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THE CONCEPTUAL COMPARISON CHART

FILLING OUT THE DETAILS IS MY GOAL FOR COALGEBRA

set with algebraic

set with transitions

operations and observations
algebra for a functor coalgebra for a functor
initial algebra final coalgebra

least fixed point

greatest fixed point

congruence relation

bisimulation equivalence rel’n

equational logic

modal logic

recursion: map out of
an initial algebra

corecursion: map into
a final coalgebra

Foundation Axiom

Anti-Foundation Axiom

iterative conception of set

coiterative conception of set

useful in syntax

useful in semantics

bottom-up

top-down
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MY GOALS FOR THIS PART OF THE COURSE

At this point, we have seen examples of circularly-defined sets
such as

the set of streams
the set of infinite trees

One of the main goals of the course is to present a theory of
how these “solution spaces” work.

The theory is based on the concept of a coalgebra for a functor
and on similar notions from category theory.

Today’s lecture includes an introduction to the main concepts
which we’ll need.

But it is not a systematic presentation of the subject.
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REVIEW: A STREAM SYSTEM

x = (0,y)
y =~ (1,2)
zZ =~ (2,X)

| want to construe such a system as a function
from its set of variables.

Solet X ={x,y, z}.

We regard the system as a function e : X — {0,1,2} x N.
(e stands for “equation”.)

e(x) = <0,y
e(y) = (1,2)
e(z) = (2,x)
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REVIEW: A STREAM SYSTEM

e(x) = (0,y)
e(y) = (1,2
e(z) = (2,x)

Let’'s write {0, 1,2} for the set of streams on {0, 1, 2}.

The solution to our system e is a function et : X — {0,1,2}>.
Explicitly,

ef(x) = (0,1,2,0,1,2,...)

et(y) = (1,2,0,1,2,0,...)

ef(z) = (2,0,1,2,0,1
Now what we want to do is to talk
in an abstract way what the relation between
e and e'.

And what we say should hold for all systems.
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e(x) = (0,y) ef(x) = (0,1,2,0,1,2,...)
ely) = (1,2 e*(y) = (1,2,0,1,2,0,...)
e(z) = (2,x) ef(z) = (2,0,1,2,0,1..)

Here is what we want to say:

X € {0,1,2} x X

e*l J{id{on,z)xe*

{011/2}00W>{01112} X {011/2}00
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BuT LET’S GO SLOWER

A commutative diagram is something that looks like

—.B

g

o< >

— D

Most of the time these are going to be sets and functions.
(But we’ll also need to be more general.)

And in that case, to say the diagram “commutes” means that

if we start with an element a € A and “walk around” both ways,
we get the same thing.
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BuTt LET’S GO SLOWER

To say that the diagram

_f.p

>

g

o<

—— D

commutes means that for all a € A, g(f(a)) = k(h(a)).
More abstractly, g-f = k - h.
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MORE ON OUR DIAGRAM

I’'m in the middle of explaining the diagram

X S {0,1,2} x X

e*l J{id{o,1,2)><e*

{0/1/2}00W>{011/2} X {0/1/2}00

The hard part is the function idg 1 » X e'.

For this, | will need some general notation on products.
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PRODUCT FUNCTIONS

Iff: C > Aandg: C — B, then we get a new function
(f,g): C »> AxB.

It is defined by
(f,g)(c) = (f(c),9(c))
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ProDUCT FUNCTIONS
If f: C—> Aandg: C — B, then we get a new function
(f,g): C —> AxB.
It is defined by
(f,g)(c) = (fc) g(c))
The product set A x B itself comes with projections
A<"—AxB—"~B

And then the diagram below commutes:
C

A

A AXBT>B

TTA
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MORE ON PRODUCT FUNCTIONS
If f: C— Aandg: D — B, then we get a new function
fxg:CxD— AxB.
It is defined by

(fxg)(e,d) = (f(c) g(d))

Note the difference between the notations (f,g) and f x g.

They must be related, but how?
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MORE ON PRODUCT FUNCTIONS

Iff: C—> Aandg:D — B, then we get a new function
fxg:CxD—- AxB.
It is defined by
(fxg)(c,d) = (f(c) g(d))

Note the difference between the notations (f, g) and f x g.
They must be related, but how?

