};
and
AL A U A),
a {1t} xT{a}.
iv. Right unitor being the pair of morphisms

pa: A®I — UA,
(a, 1) = Ma};

and
P A-UA®ID,

a T{a} x{}.

v. Associator being the pair of morphisms

aapc: (A®B)®C — UA X (UBxUCQC),
({a,b),c) = Ta} x (T{b} xT{c});

and
aapc: A®(B®C)— (UAXUB)xUC,

(a,¢b,c)) = (H{a} x T{b}) x T{c}.

Proof. In order to show that UPos is a monoidal category, we need to show
that the triangle and pentagon diagrams commute. The triangle identity (see
Equation (3.1)) is equivalent to:

aarp = (ida ®Ag) = pa ®idp.
We have the left-hand side equal to:

aar,B < (ida ®Ap)
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=[(a, ), b) = (Ha} x ({c} xT{b))] = ([a = T{a}] ® [(1,b) = T{b}])
=[(a, 1), b) = (Ha} x {} xT{BH)] = [{a, (1, b)) = (H{a} x T{b})]

= [((a, 1), b) > U (Ma'} x 1{b'})
(' (e, b7 y)eNax({}xT{b})

=[{a, ), b) = (Ha} x T{b})].
And the right-hand side is equal to:

pa®idp = [(a,1) = H{a}] ® [b — T{b}]
[({a, 1), b) = (T{a} x T{b})].

Therefore, the triangle equality holds.
The pentagon inequality (see Equation (3.2)) is equivalent to:

a(AB)C,D < @AB,(cD) = (aaB,c ®idp) =< axpc),p = (ida ®agc,p) -

The left hand-side evaluates to:

Q(AB)C,D ™ XAB,(CD)
=[({{a, b}, c),d) = (T{a} x T{b}) x (T{c} x T{d}))]
[({a, b),{c,d)) — (T{a} x (T{b} x (T{c} x T{d})))]

=|({a,b),c),d) = g (M{a’} x (T{b"} x (M{c"} x T{d'})))

(a’,b") (¢’ d"))e
(Ma}xT{oHx(M{c}x1{d})

=[({a,b),c),d) = (H{a} x (T{b} x (TH{c} x T{d}))].

The two monoidal products on the right-hand side evaluate to:

asp,c ®idp = [{({a,b), ¢}, d) = ((T{a} x (1{b} x T{c})) x T{d})],
ida ®apc,p = [(a, (b, ¢}, d)) = (T{a} x (T{b} x (T{c} x T{d}))].

The first two terms of the right-hand side evaluate to:

(aap,c ®idp) = aamc),p

(((a, b),c),d) = U (Ha"} X (0"} x H{c'H x H{d'}))
((a’,(b’,c")),d")e

(Mapx(T{byxT{e})xT{d}
[(((a, b), c),d) = (T{a} x ((T{b} x T{c}H) x T{d}))].
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Hence, the right-hand side of the pentagon equality is:

(aaB,c ®idp) = aa(pc),p < (ida ®asc,p)
=[((a, b),c),d) = (T{a} x (T{b} X T{c}) X T{d}))] =<
[{a, (b, c),d)) = (T{a} x (T{b} x (T{c} X T{d})))]
=[({({a,b),c),d) — (T{a} X (T{b} x (T{c} x T{a))],

hence, the pentagon equality also holds and UPos is a monoidal category. O

Lemma 9.24. UPos is a symmetric monoidal category when considering the braiding
isomorphism
oap:A®B > B®A,
(a,b) = T{b} x T{a},
defined for all A, B € Ob(UPos), As o is involute, it is also the map of the inverse
morphism.

Proof. To prove that UPos is a symmetric monoidal category we need to show
that the braiding 0 makes the unit coherence, associativity coherence, and the
inverse law diagrams commute. The unit coherence diagram is:

0A,I

ARI > T® A
PA
N A
A

The coherence diagram commutes because o4, just flips the operands in the
Cartesian product, while p4 and A just extract the non-identity component
out if it. The associativity coherence diagram is:

04,8®idc

(A®B)@C ————— (B®A)®C

\LOZAB,C \LaBA,C

A®(B®C) B®(A®C)

\LUA,B@)C \LidB ®0a,c

B®C)®A — 2 S BR(C®A)

The associativity coherence diagram again commutes because o just flips the
positions of the elements in the Cartesian product and a simply alters the
groupings.

Finally, the inverse law diagram is:

AQ®B idaes AQ®B

OAB V
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The inverse law diagram commutes because ¢ is involute and hence applying
it twice result in the identity morphism. O

Lemma 9.25. LPos is a symmetric monoidal category when considering the following
additional structure:
i. Tensor product ®, with operation on objects being the poset product as defined in
Definition 2.6, and operation on two morphisms f: A — LBand g: C — LD
f®g:AxC—LBxD),
(a,c) = fla)xg(c),
as the Cartesian product of lower sets is also a lower set.
ii. Unit object being the identity poset I (Definition 2.4).
iii. Left unitor being the pair of morphisms
A IT®A — LA,
(t,a) = Ha};

and
Al A- LI A),

(a) = {1} x {a}.
iv. Right unitor being the pair of morphisms

pa: A®T — LA,
(a,0) = Ha};

and
p;llz A—->LARI,

(a) = [{a} x {1}
v. Associator being the pair of morphisms
aapc: (A®B)®C — LA X (LB X LC),
(a,b),c) = Ha} x (L{b} x {c});

and
aapc: A®(B®C) — (LAXLB)XLC,

(a,{b,c)) = (Ua} x [{b}) x |{c}.

vi. Braiding being the involute isomorphism

0AB:A®B - B®A,
(a,b) — [{b} x [{a}.

Proof. Analogous to the proof of Lemmas 9.23 and 9.24. m|
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In this section we aim to show that the functors in Equation (9.2) respect
this monoidal structure.

Lemma 9.26. The { functor is a strong monoidal functor (Definition 2.31).

Proof. First, notice that { is an endofunctor with origin and target DP. Take
two arbitrary posets A, B. Then, we have

(A) ®pp §(B) = A° @pp B®
= A°P x B°P
= (A x B)°®
= (A ®pp B)?
={(A®pr B),

where X is the poset product (Definition 2.6). The associativity diagram
holds because it is the same as the associativity diagram for DP, and as DP
is monoidal (Censi et al., 2020), Equation (2.1) must also hold. The same
argument holds for the left and right unitality diagrams (Equations (2.2)
and (2.3)). O

Lemma 9.27. The /* and « functors are strong monoidal functors.

Proof. We will prove only that * is strong monoidal, the case for ' is
analogous. First, let’s define the natural isomorphism u for . Given
some A,B € Ob(UPos), from Definition 2.31 we know it should identify
& (A) Qrpos & (B) with & (A ®upos B), where ®ypos and ®upos are the monoidal
products defined in Lemmas 9.23 and 9.25. This identification is simply equal-
ity as:

£ (A) ®Lpos & (B) = AP ®Lpos BP
— AOP 5 BOP
— (A x B)P
= (A ®upos B)?
= /(A ®upos B).

The isomorphism € must map the identity poset I in UPos to the identity poset
I in LPos and back.
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The associativity diagram (Equation (2.1)) for the # functor is:

LI’os

(& (A) ®Lros & (B)) Brpos & (C) —- 225 2(A) @rpes (& (B) ®Lros & (C))
l/#A,B ®Lpos id ,("Cs) \lebpfj) ®LPos 11B,C
" (A ®UPos B) ®LPos Ve (C) A ®LPos Ve (B ®UPos Ve (C))
H(A®yposB).C H(A®ypesB).C
l/ ur 2 aUPOS) \L vn

AB,C

e ((A ®UPos B) ®UPos C) > Ve (A ®UPos (B ®UPos C)),

The vertical arrows are isomorphisms due to p being defined with an equality
above. The horizontal arrows simply change the groupings (see Lemmas 9.23
and 9.25). Therefore, the diagram commutes.

