Solutions to some exercises in coalgebra
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These are my solutions to all the labelled exercises in Jacobs (2017). This document does not stand
on its own; it is meant to supplement the book. I have made some changes to some of the exercises
where I felt appropriate.
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1 Motivation

1.1 Naturalness of Coalgebraic Representations

Exercise 1.1.1

1. Prove that the composition operation ; as defined for coalgebras S — {L} U S is associative, i.e.
satisfies s1; (s2; 83) = (815 S2); 83, for all statements s1,s2,83: S — {L}US.
Define a statement skip: S — {L} U S which is a unit for composition ; i.e. which satisfies
(skip; s) = s = (s; skip), for all s: S — {L}US.

2. Do the same for ; defined on coalgebras S — {L} U S U (S x E).
(In both cases, statements with an associative composition operation and a unit element form a
monoid. )

Solution.

1. Recall that the composition operation ; was defined as follows:

L, if s(z)
t(z") if s(x)

1
s;t::)\azes.{ K
x

€8,

for coalgebras s,t: S — {1} US. Fix any three coalgebras s, s2,s3: S — {L}US. Then

1, if s1(z) = L,
51 (523 83) = Aw € 5. {(32; s3)(a'), if si(z) =2’ €S,
s {J_, if either s1(z) = L, or both s1(z) =2’ € S and sa(2’) = L,
s3(2”), if s1(x) =2' € S and so(2') = 2" € S,
Cwes {J_, if (s15 82)(x) = L,
sg(a), if (s1; s2)(x) =2" €S,

= (s1; s2); S3.

So the composition operation ; is associative.
The coalgebra skip: S — {L}US defined by skip(x) := z, for all z € S, satisfies (skip; s) = s =
(s; skip) for all coalgebras s: S — {L}US.

2. Now we consider the composition operation ; defined as follows:
1, if s(x)

s;ti=AreS qt(x), if s(x) €S,
(a,e), if s(z)=(2',e) € S X E,

€L,
{E/

for coalgebras s,t: S — {L}USU(S x E). Fix any three coalgebras sy, s2,s3: {L}USU(S x E).

Then
1, if s1(x) =L,
s1; (s2383) = Ax € 5.4 (825 s3)(2'), ifsi(x)=12" €85,
(2, e), if s1(z) = (2/,e) € S x E,



;

1, if either s1(z) = L, or both s1(x) =2’ € S and sy(2) = L,
sg(2”), if s1(x) =2’ € S and sqo(2’) = 2" € S,
(”,e), if si(z) =2' € S and s2(2) = (2”,e) € S X E,
(@', e), ifsl(x)z(a:',e)eSxE,
1, if (s1; s2)(x) =
=z € 5.4 s3(2”), if (s1; s2)(x) —x”eS
L(:B”,e), if (s1;82)(x) = (2",e) € S X E,

= (s1; 52); S3-

=)\xeS.

So this composition operation ; is also associative.

Now define the coalgebra skip: S — {L}USU (S x E) by skip(z) = z, for all x € S. Then we
have (skip; s) = s = (s; skip) for all coalgebras s: S — {L} USU (S x E). O

Exercise 1.1.2
Define also a composition monoid (skip, ;) for coalgebras S — P(S).

Solution. For coalgebras s,t: S — P(S), define

s;t:)\xES.( U t(y))
yes(z)

Then, for coalgebras si, s2,s3: .S — P(S5), we have

s1; (s2383) =Av eS| [J (s2; 83)(y))

y€si(z)

yesi(z) 2682(:!})

=Axr € S. U U )

=Xz eS. U 53(,2))
)(@)

z€(s1;82)(x

= (515 52); S3-

Furthermore, defining skip: S — P(S) by skip(x) := {x} for all 2 € S, we have

(skip;s)/\:EES.( U 5(9))

yEskip(z)

—)\a:ES.( U s(y))
ye{z}

= Az € S.s(x)

=S



and

(s; skip) = Az € S. ( U skip(y))

y€s(z)

)\:EGS.( U {y})
yes(z)

= Az € S.s(x)

= S.



1.2 The Power of Coinduction

Exercise 1.2.1
Compute the nextdec-behaviour of% €[0,1) as in Example 1.2.2.

Solution. We first recall all of the following functions.

1. The final coalgebra next: {0,...,9}>* — {L} U ({0,...,9} x {0,...,9}°) is defined by

ext(0) 4, if o is the empty sequence,
next(o) :=
(d,o’), if o has head d € {0,...,9} and tail o’ € {0,...,9}>,i.e. 0 =d- 0o,

for all (finite or infinite) sequences o € {0,...,9}.

2. The coalgebra nextdec: [0,1) — {1} U ({0,...,9} x [0,1)) is defined by

1, ifr =0,

nextdec(r) =
(r) {(d,lOr—d), ifd<10r <d+1andde€{0,...,9},

for all ~ € [0, 1).

3. The function behpextdec: [0,1) — {0,...,9}°° is the unique function making
id{i} U (id{O ,,,,, 9} X behpextdec) 0o
{L}U({0,...,9} X [0,1)) ~--===--mm-m2m2oio ooty » {L}uU ({0,...,9} x {0,...,9}>)

nextdec)[ Nw\next

777777777777777777777777777777777777777777777777 o0
0,1) T » {0,...,9}

commute.

We wish to compute behnextdec( %) We see that

1 1 /. : 1
behpextdec <?) = next™! ((ld{L} U (ld{o,_,_,g} X behnextdec)) (nextdec<?>>>
= next ! (id v U (idgg.. gy X behpextd )) 1 3
{ } {7"-7} extdec 9 7

= next ! ( (1, behpextdec (%) ) )

3
=1 behpextdec (?) .
Continuing in this fashion,

1 3
behyextdec <?) = 1 - behpextdec <?>
2
=1-(4-behnex =
< €Npextdec <7>)

6



(o (2t ()
(o (o (s vemnse( 1))

(o (o (5 (5 veme ()
(5 O (e (3))))))

Therefore behnextdec(%) =(1,4,2,8,5,7,1,4,2,8,5,7,1,4,2,8,5,7,...).

O

Exercise 1.2.2
Formulate appropriate rules for the function odds: A® — A in analogy with the rules (1.7) for evens.

Solution. We recall that, for a sequence o = (ag,a1,as,a3,...) € A, the function odds satisfies
odds(o) = (a1, as,as,...), and analogously if o is a finite sequence. The rules we want odds to satisfy
are:

_ ot
odds(o) /4
i.e. odds should send the empty sequence to the empty sequence;
oo o 4
odds(o) /4

i.e. odds should send a singleton sequence (a) to the empty sequence; and

a1 ;o "
o= 0 o —o
odds(o) LI odds(o”)
ie.ifo=a-d -0 € A% where a,d’ € A, then odds(c) = a’ - odds(d”). O

Exercise 1.2.3
Use coinduction to define the empty sequence () € A* as a map {1} — A>.

Fiz an element a € A, and similarly define the infinite sequence q: {L} — A consisting of only
as.

Solution. We recall that the final coalgebra next: A% — {1} U (A x A*) is defined by

t(0) 1, if o is the empty sequence,
nex =
(a,0’), if o has head a € A and tail 0/ € A® ie. 0 =a-0’,

for all (finite or infinite) sequences o € A.
For the coalgebra xi: {L} — {L} U (A x {L}) defined by xi1(L) := L, the unique function
eh,, : {1} — A* making

id{J_} @] (idAXbeh,il

{LPU(Ax{L}) —-mmremm s » {L}U (A x A®)
{L} T T T Eheh,, T » A



commute satisfies beh,, (L) = ().
For the coalgebra ¢,: {L} — {L} U (A x {L}) defined by c,(L) := (a, L), the unique function
beh., : {1} — A* making

{L}U(Ax{L}) -7 - » {L} U (A x A®)
{4} - 3mehe, r A%
commute satisfies beh,, (1) = @ = (a,a,a,...). O

Exercise 1.2.4
Compute the outcome of merge({ag, a1, az), (by, b1, b2, b3)).

Solution. Recall that we defined the coalgebra m: A® x A® — {1} U (A x (A® x A*)) by

1, if o A and 7 A,
m(o,7) =2 (a,(0,7")), ifo A and T 7,
(a,(1,0")), ifo %o,

for all 0,7 € A, and that merge: A x A — A is the unique function making

idg1y U (idaxmerge)

LY U (A x (A% x A%)) ot |2 (daxmeres) s {1} U (A x A%)
m)[ N)I\next
AP X A oo é!_n;e_ré; —————————————— y A

commute. Then

= nextfl ((ld{l} U (idA X merge))((ao, (<b0,bl,b2,b3>, <CL1,CL2>)))

= next™ ! ((ao, merge((bo, b1, b2, b3), (a1, a2>)))
)

= ayp - merge((bo, b1, b2, b3), (a1, az)),

merge((ao,al,a2>, <bo,bl,b2,b3>) = next_l ((ld{l} U (idA X merge )(m((ao,al,cm), <bo,bl,b2,b3>)))

and so on. Eventually, we obtain merge({ag, a1, az), (bo, b1, b2, b3)) = (ao, bo, a1, b1, az, ba, bs). O

Exercise 1.2.5
Is the merge operation associative, i.e. is merge(o, merge(T, p)) the same as merge(merge(o,7), p)? Give
a proof or a counterexample. Is there a neutral element for merge?

Solution. The merge operation is not associative:

merge((a), merge((b), (c)) = merge({a), (b, ¢))
= (a,b,c),



whereas

merge(merge((a), (1)), (c)) = merge((a, ), (c})
= (a, ¢, b),

for all a,b,c € A.
The neutral element for merge is the empty sequence: for any o € A*, we have merge(o, ())
merge((),0) = o.

oo

Exercise 1.2.6

Show how to define an alternative merge function which alternatingly takes two elements from its argu-
ment sequences.

Solution. We will define a coalgebra mg: A% x A® — {1} U (A x (A* x A*)) so that the desired
merge function is the unique function merge,: A x A — A°° making

idg;y U (idaxmergey)

{L}U (A X (A® X A®)) —---ommmmm 22 » {L} U (A x A®)
m2 2 | next
AP X AP e 3 _'I;'I_e;g_e; —————————————— s A

commute. As a motivating example, the desired merge of two infinite streams (ag, a1, . ..) and (bg, b1, ...)
should be

mergesy ({ag, a1, az,as,...), (by,b1,b2,bs,...)) = (ao, a1, bo, b1, az,as, ba, bz, ...).
As the diagram above commutes, we would require
merge, (ma({ag, a1, a2, as, ... ), (bo, b1, b2, b3, ...))) = (ao, (a1, bo, b1, az,as, bz, bs, ...))
and so my should be defined to satisfy
ma({ag, a1, as,as,...), (by,b1,b2,b3,...)) = (ag, ({a1,bo,as,ba,...), (b1,a2,bs,aq,... ))

Dealing with edge cases separately leads us to the following definition: we define the coalgebra
ma: AP x A® — {1} U (A x (A® x A%)) as follows.

1. The function msg sends the pair ({), ()) to L, i.e.
ma((), () = L.

2. If 7 € A% is a non-empty sequence, say T — 7' for some 7/ € A® and a € A, then

3. If 0 = (a) for some a € A, then

for all 7 € A.



4. If 0 € A has at least length 2, say o — o’ s " for some o',0" € A and a,a’ € A, then
ma(o,T) = (a, (merge(odds(o), evens()), merge(odds(T),evens(a"))))
for all 7 € A®°.

Now let merge,: A x A* — A be the unique function which makes

id{1y U (idaxmerge,)

{1} U (A x (A® x A®)) —--d a2 » {L}U (A x A®)
mo 2 | next
AOO X AOO _______________ 3 _'r:’]_e;g_e; ______________ ) AOO

commute. Fix any o,7 € A®. We argue by cases on (o,7) that this function merge, is the desired
merge function.

1. If o = 7 = (), then merge,({), ()) = ().
2. If o = () and 7 is a non-empty sequence, say 7 = a - 7’ for some a € A and 7/ € A, then
merge, ((),7) = a - merge,((), 7).
Thus mergey({),7) = 7.

3. If 0 = (a) for some a € A, then

merge,({a), ) = a - mergey({),7)

=a-T.
4. If o =a-a' - 0" for some a,a’ € A and 0” € A, then
merge, (o, 7) = a - mergep (merge(odds(a), evens(7)), merge (odds(7), evens(a”)))
= a - merge, (merge(a’ -odds(c”), evens(7)), merge(odds(7), evens(a”)))

=a-ad - merge, <merge(odds(merge(a’ -odds(c”), evens(7))),
)

evens(merge(odds(7), evens(c” )))7
))’
N)

=a-ad - merge, <merge(evens('r), odds(7)), merge(evens(c”), odds(a”)))

merge (odds(merge(odds(T), evens(c”)
odds(merge(evens(7), odds(c”)
=a-ad -mergey(r,0"),
as desired. O
Exercise 1.2.7
1. Define three functions ex;: A® — A, for i = 0,1,2, which extract the elements at positions

3n + 1.

10



2. Define merge3: A x A® x A® — A satisfying the equation merge3(exq(o),ex;(0),exe(0)) = o,
for all 0 € A®°.

Solution.

1. Define cq, c1,c9: A® — {L} U (A x A%) as follows:

1, if o = (),
co(o) =4 (a,()) ifo=(a)oro=a,d) for some a,da € A,

\(a,a”’), ifo %o Lo a—”>0'm,

(L, if 0 = () or 0 = (a) for some a € A,
ci(o) =4 (d,() if o = (a,a’) for some a,a’ € A,

k(a’,a”’), ifo% o Yo 2y o,

1, if c = (), or 0 = (a), or 0 = (a,d’) for some a,a’ € A,
02(0) = "o : a4 a n a’ "

(@,0"), ifo—=o — " — o

Then, for i € {0, 1,2}, the function ex;: A>® — A is the unique function making

idu_} U (idAXeXi)

{LYU (A x A%®) -t i s {L}U (A x A®)
cl)[\ N)[next
AOO ________________ 3 _';X_ _______________ ) AOO

commute.

2. Define the coalgebra mg: A® x A® x A® — {1} U (A x (A® x A® x A®)) by

=0

4, ifo=7=
= ()and p % p for some a € A and p’ € A®,

a,(().(.0)), ifo=
(0,07

a, ), ifo=() and 7% 7’ for some a € A and 7' € A®,

-
ms(o, T, p) = E 4
(a,(1,p,0")), ifo 2 o’ for some a € A and o' € A%,

Then we let merge3: A x A x A — A% be the unique function making

idg1y U (idaxmerge3)

{L}U(A X (A% x A%® x A®)) ----Trmmso i » {L}U(Ax A%)
m;[ N)[\next
A% X AP X A% oo 5 _'r_n_e;g_e_?, “““““““ y A%

commute.

Let us prove that merge3(exo(o),exi(0),exa(0)) = o for all 0 € A, by coinduction. Consider
the function f: A% — A% x A% x A defined by f(0) = (exo(0), ex1(0), exa(0)) for all ¢ € A>.

11



We wish to show that merge3 o f = id~.

idgyy U (ida xmerge3

(L} U (A x (A% x A% x A%)) L LU (A x A%)

id{l} UW

{_L} U (A X Aoo) ms 2| next

next | & AX X A® x A y A

merge3
/

Let us first show that the left square commutes. It certainly commutes when we chase the empty
sequence: (mgo f)(()) = L = ((idg1yU(ida x f)) onext)(()). If o € A* is a non-empty sequence,

AOO

say o — o’ for some a € A and o/ € A, then we have

(mgo f)(o) =mg (exo(a), exq (o), er(U))

= (a, (exl(a),er(a),exo(a')))

= (a, (exo(0’),ex1(0"), exa(a”)))

= ((id{L} U (ida x f)) o next)(o),
where the second-to-last equality can also be proven by coinduction. Therefore the outer square
commutes, and so

next o (merge3 o f) = ((idg 3 U (ida x (merge3o f))) o next.
The finality of the coalgebra next: A* — {L} U (A x A*) now yields merge3 o f = idg. O
Exercise 1.2.8

Consider the sequential composition function comp: A% x A® — A for sequences, described by the
three rules:

o/ T o+ 57
comp(a,T) /> comp(a,7) = comp(a, ')

a /
g — 0

comp(o, 7) = comp(a”’, 7)

1. Show by coinduction that the empty sequence () = next (L) € A is a unit element for comp,
i.e. that comp((),0) = o = comp(a, ()).

2. Prove also by coinduction that comp is associative, and thus that sequences carry a monoid struc-
ture.

Solution.

1. Let f: A® — A be defined by f(o) := comp((), o). We will show that the diagram

id{J_} U (idaxf)

{L}U (A x A®) {1} U (A x A%)

o~

next | = = | next

A A

12



commutes, which would yield f = id~ by the finality of the coalgebra next.

First, we chase the empty sequence from the bottom left. We see that

(next o f)(()) = next(comp((), ()))

= next(())
=1,

the first rule for comp, and

((idgy U (ida x f)) o next)({) (1d{¢} U (ida x f))(L)

Now if 0 € A® is a non-empty sequence, say o — o’ for some a € A and o/ € A, we see that

(next o f)(o) = next(comp({),a - o"))
= (a,comp((), "))
= (a, f(")),

by the second rule for comp and the definition of f, and
((id{J_} U (ida x f)) o next) (o) = ((1d{J_} U (ida X f)) ((a,a'))
= (a, f(0')).

Thus nexto f = (idg 3 U (ida x f)) o next. This proves that comp((), ) = o for all o € A>.

We now show the other equality, that comp(o, ()) = o for all 0 € A, we will show that the
function g: A — A defined by g(o) := comp(a, ()) for all 0 € A also satisfies

nexto g = (idg y U (ida X g)) o next.

That (nextog)(Ll) = ((id{L} U (ida x g)) onext) (L) is the same as with f. Now if o € A is such
that o = ¢’ for some a € A and o’ € A, we see that

(next o g)(o) = next(comp(a - o', ()
= (a,comp(d’, ()))
= (a,9(0")),

by the third rule for comp and the definition of g, and

((id{L} U (idg x g)) o next) (o) = ((id{L} U (idg x g))) ((a, a'))
= (a,9(d")).

Therefore g = id g, i.e. comp(o,()) = o for all 0 € A>.

2. We will define a coalgebra c¢: A x A% x A® — {L} U (A x (A® x A>® x A%)) such that the
functions h, k: A® x A® x A — A given by

h(o,T,p) = comp(o,comp(T,p)) and
k(o, 7, p) := comp(comp(a,7), p),

13



for all o, 7, p € A%, are both coalgebra homomorphisms from ¢ to next.

id{J_} U (idaxh)

—

{L}U (A x (A% x A® x A>)) {L}U (A x A®)

\_/

id{J_} U (ida xk)

c 2 | next
//h\
AP x A® x A ¥//w A>®
k

The finality of next would then yield h = k.
Define ¢: A% x A x A® — {L} U (A x (A% x A® x A*)) by

1, ifo=17=p=),

(@, (), 0,0), ifo=7=()and p=a-p for some a € A and p’ € A,
o p) = (a,((),7",p)), ifoc=() and 7 =a-7' for some a € A and 7/ € A,
(a,(0’,7,p)), ifo=a-o for some a € A and o’ € A®.

Using the rules for comp, it is now elementary to check that h and k make their respective diagrams
commute. O

Exercise 1.2.9

Consider two sets A, B with a function f: A — B between them. Use finality to define a function
[ A® — B that applies [ element-wise. Use uniqueness to show that this mapping f — f is
‘functorial’ in the sense that (id4)>° = idge and (go f)>° = g™ o f>.

Solution. For a (non-empty) set B, let nextp: B> — {1} U (B x B*>) denote the final coalgebra defined
by
1, if o is the empty sequence,
next(o) = ) _ _
(b,0’), if o has head b € B and tail o/ € B®,ie. 0 =b-0’,

for all ¢ € B*. For a function f: A — B, define a coalgebra cy: A* — {1} U (B x A*®) by
1, if o = (),
Cf(O') = / : / / o ¢]
(f(a),0’), if o =a-0o' for some a € A and o/ € A,
for all 0 € A®. Let f*°: A>° — B be the unique function making

id{L} U (idBXfoo)

(L}U (B x A%) -2t 217 s {1} U (B x B®)
cf =~ | nextp
A° ________________3_'];50 ——————————————— y B>

commute. Then f({ag,a1,a2,a3,...)) = (f(ao), f(ar), f(a2), f(as),...) for all ap,ai,az,as,... € A,
and analogously for finite sequences.

14



We see that cjq, = nextq. So (id4)> = idge by finality of nexts. Furthermore, for functions
f:A— Band g: B— C, we see that

id id >
(L} U(C x A%) (13 U (idexf*)

{1} U(C x B®)
Cgof Cg

commutes. Consequently, the outer square in the diagram

id{J_} U (idex f°°) id{J_} U (idgxg™>)

{1}U(C x A®) {1} U(C x B®) (L} U(C x C%)

Cgof Cg | nexto

A — B = (O
f g

commutes, i.e.
nextc o (g% o f°) = (id{J_} U (ide x (g™ o foo))) 0 Cyof-
The finality of nextc then yields (g o f)*° = ¢ o f°. O
Exercise 1.2.10
Use finality to define a map st: A® x B — (A x B)®> that maps a sequence o € A and an element

b € B to a new sequence in (A x B)*® by adding this b at every position in o. (This is an example of a
‘strength’ map; see Exercise 2.5.4.

Solution. Define a coalgebra c: A x B — {L} U ((A x B) x (A x B)) as follows:

o(08) = {J_, if o = (),

((a,b),(0",b)), if o =a-o for somea € Aand o’ € A™,

for all o € A* and b € B. The unique function st: A* x B — (A x B)* making

{L}U((A X B) X (A%® X B)) ==--"==nmmm-toemmmoo- » {L}U ((Ax B) x (Ax B)™®)
A® X B ----mmmmmmmme oo ST » (A x B)™®

commute will satisfy st((ag,a1,a2,...),b) = ((ag,b), (a1,b), (az,b),...) for all ag,ar,as,as,... € A and
b € B, and analagously for finite sequences in A*°. O
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1.3 Generality of Temporal Logic of Coalgebras

Exercise 1.3.1
The nexttime operator O introduced in (1.9) is the so-called weak nexttime. There is an associated
strong nexttime, given by —O-. Note the difference between weak and strong nexttime for sequences.