The f X g notation is a special case of pairing:
CxD

A AxB B

A ng

So that
fxg = (f-mc,g-mp).
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MORE ON OUR DIAGRAM

Let’s get back to the diagram

X ° 0,1,2} x X

e+l J/I‘d(o,1,2)><e+

{0/1/2} W>{0/1/2}><{011/2}c>o

Now we know about the function ido 1 » x e'.
idp 12 is the identity function on {0, 1, 2}.
The definitions that we have seen tell us
that for i € {0,1,2} and w € X,

(idoq12x eN(i,w) = (i, ef(w)).
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frame[shrink]
Let’s get back to the diagram

X ° 0,1,2} x X

e+l J/I‘d{ol1,2)><e+

{0/1/2}00W{0/1/2} X {011/2}00

Recall that X = {x, y, z} and that

e(x) = (0,y) ef(x) = (0,1,2,0,1,2,
e(y) = (1,2) e'(y) = (1,2,0,1,2,0,
e(z) = 2,x) ef(z) = (2,0,1,2,0,1

We'll check that the diagram really does commute,
Let’s start with y, for example, as a “random” element

Across the top, we get (1, z).
Then going down, we get (1,(2,0,1,2,0,1...)).

)
)
)

of X.
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But starting again with y and going down, we get
(1,2,0,1,2,0,...).
And the head of this stream is 1; the tail is (2,0,1,2,...).

So it really does commute!
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READING THE DIAGRAM

In fact, we can verbalize what it means to say that our diagram

X ° {0,1,2} x X

e+l \Lid{omg)xe-r

{011/2}00W{0/1/2} X {0/1/2}00

commutes.

Forall w € X, if e(w) = (i, v), then
ef(w) is a stream whose head is i, and whose tail is

ef(v).
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FrROM STREAMS TO SETS

On Tuedsay, we also saw decorations of graphs.

| want to change this point a little, and talk about
systems of equations for sets.

(These are practically the same thing.)

Suppose we want sets x, y, and z so that

x = {yz}
y =0
z = {x, 2

(This is impossible with ordinary sets, but possible with AFA.)
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FrROM STREAMS TO SETS

Again, we have

X = {y/ Z}
y = 0
z = {x, 2

Let X = {x, y, z}.
We construe our system as a function e : X — P(X).

Then what we want is a function e’ : X — Sets
with a certain property that we now want to spell out.

First, in words:

For all w € X, ef(w) is the set of
values ef(v), where v ranges over e(w).
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FrROM STREAMS TO SETS

For all w € X, ef(w) is the set of
values ef(v), where v ranges over e(w).

X Pet

Sets

X

PX

Here Pef(w) = {ef(v) : v e w).

The point is that the commutativity of this diagram expresses
what we want.
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FrROM STREAMS TO SETS

To make the diagram for sets look more like the one for
streams,
we need to do a little more.

If f: A — B, we get a new function f : PA — PB
defined as follows. For a subset s C A,

Pf(s) = {f(a):aces}).
(This is also written f[s].)

Further, let’s write V for the class of all sets,
and PV for the set of subsets of V.

Now every set is a set of sets, and vice-versa.
So PV = V.
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FrROM STREAMS TO SETS
To make the diagram for sets look more like the one for

streams,
we need to do a little more.

If f: A — B, we get a new function Pf: PA — PB
defined as follows. For a subset s C A,

Pf(s) = ({f(a):aes).
(This is also written f[s].)

Further, let’s write V for the class of all sets,
and PV for the set of subsets of V.

Now every set is a set of sets, and vice-versa.
SoPV =V.

X —2=px
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FrROM STREAMS TO SETS
To make the diagram for sets look more like the one for

streams,
we need to do a little more.

If f: A — B, we get a new function Pf: PA — PB
defined as follows. For a subset s C A,

Pf(s) = ({f(a):aes).
(This is also written f[s].)

Further, let’s write V for the class of all sets,
and PV for the set of subsets of V.