The unitality diagrams for the /* functor are:

€ ®LPos ld21

[ ®Lpos & (A) ———2 2% (1) @Lpos & (A)

\LALP(":) \L[JI,A

A (A) 4 # (0P A (I ®upos A)
and
]}Pfj) ®LPos €
A (A) ®Lpos | ——— > /£ (A) QLPos &* (I)
l/pbp‘jz) l/#A,I
A) < A I),
‘2 ( ) 2 (pgpos) ‘2 ( ®UPOS )
which also obviously commute. m|

Lemma 9.28. The H?P functor is a strong monoidal functor.

Proof. Let’s take a look at the natural isomorphism u. From the definition of

H?P (Definition 9.15) we know that given two posets A, B:

H?P(A) ®UPos HfDP(B) = A ®upos B
=AXB
= A ®pp B
= H?P(A ®pp B).

Furthermore, H?P maps the identity poset to itself. Hence, showing associa-

tivity and unitality is equivalent to showing that these properties hold on a
category with poset objects, something we know holds, as DP is monoidal. O
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Lemma 9.29. The [1P% functor is a strong monoidal functor,

Proof. From Lemma 9.20 we know that ITPY = 7 s H?P g /. We showed that

the three functors on the right side are strong monoidal and as the composition
of strong monoidal functors is also strong monoidal (morphism composition
in the MonCat category (Lane, 1998, Ch. VII)), ITP" is too a strong monoidal
functor. O

9.5 Locally lattical structure

In this section we study some more properties of the structure of design
problems. The main observation is that the one can define an order on the
collection of design problems with functionality A and resource B. Intuitively,
one can imagine that there are feasibility relations which provide better trade-
offs than some other feasibility relations. More formally the hom-sets of DP
have lattice structure: one can take joins and meets of them, which are also
called respectively the intersection and sum design problems. This observation
was first made by Censi et al. (2020). We will extend the results there by
showing that this structure also exist in UPos and LPos and is respected by
the functors in Equation (9.2).

Lemma 9.30. Given any two posets A, B € Ob(DP), Hompp(A, B) has a bounded
lattice structure (Definition 7.11) with:
i. Order: for any dq, d» € Hompp(A, B) we have

d1 <pp(a,B) d2
if and only if
dr(a,b) =T = di(a,b)=T, Vae€A, VbeB;

ii. Joins: intersection design problems (Definition 7.26);
iii. Meets sum design problems (Definition 7.24);
iv. Top: the design problem which is always unfeasible:

TDP(A,B): A°P x B — Bool,
(a,b) — F;

v. Bottom: the design problem which is always feasible:

J—DP(A,B): A°P x B — Bool,
(a,b) — T.

Proof. See (Censi et al., 2020). O
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Lemma 9.31. Given any two posets A,B € Ob(UPos), Homypes(A, B) has a
bounded lattice structure with:
i. Order: for any two monotone maps u1, up: A — UB we have

U1 <UPos(A,B) U2

if and only if
ui(a) 2 uy(a), Vae€A;

ii. Joins: for any two monotone maps uy, uz: A — UB, we have
(u1 Uuz)(a) = ur(a) Nuz(a), Va€A;

iii. Meets: for any two monotone maps uy, uy: A — UB, we have
(u1 Muz)(a) = u1(a) Y uy(a), VaceA;

iv. Top: the map Typos(a,B) : 4 H @;
v. Bottom: the map Lypoes(a,) : @ > B.

Lemma 9.32. Given any two posets A,B € Ob(LPos), Homypes(A, B) has a
bounded lattice structure with:
i. Order: for any two monotone maps ly,1,: A — LB we have

I1 <rpos(a,B) I2
if and only if
li(a) 2 Io(a), Vae€A;

ii. Joins: for any two monotone maps I, lp: A — LB, we have
(hul)(a)=Nh(a)Nlxa), VaeA;

iii. Meets: for any two monotone maps ly,1>: A — LB, we have
(hnlx)(a) =1h(a)Ulx(a), VaeA;

iv. Top: the map Trpos(a,B) : @ — O;
v. Bottom: the map Lypos(a,B) : @ = B.

Lemma 9.33. The { functor preserves the bounded lattice structure of the hom sets of
DP. In other words, for any A, B € Ob(DP) and any d1, d, € Hompp(A, B):
i. if dy <pp(a,p) d2, then {(d1) <pp(sor acr) J(d2);
ii. J(dy Ado) = ](d1) U (da);
iii. {(d1V dy) = J(dv) M §(do);
iv. Y(Tpp(a,B) = TDP(BP,A%P);
0. I(J—DP(A,B)) = Lpp(Ber,Acp).
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Lemma 9.34. The & functor preserves the bounded lattice structure of the hom sets
of UPos when it maps them to LPos. In other words, for any A, B € Ob(UPos) and
any u1, uy € Homypes(A, B):

i. if u1 <upos(4,B) U2, then & (u1) <ppos(ace,or) & (U2);

ii. A (upUup) = Aur) U & (up);

iii. A (up Mup) = A(ur) N X (up);

iv. & (Typos(A,B)) = T LPos(A%,BoP);

0. & (Lypos(a,B)) = LLPos(A%,BoP)-

<

Lemma 9.35. The «* functor preserves the bounded lattice structure of the hom sets
of LPos when it maps them to UPos. In other words, for any A, B € Ob(LPos) and
any uy, up € Homypes(A, B):

i. if u1 <upos(4,B) U2, then o (1) <ppos(acr,Bor) o (U2);

ii. o (U1 Uup) = o (u1) U o (u2);

iii. o (U1 Mup) = o (1) Mo (Un);

iv. o (TLPos(A,B)) = T UPos(AP,BoP);

0. o' (Lipos(a,B)) = LUPos(A%,Bop)-

Lemma 9.36. The HJ]?P functor preserves the bounded lattice structure of the design
problems (hom sets) of DP when it maps them to UPos. In other words, for any
A, B € Ob(DP) and any dy, d, € Hompp(A, B):

i. if d1 <pp(a,p) da, then HD (d1) <upos(4,B) H P(dp);

ii. HDP(dl Ady) = HDP(d ) L HDP(dz)

iii. H?P(dl Vdy) = H?P(dl) M H?P(dz);

iv. H?P(—LDP(A,B)) = TUPos(A,B),

0. H?P(TDP(A,B)) = L UPos(4,B)-

Lemma 9.37. The T1P? functor preserves the bounded lattice structure of the design
problems (hom sets) of DP when it maps them to LPos. In other words, for any
A, B € Ob(DP) and any dy, d, € Hompp(A, B):

i. if d1 <pp(a,p) d2, then TIPP(d1) <ppos(s,a) [1P7 (d>);

il. HDP(dl A dz) = HDP(d1) [ HDP(dz)

ifi. HPP(dl Vdy) = HrDP(dﬂ M H,,DP(dz),'

iv. TIPP(Tppa,B)) = TLPos(B,A);

0. TIPP(Lppa,B)) = LLpos(B,4)-

9.6 Trace and feedback

The DP category is also a traced monoidal category (Definition 9.38) and the
proof of that can be found in (Censi et al., 2020). This means that there’s
the notion of “feedback” of design problems in DP. In particular, if we have
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a design problem d € Hompp(A X X, B X X), i.e. a design problem with
feasibilities in A X X and resources in B X X, we can use the component of
the feasibility in X as a resource, and thus closing the loop. This, of course,
requires that the provided component of the feasibility precedes the required
resource (Definition 9.39 introduces this formally). By “closing the loop”
we can obtain a new problem in Hompp(A, B) as the X component of the
teasibility and resource spaces are abstracted out.

Definition 9.38 (Traced monoidal category). Take the symmetric monoidal
category (C,®, I, 0) with ® being the monoidal product, I the unit object, o
the braiding (or symmetry) isomorphism. Then, C is traced if for any three
objects A, B, X € Ob(C) we have a function

Tr) ,: Home(A ® X, B® X) — Homc(A, B),

satisfying the following axioms:
i. Vanishing:
Trfq,B (f) =1,
for all f € Homc(A, B), and

Ty (f) = Try g (Tr}g@)X,B@X(f )) ’

forall f e Homc(A® X®Y,B® X ®Y);
ii. Superposing
Triga coplidc ®f) = idc ® Try 4(f),

forall f € Hom¢(A ® X, B ® X);
iii. Yanking:
Tr))g,x(ﬁxlx) =idyx.