Solution. Recall that, for a sequence coalgebra c: S — { L} U (A x S) and a predicate P C S, we have
(OP)(z) ifand onlyif c(x)= L orc(zx) € Ax P,
for all x € S. So,
(O=P)(z) ifand only if e¢(x) =L or ¢(x) € Ax (S\ P),
and thus
(=O=P)(x) if and only if ¢(z) # L and c(z) ¢ A x (S\ P).

Since the codomain of cis {1} U (A x S), and since P C S, we can equivalently write this as
(=O=P)(x) if and only if ¢(x) € A x P. O

Exercise 1.3.2
Prove that the ‘truth’ predicate that always holds is a (sequence) invariant. And if Py and Py are
invariants, then so is the intersection Py N Py. Finally, if P is an invariant, then so is OP.

Solution. Fix a sequence coalgebra c: S — {L}U(A x S). The truth predicate is the set S itself. Then,
for all x € S,
(OS)(z) ifand only if e¢(x) =L or ¢(x) € A x S.

Since the codomain of ¢ is {1} U (A x §), this means that OS = S, and so S is an invariant.
Now suppose that P and P, and invariant, i.e. P4 C OP; and P, C OP,. Then, for all z € S,

(O(PLN Py))(z) ifand only if ¢(x) =L orc(z) € A x (PN Py)
if and only if )=_Llorc(z)e (Ax P)N(A X P»)
if and only if (c(z) = L or ¢(z) € Ax P;) and (c¢(z) = L or ¢(z) € A X P))
if and only if (OP;)(x) and (OP,)(x).

o
o

X

Hence P, NP, C (OP) N (OP) =O(P; N P,y), and so P, N P, is also invariant.

Finally, suppose that P is invariant, i.e. P C OP. We aim to show that OP C OOP. Suppose x € S
is such that (OP)(z) holds. Then either ¢(x) = L or ¢(x) € A x P C A x OP. Therefore (OOP)(x)
holds. O

Exercise 1.3.3

1. Show that O is an interior operator, i.e. satisfies: P C P, P C OOP, and P C @ = OP C
Q.

2. Prove that a predicate P is invariant if and only if P = OP.

Solution. Fix a sequence coalgebra ¢: S — {1} U (A x S). Recall that the henceforth operator [J is
defined on predicates P C S as follows: for all x € S,

(OP)(z) if and only if there exists an invariant Q C S with z € Q C P.

In other words, CIP is the union of all invariants contained in P.
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1. If z € OP, then there is an invariant  C S with x € Q@ C P. So z € P too. Also, @) is an
invariant with x € Q C OP. So x € OOP as well. Thus OP C P and OP C OOP.

Now suppose P C @ C S. Then, for any x € 0P, there is an invariant R C S with x € R C
P C Q. So z € UQ as well. Therefore P C Q.

2. For the forward direction, suppose that P is invariant. By definition, (0P is the union of all
invariants contained within P. As P is assumed to be an invariant, we must have (JP = P.

For the converse direction, suppose that (0P = P. We need to show that P is an invariant, i.e.
P C OP. For any x € P = [P, there exists an invariant @ C S with z € Q C P. As @ is an
invariant, either ¢(x) = L or ¢(z) € A x Q C A x P. Hence we also have x € OP. Therefore
P C OP, meaning P is an invariant. ([

Exercise 1.3.4
Recall the finite behaviour predicate O((—) + ) from Example 1.3.4.1 and show that it is an invariant:
O((=) # ) COO((—) 4 ). Hint: For an invariant Q, consider the predicate Q' = (—=(=) # ) N (0OQ).

Solution. Fix a sequence coalgebra c: S — { L}U(A % S). Recall that, for a predicate P C S and x € S,
(OP)(x) if and only if for all invariants @ C S, we have -Q(x) or Q € —P.

That is, QP = -[I-P.

Suppose € S is such that ¢(z # ) holds. We need to show that O0(z /4 ) holds, i.e. if 2 % 2’
for some (a,z’) € A x S, then ¢ (2’ /) also holds. Fix any invariant Q@ C S with Q C =((—) 4 ). We
need to show that ~Q(z’).

Following the hint, we consider the predicate

Q' =-((-) A) N Q).

Observe that @’ is an invariant: if y € S satisfies Q'(y), then there is some (b,y’) € A x S such that
y LN y' and Q(y’) hold. Then, since @ C —((—) /4 ) and Q is an invariant, we conclude that Q'(y’) also
holds. So Q' C OQ'.

Hence if Q(2) holds, then @Q'(z) holds too, contradicting the assumption that ()(x s ) O

Exercise 1.3.5

Let (A, <) be a complete lattice, i.e. a poset in which each subset U C A has a join \| U € A. It is well

known that each subset U C A then also has a meet NU € A, given by N\U =\/{a€ A|VbeUa<b}.
Let f: A — A be a monotone function: a < b implies f(a) < f(b). Recall, e.g. from Davey and

Priestley (1990, Chapter 4) that such a monotone f has both a least fived point uf € A and a greatest

fized point vf € A given by the formulas:

pf=/N\laeeA|fle)<a}, vi=\[{acAla<[(a)}.
Now let c¢: S — {L}U (A x A) be an arbitrary sequence coalgebra, with associated nexttime operator O.

1. Prove that O is a monotone function P(S) — P(S), i.e. that P C @Q implies OP C OQ, for all
P,QCS.

2. Check that OP € P(S) is the greatest fized point of the function P(S) — P(S) given by U
PNOoU.
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3. Define for P,Q C S a new predicate P U @ C S, for ‘P until Q’ as the least fized point of
U+— QU (PN -0-U). Check that ‘until’ is indeed a good name for P U @, since it can be
described explicitly as

PUQ={zeS |IneN3xg,z1,...,2, €8S.
xo = A (Vi < n.3a.z; LN Tiv1) N\ Q(zy)
AYi < n.P(x;) }.

Hint: Don’t use the fixed point definition p, but first show that this subset is a fized point, and
then that it is contained in an arbitrary fized point.

(The fixed point definitions that we described above are standard in temporal logic; see e.g. Emerson
(1990, 3.24-3.25). The above operation U is what is called the ‘strong’ until. The ‘weak one’ does not
have the negations — in its fized-point description in point 3.)

Solution.

1. For subsets P,@Q € P(S) with P C @, and for 2 € S such that (OP)(z) holds, we have
clx)=_Lorec(x)e Ax P.
From the assumption that P C @, it follows that
c(x) =L orec(x) e AxQ,
or equivalently, (OQ)(x).

2. Fix P € P(S) and define fp: P(S) — P(S) by fp(U) .= PNOU for all U € P(S). Then the
greatest fixed point of fp is

vifp)= |J U= |J U=0OP
UeP(S), UeP(S),
UCfp(U) UcCPnoU

3. Fix P,@Q € P(S), and define fpg: P(S) — P(S) by
froU) =QU(PN-0-0)
for all U € P(S). Recall, from Exercise 1.3.1, that
—O0-U={xz€S : c(z)e AxU}.
We wish to show that the set
Upg =QU {:c € S : there exist n € Z~g, zg,...,2, €S and ag,...,ap_1 € A
such that ¢ = xg 20, ... an—_lmvn and

P(x0),.. ., P(xn_1), and Q(zy) all hold}

is the least fixed point of fpgq.

First, observe that

frqUpq) = QU (PN-0-Upq)
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=QUPN{zes : clx) e AxUpq})
=QU{xzeS : P(x)and c¢(r) € AxUpg}
:UP,Q7

so that Up is indeed a fixed point of fpgq.
Now we show that Up is the least fixed point of fpg. Fix some B C S with fpg(B) = B, i.e.

QU{xz e S : P(x)and c(z) e Ax B} =B.

Then we get Upgp C B by induction on the length of finite sequences zg,...x, € S and
ao, ..., an_1 € A satisfying xg — - - Aty T, and P(xzg) A+ A P(zp—1) A Q(zy). O
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1.4 Abstractness of Coalgebraic Notions

Exercise 1.4.1

Let (M,+,0) be a monoid, considered as a category. Check that a functor F: M — Sets can be
identified with a monoid action: a set X together with a function pu: X x M — X with p(z,0) = x
and :u(x7 my + m2) = M(:U’(ma m2)7 ml)'

Solution. Suppose we are given functor F': M — X. This F' sends the unique object x € Obj(M) to a
set F'(x) € Obj(Sets), and sends each m € Arr(M) to a function F'm: F(x) — F(x). The functoriality
of F' requires that F'(0) = idp(,) and F(m; +mz) = F(m1) o F(mz) for all my,my € Arr(M). We then
define a function 0p: F(x) X Arr(M) — F (%) by 0p(x,m) = F(m)(x) for all (z,m) € F(x) x M.

The equality Op(z,0) = x for all ¥ € F(x) follows the equality F'(0) = idp(,), while the equality
Op(x,m1 + ma) = Op(up(z,mz),my) for all z € X and my,mo € Arr(M) follows from the equality
F(m1 + Tng) = F(ml) o F(mg)

Now suppose we are given also given a set X and a function p: X x Arr(M) — X with p(z,0) =z
and p(z, my +mz) = p(u(x,me),my) for all z € X and m, my,ma € Arr(M). We then define a functor
Gu: M — Sets by G, (x) == X, for the unique object x € Obj(M), and G, (m) = u(—,m) for each
m € Arr(M). That G, is actually a functor follows from the assumptions on p.

We then have Gy, = F' and 0g, = p. O

Exercise 1.4.2
Check in detail that the opposite C°P and the product C x D are indeed categories.

Solution. Let C and D be categories.
We defined Obj(C°P) := Obj(C). For X,Y € Obj(C), write homc(X,Y") for the set of all morphisms
with domain X and codomain Y. We then defined homcop(X,Y") := homc(Y, X), and we defined a

compositition X <i Y & Z in C° to be the composition X i> Y % Z in C. The associativity and

identity laws for composition in C°P follow from those for C.
We defined Obj(C x D) := Obj(C) x Obj(D). For X, X" € Obj(C) and Y,Y’ € Obj(D), we let

homcywp((X,Y), (X', Y")) :== homc (X, X') x homp(Y,Y”"). A composition (X,Y) REON (XY RN

(X", Y") in C x D is defined to be the composition (X,Y) 199, (X",Y"). For an object (X,Y)
in C x D, the identity morphism idx y is the pair (idx,idy). The associativity and identity laws for
composition in C x D follow from those for C and D. U

Exercise 1.4.3
Assume an arbitrary category C with an object I € C. We form a new category C/I, the so-called slice
category over I, with

objects maps f: X — I with codomain I in C

morphisms from X ST toy 51 are morphisms h: X — Y in C for which the following

diagram commutes:
X —"r Sy
x /
1
1. Describe identities and composition in C/I, and verify that C/I is a category.

2. Check that taking domains yields a functor dom: C/I — C.
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3. Verify that for C = Sets, a map f: X — I may be identified with an I-indexed family of sets
(X:)ier, namely where X; = f=1(i). What do morphisms in C/I correspond to, in terms of such
indexed families?

Solution.

1. The identities and composition in C/I are simply the identities and composition in C. So the fact
that C/I is a category follows from C being a category.

2. We define dom: C/I — C as follows: for a morphism A from X i) ItoY L TinC /I, we simply
define dom(h) := h. This immediately makes dom a functor from C/I to C.

3. The claimed identification is obvious. Now fix a morphism h from X L Itoy % Iin Sets/I,

so that the diagram
X —"r Ly
N Y
1

in Sets commutes. This requires that g(h(z)) = f(z) for all z € X. Identifying X; := f~!(i) and
Y; == g71(i) for all i € I, we can identify h with a family of functions (h;);c; such that h;(z) € Y;
for all x € X;, for all ¢ € I.

O

Exercise 1.4.4
Recall that for an arbitrary set A we write A* for the set of finite sequencees {(ag,...,an) of elements
a; € A.

1. Check that A* carries a monoid structure given by concatenation of sequences, with the empty
sequence () as a neutral element.

2. Check that the assignment A — A* yields a functor Sets — Mon by mapping a function f: A —
B between sets to the function f*: A* — B* given by (ag,...,an) — (f(ao),..., f(an)). (Be
aware of what needs to be checked: f* must be a monoid homomorphism, and (—)* must preserve
composition of functions and identity functions.)

3. Prove that A* is the free monoid on A: there is the singleton-sequence insertion map n: A — A*
which is universal among all mappings of A into a monoid. The latter means that for each monoid
(M,0,4) and function f: A — M there is a unique monoid homomorphism g: A* — M with

gon=1f.
Solution.
1. Concatenation is associative because all the sequences under consideration are finite.

2. That (—)* preserves composition and identity functions is obvious, so we just check that for a
function f: A — B, the map f*: A* — Bx is a monoid homomorphism. Fix finite sequences
(ag, ... an),(ag,...,a;) € A*. Then

flag, ... an) - {ag,...,ak)) = f({ag,...,an,ay,...,a))
flao), .., flan), f(ag), -, flap))
f(ao),- .., flan)) - (f(ag), - -, flay))



= f({ag, - .., an)) - {ag, .. .a}))
and f({)) = (). So f* is a monoid homomorphism.

3. Define n: A — A* by n(a) = (a) for all a € A. Fix a monoid (M, 0, +) and a function f: A — M.
Define g: A* - M by

9(()) =0
9((ao, ..., an)) = fao) + -+ f(an)
for all {(ag,...,a,) € A*. This g is clearly a mononid homomorphism, using the associativity of +
in M. Observe that the diagram
M
; [
A—F— A7

in Sets commutes: we have f(a) = g(n(a)) for all @ € A. Now suppose that there is another
monoid homomorphism h: A* — M such that the diagram

M
; [
A—F— A7

in Sets commutes. As h: A* — M is a monoid homomorphism and f = hn, we require that

h({)) = 0 and
h({ag,...,an)) = h({ag) - ... (an))
= h({a0)) + - + h((an))
= h(nlao)) + -+ - + h(n(an))
= flao) +--- + f(an)
= g(<a0a s ,(Zn>),
for all (ag,...,an) € A*. Therefore h = g. O

Exercise 1.4.5
Recall from (1.3) the statements with exceptions of the form S — {L}USU (S x E).

1. Prove that the assignment X — {L} U X U (X x E) is functorial, so that the statements are a
coalgebra for this functor.

2. Show that all the operations aty,...,at,, methy,..., meth,, of a class as in (1.10) can also be
described as a single coalgebra, namely of the functor:

X—=Dix--xDp,x({LJUXU(X XE))x---x({L}UXU(X x E)).

(.

h
m times

Solution.
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1. Let F: Sets — Sets denote this assignment F(X) := {L} U X U (X x E) where all unions
are disjoint unions. We define F' on morphisms as follows: for functions f: X — Y, we define

F(f): F(X) — F(Y) to be the function

1, ife=1,
F(f)(@) = q f(@), if z € X,
(f(2),e), if x = (a',e) for some (z/,e) € X x E.

Then F(idx) = idp(x) and F(gf) = F(g)F(f) for all sets X and functions X Ly 4z

2. The functor’s definition on morphisms is similar in style with the previous part. ]

Exercise 1.4.6

Recall the nexttime operator O for a sequence coalgebra c: S — Seq(S) = {L} U (A x S) from the
previous section. Exercise 1.5.5.1 says that it forms a monotone function P(S) — P(S) — with respect
to the inclusion order — and thus a functor. Check that invariants are precisely O-coalgebras!

Solution. The O-coalgebras are simply a subsets U C S such that U C OU. These are precisely what
invariants are. ([
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2 Coalgebras of Polynomial Functors

2.1 Constructions on Sets

Exercise 2.1.1
Verify in detail the bijective correspondences (2.2), (2.6), (2.11) and (2.16).

Solution. Fix sets X,Y, Z. Following the notation of Equations (2.1), we associate a pair of functions
f:Z - X and g: Z — Y to the function (f,¢): Z — X x Y given by (f,9)(2) = (f(2),9(2))
for all z € Z. Furthermore, we associate to any function h: Z — X X Y a pair the functions
mih: Z — X and moh: Z — Y, where m and 7 are the relevant projections. Then (mih, mah) = h and
(m1(f,9),m2(f,9)) = (f,g). This establishes the bijective correspondence (2.2).

Continue fixing sets X, Y, Z. Suppose, without loss of generality, that X and Y are disjoint, so that
we may use X UY in place of X +Y. Following the notation of Equations (2.5), we associate a pair of
functions f: X — Z and ¢g: Y — Z to the function [f,g]: X +Y — Z given by

[ﬁmwwz{ﬂw’ﬁwEX’
g(w), ifweY
for all w € X 4+ Y. Furthermore, to any function h: X +Y — Z, we associate the pair of functions
hki: X — Z and gky: Y — Z, where k1 and ko are the relevant coprojections. Then [hk1, hka] = h
and ([f, g]k1,[f, g]x2) = (f,g). This establishes the bijective correspondence (2.6).

Continue fixing sets X,Y, Z. Following the notations of Equations (2.10), we associate a function
f: ZxX =Y to the function A(f): Z — YX given by A(f)(z) = f(z,—) for all z € Z. Furthermore, to
each function g: Z — Y, we associate the function U(g): Z x X — Y given by U(g)(z, ) = g(2)(x)
for all (z,2) € Z x X. Then A(U(g)) = g and U(A(f)) = f. So we have established the bijective
correspondence (2.11).

Finally, fix sets X and Y. To each function f: X — P(Y'), we associate the relation

el(f) = {(g2) €Y X X : ye fla)}.
Also, to each relation R CY x X, we associate the function char(R): X — P(Y’) given by
char(R)(z) ={y €Y : R(y,x)}

for all y € Y. Then rel(char(R)) = R and char(rel(f)) = f. We thus obtain the bijective correspon-
dence (2.16). O

Exercise 2.1.2
Consider a poset (D, <) as a category. Check that the product of two elements d,e € D, if it exists, is
the meet d N e. And a coproduct of d, e, if it exists, is the join d V e.

Similarly, show that a final object is a top element T (with d < T, for all d € D) and that an initial
object is a bottom element L (with 1. < d, for alld € D).

Solution. These follow immediately, as in a poset (D, <), we have one (and only one) morphism x — y
if and only if x < y, for z,y € D, and that the only isomorphisms are identity morphisms. O

Exercise 2.1.3
Check that a product in a category C is the same as a coproduct in a category COP.

24



Solution. Fix X,Y, Z € Obj(C), and suppose the product X x Y exists in C. For a pair of morphisms
f:Z— X and g: Z — Y, we have the following diagram

X Y

in C commuting. (When we assert that a diagram commutes without any further specification, we
mean that every subdiagram in the present diagram commutes. In this case, we are asserting that there

exists a unique morphism Z I X x Y such that mh = f and meh = g.) Thus we have the following
diagram

X Y
x y
XxY
! g
/ iﬂ!h
Z
in C°P commuting. This makes X x Y the coproduct of X and Y in C°P, with coprojections m; and mo.
Similarly, coproducts in C°P correspond to products in C. O

Exercise 2.1.4

Fiz a set A and prove that assignments X — Ax X, X — A+ X and X — X4 are functorial and give
rise to functors Sets — Sets.

Solution. Define F,G, H: Sets — Sets as follows. For a set X,

FX = Ax X,
GX =A+ X, and
HX = X4

For a function f: X — Y, define the functions Ff: Ax X - AxY, Gf: A+ X - A+Y, and
Hf: X4 5 Y4 as follows:

(Ff)(a,z) = (a, f(x)), for all (a,x) € A x X,
w, ifwe A,

(G w) = {f(w), ifweX,
(Hf)(h) = fh, for all functions h: A — X,

for all w € A+ X,

where we have assumed, without loss of generality, that A and X are disjoint so that X + A is treated
as X U A.

Then, for any set X,

(Fidx)(a,z) = (a,idx (z))
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= (a, ), for all (a,z) € A x X,

(Gidx)(w) = {.“” e
idx(w), ifwe X,
= w, for all w € A+ X,
(Hidx)(h) =idxh
= h, for all functions h: A — X,

so Fidy = idpyx, Gidx = idgx, and Hidx = idgx. Now, for functions X i> y % Z,

(F(g9f)(a,x) = (a,9(f(2)))
= (Fg)(a, f(z))
= (Fgo Ff)(a,z), for all (a,x) € A x X,
w, ifwe A,

(G(gf))(w) = {g(f(w)), if we X,

= (GgoGf)(w), forallwe A+ X,
(H(gf))(h) = Aa € A.(9(f(h(a)))),

= (Hg)(fh)

= (Hgo Hf)(h), for all functions h: A — X,

so F(gf) = (Fg)(Ff), G(gf) = (Gg)(Gf), and H(gf) = (Hg)(Hf). Thus F, G, and H are functors
from Sets to Sets. O

Exercise 2.1.5

Prove that the category PoSets of partially ordered sets and monotone functions is a BiCCC. The
definitions on the underlying sets X of a poset (X, <) are like for ordinary sets but should be equipped
with appropriate orders.