Now every set is a set of sets, and vice-versa.
SoPV =V.

X —2=px

16/64



THE RAW AND THE COOKED

The reason for all these diagrams is that
they enable us see the same kind of pattern
coming up again and again.

We want an overall language to talk about it.

We have seen:

streams e: X —>AxX
sets e: X —-PX

Let’s think of A x X and X as cooked versions of X.

So the kind of systems that we have seen are
functions from a raw object to a cooked version of it

Later we’ll call this a coalgebra.
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DETERMINISTIC AUTOMATA

Here is a deterministic automaton

a(C s

abC t u _Oc

The set of states is S = {s, t, u}.
We have one accepting state (in )-
The input alphabet is A = {a, b, c}.

We have a transition functiont: SxA — S,
and also an output function o : S — 2.
(Here 2 = {0,1}, and o(s) = 1 iff s is accepting.)
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AUTOMATA: THE LANGUAGE OF A STATE

aC s

For all states s, the empty word ¢ is accepted at s
if acc(s) = 1.

If wis a word and a an alphabet symbol, then

aw is accepted at s iff w is accepted at {(s, a)
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AUTOMATA: THE COOKED FORM
So far a deterministic automaton on {a, b, ¢} is
(S,s,acc),

where S is a set,
S:SxXA-S,

and
acc:S — 2.
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AUTOMATA: THE COOKED FORM

So far a deterministic automaton on {a, b, ¢} is

(S,s,acc),
where S is a set,
S:SxA->S,
and
acc:S — 2.

We can curry stogets: S — SA.

We also use pairing

(sxacc): S — 2xSA.

To match our earlier usage, we write e for (s x acc).
We have another instance of
raw — cooked

namel
/ e:S > 2x8A.
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IN FULL GLORY

abC t u _Oc

a,b

We have re-packaged the picture into a function

e:S—>2x8A
Itis
e(s) = (1,{(a,s) (b, t),(c,u)})
e(t) = (0,{(at),(b,1),(c,u)})
e(u) = (0,{(a ), (b,t),(c,u)})
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AN IMPORTANT EXAMPLE: (L, {)

A* is the set of finite words on A, including the empty word €.

L =P(A*) is the set of languages X on A.
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LANGUAGE ACCEPTANCE

We want to think of language acceptance in the same way
as we have seen for streams and sets.

syntax S 2x SA
l e’fl lidzx(e’f)'“
semantics languages ———— 2 x languages”

¢

But this needs an explanation!
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LANGUAGE ACCEPTANCE

We want to think of language acceptance in the same way
as we have seen for streams and sets.

syntax S 2x SA
l et iidgx(e*)/‘
semantics languages ———= 2 x languages”

But this needs an explanation!

Let's write L for the set of all languages on A.

(This is just P(A).)

We make £ into an automaton (!) in our cooked sense by

(L —2x%x LA,

where
((X)=(iffee X, am {w:awe X})
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Takinaf: X > YT10fA: XA > YA

To explain the map (e*)A,
here is a general definition.

If f: X = Y, then fA: XA — YA is given by

g-A-X — f-g.
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Takinaf: X > YT10fA: XA > YA

To explain the map (')A,
here is a general definition.

If f: X = Y, then fA: XA — YA is given by

g-A->X +— f-g.

Now we understand

syntax S—2 —=oxsA

language acceptancel e*l iidzx(eJr)A

semantics L / 2x LA
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IN WORDS

syntax S——>2x8A
language acceptancel e*l iidgx(e’f)*‘
semantics L ; 2x LA

For all states s, language accepted at s has two

features:
» it contains the empty word iff s is an accepting state;

that is, if mo(e(s)) = 1.
» for all words w and all a, it contains aw iff w is in the
language accepted at ga(e(s))(a).
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CATEGORIES

A category C consists of
@ objects ¢, a, ...
The collection of objects might be a proper class.

@ For each two objects ¢ and d, a collection of
morphisms f, g, . ...
with emphdomain ¢ and codomain d.
We write f : ¢ — d to say that f is such a morphism.