Definition 9.39 (Trace of design problems). Given a design problem

d: AxX -» BxX,

its trace Trpp(d): A —» B is defined as:
Trpp(d): A°°? X B — Bool,
a,b) = \/ d((a,x), (b, x)).

xeX

Lemma 9.40. The (DP,®,1, o) category is a traced monoidal category with trace
defined as in Definition 9.39.

Proof. See (Censi et al., 2020). O
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As we can take the trace of problems in DP it is only natural to ask what
happens with these traced problems when we “feed” them to the i, A, o,
H?P, and TTP? functors. Hence, just as in the previous sections, we will show

that these functors preserve the trace.

Lemma 9.41. The UPos category is a traced monoidal category with trace defined for
any posets A, B, X € Ob(UPos) as

Trili,B: (A Q®upos X — U(B ®UPos X)) - (A - UB) ’
u[a—{beB|(Vix (b, x)€ula,x))=T}.
We will also denote the trace for morphisms in UPos by Trypos.

Proof. First, note that UPos is a symmetric monoidal category due Lemma 9.24.
Now let’s verify that the output of Tri( p is indeed a monotone function map-
ping to upper sets in B. Monotonicity requires that for any

u : A ®upos X — U(B ®upos X),
and any a <4 a’ € A it holds that:
Trupos(1)(a) <up Trures(u)(a’) &= Trupos(1)(a) 2 Trypos(u)(a’).
Due to the monotonicity of u, for any b € B and x € X we know that
(b, x) € u(a’, x) = (b, x) € u(a, x).

Therefore, if b € Trypos(1)(a’), then b € Trypos(1)(a), which is exactly the same
as the right condition in Section 9.6, hence the output of Tri(/B is indeed a
monotone function. Again, due to the monotonicity of u we have that for any
b<gb eB,aceA,and x € X:

(b, x) € u(a,x) — (b, x) € u(a, x).

Therefore, Trypos(1)(a) is indeed an upper set for all a € A.

Next, we need to prove the axioms of traced monoidal categories (Defi-
nition 9.38). Given an f: A — UB, the first vanishing axiom is equivalent
to

f=la—{beB| (e (f®id)(a,)}],

which is trivially true.
Givenan f : A® X®Y — B® X ®Y, the left-hand side of the second
vanishing axiom is:

TS () = [@ = {o € B (Vipexor (65, 9) € fa,x, ) =1}
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We also have:
T g s (F)=] @) {0, €BOXI (Ve (0,1, 9)€ Fla,x,9) ) =T} |
Hence, the right-hand side of the second vanishing axiom is:
Trﬁ,B(Tr£®X,B®X(f )
=|a{veBI(Vaex ((0,0)€ T oy ox (@) ) =T}
=[a {beBIV. cx(b.0)e | x)eBOXI(V ey (07,5 ) flax ) ) =T} ||
=[a {peBIVocx(Vyer ((brmef@ax ) =T},

which is equivalent to the left-hand side, hence the second vanishing axiom
also holds.

Givenan f: A® X — B ® X, the right-hand side of the superposing axiom
equals:

T%@A C®B(idgpos ®f)

ey {(c.0) e COB I (Viex ((c,5,0) € (4 &) (c,a, 7)) ) =
(e, {(c,b) e COB I (Viex (c €1dT(e) A (b, %) € fla,)))
% T}

|
o
|

(c,a) = {(c,b) e C®B| (Viex (c € T{c} A (b,x) € f(a,x))) =
(c,a) = {(c,b) € T{c} ® B| (Vyrex (b, x) € f(a,x))) = T}]
[(c,a) = (M{c} x{b € B| (Vyex ((b,%) € f(a,x))) =T})].

At the same time, the right hand-side of the superposing axiom is:
idZ™* @ Tr)f 4(f)
=lc= Tt © [a={beB[(Viex((b,x) € u(a, x))) = T}]
=[(c,a) = (T{c} x{b € B | (Vxex (b, %) € u(a, x))) = TH],

and hence the superposing axiom also holds.
Finally, we can also show that the yanking axiom holds:

Triéx(ax,x) =[x {x' € X|(Vyex (2, x*) € ox x(x,x"))) = T}]
=[x {x € X[ (Vyex (¢, x7) € T{x"} X T{x})) = T}]
=[x {x" e X[ (Vyex (*" € T{x"} A x"€T{x})) =T}]
=[x {x" e X|x €T{x}}]
=[x = T{x}]

_ : 1UPos
=idy ™.
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Lemma 9.42. The LPos category is a traced monoidal category with trace defined for
any posets A, B, X € Ob(LPos) as

Trfi,B: (A ®Lpos X — L(B ®Lpos X)) — (A — LB),
I'=[a{beB|(Vyiex (b, x)el(a,x)) =T}.
We will also denote the trace for morphisms in LPos by Trypos.
Proof. Analogous to the proof of Lemma 9.41. O

Lemma 9.43. The { functor preserves traces. In other words:

I (Trpp(d)) = Trpe ((d)) ,
forall d € Hompp(A X X, B X X), and forall A, B, X € Ob(DP).
Proof. Recall that the trace of 4 is:

Trpp(d): A°? X B — Bool,
(a,b) — \/ d((a, x), (b, x)).

xeX
Hence dual of the trace of 4 is:
I(Ter(d)): B x A°? — Bool,
(b,a) > \/ d((a,x), (b, x)).

xeX
The dual of d is:

I(d): (B x X) x (A x X)°° — Bool,
(b, x),(a,x)) — d((a,x), (b, x)).

And the trace of the dual of 4 is:
Trpp (3(d)) : B x A°P — Bool,
boay e \/ J@(®,0, @)= \/ (@), 0,2),

XEXOP xEXOP
and hence { (Trpp(d)) = Trpp ({(d)). O
Lemma 9.44. The & functor preserves traces. In other words:
& (Trupos(#)) = Trrpos(& (1)),

for all u € Homypes(A ®upoes X, B ®upos X), and for all A, B, X € Ob(UPos).
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Proof. Recall from Lemma 9.41 that

Trypos(u): A — UB,
ar>{beB|Vyx(b, x)€uax)=T}.

Then, applying the /* functor to it we obtain:

A (Trypos(1)): AP — L(BP),
ar—{beB|V,ex(b,x)ecu(ax)=T}.

On the other hand, first applying & to u:

& (u): (A ®Lpos X)P — L((B ®Lpos X)),
(a,x) +— u(a,x).

Taking its trace we obtain:

Trepos(&* (1)): AP — L(BP),
a> {b€B|\yexor(b,x) €ula,x)=T},

hence it holds that 2 (Trypes(#)) = Trrpos(& (1)). |

Lemma 9.45. The « functor preserves traces. In other words:

o (Trepos(!)) = Trupos(« (1)),
forall | € Homppes(A ®Lpos X, B ®rpos X), and all A, B, X € Ob(LPos).
Proof. Analogous to the proof of Lemma 9.44. |

Lemma 9.46. The H?P functor preserves traces. In other words:

NP7 (Trpe(d)) = Trures (1127(4))
forall d € Hompp(A X X, B X X), and all A, B, X € Ob(DP).
Proof. Recall that the trace of 4 is:

Trpp(d): A°’ X B — Bool,
(a, by~ \/ d((a,x), (b, x)).

xeX

Applying the H]]?P functor to it we obtain:

HfDP(Ter(d)): A — UB,
a—{beB|V,xd(a,x), (b, x)=T}.
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However, first applying H?P to d we obtain:
H?P(d) A ®upos X — B ®upos X,
(a,x) — {(b, x) € B ®uros X | d((a,x), (b, x)) =T}.
And then applying the trace to the result:
Trupos(IT;"(d)): A — UB,
a—{beB|Vixd(a, x), (b x)=T},
hence H?P(Ter(d)) = Trypos (H?P(d)). O
Lemma 9.47. The T1PT functor preserves traces. In other words:
Hl;?P(TrDP(d)) = TrLPos (H?P(d)) ’
forall d € Hompp(A, B), and all A, B € Ob(DP).

Proof.
[P (Trpp(d)) = & (117" (§ (Tepr(d)
D

g (n PP (Tepp (3(d))

—_ S~
~——

= TrLPos (H],?P (d)) .