Solution. The category PoSets has a terminal object, namely the singleton poset. Furthermore, given
two posets (X1, <1) and (X9, <2), we can define a partial ordering <;2 on the product X; x Xs by

(1, 72) <1x2 (2, 25) if and only if x; <2} and z < 2

for all (x1,22), (2],25) € X1 x Xo. This poset (X7 x X9, <i1x2) has the universal property of the
product: given another poset (X3, <3) and a pair of monotone functions f: (X3, <3) — (X1,<;) and
g: (X3,<3) — (X2, <2), we have the diagram

(legl) (X27S2)
K %
(X1 x X2,<1x2)
EN

(X3,<3)

in PoSets commuting, where 71 and 7o are the relevant projections (which are indeed monotone). The
unique monotone function A is given by h(zs) = (f(x3), g(x3)) for all z3 € X3. Therefore the category
PoSets has finite products.
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The category PoSets also has an initial object: the empty poset. Now, given two posets (X1, <;)
and (X2, <), we can define a partial ordering <;;9 on the coproduct X; + Xo by

w <149 w if and only if (w,w’ € X7 and w <1 w’) or (w,w’ € Xy and w <y w')

for all w,w’ € X; + Xs, where we have assumed without loss of generality that X; and X5 are disjoint
so that X; + X may be identified with X; U X5. Then, given any other poset (X3, <3) and a pair of
monotone functions f: (X1,<;1) — (X3,<3) and ¢: (X2, <2) — (X3, <3), we have the diagram

(X3,<3)

A~

f EN

(X1 + X2, <142)

(X1,<1) (X2,<2)

in PoSets commuting, where 1 and ko are the relevant coprojections (which are also monotone). The
unique monotone function A is given by

h(w) = f(w), ?fweXl,
g(w), ifwe Xy,

for all w € X7 + X5. Therefore PoSets also has finite coproducts.
Now we show that PoSets also has exponents. Fix any two posets (X1, <;) and (X2, <2). We define
a partial ordering <,1 on the set X2X1 as follows:

f <o1 g ifandonly if f(z) <y g(x) for all x € X;.

for all functions f,g: X7 — Xs. Then, for any poset (X3, <3) and monotone function f: (X3, <3) —
(X2, <3), we have the diagram

(X ! <21 X

17
B
Jlg | d(xy,<q)
|
(X3,<3) Xl,
X
(X35! x X1,<9141) (X2,<2)
~
|
i
m gxid(x, <))’ e
|
|

(X3 x X1,<3x1)
in PoSets commuting, where ev(h,z1) = h(z1) for all (h,x1) € XZX1 x X1, and 1, mo, p1, and po

are the relevant projections. The unique monotone function g is given by g(z3) = A\x; € Xi.f(x3,21).
Therefore PoSets also has exponents. O
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Exercise 2.1.6
Consider the category Mon of monoids with monoid homomorphisms between them.

1. Check that the singleton monoid 1 is both an initial and a final object in Mon; this is called a zero
object.

2. Given two monoids (My,+1,01) and (Ma, +2,02), one defines a product monoid My x Ms with
componentwise addition (x,y) + (2',y') = (x+1,2",y +2¢') and unit (01,02). Prove that My x Mo
s again a monoid, which forms a product in the category Mon with the standard projection maps
M1<£M1XM27T—2>M2.

3. Note that there are also coprojections My =% My x My <= My, given by k1(z) = (x,02) and
ko(y) = (01,y), which are monoid homomorphisms and which makes My x My at the same time
the coproduct of My and My in Mon (and hence a biproduct). Hint: Define the cotuple [f, g as

z = f(z) +g(x).
Solution.

1. Any monoid homomorphism f: (M, +1,01) — (Ma,+2,02) must satisfy f(0;) = 02, so the
singleton monoid is initial in Mon. It is also the final in Mon because the constant map to the
unit is a monoid homomorphism.

2. Fix (m1,m2), (my,m}), (m{,mf) € My x Ms. Then, using the associativity of +; and +3,

(m1,m2) + ((my, mj) + (m{,my)) = (m1,m2) + (M} +1mf, mjy +2my)

/ " / "
= (m1 +1my +1m7, Mg +2 My +2 m2)

/ / " "
= (m1 +1my, ma +2my) + (M7, my).
Furthermore,

(m1,m2) + (01,02) = (m1 +1 01, m2+2,02)

= (mlva)

and, similarly, (01,02) + (m1, m2) = (m1,m2). So (M; x Ma,+,(01,02)) is a monoid.

We now show that M; x Ms really is the categorical product of M; and My in Mon. Fix any
other monoid (M3, +3,03) and a pair of monoid homomorphisms f: Ms — M; and g: M3 — M.
We need the diagram

M, M,
x V
My x M,
d iﬂl(f,m !
g

in Mon to commute. Indeed, we must have (f,g)(ms) = (f(m3), g(ms)) for all ms € Ms. The
fact that (f,g): Ms — My x My is a monoid homomorphism follows from f and g being monoid
homomorphisms.
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3. Fix any monoid (M3, +3,03) and a pair of monoid homomorphisms f: M; — Ms and g: My — Ms.
We need the diagram

M;
; Fma
M1 X M2
My My

in Mon to commute. This time we define [f, g]: My x My — M3 by

[f5 gl(m1,m2) = f(m1) +3 g(m2)

for all (mq,mg) € My x Ms. That [f,g] is a monoid homomorphism follows from f and g being
monoid homomorphisms. Then

([f, 9] 0 k1) (ma) = [f, g](m1,01)
= f(m1) +3 9(01)
= f(mi)

for all my € M;. Similarly, ([f, g] o k2) = g.

Now suppose there is another monoid homomorphism h: M; x My — Ms satisfying
hky = f and hky =g.
Then, for any (mj, me) € My X Mo,

h(mi,mg) = h(mi,02) +3 h(01,m2))
= h(k1(m1)) +3 h(k2(m2))
= f(m1) +3 g(m2)
= [f, g](m1,ma).

Therefore [f, g] is the unique monoid homomorphism making the diagram above commute. O

Exercise 2.1.7
Show that in Sets products distribute over coproducts, in the sense that the canonical maps

[idx xk1,idx X K2]

(X xY)+ (X x Z)

y X x (Y + Z)

0 : X x0

are isomorphisms. Categories in which this is the case are called distributive; see Cockett (1993) for
more information on distributive categories in general and see Gumma, Hughes, and Schroder (2003)
for an investigation of such distributivities in categories of coalgebras.
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Solution. In Sets, the initial object 0 is the empty set. Consequently, for any set X, the unique map
05 X x0is an isomorphism (in fact, ! is the identity morphism on 0) since X x 0 = 0.

Now fix sets X, Y, and Z, and let Y =5 Y +Z and Z =2 Y +Z denote the appropriate coprojections.
We may assume, without loss of generality, that Y and Z are disjoint, so that we may write Y U Z in
place of Y + Z, and have k1: Y —» Y U Z and ky: Z — Y U Z be the appropriate inclusion functions.

The function [idx X k1,idx X ko]: (X X Y)+ (X x Z) = X x (Y 4+ Z) is then given by

[idx x k1,idx X K2|(z,w) = (x,w)
for all (z,w) € (X xY)+ (X x Z). This is clearly a bijection. O

Exercise 2.1.8

1. Consider a category with finite products (x,1). Prove that there are isomorphisms:

XxY2Y xX, (X xY)xZ=2X x (Y x Z), I1x X =X.

2. Similarly, show that in a category with finite coproducts (+,0) one has
X+YZY + X, (X+Y)+Z=2X+ (Y +2), 0+ X =X.

(This means that both the finite product and coproduct structure in a category yield so-called symmetric
monoidal structure. See Mac Lane (1978) or Borceux (1994) for more information.)

3. Nezxt, assume that our category also has exponents. Prove that
X021, X'~ X, 1%~ 1.
And also that
X 278 zY, 79V = (2%, (X xY)P =X xYyZ
Solution.

1. Let C be a category with finite products. Fix X,Y € Obj(C). Let X <~ X xY =% Y and
Y &Y x X 25 X be the relevant projections. We have the diagram

Y X




(m2,m1)
RULLLLIN

X XY is an

isomorphism. Of course, its inverse would be the similarly obtained morphism Y x X M YxX.

Indeed, looking at the diagram

in C commuting. We claim that the unique induced morphism X x Y

X Y

in C, we see that

m1 0 (p2,p1) © (w2, M) = p2 © (T2, 1)
= 7'['1

and, similarly, 7o o (p2,p1) o (w2, m) = me. Consequently, (p2,p1) o (me,m1) = idxxy. Similarly,

we obtain (mg, m1) o (pa, p1) = idy xx. Therefore we have an isomorphism X x Y % Y x X.

Now fix X,Y, Z € Obj(C). Consider the products X x Y and (X x Y) X Z as in the diagram

X Y VA
p2
plT / o
X xY

.

(X xY)xZ

in C. These come with associated projections X ¢~ XxY £V and X xY <& (X xY)xZ =2 Z.
We also have projections X <= X x (Y x Z) B Y x Zand Y £~ Y x Z 22 Z, as depicted in
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the diagram

X Y Z
o Y x Z
e
X x (Y x 2)

(p17m1,(p2m1,m2))
R ckble il Lo

in C. From these, we obtain the induced morphisms (X x Y) x Z

and X x (V x z) {unelre) vy g

X x (Y xZ2)

X

-
(X xY)xZ S Sa—— X x (Y xZ)

~_

({(q1,r192),r2q2)

Then

pP1OTL O ((<Q1, T1q2),72G2) © (P171, (P21, 7T2>>> =p10 (m o <<q1,r1q2>,r2q2>> o (p171, (P21, T2))
= p1 0 (q1,71q2) © (p171, (P271, T2))
= q1 0 (p171, (p271, T2))
= pi17mi,
P20 O (<<Q1,T1Q2>,7‘2(J2> o (p171, <p27T1,7r2>>> =p2o0 (7?1 o <<Q1,7°1(J2>77”2(J2>> o (p171, (pami, m2))
= p2 0 (q1,71¢2) © (171, (P21, T2))
=11 0q2 0 (p171, (P21, T2))
=Ty <p27T1,7T2>
= pomy, and
m20 (a1, m162), 7202) © (prm, (pam1, m2)) ) = (72 0 (a1, 7102), 722) ) © (a7, (o, m2)
=120 qg 0 (p171, (P21, T2))
=T20 <p27r1,7r2)
= 9.
Thus ((q1,71q2),72g2) © (p171, (P271,72)) = id(xxy)xz- Via a similar calculation, we also ob-
tain (p171, (p2m1,7m2)) © ((q1,71q2),72q2) = idx (v xz). So we have an isomorphism (X x Y) x

7 <P17r1,<PN27f1,7T2>> X x (Y x 2).
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Now fix X € Obj(C) and let 1 denote the terminal object in C. We have the diagram

1 X
T
‘\ ™1 T
\
\ 1xX
\ A~
\ I
\\ | .
EITAN i(f,ldx> idx
N
X

in C, where 1 <= 1xX =2 X are the relevant projections, and X i> 1 is the unique morphism from

X to 1. As the diagram commutes, we have moo (f,idx) = idx. Furthermore, 710 ((f,idx)oms) =

71 because 1 is the terminal object and we already have the morphism 1 x X = 1. Moreover,
T 0 ((f,idx) o ma) = 2.

1 X
rw\ %
1xX

f (Fidx)/ a5
T e
X
™2
1x X

Thus (f,idx) o ma = idjxx. Therefore we have an isomorphism 1 x X 2 X.

~

This is dual to Exercise 2.1.8.1: coproducts in C coincide with products in C°P; the initial object
in C is the terminal object in C°P; and isomorphisms in C are precisely isomorphisms in C°P.

. Now suppose that the category C has all finite products, has all finite coproducts, and has expo-
nents, i.e. C is a bicartesian closed category. Denote the initial and terminal objects of C by 0
and 1 respectively.

Let us first show that 0 x X =0 for all X € Obj(C). Fix any Y € Obj(C). For any morphism
0x X % Y, we have the following commuting diagram

yX X
JIA( f)T Tidx
0 p1 p2 X
YX x X / & 2%
T A(f);><idX 2 ;
0x X
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in C, where 0 <~ 0x X ™2 X and Y¥ &~ YX x X 2 X are the relevant projections and
YX x X &5 Y is the appropriate evaluation morphism. Due to the initiality of 0, there is only
one morphism 0 — Y% in C. So there can be only one morphism 0 x X — Y. Hence 0 x X is
also initial.

Now fix X € Obj(C). Let us show that X° = 1. The diagram

X0 0
A () ! Tido
i p1 p2 0
X0 %0 / o 0
T A(m)xi(%z -~
1x0

in C commutes, where 1 <~ 1 x 0 =% 0 and X° & X0 % 0 225 0 are the relevant projections and
X0 %0 =5 0 is the relevant evaluation morphism. As 1 is the terminal object in C, the composite

A
morphism 1 ﬂ X0 i> 1 is equal to id;, where X° i) 1 is the unique morphism from X to 1.

Also, the diagram

X0 0
A(7T2)°f Tido
XO P1 P2 O
X0 %0 / ev 0
™ (megﬁ/éz -
X%x%x0

in C commutes because X" x0 2 0, as observed previously. Since we also have evo(id yo xidg) = ev,

the uniqueness clause in the universal property for exponential objects yields A(ms) o f = idxo.

A
Therefore we have an isomorphism 1 ﬂ X0,

o

Now fix X € Obj(C). Let us show that X' = X. Let X! x 1 <% X be the evaluation
morphism obtained from the universal property of exponentials, and let X % X x122 1 and

X! <p71 X1 x 1 225 1 be the relevant projections, noting that m; and p; are both isomorphisms

B A
by our solution to Exercise 2.1.8.1. Then there exists a unique morphism X ﬂ X! such that
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ev o (A(m) x idy) = m;. That is, we have the diagram

X! 1
H!A(m)i Tidl
X pP1 N p2 1
Xl x1 / ev X
m A(7r15><1d1 b = ™
X x1

in C commuting. Now, we claim that the diagram

X x1 v X

1%

A(7T1)><id1
X x1

(eVOpl_l )xidy

X x1

in C commutes. Indeed, the upper triangle commutes by definition of the morphisms X! x1 <% X

A
() X1, and the lower triangle commutes because (the left square of) the diagram

and X ——
X 1

evop;1 X x1 idy
X1 (evopfl)xidl 1
X /
X!'x1

1 d
in C commutes by definition of the morphism X' x 1 w X x 1. Hence A(my)oev opl_l =

idx1, by the uniqueness clause in the universal property of exponentials, and thus the composite

vopy * xid A id
morphism X' x 1 (evop, xid1) X x1 M> X1 x 1 equals idy1y;. Also, the diagram

X Xx1—"2 51
ev T(evopl_ byxidy
Xt x1
- TA(m)xidl
X x1
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in C commutes: the upper and lower left triangles commute as observed before; the right triangle

A id
commutes because 1 is the terminal object. So the composite morphism X x 1 M) X1 x

(evopil)xid1 . . .
—— 7 5 X x1=1idxxi. Consequently we have isomorphisms

A id
X T xxq A e X

o

yielding X = X1
Continue fixing X € Obj(C). Let us now show that 1% 2 1. Let 1¥ x X <% X be the relevant

evaluation morphism, and let 1 <~ 1 x X =% X and 1¥ E1X x X 25 X be the relevant
projections. Then we have the commuting diagram

X0 X
IA(ms) ! Tidx
1 p1 b2 X
¥ x X / v 1
m A(ﬂ‘z);Xidx e T
1xX

in C. Now, letting 1% i> 1 be the unique morphism from 1% to 1, we have that f o A(my) = idy
due to 1 being the terminal object. Furthermore, the diagram

¥xXx — 1
(A(m2)of)xidx v
¥ x X

in C also commutes because 1 is the terminal object. Thus we must have that A(m) o f = id;x.

A
Therefore we have the isomorphism 1% @ 1.

From now onwards, we need to agree on some notation. For A, B,C € Obj(C), we write

B
AB x B T4, A for the evaluation morphism associated with the exponential object AZ. For a
AB
morphism C x B = A, we write C ﬂ) AP for the unique morphism from C to A® such that
evl o (AB(m) x idp) = m.

B
eviy

AB x B A
AB(m)xidp | -
C xB
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C
Furthermore, given a morphism A — B in C, we define the morphism A¢ — B¢ to be the
unique morphism from A® to B satisfying ev$ o (m® x id¢) = m o ev§.

BC x C it B
§ o
mCXidci A
AC x C

That is, m¢ = Ag(m o evg). Note that this makes the assignment (—)¢: C — C into a functor.

Also, given morphisms A4 <~ A’, B LN B',and A x C ™ B in C, where A, A’, B, B',C € Obj(C),
it is not difficult to see that AG,(homo (g xide)) = hY 0 AG(m) o g by looking at the commuting
diagram
ev®,
(BYxC —2—— B

he xide /
o h

B¢xCc —24 B

AG (m)xide /

AxC

gxide

A xC

in C.
Let us take a detour and prove that the bicartesian closedness of C implies that products dis-

tribute over coproducts in C (from which Exercise 2.1.7 would also follow, since Sets is bicartesian
closed). Fix X,Y, Z € Obj(C). We already established that the unique map 0 — 0x X is an isomor-

id id
phism. We will now show that the canonical map (Y x X)+(Z x X) I xidx, 2 xidx] Y+2Z)xX
is an isomorphism, where Y =% Y + Z <2 Z are the relevant coprojections. Further letting

Y x X 5 (Y x X)+(Zx X) <% Z x X denote the relevant coprojections, we have the commuting
diagrams

(Y x X)+(Z x X) -—-=---=--=1-2oto y (Y +2)x X
L1 2 K1 xidx Ko Xid x
Y x X Z x X

and

3 [Afgfo)+(Zxx> (1), Afg/xx)-k(ZxX) (‘2)]

K1 A€§’><X)+(Z><X)(L1)

A()gfxx)-}—(ZxX)(Lz)
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in C, by the universal property of coproducts. Then, in the diagram

Y x X)+ (Z x X
eV(YW NXXHZXX) “) (YXXH ZXX)(LZ)] xidx
(Z x X)

Y +2)
[1451><1dx, K‘,2><ldx +

L1 . Ko Xid
AI& L2 K1 Xid x )I\ 2 X

Y x X Z x X

(Y x X)+

living in C, we have the equalities

[k1 X idx, ko X idx] ot = k1 X idx,

[I-il X idx, Rg X idx] Olg = K9 X idx,
and
evfg’XX)-i-(ZXX) © ([Ag/xX)—i-(ZxX)(Ll)v A€(Y><X)+(Z><X)(L2)] X idX) o (k1 x idx) = 1,
eV x)1(zxx) © (AR x) 12230 (11)s Alrsexypzxex) (2)] X idx) o (k2 X idx) = 12

Consequently, by the universal property of coproducts,

evf(YxX)-i-(ZxX) © ([Ag/xX)—{—(ZxX)(Ll)? Ag/xX)—k(ZxX)(LQ)] x idX) © [’{1 X idy, k2 X idX]
= 1d(y x x)+(ZxX)-

Now, let f := evggfo)—f—(ZxX) © ([Aggfo)Jr(Zxx)(Ll)a Afifo)+(2xx)(L2)] x idx),

e"()g/xxpr(sz)

(Y x X)+(Zx X)) x X (Y x X) + (Z x X)

[A()g/xX)+(Z><X)(Ll)7 Aggfo)+(ZXX)(L2)] Xidx f

Y+2Z)xX

f

so that (Y +2) x X = (Y x X) + (Z x X) is the unique morphism satisfying

Afg/xX)—i—(ZxX)(f) = [Ag/xX)—i-(ZxX)(Ll)v Ag/xX)-i-(ZxX)(LQ)]'

We have already shown that f o [k X idx, k2 X idx] = Idy xx)4(zxx)- We will now show that
(k1 x idx, ko xidx]o f =idy4z)xx. This is equivalent to showing that

ev€§/+Z)Xx o (A§+Z)XX([/€1 X idx, Ko X ldX] o f) X ldx> = id(Y+Z)><X'
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X
Viy+2)x X

(Y +2)x X)* x X (Y +2)x X
AX, Ko xidx]
MKy 2y wx ([m1xidx, maxidy]of) xidx (Y x X)+ (Z x X)

_—

Y+2Z)x X
So let us proceed with showing the above equality.

evfg,+z)xX o (A€§/+Z)XX([I€1 X idx, Ko X idx] o f) X idx)
= eV€§/+Z)xX

o <<[l-{1 X idx, R9 X idX]X ] [Ag’XX)-i—(ZXX)(Ll)’ Ag’xX)-i—(ZxX)([’Q)]) X idx>
= ev€§/+Z)Xx o <|:[/€1 X idx, Ko X idx]X ¢} A€§/><X)+(Z><X)(L1)7

— ev€§/+z)xx o ([A€§/+Z)xx([“1 X idx, ko x idx]o Ll),

Agurzyx([ﬁl x idy, kg X idx]o Ll)} X idX>

= evfg/—i-Z)xX o <[A€§/+Z)><X(’€1 X idx), Ag/—i-Z)xX(K? X idx)] X idx)
=id(y4z2)x x>

where the last equality is due to the fact that

[A€§/+Z)><X(’il x idx), A€§/+Z)><X(K32 x idX)] = A€§/+Z)><X(id(Y+Z)><X)7

which we shall now verify. Observe that

vy i zynx © (My 1z x (81 X idx) X idx)
= Rl X idX
= id(y4z)xx © (k1 X idx)

= ev‘()g/+Z)Xx o (AZ)§/+Z)><X<id(Y+Z)XX) X ldX) o (Hl X ldX)

It follows that Aﬁ(Y-t-Z)XX(Hl x idy) = A€§,+Z)XX(id(y+Z)XX) o K1, by the universal property of

exponents. Similarly, we have Af(wrz)xx(’i? X idy) = Af(y+z)xx(id(Y+Z)xX) o ko, and we thus
obtain the desired fact.

Fix X,Y, Z € Obj(C). Armed with the above observation that products distribute over coprod-
ucts, we are ready to show that ZXtY = ZX x 7Y Letting X =5 X +Y <2 Y be the relevant
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coprojections, there exist unique morphisms ZX & zX+y 27X making the diagrams

7X x X % Z
eV)Z(+Y
p1xidx ZXTY x (X +Y)
AY XK1
7X+Y o x
and
7ZX x X i Z
evy TV
p2Xidx ZXTY x (X +Y)
/dZ)HY X K2
ZXY x X
in C commute, namely p; :== A} (ev‘;@ry o (idgx+y x £1)) and pa = A} (ev)ZHY o (idyx+v X K2)).