@ identity morphisms id, for all objects.
@ a composition operation:
iff rta—-bandg:b—c,theng-f:a—c.
subject to the requirements that
» Composition is associative.
» Iff :a— b, thenid, -f=Ff="f-idj,.
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FIRST EXAMPLE: THE CATEGORY Set

The objects of Set are sets (all of them).
A morphism from X to Y is a function from X to Y.

The identity morphism id, for a set a is the identity function on
a.

The composition operation of morphisms
is the one we know from sets.
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SECOND EXAMPLE: THE CATEGORY POS OF POSETS

The objects of Pos are posets (P, <).
(That is, < is reflexive, transitive, and anti-symmetric.)

A morphism from P to Q is a monotone function f from X to Y.
(If p < p’in P, then f(p) < f(p’) in Q.

The identity morphism id, for a poset P is the identity function
on the underlying set P.

The composition operation of morphisms
is the one we know from sets.
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THIRD EXAMPLE: EVERY POSET IS ITSELF A CATEGORY

Let (P, <) be a poset.

We consider P to be a poset by taking its elements as the
objects.

The morphisms f : p — q are just the pairs (p, q) with p < q.

Unlike sets, between any two objects there is either 0 or 1
morphisms.

The morphism idp is (p, p).

(@.r)-(p,q) = (p,1).
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THE caTEGORIES MS AnD CMS

MS is the category of metric spaces (X, d),
with d : X x X — [0, 1] satisfying the metric properties:
» d(x,x)=0
» Ifd(x,y) =0,thenx =y.
d(X/y) = d(y/ X)'
d(x,z) <d(x,y) +d(y, z).
A morphisms from (X, d) to (Y, d’) is a non-expanding function
f:X—-Y.
This means that

A2 4

d'(f(x),f(y)) =< dxy)

The category CMS is the same, but we use complete metric
spaces.
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THE cATEGORY BiP OF BI-POINTED SETS

Objects are (X, T, L), where X isasetand T and L
are elements of X.
We require L # T.

A morphism f: (X, T, L) — (Y, T, L) is a function
f: X — Y such that
f(T)=Tand f(L) = L.

The rest of the structure is as in Set, or any other
concrete category.

31/64



INITIAL AND FINAL OBJECTS

Let C be a category.

An initial object is an object ¢ such that
for all d, there is unique morphism f: ¢ — d.

An final object is an object ¢ such that
for all d, there is unique morphism f: d — c.
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INITIAL AND FINAL OBJECTS

Let C be a category.

An initial object is an object ¢ such that
for all d, there is unique morphism f: ¢ — d.

An final object is an object ¢ such that
for all d, there is unique morphism f: d — c.

In Set, 0 is initial, and every singleton {x} is final.

(Recall that the empty function is a function from 0 to any set.
Also, there is no function from {x} to 0.
Finally, if Y is non-empty, there is a unique function f : Y — {x}.

Note that there is more than one final object, but they are

all “isomorphic” in a sense that we’ll explicate. .



INITIAL AND FINAL OBJECTS

Let C be a category.

An initial object is an object ¢ such that
for all d, there is unique morphism f: ¢ — d.

An final object is an object ¢ such that
for all d, there is unique morphism f : d — c.

In Pos, the empty poset is initial, and the one-point poset {x} is
final.

The same basically works for MS.
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INITIAL AND FINAL OBJECTS

Let C be a category.

An initial object is an object ¢ such that
for all d, there is unique morphism f: ¢ — d.

An final object is an object ¢ such that
for all d, there is unique morphism f : d — c.

In a poset P, an initial object would be a minimal element,
and a final object would be a maximal element.

(These may or may not exist.)
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INITIAL AND FINAL OBJECTS

Let C be a category.

An initial object is an object ¢ such that
for all d, there is unique morphism f: ¢ — d.

An final object is an object ¢ such that
for all d, there is unique morphism f: d — c.

In BiP, the initial object is any object
based on a two-element set: ({T, L}, T, 1).

This is also a final object.
We often write 0 for an initial object and 1 for a final one.

So in BiP, 0 = 1.
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FuncTORs

Let C and D be categories.
A functor from C to D consists of

» An object mapping a — Fa, taking objects of C to objects
of D.