We use the results from Lemmas 9.20, 9.22, 9.43, 9.44, and 9.46 in the above
proof, as well as the fact that { is an involute functor. Alternatively, one can
use the same technique as we used for Lemma 9.46 to reach the same result
directly. O

9.7 Bonus: Interpretation with monads

In this section we will explore some monadic connections underlying the
structure of co-design. While the results we present here are not necessary for
following the next chapter, we believe they will be of interest to the readers
curious about co-design.

We start by recalling the definitions of monads and Kleisli categories (Lane,
1998, Ch. VI). Then we introduce the U functor and the U monad that it gives
rise to.
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Definition 9.48 (Monad). Let C be a category. A monad on C consists of:
i. afunctorT: C — C;
ii. anatural transformation 7: idc = T called unit;
iii. a natural transformation p: T § T = T called composition or multiplica-
tion.
For every X € Ob(C), the constituents must satisfy left and right unitality:

T(X) 2% T(T(X)  T(X) 24 7(T(x)

N

T(X) T(X)

and associativity:
T(T(T(x)) ~ T(7()

l/HT(X) l/HX

T(T(X)) —=— T(X)

Definition 9.49 (Kleisli morphism). Let (T, 1, 1) be a monad on a category C.
A Kleisli morphism of T from X to Y is a morphism k: X — TY of C.

Definition 9.50 (Kleisli composition). Let <T, n, y) be a monad on a category
C.Letk: X > TYand h: Y — TZ. We define the Kleisli composition of k and
h to be the morphism k g h: X — TZ, given by

X *s 1y My 177 Ly TZ

Definition 9.51 (Kleisli category). Let <T n, y) be a monad on a category C.
The Kleisli category of T is the category Cr with:
i. Ob(Cr) = Ob(C), i.e; it has the same objects as C;
ii. Homc; (X,Y) = Homc (X, TY), i.e; the morphisms are the Kleisli mor-
phisms of T (Definition 9.49);
iii. identities are given by the units 17: X — TX for each object X;
iv. the composition of morphisms is given by the Kleisli composition (Def-
inition 9.50).

Definition 9.52 (Category Pos). The category Pos is defined by:
i. Objects: The objects of this category are all posets.
ii. Morphisms: The morphisms between any pair of posets X,Y are the
monotone maps from X to Y.
iii. Identity morphism: The identity morphism for the poset X is the identity
function idx, which maps every element of X to itself.
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iv. Composition operation: The composition operation is function composi-
tion.

Definition 9.53 (The U functor). The U functor (endofunctor) on Pos maps:
i. A poset P € Ob(Pos) to its upper set UP, which is also an object in Pos
(Lemma 7.2),
ii. A morphism (monotone function) f : P — Q to the monotone function:

U(f): UP — UQ,
P et U3
peP’
We will use the following results throughout the rest of this section:

Lemma 9.54. Given two posets P, Q, a monotone functions f : P — Q, and a family
of singleton sets {S;};c;, Si = {si} with s; € P, the following holds true:

T( LJU@n)zTﬂj{ﬂxn)

PET Uier Si i€l

Proof. First, let’s show that

M Upet U s F@) €1 (Urer {£60)})

Take a
g€l (UPGTUieI Si{f(p)}) :

That means that there exists a

such that ¢" <g g. Hence, there is a p” € T\UJ;¢; Si such that g’ = f(p’). If p’ is
in this upper closure, then there must be an i’ € I such that s <p p’, and due
to the monotonicity of f we get:

f(si) <q f(p")=4q" <qq.

As sj is in the union in the right-hand set, and as any q* € Q such that
f(sir) <g q" is in its upper closure, 2 must also be in it.
Now, let’s show that

MUper Upey @) 21 (Uit {£60)})
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Take a

g€l (Uiel {f(Sz)}) .
Then there’s a i’ € I such that f(s;) <g g. But then this f(s;) is also in the
union in the right-hand side, hence any q* > f(si7) must be in the upper
closure of that union. Hence, ¢ is in the right-hand side set. As the two sets
on the side of the equation in the lemma are subsets of each other, they must
be equal. O

Lemma 9.55. Given two posets P, Q and a monotone functions f : P — Q, the
following holds true for all p € P:

T( g {f(P’)}) = T{f(p)}-
p'elp}

Proof.

Short proof: Follows directly from Lemma 9.54 when we take a family of
singleton sets with only the set {p}.

Full proof: First, let’s show that

M (Uperon F00}) € HF @)
Take a
71 (Uperim (F0)}).

Then there must exist a p’ € P such that p <p p’ and f(p’) <p 4. But due to
the monotonicity of f, we know that f(p) <p f(p’) <p q and hence it must

hold that g € T{f(p)}.
Now, let’s show that

M (Upeton FE0) 2 1))

TakeaqinT{f(p)}. Thenthatmeansthat f(p) <p 9. But f(p) € Upern{f(p")},
hence g must be in its upper closure. As the two sets on the side of the equation

in the lemma are subsets of each other, they must be equal. m|
Lemma 9.56. Given a set A and a family {A;},c; of subsets of A indexed by I, the
following holds true:
U U{Ai} = U Aj.
i€l i€l

Note that {A;} is a singleton set with an element a subset of A, hence a set of sets.

Lemma 9.57. The U functor is indeed a functor.
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Proof. U respects the source and targets of arrows. Furthermore, it maps idp
to idyp. Finally, we need to show that U respects also morphism composition.
Take f : P — Qand g : Q — R. Then:

U(F59) = [P 1 (Uper {0} .
At the same time:

P o 1 (Uper (FPD)| 5 [Q 1 (Ugeor @)

- »P' -1 (qu(T Upepf{f(r’)}){g(q)})l
= »P’ =1 (UpEP’ {9(f(p))})] ’

where the last equality is due Lemma 9.54. Hence U is indeed a functor. O

U(f)sUyg)

Definition 9.58 (The U monad). We define the U monad on Pos consisting of:
i. The functor U (Definition 9.53).
ii. The unit natural transformation r]u: idpos = U, which associates to
every P € Ob(Pos) the following morphism in Pos:

nd: P — UP,
p = Hph
iii. The composition natural transformation p": U § U = U, which asso-
ciates to every P € Ob(Pos) the following morphism in Pos:
yILJI: uur) — UP,
P )P
P’EP”

We will refer both to the monad and its constitute functor as U. The difference
should be clear from the context.

Remark 9.59. Notice that the unit natural transformation of the U monad uses
the fact that every element of the poset can be uniquely identified with an up-
per set (Lemma 7.14). In a way, one can think of the upper sets as “generalized
objects” of the poset.

Lemma 9.60. The U monad is indeed a monad.

Proof. Proving that U is a monad is a multi-step exercise. In particular, we
need to show the following things:
i. That nY is indeed a natural transformation;



9.7. Bonus: Interpretation with monads 161

ii. That uY is indeed a natural transformation;
iii. That the left unitality holds;
iv. That the right unitality holds;

v. That the associativity holds.

nY is indeed a natural transformation. We need to show that for every

f € Hompes(P, Q) it holds that
idpos(f) § 15 = p § U(f)-
The left-hand side equals:
idpos(f) 515 = f 5[99 g} = [p » THF@)}].
The right-hand side equals:
np sU(f) = [p= 1t s [P TUper {f(p)}]

=|p =1 (Uperon 1700}
= [p = MR,

where the last equality is due Lemma 9.55.

pY is indeed a natural transformation. We need to show that for every

f € Hompos(P, Q) it holds that
UU(f) 5 pg = pp sUS).
The left-hand side equals:
uus) 5 g =U ([P = 1(Uper tfe)]) 5
= |75 1 (Upere {1 (UperdFo )} )| 6 0l

= P”HT(U {T(U{f(P)})}) s [Q”H g Q']
| Prep” peP’ QeQ”

— PII — U Ql
Q/ET(UP/EP” {T(UpeP’{f(p)})})

= |7 = (U1 (Uper {1 (Uper o)}
= |7 [ (Uper {1 (Uperd £ )})]
= |7 (Uper T (UperdF 01} )|

=[P =1 (Uper Uper lF 01} |
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where we use the facts that union of upper sets is an upper set (Lemma 7.15),
Lemma 9.56, and the fact that the union of upper set is the upper closure of
the union of sets. The right-hand side equals:

yIL,I s U(f) =[P+ UpreprP'] 3 [P, =1 (Upep’ {f(P)})]