We will show that the object ZX*Y along with the morphisms ZX - i ZXHY 2 7Y gerve as
a categorical product of Z¥X and ZY, which would yield ZX*Y = ZX x ZY. Suppose we are

given a pair of morphisms ZX <i A % ZY. We already know that there is an isomorphism
Ax (X + Y) (A x X)+ (A xY) making the diagram

(X+Y)

1dV l WZ

A><X—> (Ax X))+ (AXY) <—A><Y

in C commute, where A x X 2% (A x X) + (A x Y) <% are the relevant coprojections. By the

universal property of exponentials, there exists a unique morphism A by ZX+Y guch that the
diagram

X Y

72X % X vz Z vz 7Y XY
ZXHY 3 (X +Y)
Fxidx hxidy sy | fev¥ o fxidx), evho(gxidy)] |gxidy
Ax (X+Y)
\ ida X k2
idg XK1 =
Ax X o (AXX)+(AXY) ¢—F—— AXY

in C commutes, namely h = A)Z(er([ev)zf o (f xidy), evy o (g x idy)] o). Hence

evy o (f xidx) =evy ¥ o (h x idx1y) o (ida X K1)
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= ev)Z(’LY (idZX+Y X Iﬁ;l) o (h X idx)

=evy o (py x idx) o (h x idx)
=evy o (pih x idy),

and so f = p1h by the universal property of exponents. Similarly, ¢ = psh. Now, for any morphism

AL 72X+ i C satisfying f = p1k and g = pok, then we get the equalities

evy o (f xidy) =evy ™ o (k x idx1y) o (ida x #1)

and
evy o (g xidy) = ev)Z“'Y o(kxidx4y) o (ida X K2).

From these, it follows that

eV)ZH—Y (h X idX+y) oi lo L] = eV)Z(+Y (k X idx+y) oi lo A
and

ev)Z{"'Y o(hxidxyy)oi tow= ev)Z("'Y o(kxidxyy)oi tou.
From the universal property of coproducts and the fact that i~! is an isomorphism, the above two
equalities let us obtain eV)ZHY o(h X idxyy) = eV)ZHY (k X idx4y). The universal property of

X B ZXHY B2 7Y gerves as a categorical product of

exponents then implies that h = k. Therefore Z
ZX and ZY, giving ZX+Y = 72X x 7V,
Let us move on to showing that Z¥*Y = (Z¥)X. From our solution to Exercise 2.1.8.1, we know

that there are isomorphisms (A x X) x Y 5 Ax (X x Y) and (2¥)X x X) x YV L5 (2V)X x (X x Y)

such that for any morphism A LN (Z¥)X the diagram

(Ax X) xy By )X oy wy
il >t
Ax (X xY) [T (ZV)X x (X xY)

in C commutes, i.e. j7!o((kxidy) xidy)oi~! =k x idxxy. Now suppose we are given a morphism
Ax (X xY) Iy 7. Then the diagram

evzy xidy

~

(ZY) x (X xY) —=

(A)Z(Y (Ag(fz)) ><1dX xidy Mxldy /

AXxX)xY —— Ax (X xY)

1R

.

in C commutes. This yields a unique morphism A LN (ZY)X satisfying
(GV)Z/ o (evgy X idy) oj) o (h X idXxy) =f,
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evgo(ev)z(y xidy )oj

namely h = A%, (A% (fi)). So the object (ZX)¥ with the morphism (Z)* x (X xY)
Z serve as the exponential object ZX*Y and its evaluation morphism. Hence (ZY)X = ZXxV

Finally, let us show that (X xY)? =2 XZxY?Z. Let X <~ X xY % Y be the relevant projections.

Suppose we are given a morphism A x Z i> X xY. Then we obtain morphisms X &f Ax Z % Y,

AL (m1f) AE (w2 f)

from which we obtain the two unique morphisms X% <= A YZ satisfying

evZ o AL (mif) =mf and evZ o AZ(mf) = mof.

Letting X% & XZ xyZ 2, ¥ Z be the relevant projections, an elementary calculation shows that the
diagram

<BV)Z(O(p1 xidz), eV}Z,O(pQXidZ)>

(X2 xY?)x Z X xY

(AZ(mof), AZ(maf))xidy
AxZ

in C commutes. An arbitrary morphism A b XZ xy? satisfying

{ev% o (p1 x idz), ev¥ o (p2 x idz)) o (h x idz) = f = (71 f, T2 f)

must then satisfy p1h = AZ(m1f) and poh = AZ(mof). This yields h = <A)Z((7r1f), A5Z,(7r2f)>. So the

<ev)Z<o(p1 xidz), ev}Z,o(pz xidz)>

object X% x Y7 together with the morphism (X% x Y?) x Z X xY serve
as the exponential object (X x Y)Z and its evaluation morphism. Therefore (X xY)? = X% xY?. [

Exercise 2.1.9
Show that the finite powerset also forms a functor Pg,: Sets — Sets.

Solution. The proof that Pg,: Sets — Sets is a functor is identical to the proof that the usual power set
operation P: Sets — Sets is a functor. Given a function f: X — Y, the function Pg, f: PinX — PanY
sends finite subsets A C X to their image under f. That is, for finite subsets A C X, we define

(Panf)(A) ={f(z) : z€ A},

which is indeed a finite set.
It is clear that Pgnidx = idp,, x for all sets X. Now given functions f: X =Y and g: Y — Z,

(Pen(9))(A) ={g(f(x)) : z€ A}
={9(y) : y€ (Panf)(A)}
= (Ping) ((Panf)(A))
= (Ping © Prinf)(A)

for all finite subsets A C X. Thus Ps,(9f) = (Pang)(Panf)- O

Exercise 2.1.10
Check that
P(0) =1, PX+Y)2P(X)xPY).

And similarly for the finite powerset Pgy, instead of P. This property says that P and Pgy, are ‘additive’;
see Coumans and Jacobs (2013).
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Solution. Let 0 and 1 respectively denote the initial and terminal objects in Sets. Then P(0) =
Pan(0) = P(2) = {0} = 1.

Now fix sets X and Y and suppose, without loss of generality, that X and Y are disjoint so that we
can write X +Y = X UY. Then, we have a bijection f: P(X +Y) — PX x PY defined by

f(A)=({z€Ad:zeX}, {z€A: z€eY})
for all A C X +Y. This is indeed a bijection as it has inverse f~!: PX x PY — P(X +Y) defined by
fY(A,B)=AUB.
The proof that Pgn(X +Y) = PgpX X Pg,Y is similar. O

Exercise 2.1.11
Notice that a power set P(X) can also be understood as exponent 2%, where 2 = {0,1}. Check that the
exponent functoriality gives rise to the contravariant powerset Sets®® — Sets.

Solution. The identification of P(X) with 2% is via the isomorphism ax: P(X) — 2% defined by

1, ifx € A,

ax(A) = \x EX.{O g A

forall A C X.
Fix a function f: X — Y. The function 27: 2¥ — 2% is given by

(27)(k) = Az € X.k(f(2)),
for all functions k: Y — 2. We then see that ay' 0 2f o ay: P(Y) — P(X) satisfies

) B 1’ lnyB’
(ax 02 0 ay)(B) = (a5 0 2) (Ay”‘{o, ify¢B )

o 1, if f(x) € B,
e ft 1953)
={zeX : f(zr)e B}

for all B C Y. This is precisely how the contravariant power set functor is defined on morphisms. [

Exercise 2.1.12
Consider a function f: X — Y. Prove that

1. The direct image P(f) = [I;: P(X) — P(Y) preserves all joins and that the inverse image
fY=): P(Y) — P(X) preserves not only joins but also meets and negation (i.e. all the Boolean
structure).

2. There is a Galois connection [[;(U) CV <= U C F~Y(V), as claimed in (2.15).

3. There is a product function [T;: P(X) = P(Y) given by [[,(U) ={y €Y |[Vz € X.f(z) =y =
x € U}, with a Galois connection f~1{(V) CU <= V C [1,(0).

Solution.
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1. For a collection {A;};cs of subsets of X, we see that

(Pf)(UAi> = {f(:c) : a:eUAi}

el i€l
= J{f(@) : z€ 4}
el
= JPrH(A).
el

So P f preserves all joins. Furthermore, for a collection {B;}cs of subsets of X,

R
jeJ Jes

= J{zeX : f(x) e B;}

jeJ

=J By

jeJ

So f~1(—) also preserves all joins. Moreover,

7(n){rex s noens)
JjeJ jet

=ﬂ{x€X : f(z) € Bj}

j€J

= () 1By

Jj€J
So f~1(—) preserves all meets. Also, for any subset B C Y,
f'Y\B)={zeX : f(z)eY\B}
=X\{zeX : f(x)eB}
=X\ f71(B).
So f~1(—) preserves all negations.
2. Fix a pair of subsets U C X and V C Y. Then
(PAU)CV ifandonlyif {f(x):xe€U}CV
if and only if for all x € U we have f(z) € V
ifandonlyif UC{xe X : f(x)eV}
if and only if U C f~1(V),
as claimed.

3. Fix a pair of subsets U C X and V C Y. Then

fFAVYCU ifandonlyif {zeX:f(zx)eV}ICU
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if and only if for all x € X with f(z) € V we have z € U
ifand only if V C{yeY :forall z € X with f(z) =y we have z € U }

if and only if V C H(U),
f

as desired. O

Exercise 2.1.13

Assume a category C has arbitrary, set-indexed coproducts [],.; X;. Demonstrate, as in the proof of
Proposition 2.1.5, that the category CoAlg(F') of coalgebras of a functor F: C — C then also has such
coproducts.

Solution. Let I be a non-empty set and fix an /-indexed tuple (X; &, FX;)ier of F-coalgebras. Let

C = [l,c; Xi be the coproduct of (X;)icr in C and, for i € I, let X; 2, C denote the appropriate

coprojection. We have the collection of morphisms (X; (Frs)e FC)ier. So there exists a unique

morphism 7: C' — FC such that vk; = (Fk;)q; for all ¢ € I. That is, the diagram

FC
i Fk;
: Fro Frq
Ay
i FXy FX, s FX;
C:' g a1 o

Xo X1 X;

in C commutes. Consequently, we have a collection of homomorphisms of F-coalgebras ((X;, ;) LN

(C,7))ier-
For the universal property, we argue as in the following diagram.

FC
Fg/// Fr;
//’/Ff() Fro Fr1
m\
FY (F\fl F{(ﬂ—/ FX; FX;
‘N o / .
8 ¢ —
B'g ///// 0 » \
,// fo \ \
vE . Tx X X;
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Suppose we are given another F-coalgebra Y ﬁ> FY and a collection of homomorphisms of F-coalgebras
((Xi, ) ELN (Y, 3))icr- Then, as C' is the coproduct of (X;);er in C, there is a unique morphism C' Sy
in C such that gx; = f; for all ¢ € I.

We now need to verify that g is actually a homomorphism of F-coalgebras from (C,~) to (Y, 5). We
will use the universal property of C' as the coproduct in C: for all ¢ € I, we have

Bgki = Bfi, since gk; = fi,
= (Ff;)a, since f; is a homomorphism from (X;, ;) to (Y, ),
= (Fg)(Fk;)ay, from gk; = f; and the functoriality of F,
= (Fg)yki, since k; is a homomorphism from (X;, ;) to (C, 7).
Therefore Bg = (Fg)7y, i.e. g is a homomorphism from (C,~) to (Y, ). O

Exercise 2.1.14
For two parallel maps f,g: X — Y between objects X, Y in an arbitrary category C a coequaliser
q:Y — Q is a map in a diagram

_—
X
_—
g

y — 24— Q

with qo f = qo g in a ‘universal way’: for an arbitrary map h: Y — Z with ho f = ho g tehre is a
unique map k: Q — Z with ko q = h.

1. An equalier in a category C is a coequaliser in C°P. Formulate explicitly what an equaliser of two
parallel maps is.

2. Check that in the category Sets the set QQ can be defined as the quotient Y/R, where RCY XY
is the least equivalence relation containing all pairs (f(x),g(z)) for z € X.

3. Returning to the general case, assume a category C has coequalisers. Prove that for an arbitrary
functor F: C — C the associated category of coalgebras CoAlg(F) also has coequalisers, as in C:
for two homomorphisms f,g: X — Y between coalgebras ¢: X — F(X) and d: Y — F(Y) there
is by universality an induced coalgebra structure Q — F(Q) on the coequaliser Q of the underlying
maps f, g, yielding a diagram of coalgebras

F(X) ; F(Y) q F(Q)
te | | ta)] —%— | 1
X g Y Q

with the appropriate universal property in CoAlg(F): for each coalgebra e: Z — F(Z) with
homomorphism h: Y — Z satisfying h o f = h o g there is a unique homomorphism of coalgebras
k:Q — Z with koq=h.

Solution.

s
1. An equaliser of a parallel pair X jY is a morphism E < X such that both of the following hold:

g9
(a) we have fe = ge; and

(b) for any morphism Z o x satisfying fh = gh there exists a unique morphism 7 5 FincC
such that ek = h.
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2. Fix functions f,g: X — Y. Let R CY X Y be the smallest equivalence relation on Y such that
{(f(x),g9(x)) : z € X} C R, and define ¢: Y — Y/R by q(y) == [y] for all y € Y, where [y]
denotes the R-equivalence class of y € Y.

Fix another function h: Y — Z such that hf = hg. We need to show that we have the diagram

f
—_— q
X . Y — Y/.R
h iﬂ!k
A

in Sets commuting. We define k: Y/R — Z by k([y]) = h(y) for each R-equivalence class
[y] € Y/R. Note that this k is well-defined: if y,y’ € Y are such that y Ry’ then we can prove by
induction on the construction of R (as the reflexive symmetric transitive closure of { (f(x), g(z)) :
x € X }) that h(y) = h(y). Then, by construction, k: Y/R — Z is the unique function satisfying
kq = h.

f
3. Now suppose that C has coequalisers. Fix a parallel pair of morphisms (X, ¢) 2 (Y, d) in CoAlg(F).
g

f
Let Y % @ be the coequaliser in C of the parallel pair X Y. Observe then that

g9

(Fq)df = (Fq)(Ff)c, since f is a homomorphism from (X, ¢) to (Y,d),

= F(qf)c, by functoriality of F,

= F(qg)c, since qf = qg, because q is the coequaliser of f and g,
= F(q)F(g)e, by the functoriality of F,

= (Fq)dg, since ¢ is also a homomorphism from (X, ¢) to (Y, d).

So there must be a unique morphism @ < FQ in C such that aq = (Fq)d.
Ff

— %
FX FY ———— FQ
\_M q a~
Fg
c d

f

X y — %4 50

|
|
|
= 1e"

So we have an F-coalgebra structure on @, namely Q = FQ, and the requirement og = (Fq)d
says that ¢ is a homomorphism of F-coalgebras from (Y, d) to (Q, «).

Now suppose that there is another F-coalgebra Z 5y FZ and a homomorphism (Y, d) LN (Z,p)
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such that hf = hg. Then there is a unique morphism @ %, 7 in C such that kq = h.

We now just need to verify that & is a homomorphism from (Q, «) to (Z, ), i.e. Bk = (Fk)a. We

f
will use the universal property of Y 4, Q as the coequaliser of X :;Y: we have
g

Bhf = Bkqf, since kq = h,
= Bkqg, since qf = qg, as q coequalises f and g,
= Bhg, since kq = h,

and
Bkq = Bh, since kq = h,
= (Fh)d, since h is a homomorphism from (Y, d) to (Z, B),
= (Fk)(Fq)d, since kg =h and F is a functor,
= (Fk)ag, since ¢ is a homomorphism from (Y, d) to (Q, «).

The equalities to take away from the second calculation above are

Bkq = ph = (Fk)ag.

By the uniqueness clause in the universal property of coequalisers, we must have gk = (Fk)a. O
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2.2 Polynomial Functors and Their Coalgebras

Exercise 2.2.1
Check that a polynomial functor which does not contain the identity functor is constant.

Solution. This follows by induction on the complexity of polynomial functors. O

Exercise 2.2.2
Describe the kind of trees that can arise as behaviours of coalgebras:

1. S— A+ (AXxS).
2.8 2> A4+ (AxS)+(Ax S x8S).
Solution.

1. A coalgebra S — A+ (A x S) can give rise to any of the following kinds of trees:

ao ao ao ao ao ao
a’l a/l al DR al oo al
as ag as
ag Gp—1 ag
%9

That is, trees where every node has at most one successor.

2. A coalgebra S — A+ (A x S) + (A x S x §) gives rise to a tree where every node has at most
two successors. The tree

ao
RN
a1 al
| |
as al,
|
as
RN
a4 al
|
is an example of such a tree. O
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Exercise 2.2.3
Check, using Exercise 2.1.10, that non-deterministic automata X — P(X)?A x 2 can equivalently be
described as transition systems X — P(1+ (A x X)). Work out the correspondence in detail.

Solution. Write 1 = {*} and 2 = {0,1}. For a function f: X — P(X)? x 2, define ¢;: X — P(1 +
(A x X)) by

(2) = {x}U{(a,2) e Ax X :z€h(a)}, if f(x)= (h,1) for some function h: A — P(X),
PrE= {(a,z) e Ax X :z € h(a)}, if f(z) = (h,0) for some function h: A — P(X),

for all z € X. For a function g: X — P(1 + (A x X)), define ¢,: X — P(X)4 x 2 by

o (z) = {()\a cA{zeX:(a,2)€g(x)}, 1), if x € g(x),
7 (MaeA{ze X :(a,2) €g(x)}, 0), if*¢ g(x),

for all z € X. Then ¢y, = f and ¢y, = g for all functions f: X — P(X )4 x 2 and functions
g: X - P(1+(AxX)). O

Exercise 2.2.4
Describe the arity # for the functors

1. X—» B+ (X xAxX).
2. X = Ag x XM x (X x X)42, for finite sets Ay, As.
Solution.

1. Define an arity #: A+ B — N by #a := 2, for all a € A, and #b := 0, for all b € B. Then the
associated arity functor Fu: Sets — Sets satisfies

px = [ x*
1€A+B

~ L+ I 5t

beB a€A

=[x+ ][ x*

beB a€A

~ B+ [[(X x X)
acA
& B4+ (X x AxX),

for all X € Obj(Sets).

2. Define an arity #: A9 — N by #i = |A1| + |A2| + |Az| for all i € Ag. Then the associated arity
functor Flu: Sets — Sets satisfies

FpX =] x#
i€ Ap
_ H X|A1\+|A2|+\A2|
i€AQ
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I

[T (x4 x (x4 x X72))
i€AQ

[T (x* x (X x x)%2)
i€Ap

>~ Ag x XA x (X x X)A2,

12

for all X € Obj(Sets). O

Exercise 2.2.5
Check that finite arity functors correspond to simple polynomial functors in the construction of which
all constant functors X — A and exponents X have finite sets A.

Solution. Let finSPF be this class of simple polynomial functors. Clearly finite arity functors are in
finSPF. The proof that all functors in finSPF are of finite arity proceeds by induction on the structure
of functors in finSPF, much along the lines of the proof of Proposition 2.2.3. O

Exercise 2.2.6

Consider an indexed collection of sets (A;)icr and define the associated ‘dependent’ polynomial functor
Sets — Sets by

X [[XYM={GflicInf: Ai— X}
el
1. Prove that we get a functor in this way; obviously by Proposition 2.2.3, each polynomial functor
s of this form, for a finite set A;.

2. Check that all simple polynomial functors are dependent — by finding suitable collections (A;)icr
for each of them.

(These functors are studied as ‘containers’ in the context of so-called W-types in dependent type theory
for well-founded trees; see for instance Abbott, Altenkirch, and Ghani (2003a), Abbott, Alternkirch, and
Ghani (2005), and Moerdijk and Palmgreen (2000).

Solution.

1. The functor X — [T,; X4 maps a function g: X — Y to the function
[Tx% G- Gane][Y™
el el
Functoriality follows from the associativity of function composition.

2. We induct on the complexity of simple polynomial functors.

The identity functor idgets is the dependent polynomial functor associated with the collection
(Ai)iel = (1)iel-

The constant functor at A € Obj(Sets) is the dependent polynomial functor associated with
the collection (A;)ier = (0)icAa-

If F and G are both simple polynomial functors and we inductively have FX = [[,.; X Ai
and GX = HJEJXBJ‘ for all X € Obj(Sets), then (F' x G)(X) = [] XA+B; for all
X € Obj(Sets).

If (F})ier is an I-indexed collection of simple polynomial functors, say with F; X =[] jeJ; XA

. . A A
for all X' € Obj(Sets), then ([[;c; Fi)(X) = [L;e; ;e , X7 = H(iaj)ELL-ez g, XA, O

i,j)elxJ
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Exercise 2.2.7

Recall from (2.13) and (2.14) that the powerset functor P can be described both as a covariant functor
Sets — Sets and as a contravariant one 2(7): Sets? — Sets. In the definition of Kripke polynomial
functors we use the powerset P covariantly. The functor N = PP: Sets — Sets is obtained by using
the contravariant powerset functor twice — yielding a covariant, but not Kripke polynomial functor.
Coalgebras of this so-called neighbourhood functor are used in Scott (1970) and Montague (1970) as
models of a special modal logic (see also Hansen, Kupke, and Pacuit (2009) and Hansen, Kupke, and
Leal (2011) for the explicitly coalgebraic view).

1. Describe the action N(f): N(X) = N(Y) of a function f: X — Y.

2. Try to see a coalgebra ¢c: X — N (X) as the setting of a two-player game, with the first player’s
move in state x € X given by a choice of a subset U € c¢(x) and the second player’s reply by a
choice of successor state ' € U.

Solution.