» A morphism mapping f — Ff, taking morphisms of C to
morphisms of D.

such that
» Iff :a — b, then Ff : Fa — Fb.
> Fid, = idg;.

» F(f-g)=Ff-Fg.
A functor from C to itself is an endofunctor.
(In our terminology, an endofunctor is a “recipe for cooking”.
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EXAMPLES WHICH WE HAVE SEEN

On Set, we have seen some endofunctors already:
» ForanysetA, FX =A x X.
ff:X—>Y,thenFf:AxX—->AXxYis

Ff(a,x) = (a,fx).
Aother way to say this:
Ff(w) = (fst(w), f(snd(w)).

forallwe A x X.
» The power set functor #.
Here P(X) is the set of subsets of X.
If f: X - Y, then Pf: P(X) — P(Y) works by taking direct
images.
> F(X)=2x XA, where 2 = {0,1}, and A is a fixed set.
If f: X - Y, then Ff: 2x XA — 2 x YA is given by

Ffti,g) = (i,h—h-g).
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OTHER EXAMPLES OF FUNCTORS AND ENDOFUNCTORS

» upclosed : Pos — Pos
taking a poset P to the set of upward closed subsets,
under C.

If f: (P,<)to(Q, <), you might like to think about how Ff
should work.

» U : Pos — Set taking a poset to its underlying set.

» On a particular poset P, a functor F : P — P is the same
thing as a monotone function F: P — P.

In fact the monotonicity property of an endofunction
corresponds to the functoriality property F(f-g) = Ff- Fg
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A FUNCTOR ON BiP

Let (X, T, L) be a bipointed set.
We define X & X to be

» two separate copies of X which I'll write as X7 and Xo.
» The L of X ® X is the L of Xj.
» The T of X ® X is the T of Xo.

» The T of Xj is identified with the L of Xs.
(This is called the midpoint of X @ X.)

We get a functor F : BiP — BiP by
FX = XeX

If f: X = Yis aBiP morphism, then Ff: XX > Y& Y
works in the obvious way, preserving the midpoint.
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CONSTANT FUNCTORS

Let d be an object of D.

We get F : C — D, the constant functor d by:
Fc =d,

Ff = idg.

The composition of functors is again a functor.
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ALGEBRAS FOR AN ENDOFUNCTOR

Let F : C — C be an endofunctor.

An algebra for F is a pair (A, a), wherea: FA — Ain C.

The leading example is when F is a signature functor, say Fs.
Then an F-algebra is a set A together with interpretations of
the symbols in .

A morphism from (A, a) to (B,b)is h : A — B such that

FA —2> A

mo |

FB—>B
commutes.
So now we have a category of algebras for an endofunctor.
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COALGEBRAS FOR AN ENDOFUNCTOR

Let F : C — C be an endofunctor.

A coalgebra for F is a pair (A, a), wherea: A — FA in C.
We have already seen many examples!

A morphism from (A, a) to (B,b)is h : A — B such that

A—2>FA

I

B— —~FB
commutes.

So now we have a category of coalgebras for an endofunctor.
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REVIEW: ALGEBRAS AND COALGEBRAS
Let (A,a: FA —» A) and (B,b : FB — B) be algebras.
A morphism in the algebra category of Fis f : A — B in the same
underlying category so that

FA—2>A

Al

FB—>B

commutes.

Let (A,a: A — FA) and (B,b : B — FB) be coalgebras.
A morphism in the coalgebra category of Fis f : A — B in the same
underlying category so that

A—2>FA

e

B—,>FB

commutes.
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INITIAL ALGEBRAS AND FINAL COALGEBRAS

An initial algebra is an initial object of the algebra category.
A final coalgebra is a final object of the coalgebra category.

initial algebra FA—2>A
Ffl lf
FB—>B
A—2>FA
fl lFf
B 5 FB final coalgebra

(One could also consider final algebras and initial coalgebras,

but they turn out to be much less interesting.)
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IN A POSET CATEGORY

Recall that an endofunctor on a poset (P, <)
is a monotone function f: P — P.
An algebra for f is some p such that f(p) < p.