=1 J e

pEUP’EP” P’

= [P 1 (Urer Uper 0})]

Left unitality holds. We heed to show that for all P € Ob(Pos) it holds that:

u o, U _:qP
nu(p)gl’lp _ldl,lo(sl;’)'

We have: U u
M) § Mp uu — ul,

P ) Pr=p,
Prer{P}
where the equality is due to the upper sets of an upper set P’ being subsets of
P’, hence their union is again P’. The is the same as the identity morphism on
U(P) = UP in Pos (Definition 9.52).
Right unitality holds. We need to show that for all P € Ob(Pos) it holds
that:
uy, U _;qUP
Unp) g pp = idyp) -
We have:
U(nY)sup: UP — UP,

Unp) s up = |P" = Upreu(aprin)en P ] ~

:P "= Uprep(Uyer (1o1) T ]
=P = Ut (Uper 101
P 1 Uper (1421

[Pl = TUpeP’ T{p}]
=[P 1P)
— [P/ — P/] ,

where we again use the facts that union of upper sets is an upper set as shown
in Lemma 7.15, Lemma 9.56, the fact that the union of upper set is the upper



9.7. Bonus: Interpretation with monads 163

closure of the union of sets, and that taking the upper closure of an upper set
is redundant.
Associativity holds. We need to show that for all P € Ob(Pos) it holds that:

U(pp) s 5 = tiyyp) § Hp
The left-hand side of this equation is:

U(up) s up = U([P" = Upepr P']) 5 [P” = Upepr P’
=[P = T (Uprepm {Uprepr P'})] § [P” v Uprepr P']

P U

| Prel(Uprepm{Uprepr P'})

= [P U Uprepr {Uperr P'D)|
= |75 1 Uprepn (Upiepr P

[Pl” g TUP”GP”/ UP’EP" P’]
= [P"" = Uprepr Uprepr P'],

where we use Lemmas 7.15 and 9.56, the fact that the union of upper sets is the
upper closure of the union of sets, and the fact that taking the upper closure
of an upper set is redundant. The right-hand side of this equation is:

ME(P) 8 M%)I = [P”, (g Upllepl// P”] 8 [P” — UP’EP” P,]
= [Pm = UpreUprepm P P’]
= [P/” (i UP//EP/// UP’EP” P/] .

Lemma 9.61. UPos is the Kleisli category of U.

Proof. Going through the points of Definition 9.51 we have:
i. Objects of both UPos and Pos are posets.
ii. Homypes(P, Q) is a set of monotone functions from P to UQ. These are
also the morphisms of Hompes(P, UQ).
iii. Identities in UPos are:
ida: A — UA,

a— T{a},

as in Definition 9.3. This is the same as the unit natural transformation
nY (Definition 9.58).
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iv. The composition of morphisms in UPos was defined as the fish operator
= (Definition 9.3). We now have to show that the Kleisli composition
on the monad U is the exact same operation. Take two morphisms
f:P—UQ,g:Q — UR in UPos. Their Kleisli composition is:

u
P Ly uo Y2 yur 25 UR.

feu@sull =[p e f@)] 5 |Q =1 (Ugeolo@)] 5 1l
=[p = 1(Userota@})| 5 [R” = Uner Rl
= P = UretUyetoian K

= |p = Ut (Ugerinto@n)|

=[p = 11 (Useronto@})]

= [p = 11J Ugerota@n]

[p = TUgern 9(0)]

= [p = Ugesp 9@)]
which is precisely the < operator. In the above we use the fact that the
union of upper sets is the upper closure of the union of sets, that taking

the upper closure of an upper set is redundant, as well as Lemma 9.56.
O




Chapter 10

Design problems and
compositional computation

Now we can finally see how the theory of co-design that we developed in the
previous chapters can fit in the theory of compositional computational systems
from Part I. The reader most certainly made the connection that perhaps a
design problem will be a problem in some compositional computational system.
And similarly, the methods for solving design problems which we discussed
in Chapter 8 would be procedures in the respective system.

10.1 Design problems are problems

Let’s start by taking another look at design problems. Recall that design
problems are feasibility relations between two posets and are represented as
the morphisms of the DP category. Solutions, on the other hand, are functions
from the elements of one poset to the antichains of another poset. Finally, recall
that the crux of the story in Chapter 8 was that not all design problems can
be solved using the solutions techniques that we provided. Hence, we need
to restrict ourselves only to well-behaved design problems Definition 8.39. To
do that, we define the DP* category of well-behaved design problems:

Definition 10.1 (The DP* category). The DP* category is a subcategory (Def-
inition 2.21) of the DP category that has:

i. the same objects as DP, i.e. posets, and

ii. morphisms between any two posets P and Q being the subset

Hompp+(P, Q) € Hompp(P, Q)

165



166 Chapter 10. Design problems and compositional computation

of well-behaved design problems (Definition 8.39).

We will also define the category of functions with range antichains which
will represent solution maps of design problems (Definition 8.15):

Definition 10.2 (The APos category). The APos category has:
i. objects which are posets;
ii. morphisms between two objects A, B € Ob(APos) which are solution
maps, i.e. functions of the form

f:A— AB;

iii. composition of two morphisms @ : A — AB and  : B — AC defined
as in Lemma 8.18:

agp: A— AC,
a|—>1\;[icn U B(s);

sea(a)

iv. identity morphism for an object A is the solution map of the identity
teasibility relation (Lemma 8.19):

idg: A—> AA

aw— {a}.

Therefore, we can now consider a compositional system, where the objects
of Prob and Pro¢ are posets, with morphisms being respectively design prob-
lems (the morphisms of DP*) and solution maps (the morphisms of APos).
Note that this is a valid setting because posets are categories (Lemma 2.17),
hence every poset can be a statement or answer semicategory of a problem.
We have that the objects of Prob and Pro¢ are the same as the objects of DP*
and APos. Furthermore, the morphisms of DP* and APos are (some of the)
morphisms in Prob and Pro¢.

The morphisms of Prob and Proé had to be kinded function with some
rigs N and M as their kind sets. We showed in Lemma 5.21 and Section 6.3,
any binary relation can be represented as a kinded function with a kind set
Bool. And a design problem was defined as a binary relation (Definition 2.14).
Hence we know that all design problems appear as morphisms in the category
Prob(Pos, B).

A solution map can also be represented as a binary relation. Hence, we also
get that all solution maps appear as morphisms in the category Pro¢(Pos, B).
Therefore, the solutions of design problems would end up in a category

Laputa (Pos, B, B, -),
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for some suitable choice of a solution judgement map.

But what should that solution judgement map be? Well, we need it to be
one that verifies that the antichain returned by the procedure represents the
upper set of resources of the design problem. And, of course, that should hold
for any choice of a functionality. Hence we can take a map:

* B B
WPE': (F 5 R) x (F = R) — Bool,

(D, he) > /\ Acp( f,r) = 3 € Rst holf, ')A <g 7).
feFreR

In the above we use the fact that he(f, ') would be true only for a 7’ that is
an element of the minimal antichain of the upper set of resources that can
provide f, but we want the implication to hold for all elements of the upper
set, not only of the antichain.

Now we can claim that design problems are problems, solution maps are
procedures, and solution maps that solve design problems are solutions in the
compositional computational system

Laputa (Pos, B, B, \I’DP*) .

Then if we have two problems d : F -» Rand e : G -» S, they would look like
that in this compositional computational system:

d e
<I’l .dProé(Pus,B) h AdPrué(Pos,B)
dAdyg dAdyg (10.1)
. 1Prob(Pos,B) . yProb(Pos,B)
1dU N 1dU p .

Remark 10.3. You probably noticed that there is no morphism between the two
problems in Equation (10.1). That does not mean that non-trivial problem
reduction is impossible in this setting. For example you can consider reducing
the product problem of 4 with an identity problem to d itself, or reducing
three problems in series to the middle problem with the morphisms being the
solution maps of the other two. Even more interestingly, in co-design there is
also the concept of “higher-order” design problems (Censi et al., 2020). These
are design problems over design problems. Hence, by solving the outer one,
we end up at a new design problem, something that can be an arrow in this
compositional computational system.
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10.2 Design problems are a problem

A rather curious feature of co-design is that it can be to be (a part of) a
compositional computational system at various levels of abstraction and rep-
resentation. In the previous section we said that posets are categories, hence
the objects of Pos form a subcategory of the semicategories and therefore can
act as statement and answer semicategories in the definitions of Prob and
Pro¢. Then, we ended up in a situation where every object of

Laputa (Pos, B, B, \PDP*)

is a design problem and every morphism is a pair of solution maps.