1. Fix a function f: X — Y. The function Pf: PY — PX, where P: Sets®® — Sets denotes the
contravariant powerset functor, is given by

(Pf)(B)=f"(B)={zeX: f(z) € B},
for all B € PY. So the function N f: NX — NY is given by
NI() = (PPf)()
=(Pf)"H(«)
={BePY:(Pf)(B)e <}
={BePY:f (B e},
for o e NX = PPX.
2. Just read the question as described. O
Exercise 2.2.8

1. Notice that the behaviour function beh: S — BA" from (2.23) for a deterministic automaton
satisfies:

beh(z)(()) = e(x)

=b where x | b
beh(z)(a - o) = beh(d(x)(a))(o)
= beh(z')(o) where © 2 2.

2. Consider a homomorphism f: X — Y of coalgebras/deterministic automata from X — X4 x B
and Y — Y4 x B and prove that for all z € X,

behy(f(x)) = behy(x)

92



Solution. Recall that A* denotes the set of all finite sequences of elements of A. Furthermore, recall

that for a coalgebra S —@9—) S4 x B, the behaviour function beh: S — BA” is defined by

beh(z) := Ao € A*.(¢(6"(z,0))), forall x € S,

where 6*: S x A* — S is defined by

0 (x, 1) = {a:, if =10,

*(d(z)(a),0), if 7=a-o for some a € A and o € A*,
for all (z,7) € S x A*.

1. Fix x € S. Suppose that z | b and z % 2/, i.e. e(z) = b and 2’ = §(z)(a). Then

beh(z)(()) = €(6*(z,()))

= ¢(x)
=b.
Moreover, for (a,0) € S x A*, we have
beh(z)(a - o) = €(6*(z,a - 7))
= €(6"(6(z)(a), 0))
= beh(4(z)(a))(0)
= beh(z')(o).

2. Now fix coalgebras X M) XAxBandY M Y4 x B, and fix a homomorphism of coalgebras

f: (X, (01, e1)) — (Y, (62, €2)). We have the commuting diagram

fAXidB

XA x B YAx B
<61761)[ [(52752>
X 7 s Y

in Sets, where the notation f4 was introduced in our solution to Exercise 2.1.8.3. This diagram
commuting says that (52(f(x)), e2(f(x)) = (fA(01(x)),1(x)) for all z € X. Also, the associated
behaviour functions beh; : X — BA" and behy: Y — BA” satisfy

behy(z)(0) = €1(d1(z,0)) and  beha(f(x))(0) = €2(02(f(2),0))

for all x € X and 0 € A*. We will prove, by induction on the length of o, that beh;(z)(c) =
beha(f(z))(o) for all z € X and o € A*. This will yield beh; (z) = beha(f(x)) for all z € X.

For the base case of the induction, we have

behy (2)(()) = e1(x) = e2(f(x)) = beha(f(2)(()),

for all x € X, using Exercise 2.2.8.1 and the fact that f is a homomorphism of coalgebras.
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Now, suppose inductively that a given o € A* satisfies beh;(z)(c) = beha(f(x))(o) for all
x € X. Using Exercise 2.2.8.1 again we have

beh;(z)(a - o) = beh; (61 )
= behy (f(01(z)(a ) (o), by the inductive hypothesis,
= behy fA ) a))(o), by definition of f4: X* — y4,
= behy ((52( a)) (o), since f is a homomorphism of coalgebras,
= behy(f(z))(a- o)
for all a € A. O

Exercise 2.2.9
Check that the iterated transition function 0*: S x A* — S of a deterministic automaton is a monoid
action — see Exercise 1.4.1 — for the free monoid structure on A* from Ezercise 1.4.4.

)

Solution. The identity element of the monoid A* is the empty sequence (), and we indeed have §*(x, ()) =
x for all z € S. We now prove that

0 (x,o0-7)=0"(6"(x,0),7)

for all x € S and finite sequences o, 7 € A*. This will be proven by induction on the length of o.
If o0 = (), then
5" (, () - 7) = 6" (,7) = 07(67(, (), 7),
for all x € S and 7 € A*, where we have used that z = 0*(x, ()) in the second equality. Now suppose
inductively that a given o € A* satisfies 6*(z,0 - 7) = §*(6*(x,0),7) for all z € S and 7 € A*. Then,
for any a € A, we have

d(x)(a),o - 1), by definition of ¢*,
§(z)(a),0),7), by the inductive hypothesis,
x,a-0),T), by definition of §*,
as desired. O
Exercise 2.2.10
Note that a function space S° carries a monoid structure given by composition. Show that the iterated

transition function 8* for a deterministic automaton, considered as a monoid homomorphism A* — S%,
is actually obtained from & by freeness of A* — as described in Exercise 1.4.4.

Solution. We know that we can consider the transition function & as a function from A to S°. This lets
us consider the iterated transition function as a function from A* to S°, given by

5 (r) = {idg, if 7= (),

0*(o0)od(a), if 7=a-o for some a € A and o € A*,

for all 7 € A*. The associativity of function composition implies that ¢*: A* — S° is a monoid
homomorphism. So, the diagram

SS’
6*

A—F A
a—(a)

o4



in Sets commutes. By Exercise 1.4.4.3, the homomorphism §*: A* — $° must be the unique homo-
morphism obtained from § by freeness of A*. O

Exercise 2.2.11

Constider a very simple differential equation of the form df /dy = —C'f, where C' € R is a fized positive
constant. The solution is usually described as f(y) = f(0) - e~CY. Check that it can be described as a
monoid action R x R>o — R, namely (x,y) — ze Y, where R>q is the monoid of non-negative real
numbers with addition +,0.

Solution. Let p: R x Rsg — R be defined by pu(z,y) = ze~Y for all (,y) € R x Rsg. Then, for all
x € R, we have

w(z,0) = ze 90 = ze = 2.

Furthermore, for all z € R and y1,y2 € R>¢, we have

sy + ) = e O = (e e = (e, ) ).
So i describes a monoid action of R>g on R. O

Exercise 2.2.12

Let Vect be the category with finite-dimensional vector spaces over the real numbers R (or some other
field) as objects, and with linear transformations between them as morphisms. This exercise describes
the basics of linear dynamical systems, in analogy with deterministic automata. It does require some
basic knowledge of vector spaces.

1. Prove that the product V- x W of (the underlying sets of ) two vector spaces V' and W is at the same
time a product and a coproduct in Vect — the same phenomenon as in the category of monoids;
see FExercise 2.1.6. Show also that the singleton space 1 is both an initial and a final object. And
notice that an element x in a vector space V. may be identified with a linear map R — V.

2. A linear dynamical system (Kdlmdn, Falb, and Arbib, 1969) consists of three vector spaces: S
for the state space, A for the inpur and B for the output, together with three linear transformations:
an input map G: A = S, a dynamics F: S — S and an output map H: S — B. Note how the
first two maps can be combined via cotupling into one transition function S X A — S, as used for
deterministic automata. Because of the possibility of decomposing the transition function in this
linear case into two maps A — S and S — S, these systems are called decomposable by Arbib
and Manes (197}). (But this transition function S x A — S is not bilinear (i.e. linear in each
argument separately), so it does not give rise to a map S — SA to the vector space S4 of linear
transformations from A to S. Hence we do not have a purely coalgebraic description S — S4 x B
in this linear setting.)

3. For a vector space A, consider, in the notation of Arbib and Manes (197]), the subset of infinite
sequences:
A% = {a e AV | only finitely many a(n) are non-zero}.

Equip the set AS with a vector space structure, such that the insertion map in: A — A8, defined
as in(a) = (a,0,0,0,...), and shift map sh: AS — A3, given as sh(a) = (0,a(0),a(1),...), are
linear transformations. (This vector space AS may be understood as the space of polynomials over
A in one variable. It can be defined as the infinite coproduct 1], .y A of N-copies of A — which
is also called a copower and written as N - A; see Mac Lane (1978, III, 3). It is the analogue in
Vect of the set of finite sequences B* for B € Sets. This will be made precise in Ezercise 2./.8.)
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4. Consider a linear dynamical system A S 55 52 B as above and show that the analogue of
the behaviour A* — B for deterministic automata (see also Arbib and Manes (1975b, 6.3)) is the
linear map A% — B defined as

(ag,a1,...,an,0,0,...) r—)ZHFiGai.

i<n

This is the standard behaviour formula for linear dynamical systems; see e.q. Kdlmdan, Falb, and
Arbib (1969) and Arbib and Manes (1980). (This behaviour map can be understood as starting
from the ‘default’ initial state 0 € S. If one wishes to start from an arbitrary initial state x € S,
one gets the formula

(ag,a1,...,an,0,0...) — HF® g 4 ZHFiGai.
i<n
It is obtained by consecutively modifying the state x with inputs an, an—1,...,ap.)
Solution.

1. Our solution to Exercise 2.1.6 can be adapted to obtain a proof that finite products and coproducts
in Vect coincide.

For V' € Vect, any vector x € V can be identified with the linear map ¢,: R — V given by
vz(k) = kx. As R can be seen as a vector space over itself, the set homvyect (R, V') can be given a
vector space structure. The mapping V' 3 z — ¢, € homvect(R, V) is then a linear isomorphism.

2. This is just reading. There is no exercise here.

3. For a, f € A%, we define a + 8 € A by (a + B)(n) :== a(n) + B(n) for all n € N. Also, for o € AS
and k € R, we define ka € A3 by (ka)(n) := k- a(n) for all n € N. Together with the vector
(0,0,0,...), these equip A% with a vector space structure such that the insertion and shift maps
are linear maps.

4. Motivated by Equation (2.22) for deterministic automata, we define §*: A% — S by

5 () {0, if a = (0,0,0,...),
@ G(a(O))+F<5*((a(1),a(2),a(3),...)), otherwise,

for all & € AS. This is well-defined since each o € A% only has finitely many non-zero entries.
Then, motivated by Equation (2.23), we define beh: A — B by beh(a) = H(5*(a)) for all
a € AS. This agrees the formula as claimed. O
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2.3 Final Coalgebras

Exercise 2.3.1
Check that a final coalgebra of a monotone endofunction f: X — X on a poset X, considered as a
functor, is nothing but a greatest fived point. (See also Exercise 1.5.5.)

Solution. In a poset (X, <), the only isomorphisms are the identity morphisms. So there is only one
final coalgebra (up to equality, not just up to isomorphism), if it exists.

Suppose x € X is the (carrier of the) final f-coalgebra. Then x is a fixed point of f, by Lambek’s
lemma (see Lemma 2.3.3). Furthermore, letting A .= {y € X : y < f(y) } be the set of all f-coalgebras,
we have that x = max A. As every fixed point of f is also an f-coalgebra, this point £ must be the
greatest fixed point of f. O

Exercise 2.3.2
For arbitrary sets A, B, consider the (simple polynomial) functor X — (X X B)A. Coalgebras X —
(X x B)* of this functor are often called Mealy machines.

1. Check that Mealy machines can equivalently be described as deterministic automata X — X4 x B4
and that the final Mealy machine is BA+, by Proposition 2.5.5, where AT — A* is the subset of
non-empty finite sequences. Describe the final coalgebra structure BAT (BAJr x B)A eaplicitly.

2. Fiz a set A and consider the final coalgebra AN of the stream functor A x (—). Define by finality
an ‘alternation’ function alt: AN x AN — AN such that

alt(a0a1 <o, bgbrby - - ) = agbiasbsg - - - .

Prove by coinduction
alt(o, alt(71, p)) = alt(o,alt(r2, p)).

Thus in such a combination the middle argument is irrelevant.

3. Consider the set Z of so-called causal stream functions, given by
7 = {¢: ANy N ‘ Vn € NYa, o € AV,
(Vi < n.ai) = /(1)) = w(@)(n) = (@) (n) }.

For such a causal stream function 1, the output ¥ (a)(n) € B is thus determined by the first n+ 1
elements a(0),...,a(n) € A. Prove that Z yields an alternative description of the final Mealy
automaton, via the structure map (: Z — (Z x B)A given by

() (a) = (Ma € AN nap(a-a)(n+ 1), v(An € N.a)(0))

where a - o is prefizing to a € AN, considered as an infinite sequence.

For more information on Mealy machines, see Bonsangue, Rutten, and Silva (2008) and Hansen and
Rutten (2010).

Solution.

1. We can uniquely associate to each morphism X — (X x B)# a morphism X — X“ x B4, simply
because (X x B)4 = X4 x BA. Recall that A* is the set of all finite sequences of elements
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of A. By Proposition 2.3.5, the final Mealy machine, i.e. the final coalgebra of the functor
(—)4 x BA: Sets — Sets, is the coalgebra ¢: (BA)A" — ((BA)A*)A x B4 defined by

C(p) = (/\a € Ao € A" .p(a- o), go(())),

for all functions p: A* — BA. By currying and using the fact that A* x A = A%, we can
equivalently describe this coalgebra ¢: (B4)4" — ((BA)A*)A x B4 as the coalgebra (’: BAT
(BAT)A x BA defined by

('(¢) == (Ma € AXg € AT p(a-0), Aa € A.p({a))),

for all functions ¢: At — B. This yields the coalgebra ¢”: BA™ — (BA" x B)4 (of the functor
(=) x B)A: Sets — Sets) defined by

"(p) = Ma € A.()\a € At.p(a- o), <p((a>)),

for all functions ¢: AT — B. This (”: BAT (BA+ x B)4 is indeed the final Mealy machine:
given any other Mealy machine ¢: X — (X X B)A, the unique function f: X — BAT making the
diagram

(X x B)A 2B, (pat o pyA
c N]xcl/
At
X _________HIf _______ } B
in Sets commute must satisfy
ma(c(x)(a)), if 0 = (a) for some a € A,

f(z)=MXo € A+.{

f(mi(e(z)(a))(r), ifoc=a-7 for somea € Aand T € AT,
for all z € X, where X <~ X x B =% B are the relevant projection functions.

. Again, by Proposition 2.3.5, the final coalgebra v: AN — A x AN of the functor A x (—): Sets —
Sets is defined by

’V(O') = (UO) (01702703) oo ))
for all streams o = (09, 01, 09,03, ...) € AN. Now define a coalgebra c: AN x AN — A x (AN x AN)
by
C(Uv T) = (JOa ((7-1>7—27T3a s )7 (017 02,03, - )))7
for all streams o, 7 € AN with o = (09, 01,02,03,...) and 7 = (79,71, 72,73, ...). In other words,
writing v = (head, tail), where head: AN — A and tail: AN — AN are defined by

head(og,01,092,03,...) =09 and tail(og,o01,092,03,...) = (01,02,03,...)

for all 09, 01, 09,03, ... € A, we have c(o,7) = (head(c), (tail(7), tail(c))) for all (o, 7) € AN x AN,
Then we have the commuting diagram

A x (AN x ANy - J9aalt g o AN
CAI\ = |y = (head, tail)
AN AN L v AN
Jlalt



in Sets. This function alt: AN x AN — AN is our desired alternation function: indeed, the
commuting diagram above implies that

alt(o, 7) = head(o) - alt(tail(7), tail(o))
= head(o) - head(tail(7)) - alt(tail(tail(o)), tail(tail(r)))

=00 T1" a|t((0'2,0'3,...), (7’2,7'3,...))

for all (o,7) = ((00,(71,02,03,...), (70, T1, T2, T3, - )) e AN x AN,

Now let us show that alt(o,alt(r,p)) = alt(c,alt(r’,p)) for all o,7,7/,p € AN. In fact, we
will show that an even stronger result holds: alt(c,alt(r, p)) = alt(o, p) = alt(alt(o,7), p) for all
o,7,p € AN, Define a set R C AN x AN to be

R= { (alt(o,alt(r, p)), alt(c,p)) : o,7,p € AV } U { (alt(alt(o, 7), p), alt(c, p)) : 0,7, p € AV }
and define a function e: R — A x R by

e(alt(o,alt(7, p)), alt(, p)) = (head(e), (alt(alt(tail(p), tail(7)). tail(), alt(tail(p), tail(<)) )
and

e(alt(alt(0,7), p), alt(0, p)) = (head(0), (alt(tail(p), alt(tail(r), tail())), alt(tail(p), tail())) )

for all o,7,p € AN. Then, letting m,m2: R — AN be defined by m(x,y) = z and m(z,y) =y
for all (x,y) € R, we claim that the diagram

id 4 X id 4 x
Ax AN 94T Ay g SATT2 o A x AN

(head, tail)llk e /I}head, tail)

AN R » AN

1 2

in Sets commutes, i.e. 7 and 7y are both (A x (—))-coalgebra homomorphisms from (R, e) to the
final coalgebra (AN, (head, tail)). The right-hand square commutes because, as observed before,
tail(alt(c, p)) = alt(tail(p), tail(c)) for all o, p € AN. Using this observation, we also obtain the
equalities

alt(alt(tail(p), tail(7)), tail(o)) = alt(tail(alt(r, p)), tail(c)) = tail(alt(o, alt(r, p)))

and, similarly, alt(tail(p), alt(tail(7), tail(c))) = tail(alt(alt(c, 7), p)), for all o, 7, p € AN. These im-
ply that the left-hand square in the diagram above commutes. Now, the finality of (AN, (head, tail))
in CoAlg(F) implies m; = ma. Therefore R C { (0,0) : 0 € AN}, giving us our result.

. Fix any ((—) x B)?-coalgebra ¢: X — (X x B)4 and let X <~ X x B % B be the relevant
projections. Any ((—) x B)“-coalgebra homomorphism f: (X,c) — (Z,¢) must satisfy ¢ o f =
(f xidp)? o ¢, or equivalently,

f(@)({a,a,a,...))(0) = m2(c(x)(a)) and
F@)(a-a)n+1) = £(m(c(x)(a)) ) (@)(n)
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forallz € X, a € A, a € AY, and n € N. In this case, for any € X and a € AN, if we write
a=a-a wherea € A and o € AN, then we must have

f(@)(@)(0) = f(z)({a,a,a,...))(0) = m(c(z)(a)),

where the first equality follows from the definition of Z. Furthermore, if, for some n € N, we
already know all the values of f(y)(8)(n) for all y € X and B € AN, then

f@)(@)(n+1) = fx)(a-a')(n+1) = f(m (C(w)(a))) (@)(n).

These uniquely determine the ((—) x B)#-coalgebra homomorphism f: (X,c) — (Z,¢). O

Exercise 2.3.3

Assume a category C with a final object 1 € C. Call a functor F: C — C affine if it preserves the
final object: the map F(1) — 1 is an isomorphism. Prove that the inverse of this map is the final F-
coalgebra, i.e. the final object in the category CoAlg(F'). (Only a few of the functors F' that we consider
are affine; examples are the identity functor, the non-empty powerset functor, or the distribution functor
from Section 4.1. Affine functions occur especially in probabilitistic computation.)

Solution. Let 1 %) F1 be an isomorphism. Given any other F-coalgebra A = F'A, the unique morphism

A i> 1 is a homomorphism of coalgberas: the diagram

ra -

aT %T(
in C commutes simply because F'1 is also a final object. O

Exercise 2.3.4

Let Z be the (state space of the) final coalgebra of the binary tree functor X — 1+ (A x X x X). Define
by coinduction a mirror function mir: Z — Z which (deeply) exchanges the subtrees. Prove, again by
coinduction, that mir o mir = idz. Can you tell what the elements of Z are?

Solution. Specifying a coalgebra f: X — 14 (A x X x X) is equivalent to specifying a set ker(f) = {x €
X : f(z) € 1}, afunction fa: X \ker(f) — A, and two more functions f1, fa, : X \ ker(f) — X. In this
situation, we can form a function (f4, fi1, fo): X \ ker(f) - A x X x X mapping each z € X \ ker(f)
to the triple (fa(x), fi(x), f2(x)) € A x X x X, so that

fa) = {*, if € ker(f),
(fA(x)vfl(x)’fQ(x))v ifze X\ker(f)

for all z € X, where * is the unique element of 1.
Fix aset A, and let Z é 1+(Ax Z x Z) be the final coalgebra of the endofunctor X — 14+(Ax X x X)

on Sets. The coalgebra Z C—/> 1+ (A X Z x Z), defined by ker(¢’) = ker(¢), ¢4 = Ca, (] = (2, and

¢b == (1, admits a unique coalgebra homomorphism (Z, (") — (Z, () by the finality of (Z, (). That is,
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we have the commuting diagram

1+(AxZ Z) ———————————————— +(Ax Zx2Z)
¢ ~I¢
Z e S T »Z

in Sets. Then, given a state z € Z, we have that z € ker(¢) if and only if mir(z) € ker(¢). Furthermore,
given a state z € Z \ ker(¢), we have (Ca(2),C1(mir(2)), G2(mir(2))) = (Ca(2), mir(Cz(2)), mir(Ci())).

Therefore, for any binary tree 1" arising from the coalgebra Z 51 + (A X Z x Z) starting from an initial
state z € Z, the tree which arises by starting from mir(z) will be the tree T' but with all subtrees deeply
exchanged.

Now, it is easy to check that the square

id14(id 4 X mirxmir)

1+ (Ax Zx Z) 1+ (Ax Zx Z)
¢|= ¢
Z > Z

mir
in Sets also commutes, making mir also a coalgebra homomorphism from (Z,¢) to (Z,{’). Thus we

have a coalgebra homomorphism (Z, () miromir (Z,¢), which must be equal to idz by the finality of

(Z,Q).
The set Z is the collection of all (finite and infinite) binary trees. The map ¢ sends the empty binary

tree to the unique element in 1, and ¢ sends a non-empty binary tree / \ , where

a € A and T} and Ty are binary trees, to the triple (a,77,7%). O

Exercise 2.3.5

Recall the decimal representation coalgebra nextdec: [0,1) — 1+ ({0,1,...,9} x [0,1)) from Ezam-
ple 1.2.2, with its behaviour map behpextdec: [0,1) — {0,1,...,9}°°. Prove that this behaviour map is
a split mono: there is a map e in the reverse direction for which we have e o behpeytdec = id[oyl). (The
behaviour map is not an isomorphism, because both numbers 5 and 49999 - - -, considered as sequences
in {0,1,...,9}°°, represent the fraction % € [0,1). See other representations as continued fractions in
Pavlovié and Pratt (2002) or Niqui (2004) which do yield isomorphisms.)