A coalgebra for f is some p such that p < f(p).

An initial algebra for f is some p such that

> f(p) <p.
» Iff(q) < g,thenp <q.

An final algebra for f is some p such that

» p < f(p).
» Ifg<f(q) <qg,theng<p.

It's good to check that these correspond to
least fixed points and greatest fixed points,

respectively.
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AN INITIAL ALGEBRA ON Set: THE NATURAL NUMBERS

Let F(X) = 1 + X be the disjoint union
of a singleton set 1 = {+} and X.

F is a functor in the following way:
If f: X =Y, then Ff(x) =+, and for x € X, Ff(x) = f(x).
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AN INITIAL ALGEBRA ON Set: THE NATURAL NUMBERS

Let F(X) = 1 + X be the disjoint union
of a singleton set 1 = {+} and X.

F is a functor in the following way:
If f: X = Y, then Ff(x) = «, and for x € X, Ff(x) = f(x).

Let N be the set of natural numbers.

We have an algebra structure t : F(N) — N given by

t() = 0
t(n) = n+1
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AN INITIAL ALGEBRA ON Set: THE NATURAL NUMBERS

Let F(X) = 1 + X be the disjoint union
of a singleton set 1 = {+} and X.

F is a functor in the following way:
If f: X =Y, then Ff(x) =+, and for x € X, Ff(x) = f(x).

Forallsets X, all x e X, all f: X — X,
there is a unique ¢ : N — X so that

#(0) = X
p(n+1) = f(p((x))
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AN INITIAL ALGEBRA ON Set: THE NATURAL NUMBERS

Let F(X) = 1 + X be the disjoint union
of a singleton set 1 = {+} and X.

F is a functor in the following way:
If f: X = Y, then Ff(x) =, and for x € X, Ff(x) = f(x).

Recursion PriNnciPLE FOR N

Forallsets X, all xe X, all f: X - X,
there is a unique ¢ : N — X so that

1+N—1=N

o) |o

1+X*f>X

commutes.
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RecursioN oN N 1S TANTAMOUNT TO INITIALITY

THIS IMPORTANT OBSERVATION IS DUE TO LAWVERE

IntTIALITY OF N AS AN ALGEBRA FOR 1 + X

Forallsets A,allac A,andall f: A — A,
there is a unique ¢ : N — A so that
¢(0) = a, and p(n+ 1) = f(e(n)) for all n.

The two principles are equivalent in set theory without
Infinity.
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STREAM SYSTEMS AND THEIR SOLUTIONS

Let FX = N x X.

Stream systems are coalgebras of F, maps of the form

e: X — FX.

Even more, the solution e’ : X — N would be a coalgebra
morphism:

X ——FX

N*® — = FN%
The point is that for x € X,

Fe'(e(x)) = Fe'(fst(e(x)),snd(e(x)))
= (fst(e(x)), e'(snd(e(x))))

We have seen this formulation before.
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THE POWER SET ENDOFUNCTOR P
For any set X, £X is the set of subsets of X.
P extends to an endofunctor, taking

f:X->Y

to
Pf : PX > PY

given by direct images: for a € X, Pf(a) = f[a] = {f(x) : x € a}.
We similarly have functors such as the finite power set functor
Pin-

By the way, a transitive set is a set X C PX.
This is the same thing as a subcoalgebra X — V

X —> pow(X)
inclusion \L l P(inclusion)

V——=P(V)
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SET SYSTEMS AND THEIR SOLUTIONS

Let FX = PX.

Set systems are coalgebras of F, maps of the form

e: X - PX.

Even more, the solution et : X — V is practically a coalgebra
morphism:

X —==pPXx

V?PV
The point is that for x € X,

Pe’(e(x)) = e'le(x)]
{ef(a) : a € e(x)}

So e' satisfies the same equation as a decoration from before.
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WHERE WE ARE

set with algebraic set with transitions
operations and observations
algebra for a functor | coalgebra for a functor
initial algebra final coalgebra

| useful in syntax | useful in semantics |
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LaMBEK’'s LEMMA

LeEmma (LAMBEK'S LEMMA)

Let C be a category, let F : C — C be a functor,
and let (a, f) be an initial algebra for F.