However, as all (well-behaved) design problems form the DP* category, we
can take this to be a statement semicategory, while the category APos can be an
answer category. Then we obtain a single problem, with statements being all
design problems and answers being all solution maps. So let’s see how exactly
this would work out and what would be the compositional computational
system that can host this problem.

Let’s use the theory that we developed in Chapter 9. Hence, we would
be working with categories such as UPos, LPos and DP* (again, here we
restrict ourselves only to well-behaved problems), and with functors such as
HJ]?P*, HPP*, &, A, and i This means that the compositional computational
system we will end up being in is one where problems and procedures are
functors between categories. We already saw such a system in Section 6.4. It
was called LAnd and was defined as:

LAnd = Laputa (Cat, B, B, \yA“d) .

Problems and procedures are now just different functors, i.e. morphisms in

Cat. We have two problems: H]]?P* and ITP?* which, as part of the Prob(Cat, B)

category, look like:

UPos

N
& (10.2)

DP*

DP* —— LPos.
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And the functors which represent procedures in Pro¢(Cat, B) are:

APos —T> UPos

s - 2 (10.3)

3 DP* LPos.

There are two new functors there.
First, there is S. It simply maps a (primal) design problem to its corre-
sponding solution map in APos. So formally, we can define it as:

S: DP* — APos,
P~ P,

(d:F -+ R)— fﬂh@n{remd(ﬂoﬂ} .

Note that thisisnot a process that can in general be computed. However, it does
represent the action of the solutions maps as introduced in Chapter 8. If every
atomic design problem comes with its own solution map (which is indeed how
such problems are solved in practice (Censi, 2016)) then numerically evaluating
this map would amount to solving the design problem. Furthermore, for
design problems which are composed out of other design problems we just
need to apply the same composition operations to their solution maps, as
described in Chapter 8.
The T functor acts exactly like the T operator (Definition 7.1):

T: APos — UPos,
PP,

(h:F — AR) [fﬂwh(f)].

Now that the problems and procedures have been described in Equa-
tions (10.2) and (10.3) we are left with the task of identifying some of the
procedures as solutions to some of the problems. The first important observa-
tion is that the problem functor H?P* and the procedure functor composition

S ¢ T map objects and morphisms in the exact same way, hence they trivially
satisfy Equation (6.5). The other crucial realization is that every problem

TIPP" can be represented as a l_IfDP " problem. We hinted at this in Lemma 9.20.

Hence we also have that the problem functor ITP*" and the procedure functor
composition
155575 ¢
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maps objects and morphisms in the exact same way, hence they trivially satisfy
Equation (6.5). Formally, we have:

\pLAnd (HDP*’ 5S¢ T) =T,

DP*,UPos f
LAnd DP* _
wiand (PP, $5s575 ) =T

It is now even more clear that the dual problem ITP?" reduces to the primal
problem ITP?" in the LAnd category. Of course, the opposite reduction is also
possible despite it perhaps being of little practical utility. In other words, we
have the following structure in LAnd:

(L)
. yProb(Cat,B) DP* - DP*
ldAPOS W Hf 1—.[1, . (104)
’ K_/
@2)

Here we have the three problems: the primal co-design problems H})P*, the

dual co-design problems TTPP" and the identity problem on the APos cate-

gory idirlfti(cat’B). We also have the pairs of procedures that allow problem

reduction among these problems. And of course, as before, solving a problem
would mean reducing it to an identity problem, of which we have only one
in Equation (10.4). Checking that this structure satisfies the definition of the
Laputa category (Definition 6.17) is straight-forward so we will omit it.

Remark 10.4. Compare the structure of the two compositional computational
system that we saw in this chapter: Equation (10.1) and Equation (10.4). As
mentioned in the beginning of this section, in Equation (10.1) we see indi-
vidual design problems explicitly appearing at this level of abstraction. In
Equation (10.4), however, we all design problems are “hidden” under the
objects.

10.3 Design problems are a problem with lots of
structure

A large part of Chapter 9 dealt with the rich structure that co-design has. We
talked about monoidality, locally-lattical structures, and traces. However, we
have seen none of that here yet. This section remedies that by illustrating how
one can have compositional systems with a lot of structure and how co-design
is a potent example of a problem in such a system.
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Table 10.1: Guide to the proofs of the compositional properties of the categories
used in this section.

Monoidal category Locally lattical category Traced category

UPos Lemma 9.23 Lemma 9.31 Lemma 9.41

LPos Lemma 9.25 Lemma 9.32 Lemma 9.42

APos Lemma 10.5 Lemma 10.5 Lemma 10.5

DP* (Censietal,2020) Lemma 9.30 and Lemma 9.40 and
(Censi et al., 2020) (Censi et al., 2020)

Table 10.2: Guide to the proofs of the compositional properties of the functors
used in this section.

Functor Strong monoidal E(r)isr?;‘ejglg Preserving
functor . traces
lattical structure
S Lemma 10.9 Lemma 10.10 Lemma 10.11
T Lemma 10.8 Lemma 10.8 Lemma 10.8
I Definition 9.12 Lemma 9.26 Lemma 9.33 Lemma 9.43
A Lemma 9.9 Lemma 9.27 Lemma 9.34 Lemma 9.44
o’ Lemma 9.9 Lemma 9.27 Lemma 9.35 Lemma 9.45
id/APos By definition = Lemma 10.7 Lemma 10.7 Lemma 10.7
1P Lemma9.19  Lemma 9.29 Lemma 9.37 Lemma 9.47
H]‘?P* Lemma9.17  Lemma 9.28 Lemma 9.36 Lemma 9.46

First, let’s ensure that all our categories and functors indeed have this
structure. As Table 10.1 summarizes, we already showed that the categories
DP*, UPos, and LPos are symmetric monoidal, traced, and have hom-sets
with bounded lattice structure (i.e. with posetal order, joins, meets, tops, and
bottoms). In Chapter 9 we also showed that the functors HJ]?P*, HPP*, i, £,

« preserve the operations underlying these structures. The exact proofs are
listed in Table 10.2. That means that whether we first apply the operation and
then the functor or first the functor and then the operation should not matter
for the end result.

In the formulation in Equation (10.4) of the co-design problems and solu-
tions in a compositional computational setting there is one additional category;,
APos, and three new functors: S, T, and the identity functor on APos. So let’s
show that they too possess the same properties as the constructions from
Chapter 9.

Let’s first take a look at APos. We will formalize everything we need about
its compositional structure in the following lemma:
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Lemma 10.5. APos has the following properties:
A. It is a monoidal category when considering the following additional structure:
i. Tensor product ®, with the operation on objects being the poset product as
defined in Definition 2.6, and operation on two morphisms f: A — AB
and g: C — AD
f®g: AXxC— A(BxD),
(a,c) = f(a)xg(c),
which is the same formulation as the solution map of the product design
problem (Lemma 8.20).
ii. Unit object being the identity poset I (Definition 2.4).
iii. Left unitor being the pair of morphisms
A IT®A — AA,
(t,a) = {a},

and
A A— A A),

(a) — {txa}.

iv. Right unitor being the pair of morphisms

pa:A®I — AA,
(a, 1) — {a},

and
piliA—> AARI,

(a) — {a X }.

v. Associator being the pair of morphisms

aapc: (A®B)®C — AAX(AB X AC),
((a,b),c) = {a} x{bxc},

and
aapc: A® (B ®C)—> (AAXAB)x AC,
(a,(b,c)) — {axb}x{c}.
B. It has bounded lattice structure on its hom-sets Homapes(A, B) for any two
posets A, B € Ob(APos) with:
i. Order: for any two solution maps ai,a,: A — AB, it holds that

a1 <Apos(A,B) A2 iff
ai(a) <zp ax(a), VaeA,

where the order is the order on antichains defined in Lemma 8.4;
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ii. Joins: for any two solution maps ay,a: A — AB, it holds that

(a1 Uaz)(a) = Min {x1 U xz | x1 € a1(a), x2 € ax(a)}, Va €A,
=B

the same as the definition of the solution map of the intersection design
problems (Lemma 8.24);
iii. Meets: for any two solution maps ay,a: A — AB, it holds that

(a1 Maz)(a) = Min (a1(a) U ax(a)), Va € A,

the same as the definition of the solution map of the sum design problems
(Lemma 8.21);
iv. Top: the map T Apos(A,B) : 4 F> O;
v. Bottom: the map L apos(a,B) : @ > Lp.
C. It is a traced monoidal category with trace defined for any posets A,B, X €
Ob(APos) as

Tr) 52 (AXX —> A(Bx X)) = (A— AB),
fi a|—>1\gn{beB|(\/XGX((b,x)ETf(a,x))):T} .