Solution. Definee: {0,...,9}* —[0,1) by e(o) == > 2, {g& for all infinite sequences o = (09, 01,...) €
{0,...,9}°°, and analogously for finite sequences with finite sums. Following on from the notation of

Exercise 1.2.1, we have

e(behpextdec(0)) = e(next ( idg1y U (idgo,.. 9 X behnextdec)) (nextdec(O))))

= e(next ( ld{J_} U 1d{0 9} X behnextdeC))(J—)>)
= e(next (L))
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=¢((0,0,...))
=0.

Also, for any r = >">° | 7= € (0,1), with r1,79,--- € {0,...,9}, we have
e(behpextdec (1)) = e(next_1 ((id{L} U (idy,.. 0y X behnextdec)) (nextdec(r))))

= e(next1 <(1d{J_} U (id{[)’...’g} X behnextdec)) ((7‘1, 10r — 7‘1)))>

= e(next*1 (rl, behpextdec (107 — rl)))
= e(rl - behpextdec (107 — 7"1))
] 1 > Tn+1
=10 + 10°¢ <behnextdec <; W))
=r.
Thus e o behpextdec = id[0,1)~ Ul

Exercise 2.3.6
This exercise is based on Jacobs (1996, lemma 5.6).

1. Fix three sets A, B, C, and consider the simple polynomial functor
X — (C+ (X x B)A.
Show that its final coalgebra can be described as the set of functions

Z={pe(C+B)* |VoecAtVce Cyp(o)=r(c)=
V1 e A% .p(o-7) =ki(c) }.

Once such functions ¢ € Z hit C, they keep this value in C. Here we write AT for the subset of

A* of non-empty finite sequences. The associated coalgebra structure C: Z =N (C+(Z x B))A is
given by

o) — k1(c) if p({a)) = k1(c)
(p)(a) {Fag((p’,b) if o({a)) = Ka(b) where ¢/ (o) = o(a- o).

2. Check that the fact that the set B> of both finite and infinite sequences is the final coalgebra of
the functor X — 1+ (X X B) is a special case of this.

3. Generalise the result in (1) to functors of the form
X = (C1 4 (X x Bp)M x -+ x (Cp + (X x Byp))™n
using this time as state space of the final coalgebra the set
{go € (C+ B | vo e A* i <n.

Va € A;.p(o - ki(a)) € k1[ki[Ci]] V ¢(0 - ki(a)) € keolki[Bi]
AYc € Ci.o # () Np(o) = k1(ki(c))

=Vr e A% .p(o- 1) = Kk1(ki(c)) }

where A=Ay +---+ A, B=B1+---+B, andC=C1+---+C,.
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4. Show how classes as in (1.10) fit into this last result. Hint: Use that S+ (S x E) = (S x 1) +
(S x E) =S x (14 E), using distributivity from Ezercise 2.1.7.

Solution. Without loss of generality, we shall assume that all coproducts are simply disjoint unions,
so that we may say X C X +Y and Y C X 4+ Y for any sets X and Y. This lets us drop all the
coprojection morphisms X 5% X +V <2 Y and (for instance) simply write z € X C X +Y whenever
we mean k1(z) € X +Y, for all z € X.

1. Fix an arbitrary (C + ((—) x B)%-coalgebra ¢: X — (C + (X x B))?. Any function h: X — Z
making the diagram

(idg+(hxidg))4

(C+ (X xB)A (C+(Zx B)4

X - A

in Sets commute must satisfy all of the following,.

(a) Forall z € X and a € A:
(i) if £()(a) € C then h(z)((a)) = &(2)(a);
(ii) if £(x)(a) € X x B then, writing (2/,b) == &(x)(a), we have h(z)({(a)) = b.
(b) Forallz € X, 0 € AT, and a € A:
(i) if £(z)(a) € C then h(x)(a - o) = h(z)({a));
(i) if&(z)(a) € X x B then, writing (2/,b) := &(x)(a) € X x B, we have h(z)(a-c) = h(z')(0).
These requirements inductively define a unique h(x) € Z for all z € X.

2. Taking A =C =1 in part (1) gives

Z=2{pec(1+B)N : foralln €N, if p(n) €1 then p(n+1) €1}
=~ B*°.

3. Fix a natural number n > 1, fix sets Ay,...,A,, Bi,...,By,,C1,...,Cp, and let A == >"7" | A;,
B :=3%" B;and C =) C;. Let F: Sets — Sets be the functor defined on objects by
FX = (Cy + (X x B))" x - x (Cp, + (X x By))4 for all sets X.

Let Z be the set of all functions ¢: AT — C + B satisfying the following property: for o € A*,
i€{l,...,n}, and a € A;, we have ¢(0-a) € B; + C;; furthermore if 0 € AT and ¢(o) € C;, then
o(o-a) = ¢(0). Define (: Z — FZ by stipulating that for all ¢ € Z and ¢ € {1,...,n}, the i-th
component of the tuple ((¢) is the function which maps an element a € A; to

e((a)), if ¢((a)) € Ci,
(¢',b), if p({a)) =be B;and ¢': AT — C + B is defined by ¢/(0) :== ¢(a- o) for all 0 € A*.

We can prove that (Z, () is the final F-coalgebra similarly as in part (1). The unique F-coalgebra
homomorphism h from an arbitrary F-coalgebra (X,§) to (Z,() must map each x € X to the
function h(x) € Z defined as follows.
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4.

(a) For all a € A, letting ¢ € {1,...,n} be such that a € A;,
(i) if the i-th projection of £(z) maps a to some ¢ € C;, then we define h(x)((a)) = ¢;
(ii) if the i-th projection of £(z) maps a to some (z/,b) € X x B;, then we define h(z)({a)) =
b.
(b) For all o € A" and a € A, letting i € {1,...,n} be such that a € A;,
(i) if the i-th component of £(z) maps a to some ¢ € C;, then we define h(z)(a - o) = ¢;
(ii) if the é-th component of £(z) maps a to some (2/,b) € X x B;, then we define h(z)(a-0) =
h(z") (o).
The codomain of each method meth;: S — {L} USU (S x E) is isomorphic to 1 + (S x (1 + E)),
making meth; a (1+ ((—) x (1 + E))-coalgebra. Each attribute at;: S — D; can also be viewed as

the coalgebra of a constant functor; constant functors are subsumed by part (1). Combining all
the attributes and methods together gives a coalgebra of a functor as in part (3). O

Exercise 2.3.7
For a topological space A consider the set AN of streams with the product topology (the least topology
that makes the projections m,: AN — A continuous).

1.
2.
3.

Check that the head: AN — A and tail: AN — AN operations are continuous.
Prove that the functor A x (—): Sp — Sp has AN as the final coalgebra.

Show that in the special case where A carries the discrete topology (in which every subset is open)
the product topology on AN is given by basic open sets T o = {o-7 |1 € AN}, for 0 € A* as in
Example 2.3.10.

Solution.

1.

The function head: AN — A is one of the projections, so it is continuous by definition of the
product topology. For an open set U C AN, the preimage of U under the function tail: AN — AN
is { (a,u1,u2,us,...):a € A and (uy,uz,us,...) € U} = A x U, which is open.

The structure map on the desired final coalgebra is the same as in the case when the underlying
category is Sets. That is, (A", (head, tail)) is the final coalgebra of A x (—): Sp — Sp. To check
this, we just need to check that the unique behaviour function beh,, as obtained in Sets, from an
(A x (—))-coalgebra (X, c) to (AN, (head, tail)) is also continuous.

The function beh.: X — AN is defined by
beh.(z) = a - beh.(2"), where c¢(z) = (a,z’)

for all z € X. Write ¢ = (ca, cx). Fix any basic open subset U = [[32, U,, of AN, where each U,
is a basic open subset of A, and there exists N € N such that U,, = A for all n > N. Then

N N
beh; 1 (U) = {z € X :beh(z) e U} = ﬂ {zeX:ca(ck(z)elU,} = ﬂ ((caock) HU)),
n=0 n=0

so beh1(U) is open in X.

If A carries the discrete topology, then the topology of AN is generated by the sets [1,2o Un where
each U, is a subset of A, and there exists N € N such that U,, = A for all n > N. It is clear that
we can rewrite these sets [[°7, U, as unions of sets of the form o 1 with o € A*. O
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Exercise 2.3.8
1. Note that the assignment A — AN yields a functor Sets — Sets.

2. Prove the general result: consider a category C with a functor F: C x C — C in two variables.

Assume that for each object A € C, the functor F(A,—): C — C has a final coalgebra Z 4 =N
F(A,Z4). Prove that the mapping A — Z4 extends to a functor C — C.

Solution.
1. We have already noted this for categories with exponents in our solution to Exercise 2.1.8.3.
2. For Ae C,let Z4 é) F (A, Z4) denote the final F'(A, —)-coalgebra. For a morphism A I Bin C,

z
we define Z4 —% Zp to be the unique F(B, —)-coalgebra homomorphism from (Z4, F(f,idz,) o
Ca) to (Zp,(B).

F(B,Zs) _FQds,Zy) F(B, Zp)
F(f,idzA)T
F(A, Zy) =~|¢p
e
Za s Sz, 2B

If A= B and f =1ida, then F(f,idz,) o (4 = F(ida,idz,) o4 = idF(A,ZA) 0(a = C(a, so that
we obtain Ziq, =idz, by finality of (Z4,(4) in CoAlg(F(A,—)).

If we have two morphisms A L B% Cin C, then we have the commuting diagram

F(idg,Z ide,Z
F(C, Z4) 922D p(o, 7y LY | bz,
F(gaidZA) F(gzidZB)
F(idp,Z
F(B, Z4) (ids Zs) F(B,Zp)
~ (o
F(fvidZA)
F(A, ZA) ~|(¢B
Ca |
Za 7 75 7 s Zo

in C, making Z,0Z; an F(C, —)-coalgebra homomorphism from (Z4, F(gf,idz,)oCa) to (Zc, ().
The finality of (Z¢, (¢) in CoAlg(F(C,—)) then implies that Z, o0 Zy = Zy. O
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2.4 Algebras

Exercise 2.4.1

Check that the set NU{oo} of extended natural numbers is the final coalgebra of the functor X — 1+ X,
as a special case of finality of A® for X — 14 (A x X). Use this fact to define appropriate addition
and multiplication operations (NU {oo}) x (NU {oo}) = NU {oo}; see Rutten (2000).

Solution. That NU{oo} is the carrier of the final coalgebra of the functor 1+ (—): Sets — Sets follows
from the fact that 1°° = NU {co} in Sets.

Let * be the unique element in 1. The structure map pred of the final coalgebra of 1+ (—): Sets —
Sets will:

1. map 0 to x;
2. forn € N, map n+ 1 to n;
3. map oo to oo.

Define ¢: (NU {oo}) x (NU{o0}) = 1+ ((NU{oo}) x (NU{o0})) by

*, ifx=y=0,

(00, 00), if x =0 or y= o0,
(pred(z),y), ifz,y € Nand z >0,
(x,pred(y)), ifz=0,y € Nandy>0,

for all (z,y) € (NU{oo}) x (NU {oo}). Then there is a unique (1 + (—))-coalgebra add from ((NU
{o0}) x (NU{o0}),c) to (NU {0}, pred).

id1+add

I+ ((NU{oo}) x (NU{o0})) ~=----m""mm » 14+ (NU{oo})
c)[ N)‘\pred
(NU {o0}) x (NU {o0}) ~———-nrrv e > NU {o0}

This function add: (NU {oo}) x (NU{o0}) = N U {co} works as our addition operation. Indeed, the
equation pred(add (oo, o0)) = add(oco, 00) from the commuting diagram implies that add (oo, 00) = oc.
The other properties we expect from addition on N U {oco} then follow.

Now define d: (NU {o0}) x (NU{o0}) = 1+ ((NU{oo}) x (NU{o0})) by

*, ifxr=0o0ry=0,
d(z,y) == 4 (00, 0), if  #0+# y, and x = oo or y = o0,
(pred(z),pred(z)), ifzr,y e Nandz =y >0,

Now define d: (NU {o0})? = 1+ ((NU {c0})? as follows:
1. if x =0, and y = 0 or z = 0, then d(z,y, 2) = *;
2. if x =0, both y # 0 and z # 0, and y = o0 or z = o0, then d(z,y, z) = (00,0, 0);

3. if x =0 and y,z € N\ {0}, then d(z,vy, z) := (add(pred(y), pred(z)), pred(y), pred(z));
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4. if x = oo, then d(z,y, z) = (00,0, 0);
5. if . € N\ {0}, then d(x,y, z) :== (pred(x),y, 2).

We obtain a unique (1 4 (—))-coalgebra homomorphism premult: (N U {o0})3,d) — (NU {oo}, pred).
This function premult will intuitively satisfy premult(x,y, z) = x + yz for all z,y,z € NU {oco}. Then
we can define the desired multiplication operation mult: (N U {o0}) x (NU {c0}) — N U {oco} by
mult(y, z) = premult(0, y, z) for all (y,z) € (NU {oo}) x (NU {oc0}). O

Exercise 2.4.2
Define an appropriate size function BinTree(A) — N by initiality.

Solution. Fix a set A. The set BinTree(A) of finite binary trees with nodes labelled by elements of A is
the carrier of the initial algebra of the functor 1+ ((—) x A x (—)): Sets — Sets. The structure map of
this initial algebra is [nil, node], which is defined in Example 2.4.5. Define the (1+((—)x A x (—))-algebra
a: 1+ (Nx AxN)— N by

a(x
a(n,a,k

=0, where * is the unique element in 1,
=n+k+1, forall (n,a,k) e Nx AxN.

)

)
Then there is a unique (1 + ((—) x A x (—)))-algebra homomorphism size: (BinTree(A), [nil, node]) —
(N, ). Then, for T' € BinTree(A), the number size(7") will equal the number of nodes in 7. O

Exercise 2.4.3
Consider the obvious functions even,odd: N — 2 = {0,1}.
1. Describe the two algebra structures 1 +2 — 2 for the functor F(X) =1+ X that define even and
odd by initiality.
2. Define a single algebra 1+ (2 X 2) — 2 x 2 that defines the pair (even,odd) by mutual recursion,
that is via even(n + 1) = odd(n).

Solution. The function even sends an even natural number to 1 and an odd natural number to 0. The
odd function sends an odd natural number to 1 and an even natural number to 0. We will define these
using the initiality of the (1 4 (—))-algebra (N, [0, S]).

1. Define e,0: 14+ 2 — 2 by

e(x) =1, where % is the unique element in 1,
o(x) =0,

e(0) == 0(0) :== 1,

e(l) ==o(1) == 1.

Then even is the unique (1 + (—))-algebra homomorphism from (N, [0,S]) to (2,e), whereas odd
is the unique (1 4 (—))-algebra homomorphism from (N, [0, S]) to (2, o).

2. Define a: 1+ (2 x2) -2 x 2 by

a(x) = (1,0),
a(0,0) = (0,0),
a(1,0) = (0,1),
a(0,1) = (1,0),
a(l,1) = (1,1).

Then (even,odd) is the unique (1 + (—))-algbera homomorphism from (N, [0, S]) to (2 x 2,a). O
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Exercise 2.4.4
Show, dually to Proposition 2.1.5, that finite products (1, x) in a category C give rise to finite products
in a category Alg(F) of algebras of a functor F: C — C.

Solution. We define a functor F°P: C°P? — C°P by the same data used to define F. An F-algebra
will then be precisely an F°P-coalgebra, and so (Alg(F))°? = CoAlg(F°P). If C has finite products,
then C°P has finite coproducts, and so CoAlg(F°P) has finite coproducts by Proposition 2.1.5. So the
category (Alg(F))°P has finite coproducts, meaning the category Alg(F') has finite products. O

Exercise 2.4.5

Define addition +: N x N — N, multiplication -: N x N — N and exponentiation (—)(_): NxN—= N
by initiality. Hint: Use the correspondence (2.11) and define these operations as functions N — NN,
Alternatively, one can use FExercise 2.5.5 from the next section.

Solution. Define a: 1+ NN — NN by

a(x) = Mk € N.k, where * is the unique element in 1,
a(f) =M € N.(1+ f(k)), forall fe NV,

The unique (1 + (—))-algebra homomorphism add: (N, [0,S]) — (NN, a) satisfies
add(0)(k) =k and add(n+ 1)(k) =a(add(n))(k) =1+ add(n)(k)

for all n,k € N. Then add(n)(k) =n + k for all n,k € N.
Next, define m: 1 + NN — NN by

m(x) = Mk € N.0,
m(f) = Mk € N.(k + f(k)), for all f € NV,

The unique (1 + (—))-algebra homomorphism mult: (N, [0,S]) — (NV, e) satisfies
mult(0)(k) =0 and mult(n + 1)(k) = m(mult(n))(k) = k + mult(n)(k)

for all n,k € N. Then mult(n)(k) = n -k for all n,k € N.
Finally, define e: 1 + NN — NN by

e(x) == Ak € N.1,
e(f) =Mk € N.(k- f(k)), forall fe NV

The unique (1 + (—))-algebra homomorphism exp: (N, [0,S]) — (NV ¢) satisfies
exp(0)(k) =1 and exp(n+1)(k) =e(exp(n))(k) =k -exp(n)(k)
for all n,k € N. Then exp(n)(k) = k™ for all n,k € N, with the convention that 0° = 1. O

Exercise 2.4.6
Complete the proof of Proposition 2.4.7.
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Solution. Recall that Proposition 2.4.7 asserts that for a category C, an endofunctor F': C — C, an
initial F-algebra F A %) A, an object X € C such that the product X x A exists, and a morphism

F(X x A) h x , there is a unique morphism A Iy X such that the diagram

FA 5N gy
o | = h
A - X

in C commutes. )

For the proof, we first let F(X x A) "y X x A be the morphism /' := (h, a(Fmy)), where X <+
X x A 2 A are the associated projections to the product X x A. So we get a unique F-algebra
homomorphism (A4, a) LA (X x A, 1/). We thus obtain the commuting diagram

FA—FF P(X xA)
Fmo
o= (h, a0 Fma) FA
h
A k/ s X x A ~la
/ x
X A

in C, from which we see that mok is an F-algebra homomorphism from the initial F-algebra (A, a) to
itself. So mok = id 4. Taking f := w1k gives the desired commmuting square, since

fa=hoFk=hoF(mk,mk)=hoF(f idy).
Given any other morphism A % X satisfying go = h o F(g,id4), then

(h,ao Fmy) o F(g,ida) = (ho F(g,ida),a 0 Fry o F{g,id4))
go, a0 idpa)
go, @)

g,ida) o a,

=
=
=
=
and so (g,id4) is an F-algebra homomorphism from (A, a) to (X x A,h'). So we get (g,id4) = k by

the initiality of (A, «) in Alg(F), and thus g = mk = f. O

Exercise 2.4.7 (‘Rolling lemma’)
Assume two endofunctors F,G: C — C on the same category. Let the composite FG: C — C have an
initial algebra o: FG(A) = A.

1. Prove that also the functor GF: C — C has an initial algebra, with G(A) as the carrier.
2. Formulate and prove a dual result, for final coalgebras.

Solution.
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1. For any GF-algebra GF'X LN X, there is a unique F'G-algebra homomorphism (A, «) LN (FX,Fp).

Then (GA,Ga) 22

diagram

(X, ) is a GF-algebra homomorphism, due to the commutativity of the

GFGA —CFGh , ararx — %%, GFx

Go|= Gp B

in C. Given any other GF-algebra homomorphism (GA, Ga) LA (X, ), the diagram

FG(Fkoa™1)
_—

FGA FGFX

o Fp

in C commutes, making (A, ) M (FX, Fp) an FG-algebra homomorphism. Indeed,

FBoFG(Fkoa™)=F(BoGFkoGa™)=Fk= (Fkoa ') oa,

where the middle equality follows from (GA, Ga) LN (X, B) being a GF-homomorphism. As (4, «)
is the initial F'G-algebra, we obtain Fk o a~! = h. Therefore
k=B0GFkoGa ' =BoG(Fkoa™t)=B0Gh.

Therefore (GA, Ga) is the initial GF-algebra.

. The dual statement says the following: if we are given two endofunctors F,G: C — C on the same

category such that there is a terminal F'G-coalgebra, then there is also a terminal G F'-coalgebra.

For the dual proof, suppose we are given a terminal F'G-coalgebra A % FGA and we are given

an arbitrary GF-coalgebra X 4 GFX. Then there is a unique F'G-coalgebra homomorphism
(FX,Fd) LN (A, ¢), from which we obtain a G F-coalgebra homomorphism (X, d) Ghed, (GA,Ge).
Any other G F-coalgebra homomorphism (X, d) LN (GA, Ge) will yield an FG-coalgebra homomor-

phism (FX, Fd) clofk, (A, c), from which it follows that ¢! o Fk = h and hence k = Ghod. [

Exercise 2.4.8

This ezercise illustrates the analogy between the set A* of finite sequences in Sets and the vector space
A in Vect, following Exercise 2.2.12. Recall from Ezample 2.4.6 that the set A* of finite lists of
elements of A is the initial algebra of the functor X — 1+ (A x X).

1.

For an arbitrary vector space A, this same functor 1+ (A x id), but considered as an endofunctor
on Vect, can be rewritten as

1+ (AxX)= Ax X because 1 € Vect is the initial object

~ A+ X because x and + are the same in Vect.

Prove that the initial algebra of this functor A + id: Vect — Vect is the vector space A% with
insertion and shift maps in: A — A% and sh: AS — AS defined in Exvercise 2.2.12.5.

70



2. Check that the behaviour formula from FExercise 2.2.12.J for a system A B xS x 2L pis
obtained as H o intpg): A% — B using initiality.

3. Show that the assignment A — A8 yields a functor Vect — Vect. Hint: Actually, this is a special
case of the dual of Exercise 2.3.8.

Solution.