Then f is an isomorphism:

there is a morphism g : Fa — a such that
g-f=idgandf-g=idpg,.

The same statement holds for final coalgebras of F.
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Proor or LAMBEK's LEMMA

Note first that (Fa, Ff) is an algebra for F. The square below
commutes:

FFa—"~ Fa

d lf

Fa?a

By initiality, there is a morphism g : a — Fa so that the square
on the top commutes:

Fa#>a

o

FFa "~ Fa

d I

Fa——a

The bottom is obvious, the outside of the figure thus commutes. e



Proor oF LAMBEK'Ss LEMMA, CONTINUED

By initiality, there is a morphism g : a — Fa so that the square
on the top commutes:

Fa . a N
/ng lg \
/ Ff
Fite)| FFa—">Fa |fg
M
p
Fa — a

By initiality, we see that f- g = idj.
And then from that top square again,

This completes the proof.
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THERE ARE NO INITIAL ALGEBRAS OR FINAL COALGEBRAS OF

P

An isomorphism in Set is a bijection.
And there are no maps from any set onto its power set
(Cantor’s Theorem).
Together with Lambek’s Lemma, we see that £ on Set has no
initial algebra and no final coalgebra.
To get around this, one either
@ moves from Set to the category Class.
@ moves from P to Py, the functor giving the subsets of a set
of size < «.
We’ll generally go the second route, and in particular consider
Pin-
It turns out that (H,, id) is an initial algebra of P.
We'll see the final coalgebra later.

For kx = w, we have the finite power set functor,
and the final coalgebra can be described using .



CoPRrODUCTS

Let C be a category.

A coproduct of objects x and y, is an object x + y

with morphisms inl : x — x +y andinr : y — x + y meeting the
following condition:

iff:x > zandg :y — z, then there is a unique

[f,g] : x+y — zsuchthat[f,g]-inl=fand[f,g]-inr=g.
Technically, the coproduct of x and y is the triple (x + y, inl,inr).
Usually there’s no need to add the names of the objects to the
coproduct maps inl and inr.

But if we would need to, we could write

inla,a+b .a—a + b,

and similarly for inrp a4 p.
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USING COPRODUCTS

Iff :a—bandg :c— d, then we have
f+g:a+c—b+d
given by
f+g=/[inl-f,inr-g].
In pictures,

f

a————¢C
inl

inl-f,inr-
a+b [inl-f,inr-g] cid

inr
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CATEGORIES WITH COPRODUCTS

C has coproducts if every two objects have a coproduct.

A category with coproducts is a tuple (C, +), where C is a
category and + is a coproduct operation on C, giving for each x
and y the triple (x + y, inly x1y, inry x4y).

Set has coproducts in the following way: let

x+y = (xx{0})u(yx({1}),
letinl(a) = (a,0) for a € x, and letinr(b) = (b, 1) for b € y.
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COPRODUCTS OF FUNCTORS

Let C be a category and (D, +) be a category with coproducts.
If F:C— Dand G: C— D, we define

F+-G:C—>D

by (F+ G)a = Fa + Ga,
andif f : a — b, then

(F+G)f:Fa+Ga— Fb+ Gb

is given by
(F+G)f = Ff+Gf
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THE DISCRETE MEASURE FUNCTOR )

A discrete measure on a set A is a function u : A — [0, 1] such
that

O  has finite support: {a € A|u(a) > 0} is finite.

(2] ZaeA ‘u(a) =1
D(A) is the set of discrete measures on A.
We make D into a functor by setting,
forf : A — B, Df(u)(b) = u(f-1(b));
this is ) .{u(a) : f(a) = b}.
(As usual, we extend discrete measures on A to functions on
P(A) by summing.)
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INITIAL AND FINAL OBJECTS

In a category C, an object ¢ is called initial

if for every object a, there is a unique ! : ¢ — a.
¢ is terminal, or final

if for every object a, there is a unique ! : a — c.
In Set, the final objects are exactly the singletons.
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INITIAL AND FINAL OBJECTS

In a category C, an object c is called initial

if for every object a, there is a unique ! : ¢ — a.