We will also denote the trace for morphisms in APos by Trapoes.

Sketch of a proof. The structure of APos is very similar to the structure of UPos
and LPos so the reader can refer to the proof for these two categories. O

Remark 10.6. It is important to mention that we restrict our interest only to
well-behaved design problems and sets (Definition 8.39). For these, the joins
and meets are always required to exist, and bottoms of the posets B must also
exist because the well-definedness requires that all subsets of B°P have a join.
Hence, strictly speaking the above definition is valid only for a subset of all
possible subsets. Also note that our definition of trace uses the upper closure
operator T which means that it is biased with semantic meaning appropriate
for primal design problems and not dual design problems.

Let’s now look at the identity functor on the APos category and its proper-
ties.

Lemma 10.7. The identity functor id : APos — APos is a strong monoidal functor
and preserves the orders, joins, meets, tops, and bottoms of the hom-sets of APos, as
well as traces in APos.

Sketch of a proof. The fact that the identity functors on monoidal categories are
monoidal functors can be seen immediately from the commutative diagrams
in Definition 2.31. The same holds for the preserving the lattical structure and
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traces. Whether we first do nothing to some elements and then we perform
an operation on them, or we first do the operation and then do nothing, the
result is going to be exactly the same. m|

Lemma 10.8. The upper closure functor T : APos — UPos is a strong monoidal
functor and preserves the orders, joins, meets, tops, and bottoms of the hom-sets of
UPos, as well as traces in UPos.

Sketch of a proof. The upper closure functor behaves similarly to the [TP?" func-

tor. As the proof of the above properties follows closely the proof of these
properties for the TTP?” functor, we will omit it from here. m|

f

Now, let’s focus on the S functor. Ideally we’d like it to have the same
properties as the functors in Chapter 9: monoidality, as well as preserving the
lattical structure and traces of DP*. The following three lemmas show that S
indeed possesses these properties.

Lemma 10.9. The S functor is a strong monoidal functor (Definition 2.31).

Proof. We will only show that given a design problems d; : F; - R; and
d> : F» -» R» it holds that:

S(dq) ®apos S(d2) = S(dy ®pp* dp). (10.5)

The associativity and unitality properties are straight-forward to show so will
omit their proofs.
First, we have that:

[ R oaRr .
S(dy) = | fi —— 1\£[Rin{r1 € Ry | di(fi, ) =T}|,
- - l -

and

Fr,— AR
S(dy) = f2 —_ Min {re Ry | da(fo, 12) = } .

Then, following applymg the tensor product in APos we obtam

S(d1)®AposS(d2)= <f1,f2>'—>1\é[Rin{V1 ERl|dl(flzrl)}XBé[Rin{TZERZ|d2(f21r2)}l :

Now, let’s take a look at the right-hand side of Equation (10.5):

S(d1®pprd2)= <f1,f2>'—> Mln {<r1,r2>|(d1®d2) (fi.f2) (r1,72)) }l

< RyxRp)

= <f1,f2>|—> Mm {(1’1,72)|d1(f1,7’1)/\d2(f2z7’2)}]

=(RyxRp)

= <f1,f2>'—>1\élgn{71 ERl|d1(f1,r1)}Xl\é[gn{f’zeRzmz(fz,?z)}l-
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Hence Equation (10.5) indeed holds true. O

Lemma 10.10. The S functor preserves the bounded lattice structure of the hom-sets
of DP*. In other words, for any A, B € Ob(DP*) and any d1, d» € Hompp(A, B):
i. if d1 <ppx(a,p) d2, then S(d1) <apos(a,B) S(d2);
ii. S(d1 A dp) = S(d1) U S(dp);
iii. S(d1V dp) =S(d1) M S(dy);
iv. S(Tpp*a,B)) = T APos(A,B);
0. S(Lpp*(4,8)) = LAPos(4,B)-

Proof. Order preserving follows directly from the way the order is defined on
the hom-sets of the two categories. On DP* it is:

dl SDP*(A,B) dz [——4 (dz(ﬂ, b) - dl(ﬂ, b), Va € A,b S B)
And on APos:

S(d1) <apos(a,p) S(d2) & (1S(d1)(a) 2 15(d2)(a), Va € A).

The right-hand sides of both are equivalent because of the monotonicity of the
design problems. Now, let’s take a look at the joins:

S(d1Ad2)=S([{a,b)—>d1(a,b) Adx(a,b)])
= athin{beB|d1(a,b)/\d2(a,b)}]
= —a|—>1\4in({b€B |d1(a,b)}ﬂ{b€B|d2(a,b)})]

= >a |—>1\gin TI\/<Iin{b €B|dy(a,b)} ﬁTl\/lin{b €B |d2(a,b)})l

= ar—>1\41n{b1ub2|b1€{beB|d1(a,b)},b26{b€B|d2(a,b)}}l
<B

= 5(d1)LS(da),

where we used the fact that d; and d;, are well-behaved and Lemma 8.23. The
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meets go similarly:

S(d1V dz) = S([{a, b) = di(a, b) v da(a, b)])

=lar— l\gin{b € B|dy(a,b)V dya, b)}l
= _a — l\gin({b € B|di(a,b)yU{b € B |daa, b)})l

= |a — Min (Min{b € B|di(a,b)} UMin{b € B | dz(a,b)})l
| <B <B <B

= @ = Min (S(d1)(a) U S(dz)(a))l

= S(dy) 11 S(dy).

The top elements are mapped as:
S (TDP*(A,B)) =S ( (a,b)
[ A—>AB l
=la— 0@

= T APos(A,B)-

A°PxB—Bool
b F

And the bottom elements are mapped as:

S (J‘DP*(A,B)) = S (

(a,b) A°PxB—Bool Tl)

A—AB
=|la+— 13

= L APos(A,B)-

Thus, S indeed preserves the bounded lattice structure of the hom-sets of
DP*. O

Lemma 10.11. The S functor preserves traces. In other words:

S (Trpp+(d)) = Trapes (S()),
forall d € Hompp+(A X X, B X X) and for all A, B, X € Ob(DP*).
Proof. The left-hand side evaluates to:

S (Trpp+(d)) = S (lm, by = \/ d((a,x), <b,x>>D

xeX

= [a |—>1\gn{b €B| \/d((a,x),(b,x))H.

xeX
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The right-hand side evaluates to:
Trapos(S(d))

=Trapos (l(a, b) — Min {(b,x) e BXx X | d({a,x),{b,x)) = T}l)

<(BxX)

=|a — Min {b € B | \/ ((b,x) e TMin {(b,x) | d({a,x),{b,x)) = T})H
<B <(BxX)

xeX

=|a Hlxgm{b €B|b eTNgn{b €B| \/d((a,x),(b,x))zT}H

xeX

=|a |—>1\/gn{b €B | \/d(<a,x>,<b,X>)}

xeX

Hence, the S functor indeed preserves traces. O

We just concluded the crusade for compositional properties that started in
Chapter 9. The result is that all the functors that appear as problems and
procedures in Equation (10.4) preserve tensor products, orders, joins, meets,
tops, bottoms, and traces. This is summarized in Table 10.2.

The importance of this result can be summarized as:

The answer of a composition of design problems is the composition of the
answers of the problems.