1. Fix an arbitrary (A + (—))-algebra [o, 3]: A+ V — V. Any linear map f: A% — V making the

diagram
A AS At a4y
[in,sh] | = [, 8]
§
A 7 %4

in Vect commute will have to satisfy both of the following:

(a) we must have f(04,04,04,...) = Oy, where 04 and Oy are the zero vectors in A and V'
respectively, since f is a linear map;

(b) for v = (vg,v1,v2,...) € AS and a € A, we must also have

f(in(a) + 45 sh(v))
f(in(a)) +v f(sh(v))
a(a) +v B(f(v)),

f(G,UO,Ul,UQ,. )

where + 45 and 4y are the vector addition operations on A% and V respectively, with the
former defined in our solution to Exercise 2.2.12.3.

As any tuple in v = (vg, v1,va,...) € AS must be such that v,, = 04 for all but finitely many n € N,
the requirements above define the unique (A+(—))-algebra homomorphism int, g (A3 [in, sh]) —

(V; [, B]).-

2. Suppose we are given three linear maps A o x % x 2 B By the previous part, there is a
unique linear map int(z g A% — X such that the diagram

id 4 +int
A4 A8 ARG 4 ¢

[in,sh] | = [F,G]
§
A int[F,G] X H B
in Vect commutes. Then, for a = (ag,a1,...,a,,04,04,...) € A3, we have
(H o int[FVG])(ao,al, ey, 04,04,04,...)

= ([HF, HG] o (ida + int{g¢) o [in,sh] ") (ag, a1, - -, an,04,04,04,. . .)
= ([HF,HG] o (ida —i—int[pyg}))(ao, (a1,...,an,04,04,04,...))
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= ([HF,HG])(ao,int[EG](al, cee ,CLn,OA,OA,OA, . ))
= (HF)(ao) +p (HG)(int (g (a1, -.,an,04,04,04,...))

= (HF)(ap) +p (HGF)(a1) +p -+ (HG"F)(ay)
where +p is the vector addition in B. This agrees with the formula claimed in Exercise 2.2.12.4.

3. Define F': Vect x Vect — Vect on objects by F(A, B) := A+ B for vector spaces A and B, so
that F(A, —) is the functor we considered in part (1) which has initial algebra A5, The assignment

A A% for A € Vect then extends to a functor due to Exercise 2.3.8.2.
O

Exercise 2.4.9
Use Exercise 2.1.10 to show that there is a commuting diagram of isomorphisms

[=23

P(AN)A P(1+ (A x A¥))

X 2
(D,EX P([nil,cons])

P(A*)

1R

where the coalgebra (D, E) is the final Brzozowski deterministic automaton structure from Corollary 2.3.6.2,
and [nil, cons| is the initial list algebra (from Example 2.4.6).

Solution. Write 2 = {0, 1} and assume, without loss of generality, that all coproducts are disjoint unions.
There are obvious isomorphisms

(PANA % 2 —=— (PANA x P(1) —— ([Taen P(A%) x P(1)
P((Caen A*) +1) —= P((Ax A%) +1) —=— P(1+ (A x A¥)),

where the diagonal isomorphism comes from (an appropriate generalisation of) Exercise 2.1.10, whose
composite (P(A*))A x 2 & P(1+4 (A x A%)) is defined by

{(a,0) e Ax A*:0 € f(a)}, ift =0,

*\\A g
(P(A%)) X29(f’t)H{1+{(a,a)GAXA*ZUGf(a)}7 if ¢ = 1.

Then, for (f,t) € (P(A*))4 x 2, we have

((D, E) o P([nil, cons]) 0 9)(f,)
{((D,E) o P([nil, cons]))({ (a,0) € Ax A* : o € f(a)}), if t =0,
((D, E) o P([nil,cons|))(1 +{(a,0) e Ax A*:0 € f(a)}), ift=1,
{(D, EY{a-o:(a,0) € Ax A* and o € f(a)}), if £ =0,
(D,EY{()}U{a-0:(a,0) e Ax A and o € f(a)}), ift=1,
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_JbeA{reA :b-Te€{a-0:(a,0) € Ax A" and o € f(a)}}, 0), ift =0,
ClweAf{reA b-re{)}U{a-0:(a,0) e Ax A ando € f(a)}}, 1), ift=1,

= (fvt)'

So <D, E> o 7)([[1”7 COﬂS]) 01 = id(fp(A*))A L
Also, for any set S C 1+ (A x A*), we have

(io <D E) o P([nil, cons]))(.S)

{a o:(a,0) € (AxA)NS}), if «¢ S5,
{Oru{a-o:(a,0) e (Ax A*)NS}), ifxe S,
B /\beA{TeA* b-rela-o:(a,0)e(AxA)NS}Y, 0), if % ¢ S,
S liweA{reA b-Te{)}U{a-0:(a,0) €(Ax A)NS}}, 1), ifxe S,
JH{p)eAxA ipe{recA:ib-Te{a-0:(a,0) € (AxA)NS}}} if «x¢ S,
|1+ {bpeAxA pe{reAb-re{)}U{a-0:(a,0) e (AxA)NS}}}, ifxeS,
=S

)

where * is the unique element in 1. So i o (D, E) o P([nil,cons]) = idp(14(axa+))-
Therefore (D, E') o P([nil, cons|) has inverse 7, giving the commutative diagram claimed. O

Exercise 2.4.10
Suppose we have a ‘binary method’, say of the formm: X x X x A — 14+ (X x B). There is a well-known
trick from Freyd (1990) to use a functorial description also in such cases, namely by separating positive
and negative occurences. This leads to a functor of the form F: C°P x C — C, which in this case would
be (Y, X) — (14 (X x B))V*A.

In general, for a functor F': C°P x C — C define an F'-coalgebra to be a map of the form ¢: X —
F(X,X). A homomorphism from c¢: X — F(X,X) tod: Y — F(Y,Y) is then a map f: X =Y inC
making the following pentagon commute:

F(idWF(X’ Y)Widy)
F(X,X) F(Y)Y)
il [

X 7 Y

1. Elaborate what this means for the above example (Y, X) — (1 + (X x B))Y*4,
2. Prove that these coalgebras and their homomorphisms form a category.

(Such generalised coalgebras are studied systematically in Tews (2001).)

Solution.

1. Suppose the category C has products and exponents. We first need to understand the functor
defined on objects by (Y, X) +— XY for all X,Y € C. This can be made into a functor of type

C°P x C — C as follows. Given morphisms A Sy Xand BEL Y in C, we define the morphism
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AB L% XY 5 € as follows: using notation established in our solution to Exercise 2.1.8.3, we have

B B
the morphisms AZ x Y fl> XBxB 2% Xin C, so we define AP f—g> XY to be the unique
morphism in C such that the diagram

XY xY evx X
f9xidy XB « B
Ag
AB xY

in C commutes. That is, f9 := A% (evX o (fB x g)) AY (evX (AB(foevA) X g))

Now fix A, B € C and define a functor F': C°? x C — C on objects by F(Y,X) = (1 + (X X
B))Y*4 for X,Y € C. For two F-coalgebras ( X 5 (1+(X x B))**4 and Y LN (1+(Y x B))Y*4,
a homomorphism f from (X, ¢) to (Y,d) is then a morphism X Lymc making the diagram

(14 (Y x B))X*4

(id1+(fxidp) )ldy wdy xidg))f*ida

( (X % B) X><A ( % B))YXA
il Ja
X 7 Y

in C commute. The commutativity of the diagram above is equivalent to the commutativity of
the diagram

idy +(fxidp)

1+ (X x B) 1+ (Y x B)
v Xihen| Jertiten)
(14 (X x B)X*4 x (X x A) (1+ (Y x B)Y* x (Y x A)
cXidxxAT TdXidYxA
X x (X x A) T Y x (Y x A)

in C.

2. Now suppose F': C°PxC is an arbitrary functor on an arbitrary category C. We will let composition
in the category of coalgebras simply be composition in C. Given an F-coalgebra X % F (X, X),

the diagram
F(X,
F(idx,idx/ Nx,ldx)

F(X,X) F(X,X)
X - X
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in C clearly commutes, so that idx is a homomorphism from (X, ¢). Now, given two homomor-

phisms of F-coalgebras (X, c) EN (Y,d) % (Z,e), we get the commuting diagram

F(ld)y wldz )
Z)
ld)y Nldy ldV X(gjdz)
F
CT Td

X 7 Y 5 A

N
[q]

in C, whose outer diagram gives us the desired commuting pentagon

Z)
1dxy Wf,idz)
F(X, X) F(Z,2)

X pr: Z

in C (recalling that F' is contravariant in the first argument), so that ¢gf is also a homomorphism
from (X, c) to (Z,e). The associtivity and identity laws for the category of these F-coalgebras
then follows from the associativity and identity laws for C. O
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2.5 Adjunctions, Cofree Coalgebras, Behaviour-Realisation

Exercise 2.5.1

Recall from Exercise 1.4.4 that the assignment A — A* gives a functor (—)*: Sets — Mon from sets
to monoids. Show that this functor is left adjoint to the forgetful functor Mlon — Sets which maps a
monoid (M, +,0) to its underlying set M and forgets the monoid structure.

Solution. Fix a set A, a monoid (M,+,0), and a function f: A — M in Sets. Let na: A — A*
be the set function defined by n4(a) = (a) for all a € A. By Exercise 1.4.4, there exists a unique
monoid homomorphism 4 (r7,4.0)(f): (A%, () = (M, +,0) such that 04 (r7+,0)(f) ona = f. So the
assignment

homgets (A, M) 3 f —— @4 (a,+,0)(f) € hommon((A*, -, (), (M, +,0))

is a bijection.

We now just need to check that the bijection above is natural in both A and (M, +,0). Suppose we
are given a set function g: B — A and a monoid homomorphism h: (M, +,0) — (IV,*,1). We claim
that the diagram

homgets (A> M) LPA’(ZﬁL,O) homMon((A*a " <>)7 (M, +, 0))
ho(—)og ho(~)og*
homsetS<B7N) @B,(i,*,l) homMOl’l((B*v'a <>)7 (N7*71))

in Sets commutes. Indeed, for any f € homgets(A, M) and b € B,

(howa .0 (f)og ons)(b) = (hopa 0 (f)og (b))
= (howa, 4,0 (f)(g(b)))

= (howa+0)(f) ona)(g(b))
= (ho

= (

= (

f)(g(b)
hfg)(b)
©B,(N1)(hfg) onB)(b).

Therefore h o ¢A7(M,+,0)(f> ogr= WB,(N,*,l)(hfg)~ =

Exercise 2.5.2
Check that the bijective correspondences

X = PY)
e C X XY
e CY XX

Y —- P(X)

induced by the correspondence (2.16) give rise to an adjunction of the form Sets°® T Sets.

Solution. Explicitly, the claim is that the contravariant power set functor P: Sets — Sets®P is left
adjoint to the contravariant power set functor P: Sets®® — Sets defined by exactly the same data.
For sets X and Y, we have already obtained a bijection ¢xy homgets(X,PY) — homgets(Y, PX) =
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homgetsor (PX,Y), by correspondences above. This ¢x y sends a function h: X — PY to the function
AyeY{zeX:yeh(zx)} Sowe just need to check that this bijection ¢x y is natural in both X and
Y.

Fix a morphism X’ Iy X in Sets and a morphism Y % Y7 in Sets®P (so that g is actually a function
from Y’ to Y in Sets). We wish to show that the diagram

homgets(X, PY) s homgegsor (PX,Y) = homgess (Y, PX)
(Pg)o(-)of (P)o(=)og
homgets (X', P(Y")) vy homsetser(P(X'),Y”) = homsets (Y, P(X'))

in Sets commutes, where all indicated instances of composition is composition in Sets. The commuta-
tivity of this diagram is established as follows: for h € homgets(X,PY’), we have

Pfogxy(h)og=Pfo(lyeY{zeX:yech(x)})oyg
=Pfo ()\y/ cY'{zeX:gW)e€h(x) })
=\ €Y' {2' € X : g(y) € h(f(2))}
=\ €Y' {2' € X'y € (Pg)(h(f(2)))}
= ox/y(Pgoho f). O

Exercise 2.5.3

The intention of this exercise is to show that the mapping # — Fy from arities to functors is functorial.
This requires some new notation and terminology. Let Endo(Sets) be the category with endofunctors
F': Sets — Sets as objects and natural transformations between them as morphisms. One writes Sets/N
for the slice category over N; see Fxercise 1.4.3.

Prove that mapping # — Fu from (2.18) yields a functor Sets/N — Endo(Sets). (This functor
Sets/N — Endo(Sets) restricts to a ‘full and faithful’ functor via a suitable restriction of the category
Endo(Sets); see Abbott, Altenkirch, Ghani, and McBridge (2003b, theorem 8.4). This means that
morphisms Fyu, — Fy, in this restricted category are in one-to-one correspondence with morphisms of
arities #1 — #2.)

Solution. Recall that an arity is a set I together with a function #: I — N, and that the (simple
polynomial) functor Fy: Sets — Sets associated with an arity #: I — N is defined on objects by

FuX = HX#(i) = { (t,) i€l and z € X#() }
el
for all sets X. Given a set function f: X — Y, we define Fliuf: Fu X — F,Y by
(Fuf)(i,x) = (z’, (f(a:l),...,f(x#(i))) for all i € I with #(i) # 0, and @ = (z1,...,24(;)) € X#@
(Fyf) (i, %) = (i,%), for all i € I with #(i) = 0,

where we may assume, without loss of generality, that X? = Y0 = {x}. It is easy to see that Fy is now
actually a functor.
Now we check that the assignment # — Fy extends to a functor from Sets/N to Endo(Sets).

Suppose we are given a pair of arities #1: I} — N and #2: I — N and a morphism (I1, #1) i) (I2,#2)
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in Sets/N. This f is a set function f: I — Iy making the diagram

Il—>12

o~

f
in Sets commute. We define a natural transformation Fiy, = Fy, as follows: for a set X, the function
ag(: Fy, X — Fy,X is defined to be the mapping

f
. . (0%
Fy, X = ]_[jell x#:10) 5 (i,2) —— (f(i),z) € H]el = Fy,X
This o/ is indeed a natural transformation: for a morphism g: X — Y in Sets, the diagram

F#lg
Fy X — 2 5 Fuy

in Sets commutes because:

1. we have

for all i € Iy with #1(i) # 0 and for all z = (21,...,24,¢;) € X#1(;
2. and we have

(o 0 Fy,g)(i, %) = o (i, %)

= (f(@), %)

= (Fi,9)(f(3), %)

— (Fp9) 0 ad)(i, %)
for all ¢ € I with #1(i) =

It is then easy to see that the assignment Sets/N — Endo(Sets), defined on objects by Sets/N >
# + Fy € Endo(Sets) and on morphisms by Arr(Sets/N) > f — of € Arr(Endo(Sets)), is a functor.
This is because compositions of natural transformations are simply their pointwise compositions. O

Exercise 2.5.4

This exercise describes ‘strength’ for endofunctors on Sets. In general, this is a useful notion in the
theory of datatypes (Cockett and Spencer, 1992), (Cockett and Spencer, 1995) and of computations
(Moggi, 1991); see Section 5.2 for a systemic description.
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Let F': Sets — Sets be an arbitrary functor. Consider for sets X,Y the strength map

stx,y

F(X)xY F(X xY)

(u,y) ———— F(Ar € X.(z,y))(u)

1. Prove that this yields a natural transformation F'(—)x (=) % F((=)x(=)), where both the domain
and codomain are functors Sets x Sets — Sets.

* and for the powerset functor P.

2. Describe this strength map for the list functor (—)
Solution.
1. Suppose we are given two functions f: X — A and g: Y — B. We have to show that the square

stx y

FXxYy —2Y , P(X xY)

Ffxg ‘F(fxg)

FAXB —— F(AxB)
sta,B

in Sets commutes. Indeed, for any (u,y) € FX x Y, we have

(F(f x g)ostx,y)(u,y) = F(f x g)(F(Az € X.(z,y))(u))
= (F(f x g)o F(Az € X.(z,9)))(u)
= F((f x g)o (M€ X.(2,)))(u)

= F(A\z € X.(f(2),9(y)))(w)
F()\aeA (a,9(y )

y)))
( (/\aeA a, g(y )o ) u)
—F()\aeA ag )( )
— stan((F)a). 90)
= (sta,B oFf X g)(u,y).

2. Recall that the list functor (—)*: Sets — Sets sends a set X to the set |J,on X™ of all finite
sequences of elements of X, and sends a function f: X — Y to the function f*: X* — Y* which
maps a sequence (Zo,...,&,) € X* to the sequence (f(zo),..., f(zy)) € Y* (and f* maps the
empty sequence to the empty sequence). The strength map st'st: (=)* x (=) = ((—) x (—))* for
the list functor thus satisfies

Stl)l(gtY(O y) = <> and Stl)lgtY(<x07 s ,l‘n>, y) = <(£C(), y)v ) (J,‘n, y))

for all sets X and Y, all finite sequences (zg,...,x,) € X*, and all elements y € Y.

On the other hand, the strength map stPo%eset: P(—) x (=) — P((—) x (—)) for the power set

functor satisfies
sty (U, y) = { (w,y) cx €U}

for all sets X and Y, all subsets U C X, and all elements y € Y. O
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Exercise 2.5.5
The following strengthening of induction is sometimes called ‘induction with parameters’. It is different
from recursion, which also involves an additional parameter; see Proposition 2.4.7.

Assume a functor F with a strength natural transformation as in the previous exercise and with
initial algebra o: F(A) = A, Let P be a set (or object) for parameters. Prove that for each map
h: F(X) x P — X there is a unique f: A x P — X making the following diagram commute:

(F(f)ost,m2)

F(A)x P F(X)x P
axid | h
AxP X

f

Hint: First turn h into a suitable algebra h': F(XT) — X via strength.
Use this mechanism to define the append map app: A* x A* — A* from Example 2.4.6.

Solution. Suppose we are given a functor F': Sets — Sets, an initial F-algebra a: FFA — A, a strength
natural transformation st: F(—) x (=) = F((—) x (—)), a set P, and a function h: F(X) x P — X.

YXxZ YXZ
For sets Y and Z, let Y & YV x Z 2 Z denote the relevant projection functions and let

Y
7Y xY 225 Y denote the relevant evaluation function. For sets W.Y, Z and a function g: W XY — Z,
let g: W — Z¥ be the unique function such that ev} o (g x idp) = g.
We have the commuting diagram

FX P FXXP
evxT \ ]
F(XP x P) FXxP
\ 3”“/'\ 7r2F(XP) %P
StXP,P |
F(XPyx P

FA— " pxPy

in Sets, which gives rise to a unique function f: AxX — P making the square v

A f) X
in Sets commute, by the initiality of (A, ) in Alg(F'). We wish to show that the diagram
P

Ff t P FAXP

FAx P (st i) FX x P
% AXP

axid| = F(AxP) — FX ' h

Ax P 7
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in Sets commutes.
Our solution to Exercise 2.1.8 shows that the functor (—) x P: Sets — Sets is left adjoint to the
functor (—)*: Sets — Sets, so that we have the commuting diagram

_ _\P
homsets(FA x P, X) « 2L LE homgee(FA, XT)
(=)o(axidp) (—)oa

= P
homsetS(A X P,X) (—)XP ; (_)P homsetS(A,X )

in Sets. The adjunction bijection takes, for instance, a function § € homgets(A4, X) and sends it to the
function ev§ o (g xidp) € homgets(A x P, X ). Going along the bottom and then the left morphisms of
the diagram above takes the function f € homgets(A, X¥') to the function fo(a xidp) € homgets(F A x
P, X). On the other hand, the right morphism of the diagram above will take f to the function fa, which
is equal to hko F f. The top morphism of the diagram above then sends hkoF' f to ev§ o((hkoF f)xidp).

We are thus reduced to showing that evf o ((hko Ff) x idp) = ho <(Ff)st,4,p, 7T§A><P>. This follows
from the commutativity of the diagrams

P
evX

XPx P X
N Wexidp | /
FAx P %7 p(XP)x P ——s FX x P

StA,Pl stxp p

F(A x p) 2492 poxP oy p) e

™
FX
and
Ffxidp P k
FAxP F(XPyxP —% S FXxP
P X
ﬂ_QF‘AxP WQF(X i

in Sets. The uniqueness of f follows from the adjunction bijection and its naturality: for any f’ €
homgets(A x P, X) satisfying the equality f’ o (o x idp) = ho <(Ff’)stA,p, 7r2FAXP>, the function
f7 € homgets(A, X¥') must also be an F-algebra homomorphism from (A, a) to (X hk).

Now consider the case where F' = 14+ A X (—): Sets — Sets, whose initial algebra is ac: 14+(Ax A*) —
A* defined by «(x) = (), where * is the unique element in 1, and a(a,0) := a-o for all (a,0) € A x A*.
For sets X and Y, the associated strength map stxy: (1 + (A x X)) xY —- 1+ A x (X xY) from
Exercise 2.5.4 is defined by

Stxvy(*,y) = %,
St;gy((d,&?),y) = (CL, (.Ly)),

81



foralla € A, x € X, and y € Y, where we have assumed without loss of generality that all coproducts
are simply disjoint unions.

Define h: (1 + (A x A*)) x A* — A* by h(*,7) := 7 for all 7 € A*, and h((a,0),7) := a- o for all
((a,0),7) € (A x A*) x A*. The result above tells us that we have the commuting diagram

<(id1+(idA Xapp)) ost 4 %, wéH'(AXA))XA >

(I+(AXA*)) X A" —-mmmmmm e S > (14 (A x A%)) x A*
« h
A* X A* _________________________3_!3_p_p_ _______________________ ) A*

in Sets. We claim that the unique induced function app: A* x A* — A* is our desired append function.
For any 7 € A*, the diagram above gives the chase of elements

*
<(id1+(idA><app)) osta ax, TrélJr(AXA))XA >

(%, 7 > (%,7)

(0>7) T

and so app((), 7) = 7. Furthermore, for any a € A and 0,7 € A*, we get the chase of elements

<(id1+(idA Xapp)) o sta, A%, 7ré1+(AXA))XA*

((a,0),7) » ((a,app(0,7)),7)

(a-o,7) a - app(o, 1)

and so app(a-o,7) = a-app(o, 7). O

Exercise 2.5.6

Show that the forgetful functor U: Sp — Sets from topoligcal spaces to sets has both a left adjoint (via
the discrete topology on a set, in which every subset is open) and a right adjoint (via the indiscrete
topology, with only the empty set and the whole set itself as open sets).