In Set, 0 is initial.

For every a, the empty function is the unique function from 0 to
a.

c is terminal, or final

if for every object a, there is a unique ! : a — c.

In Set, the final objects are exactly the singletons.
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INITIAL AND FINAL OBJECTS

In a category C, an object c¢ is called initial
if for every object a, there is a unique ! : ¢ — a.

c is terminal, or final
if for every object a, there is a unique ! : a — c.
In Set, the final objects are exactly the singletons.
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EXAMPLES OF COALGEBRAS FOR DIFFERENT FUNCTORS
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NATURAL TRANSFORMATIONS

Let F : C — D be a functor between two categories,

and let G : C — D also be a functor between the same two.
Then a natural transformation from F to G is a family

n of morphisms of D indexed by objects of C, in particular each
1x is @ morphism in D from Fx to Gx.

The requirement on 7 is that for each morphism in C of the
form f : x — y, the square below commutes:

X Fx L Gx
lf Ffl le
y Fy —> Gy

In symbols, Gf - nx =1y - Ff.
One writesn : F — G.
For each object x of C, ny is called the component of ; at x.
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CONSTRUCTIONS ON NATURAL TRANSFORMATIONS

Suppose firstthatn : F — G, and let H : B — C be another
functor.

ThenF-H:B—-DandG-H :B— D.

We get a natural transformation called nH from F - Hto G - H by

nHb = NHpb.

Now letH : D — E. Sonow H- F and H- G are functors from C
to E.
We get a natural transformation from H- F to H - G, this time
called Hn, by

(Hnx = Hux.

That is, we apply the functor H to the morphism n,. The
verification of naturality is a little different: we apply H
throughout.
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CONSTRUCTIONS ON NATURAL TRANSFORMATIONS

Suppose firstthatn : F — G, and let H : B — C be another
functor.

ThenF-H:B—-DandG-H : B — D.

We get a natural transformation called nH from F - Hto G - H by

nHb = NHpb.

To check that this is indeed natural, let f : x —» y be a
morphism in B. Then for each x in B
(nH)x : (F-H)x = G- H)x. And we have the diagram

(F-Hx "% (G Hyx

(F~H)fi l(GH)f
F-Hy——(G-H
(F-H)y Gy (G- Hy
This is literally the same as
F(Hx) -~ G(Hx)
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CONSTRUCTIONS ON NATURAL TRANSFORMATIONS

Ifn:F— Gandyu : F— H, then we get a natural
transformation u-n : F = Hby (u-n)x = ux - nx. The
verification of naturality is easy.

Finally, suppose that F,G : D - Eand H,K : C — D, and let
n:F— Gandpu : H— K. We get a natural transformation
u*n:F-H— K-Gby

Fu
F-H——F-K

o

G-HT“>G~K

That is, we claim that the outside of the figure commutes, and
then we define u + 1) to be the composite in either direction; this
will be a natural transformation by the three constructions which
we have already seen. But for each object x of C the square
above is a naturality square for 1, applied to the morphsim

tx : Hx — Kx.
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FUNCTORS PRESERVING (WEAK) PULLBACKS

DEeFINITION

A functor F : C — D preserves pullbacks if the image of every
pullback square is a pullback square.

LEMMA
Concerning preservation of pullbacks:
@ Constant functors preserve pullbacks.
@ If F and G preserve pullbacks, so do F + G, F x G, and
F-G.
@ P, Ptin, and D do not preserve pullbacks.

| A
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Set-FUNCTORS AND SURJECTIVE MAPS

Every functor F on Set preserves all surjective maps.

Suppose g : X — Y is surjective.
Leth : Y —» X besuchthatg-h=idy.
Then Fg - Fh = idry, and so Fg must be surjective. O

If FX = 0 for some X # 0, then F is the constant functor 0.

Let Y be any set. Then thereis f : Y — X; f could be a
constant, for example. And now Ff : FY — 0. So FY must be
empty also, since there are no maps from a non-empty set to
0. O
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