Thus one can choose whether to first compute the composite of two problems
(and we put the trace here too, even though it’s unitary) or to first compute
the problems independently and then compose the answers. Which one is
preferable might depend on which one results in less required resources.

One can expect, though, that co-design is not the only problem-solving
framework that exhibits this property. Essentially any other system where
where problem statements and answers form monoidal locally lattical traced
categories and problems and procedures are strong monoidal functors that
preserve traces and the bounded lattical structure of hom-sets would exhibit
the exact same property. Therefore, it makes sense to consider a compositional
computational system that contains them.

We will refer to this system as LAnd" and will formally be defined as:

LAnd' = Laputa (Cat*, B, B,\yAnd) , (10.6)

with the Cat' category being the subcategory of Cat (Definition 2.37) with
objects being monoidal locally lattical traced categories and morphisms be-
ing strong monoidal functors that preserve traces and the bounded lattical
structure of hom-sets.
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Remark 10.12. The DP category and design problems have even more structure
than we discussed here. It is of especial interest that DP is a also compact
closed category (Censi et al., 2020). In essence, this means that co-design
problems can act as functionalities and resources of other design problems.
This self-referentiality points to the computational richness of co-design. By
using the exact same approach as above, we can further extend the example
in this section, and the LAnd" compositional computational system to work
with functors which preserve compact closed structure.

10.4 Answers of design problems can also have
extra structure

Solving design problems is a computational process. And as every other
computational process, it takes up some resources such as CPUs, energy and
time. Earlier in this thesis we defined the procedures in Lagado in a way that
accounts for the usage of these computational resources. Then, we showed that
Lagado is one instance of a compositional computational theory (Section 6.3).
Just now, we showed that the extra structure of the co-design problems can
be represented as the LAnd' category. This leaves us with an interesting
question: Can we have the best of both worlds? Compositional structures
and computational resource accountability? The answer thankfully is “yes, of
course!”.

Recall our definition of the LAnd" system. We will modify it a bit to get
to our desired new compositional computational system. The resources part
affects only the kind of the procedures, hence we can leave the subcategory
of SemiCat the same (Cat') and the rig for the problems also the same (B).
We already saw how resources can be represented as a rig in the definition of
MUagado jn Section 6.3. Given a monoidal poset of resources R, we defined it
as:

M Lagado ._ {F}UUR, +um,F,Xum, R).

We can use the exact same structure here as well.
Finally, we also need to adjust the solution judgement map. We can define
it similarly to WLasado:

B MLagado
\IfiaiadOLAnd: (T — A) X (T —_— A) — Bool,

T ifA(t,a) 2F = TI(t,At,a)) = t,
(TI, A) Vt € Ob(T), Va € Ob(A),

F otherwise.
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Thus, we now define the new compositional computational system that has
both the compositional properties of LAnd" and the resource-awareness of
Lagado:

LagadoLAnd' := Laputa (Cat+ ,B, Mlagado, \yLag*‘dOLAnd) . (10.7)

If we didn’t care about the compositional structure, but still wanted the
resource awareness, we could use the Cat category as a basis:

LagadoLAnd := Laputa (Cat, B, MLagado \yLagadf’LAnd) . (10.8)

Of course, the variety of structures and properties is by far not limited
by the above examples. One can also consider representing approximate
solutions, uncertainty in the problems (Censi, 2017), or any other structures
and properties they might be interested in.






Chapter 11

Conclusion

Throughout this thesis, we poked and prodded problem-solving from several
points of view and with various properties, applications, and examples in
mind. We showed that one can indeed formalize the problem of problem-
solving in rich and powerful structures. We even saw that in some cases the
resulting compositional computational systems contain themselves, hence can
be used to reason about their own problem-solving.

The current work can serve as a guide to the critical thinker on how to
formally reason about concepts such as “problems” and “solutions”. We hope
that we not only present a new perspective, but also a more efficient and
communicable way of thinking. Our ultimate desire while working on this
thesis was to help the reader reach a state where they can solve problems
that they couldn’t solve before or solve problems much faster and with fewer
resources and headaches than before.

However, apart from the philosophical aspect of problem-solving, there
are also very pragmatic real-world opportunities that stem from this work.
By formally defining problems and procedures as separate entities, related
solely by a solution judgment map, we effectively decouple the acts of stating
a problem and solving it. This can be put into practice by creating a software
system for computation where the user only needs to know which problem
they want to solve and how to describe its specific instance (the statement).
Solving this problem instance in the best way possible would be then left for
the system to do. This is similar to declarative programming where a program
describes what computation should be performed but not how. The backend
of such a system would only have to find all the paths from this problem to
identity problems in some compositional computational system, and to then
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select the one that results in the lowest resource consumption for that specific
problem instance. Some paths would be optimal for some instances (e.g.
small ones), others would be optimal for others (e.g. large ones). However, the
optimal path need not be only determined by the one that can most efficiently
solve the problem instance from scratch. We can also use cached results from
previous (and seemingly unrelated) problems. Sometimes solving a problem
via a less efficient path can be more efficient if it gets reduced to a problem
that has already been solved and whose answer is cached and can be readily
reused. One can, of course, imagine that optimizing who, where, and how
performs the actual computation in such a system can also be automatically
determined. This is too, after all, a problem to be solved.

Apart from building a software implementation of compositional compu-
tational systems, there are also a number of theoretical questions that are still
unaddressed. First, as of now, we do not have concrete algorithms that select
the best execution path for a given problem. Introducing the option to reuse
previously cached results in the path selection would also be a critical point
for utilizing the full potential of this framework. Developing such algorithms
would be necessary for the development of the software system described
above.

We also did not fully address the question about the nature of the composi-
tional computational systems which are rich in structure, such as LagadoLAnd.
One of the key observations there was that we can choose whether first to solve
two subproblems and then to compose the solutions or to first compose the
problems and then solve the result. One can imagine how this question can
be represented as two different paths in another compositional computational
system. Hence we can be talking about various ways of reducing problems
with such a rich structure. This is still an area that needs further research.

Another important observation that was merely restricted to a remark in
the current work is that the compositional computational systems can also
form an order (Remark 6.18). On one hand, this allows us to speak of some
systems being “more powerful” than other systems. Furthermore, if we also
have joins in this order, then we can also combine problems and procedures
from different systems as they would both be represented in their join. And if
there are joins, then that would raise the natural question of whether there’s
a terminal object, a terminal compositional computational system that can
represent any problem, procedure, and solution.

Our choice of basing Lagado on type theoretical concepts also leaves a few
open research directions. Perhaps, the most interesting being whether we can
not only require that procedures are backed by a computational process but
we actually formally provide it. And a great candidate for describing compu-
tational processes in this setting is Lambda calculus as it fits nicely with the
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types we already use in the Prob category. Lambda calculus also interacts well
with the (semi)categorical structure that we want our statements and answers
to have. The connections between Lambda calculus and category theory are
studied by Crole (1994). Investigating the intersection between Lambda calcu-
lus, category theory, and the theory of compositional computational systems
is hence of further interest.

However, if we consider procedures with Lambda terms as descriptors of
the computational process, then such a system would also bring along many
fundamental results about computability. For instance, such a system can be
truly restricted only to computable procedures thanks to the Church-Turing
thesis (Turing, 1937). Further studying the connections of the current theory
with these fundamental results from computability theory can then connect
the present work with the key findings of mathematical logic and the theory
of computation.

Finally, we need to disclose that the claim that some compositional com-
putational systems contain themselves and hence can be used to reason about
their own problem-solving can, in fact, suffer from some fundamental limi-
tations. Such self-referential statements and claims might remind the reader
about the proof of Godel’s incompleteness results (Godel, 1931). Hence, a
critical future task should be to study whether similar limitations apply here
and if they do, then how would they connect to this fundamental result from
the field of mathematical logic. We would like to thank Jacopo Tani for raising
our attention to this potential connection.

While the theory presented in this work can stand by itself and presents
virtue both in philosophical and pragmatic ways, there are still several key
theoretical questions that we believe deserve further investigation. These
questions can connect the ideas behind compositional computational systems
with some of the most fundamental results in mathematics. Studying such
connections holds the potential of not only validating the work we presented
here but also to bridge the intuitive notions of problem-solving that we based
this thesis on with the key results and questions of meta-mathematics.
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