Solution. Fix a pair of sets X and Y. If X is equipped with the discrete topology, then for any topology
on Y, every function f: X — Y is continuous. On the other hand, if Y is equipped with the indiscrete
topology, then for any topology on X, every function f: X — Y is continuous.

So, for any set X and any topological space T', we have bijections

homgp (DX, T) ~="+ homgets(X, UT) homgets(UT, X)) % homgets (T, IX)
where D: Sets — Sp is the discrete topology functor and I: Sets — Sp is the indiscrete topology
functor, both of which are send a function to itself considered as a continuous map. The bijections

above would send each function or continuous map to itself. The naturality of ¢ and v in both X and
T is then immediate because D, I, px 7, and 9 x 7 all send a morphism to itself. O
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Exercise 2.5.7
Assume two functor F': C — D and G: D — C in opposite directions, with a natural transformation

n:ide = GF. Define functions : D(F(X),Y) - C(X,G(Y)) by ¥(f) = G(f) onx.
1. Check that such ¥s are natural.

2. Prove that these s are isomorphisms if and only if there exists a natural transformation ¢: FG =
idp such that the following triangular identities hold:

G(e) ong = id, epo F(n) =id.

Solution. Write 1y y for the function from homp(FX,Y’) to homc(X,GY) defined by ¥xy(h) =
Ghonx for all h € homp(FX,Y).

1. Suppose we are given a morphism X <i X’ in C and a morphism Y 2,y in D. We wish to show

that the diagram

homp(FX,Y) — 2 4 home(X, GY)

go(=)oFf Ggo(=)of
homp (F(X’),Y") EEET—— home (X', G(Y"))
X!y’

commutes. Indeed, for any h € homp(FX,Y), we have

Ggovyxy(h)o f=GgoGhonxof
=G(gh)onx o f
= G(gh) o GF f onxs, by the naturality of 7,
— Glgoho Ff) oy
= Yxryr(gohoFf).

2. Suppose that ¥xy: homp(FX,Y) — homc(X,GY) is an isomorphism for every X € C and
Y € D, so that ¢ is a natural isomorphism from homp(F(—), —) to homc(—, G(—)), establishing
an adjunction between F' and G. So we can define a natural transformation ¢: FFG = idp by
ey = ¢6%/7Y(idcy) for all Y € D. We should check that this is natural in Y. Indeed, for any

morphism Y 2y ¥ in D, the commuting diagram on the left

Yay,y bay,y

homp(FGY,Y) ——22— home(GY,GY) Ey ¢ ” iday
90(—)l ngO(—) 90(*)1 IGQO(—)
homp(FGY,Y") — 2", home(GY, GY") Gy (Gg) —E s G
(—)oFGgT T(—)oGQ (—)oFGgT T(*)OGQ
homp (FGY',Y") % home(GY', GY”) ey’ # idgy

yields the chase of elements on the right, from which we conclude that gey = ey'FGg. Thus €
really is a natural transformation from F'G to idp.
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It remains to check that this e (together with n) satisfy the triangular identities. The first
triangular identity follows from the following quick calculation: for all Y € D, we have

Gey ongy = Yay,y (ey) = idgy

where the second equality follows from the definition of y. For the second triangular identity, we
see that for X € C we have the commuting diagram on the left

homp(FGFX, FX) — 52X, home(GFX, GFX) epx —XX gy
(=)o Fnx (=)onx (=)o Fnx (=) omnx
~ -1 o
S
homp(FX, FX) ——=—— home(X, GFX) Uxpx (1X) o X

from which we obtain the chase of elements on the right. From this, we conclude that

erxFnx = ¢¥xlpx(nx) = idrx

since ¥ x px is an isomorphism and ¥ x rx (idrx) = Gidrpx o nx = nx.

Conversely, suppose that there is a natural transformation €: F'G = idp such that the triangular
identities hold. For any X € C and Y € D, we claim that the mappings defined by

h Ghonx
m m
vx,y
homp (FX,Y) home (X, GY
PX,Y ( )
w )
€y © Fk

are inverses to each other. Indeed, for any h € homp(F'X,Y’), we have

exy(Wxy(h) =pxy(Ghonx)
=ey o F(Ghony)
=€y ©° FGho F’I]X
=hoepx o Fnx
—h,

where the second last line follows from the naturality of €, and the last line follows from the second
triangular identity. Similarly, for any k& € homc (X, GY'), we have

Uxy(exy (k) = Yxy(ey o Fk)
=G(ey o Fk)onx
= Gey oGFkonx
=Geyongy ok
=k.

In the case when such an € exists as in part (2), we say that 1 and e are, respectively, the unit and
counit of the adjunction F' - G. O
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Exercise 2.5.8
A morphism m: X' — X in a category D is called @ monomorphism (or a mono, for short), written
as m: X' »— X, if for each parallel pair of arrows f,g: Y — X', mo f =mog implies f = g.

1. Prove that the monomorphisms in Sets are precisely the injective functions.
2. Let G: D — C be a right adjoint. Show that if m is a monomorphism in D, then so is G(m) in C.

Dually, an epimorphism (or epi, for short) in C is an arrow written as e: X' — X such that for all
maps f,g: X =Y, if foe=goe then f =g.

3. Show that the epimorphisms in Sets are the surjective functions. Hint: For an epi X — Y, choose
two appropriate maps Y — 14+Y.

4. Prove that left adjoints preserve epimorphisms.
Solution.

1. Suppose m: X’ »— X is a monomorphism in Sets. So, for any pair of functions f,g: {*} — X’
with mf = mg, we have f = g. Functions {x} — X’ in Sets correspond to elements of X’. So
m: X' — X is injective.

Conversely, suppose m: X’ — X is injective. Fix a pair of functions f,g: Y — X’ satisfying
mf = mg. Then, for every y € Y, we have m(f(y)) = m(g(y)), and so f(y) = g(y) since m is
injective. So f = g.

F

2. Suppose we have an adjunction C z D and a monomorphism X " Y in D. Fix a par-

G

~

f o
allel pair of morphisms AZXGX in C satisfying (Gm)f = (Gm)g. Let 1: homp(F(-),(-)) —
g
home((—), G(—)) denote the adjunction bijection. Let f := ¢ (f) and g == ¥, (g) denote
the morphisms which correspond to f and g respectively under the adjunction bijection. The
naturality of ¢ gives commuting diagram below on the left (which will live in Sets if both C and
D are locally small)

homg (4, GX) «— 2% homp(FA, X) g ' F.
(Gm)o(-) mo(—)
homc(A4,GY) % homp(FA,Y) (Gm)f = (Gm)g +———— mf =mg
Y

from w}}ich we obtain the chase of elements above on the right. As m is a monomorphism, we
obtain f = g. Therefore f = g since ¢4 x : homp(F A, X) — homc (A, GX) is bijective. Therefore

GX &% QY is a monomorphism in C.

3. Suppose e: X’ — X is an epimorphism in Sets. If e: X’ — X is not surjective, then the two
functions f,g: X — {*} + X defined by

=z, if x € Img(e), o 2 1
J@) = {*, if x ¢ Img(e), 4 gl@)
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for all z € X satisfy fe = ge. As e is epic, we have f = g. Therefore we must have Img(e) = X,
ie. e: X' — X is surjective.

Conversely, suppose that e: X’ — X is surjective. Fix a pair of functions f,g: X — Y satisfying
fe = ge. Then, for any z € X, there exists 2/ € X’ with e(2’) = z, and so f(z) = f(e(z')) =
g(e(x')) = g(x). So f=g.

F

1L~ D

id _ )
G

4. The proof is dual to the proof of part (2) of this exercise. Fix an adjunction C an

f
epimorphism X S Yin C, and a parallel pair of morphisms FY B in D satisfying f(Fe) =

g

g(Fe). Define f = ¢y p(f) and g = dy,5(g), where ¢»: homp(F(~), (~)) = home((~), G(-))
is the adjunction bijection. Staring at the commuting diagrams

home (Y, GB) «— 2’ homp(FY, B) f.g frg
(—)oe (—)o(Fe)
home (X, GB) % homp(FX, B) foe=goe «———— f(Fe) = g(Fe)
yields f = g. O

Exercise 2.5.9

Notice that the existence of final coalgebras for finite polynomial functors (Theorem 2.3.9) that is used
in the proof of Proposition 2.5.8 is actually a special case of this proposition. Hint: Consider the right
adjoint to the final set 1.

Solution. Recall that Proposition 2.5.3 asserts that for every finite Kripke polynomial functor F': Sets —
Sets, the forgetful functor U: CoAlg(F) — Sets has a right adjoint, say, G: Sets — CoAlg(F'). We
claim that G: Sets — CoAlg(F') preserves the terminal object 1 € Sets. Indeed, for any F-coalgebra
A% FA, we have the bijections

homCOAlg(p) ((A, Oé), G].) = homsets (U(A,a), 1) = homsets(A, ].)
and we know that homgets(A, 1) has exactly one element. O

Exercise 2.5.10
Assume an endofunctor F': C — C. Prove that there are natural transformations

U FU
/\ /\
CoAlg(F) C and Alg(F) C
S .

where U is the forgetful functor. (In 2-categorical terminology these maps form inserters; see e.g.
Hermida and Jacobs (1998, appendizx).)
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Solution. Let U: CoAlg(F) — C denote the relevant forgetful functor. Define a natural transformation
U 2 FU as follows: for (X, c) € CoAlg(F), define N(x,c) = ¢. We have to check that this is natural in

(X, ). Suppose we are given a homomorphism of F-coalgebras (X, ¢) EN (Y,d). Then the diagram
FU(X,c) = FX Y= pyy,d) = Fy
N(X,c) =€ N(y,a) =4

in C commutes since f is a homomorphism of F-coalgebras.

Similarly, if U’: Alg(F) — C denotes the relevant forgetful functor, then we can define a natural

transformation FU = U by §(x,q) = a for all (X,a) € Alg(F'). The naturality of £ will then follow
from the fact that morphisms in Alg(F’) are F-algebra homomorphisms. O

Exercise 2.5.11 (Hughes)

Let C be an arbitrary categroy with products x and let F, H: C — C be two endofunctors on C. Assume
that cofree F-coalgebras exist, i.e. that the forgetful functor U: CoAlg(F) — C has a right adjoint G
— as in Proposition 2.5.3. Prove then that there is an isomorphism of categories of coalgebras

CoAlg(F x H) ———— CoAlg(GHU)

where CoAlg(GHU) is a category of coalgebras on coalgebras, for the functor composition GHU : CoAlg(F') —
C — C — CoAlg(F).

XxXY XxXY
Solution. For objects X, Y € C, let X I X xY 22 Y denote the projection morphisms

associated with the product X x Y in C. Furthermore, for an F-coalgebra (X, c¢) and an object Y € C,

let ¢(x¢),y: home(X,Y) =N homgeaig(r)((X; ¢), GY') denote the (X, ¢), Y')th component of the natural
bijection witnessing the adjunction U 4 G.
Define a functor P: CoAlg(F x H) — CoAlg(GHU) as follows:

1. for each (F x H)-coalgebra X % FX x HX, we define

FX><HXC

P(X,€) i= (e gy (X o HX)

€ homCoAlg(F) ((X, WFXXHXC), GHU(X, WFXXHXC)),
since (X, 77{ XXHX ¢) is an F-coalgebra;

2. for each (F x H)-coalgebra homomorphism (X, ¢) ER (Y,d), we define Pf := f. To see that f is a
GHU-coalgebra homomorphism from ((X, P XXHX ey P(X, c)) to ((Y, i X<HX gy Py, d)), we
perform the following calculation:

GHUf o P(X, C) = GHUf o QD(X’WFXXHXCLHX (W?XXHXC>

FXxHX
= PxaFXHX ) gy (HUf omy X o C)

= P(xaFXXHX ) gy (ﬂfYXHY odo Uf)
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B FY x Hy
= Py aFY<HY g) gy <7T2 d) of

= P(Y,d)o f.
In other words, the commuting diagram

‘p(X,ﬂf‘XxHXC)YHX

home (X, HX) homeoatg(r) (X, 7 ¥ ¥¢), GHX)

HUfo(—)l lGHUfO(—)
P XX o)y FXxHX
hom¢ (X, HY) = homgealg(r) (X, 7 ¢), GHY)

(—)onT Jer

homc (Y, HY') = homgoatg(m) (Y, " *"Yd), GHY)

LP(Y’Wf"YXHYd)YHY

gives rise to the chase of elements

SD(X’W{‘XXHXC),HX

W;XXHXC ' P(X, C)
HUfo(_)I GHUfo(-)
<P(X,WF‘X><HXC),HY
HfOWQFXxHXoc:WgnyyodofI 1
()ous] I() of
ol YHY g P(Y,d)

‘P(Y,ﬂ_f‘YxHYd)’HY

where we obtained the equality Hf o mi X*HX o ¢ = gEY*HY o jo f from the fact that do f =
(Ffx Hf)oec.

We need to show that this functor P: CoAlg(F x H) — CoAlg(GHU) is an isomorphism of categories.
To do this, we define a (suggestively named) functor P~!: CoAlg(GHU) — CoAlg(F x H) as follows:

1. for a GHU-coalgebra ((X,c), a), where (X, c) is an F-coalgebra, let
PY((X,¢),a) = (¢, 9y o ux (@) € home(X, FX x HX),

noting that 90(3% 0 g x (@) € home (X, HX);

2. for a GHU-coalgebra homomorphism ((X, ¢), «) EN ((Y,d),B), let P~1f := f. The fact that f
is an (F x H)-coalgebra homomorphism from (X, P~1((X,c),a)) to (Y, P~1((Y,d),3)) follows
from the fact that f has to be an F-coalgebra homomorphism from (X, ¢) to (Y, d) as well as the
commutativity of the diagram

-1
P(x,c
homg (X, HX) +—2"%—— homgoarg(r)((X, c), GHX)
HUfo(—)l lGHUfO(—)
1
P(x,c
homc (X, HY) (X’E)'HY homeoalg(r)((X;¢), GHY)
(=)oUf T(_) of
homc (Y, HY') —= homgoalg(r)((Y,d), GHY)
P(y,d),HY
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which would establish that Hf o P~}((X,c),a) = P71((Y,d),) o f, in an argument similar to
the proof that P really did send (F x H)-coalgebra homomorphisms to GHU-coalgebra homo-
morphisms.

It is clear from the definitions of P and P~! that P~'o P = idcoalg(Fx i) and PopP ! = idcoalg(@HU)-
Indeed, for any (F' x H)-coalgebra (X, c¢), we have

P~ Y (P(X,c)) =P ! ((X, mp MR ), o x ppxxnx gy prx <W§XXHXC))

_ FXxHX -1 FXxHX
= (X, <7T1 C, SD(XJI_{‘XXHXCLHX (SO(X’WFXXHXCLHX <7‘r2 C>)>>

— (X, (nFXXHX o PXXHX )
- bl 1 s 112
= (X, 0),

and for any GHU-coalgebra ((X,c), ), we have

P(PN(X.¢).a)) = P(X, (€00 0y 1x (@)

= ((X7 C)a (P(X,c),HX((P(_Xl"C)’Hx(O‘)))
= ((X,¢),q).

That P~ o P and P o P! act as identity maps on morphisms in CoAlg(F x H) and CoAlg(GHU)
respectively follows immediately from the definitions of P and P~! on morphisms. O

Exercise 2.5.12
Consider two adjoint endofunctors as in

FC C QG with ~ FHG.

Prove that we then get an isomorphism of categories
Alg(F) —— CoAlg(G)

between the associated categories of algebras and coalgebras.

(Remark: As noted in Arbib and Manes (1975a, theorem 5.7), when C = Sets the only such adjunctions
F 4 G are the product-exponent adjunctions X x (=) = (=)X as in (2.11). The argument goes as follows.
In Sets, each object A can be written as a coproduct [],. 4 1 of singletons. A left adjoint F' must preserve
such coproducts, so that F(A) = [[,c4 F(1) = F(1) x A. But then G(—) = F(1) = (—), by uniqueness
of adjoints.)

Solution. For X,Y € C, let pxy: homc(FX,Y) =N hom¢ (X, GY') denote the (X,Y)th component of
the natural bijection witnessing the adjunction F' - G.

Define (suggestively named) functors I: Alg(F) — CoAlg(G) and I-': CoAlg(G) — Alg(F) as
follows:

1. for an F-algebra FX % X, define I(X, @) = px x(a) € homc(X, GX);

2. for an F-algebra homomorphism (X, a) EN (Y, B), define I f = f;
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3. for a G-coalgebra X % G X, define I™1(X,¢c) := go;(,lx (¢) € hom¢(FX, X);

4. for a G-coalgebra homomorphism (X, ¢) ER (Y,d), define I71f == f.
We ought to check that I (resp. I71) sends F-algebra homomorphisms to G-coalgebra homomorphisms
(resp. G-coalgebra homomorphisms to F-algebra homomorphisms). We proceed similarly as in our

solution to Exercise 2.5.11. Fix an F-algebra homomorphism (X, «) ER (Y, 3). The commutativity of
the diagram on the left

home (FX, X) ~2% home(X, GX) a —2X 5 [(X, )
fo()] |aso) fo(—>I leo(_)
PXY PX,Y
homc (FX,Y) ——— homc(X,GY) fa=pFf +———
~yors] Trer (—)oFfI THof
home(FY,Y) ——— homg(Y, GY) B I(Y, )

gives rise to the chase of elements on the right, showing that f is a homomorphism of G-coalgebras
from (X, ox x(a)) to (Y, py,y(B)). A similar argument shows that ~!g is an F-algebra homomorphism
whenever g is a G-coalgebra homomorphism.

Clearly, 71 ol = idalg(r) and [ o It = idcoalg(r)- O

Exercise 2.5.13
Theorem 2.5.9 deals with lifting adjunctions to categories of algebras. Check that its ‘dual’ version for
coalgebras is (see Hermida and Jacobs (1998)) the following:

For functors T: B - B, G: A — B, S: A — A, a natural transformation a: GS = TG induces a
functor CoAlg(G): CoAlg(S) — CoAlg(T). Furthermore, if o is an isomorphism, then a left adjoint
F 4 G induces a left adjoint CoAlg(F) 4 CoAlg(G). Does it require a new proof ?

Solution. Recall that Theorem 2.5.9 asserts (with more detail) the following:

For functors P: C - C, M : C — D, and @: D — D, and a natural transformation n: QM =
MP,

i,

we get an induced functor Alg(M): Alg(P) — Alg(Q). Furthermore, if M has a right
adjoint, then Alg(M) also has a right adjoint.

In our situation, we have the following diagram:

B-—L.B

TN e

A—)A

Note that the natural transformation a: GS = TG yields a natural transformation a®?: T°PGP =

G°PS°P. So we have the diagram
_T, gop

GOPT \ e

op op
AP — s A
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giving us an induced functor Alg(G°P): Alg(S°P) — Alg(T°P). Since Alg(S°P?) = CoAlg(S)°P and
Alg(T°P) = CoAlg(T)°P, we get an induced functor CoAlg(G)°P: CoAlg(S)°? — CoAlg(T')°P, or
equivalently, an induced functor CoAlg(G): CoAlg(S) — CoAlg(T). Now, if « is an isomorphism,
then a right adjoint to G°P induces a right adjoint to CoAlg(G)°P. This can equivalently be phrased
as: a left adjoint to G induces a left adjoint to CoAlg(G). O

Exercise 2.5.14

A deterministic automaton (6,€): X — X4 x B is called observable if its behaviour function beh =
Az \o.e(8*(x,0)): X — BA" from Proposition 2.3.5 is injective. Later, in Corollary 3.4.3, we shall see
that this means that bisimilar states are equal.

If this automaton comes equipped with an initial state xg € X one calls the automaton reachable
if the function 0*(xg,—): A* — X from Section 2.2 is surjective. This means that every state can be
reached from the initial state xy via a suitable sequence of inputs. The automaton is called minimal if
it 1s both observable and reachable.

The realisation construction R: DB — DA from Proposition 2.5.8 clearly yields an observable
automaton since the resulting behaviour function is the identity. An alternative construction, the Nerode
realisation, gives a minimal automaton. It is obtained from a behaviour ¥: C* — D as follows.
Consider the equivalence relation =, C C* x C* defined by

o=p0 = VreC'yY(o-7)=9( 7).
We take the quotient C*/ =, as state space; it is defined as the factorisation

o= AT (0T)

C* DC*

C* /=y

This quotient carries an automaton structure with transition function dy: (C*/=y) — (C*/=)C given
by 0y ([o])(c) = [0 - ¢], observation function ey: (C*/=y) — D defined as ey([o]) = ¥(0), and initial
state [()] € C*/=y.

1. Check that this Nerode realisation N (C* 2, D) is indeed a minimal automaton, forming a subau-
tomaton/subcoalgebra C* /=y, — DC" of the final coalgebra.

Write RDA for the ‘subcategory’ of DA with reachable automata as objects, and morphisms (f,qg,h) as
in DA but with f as surjective function between the input sets. Similarly, let RDB be the subcategory
of DB with the same objects but with morphisms (f, g) where f is surjective.

2. Check that the behaviour functor B: DA — DB from Proposition 2.5.8 restricts to a functor
B: RDA — RDB, and show that the Nerode realisation N yields a functor RDB — RDA in

the opposite direction.
3. Prove that there is an adjunction B 4N

4. Let MDA be the ‘subcategory’ of RDA with minimal automata as objects. Check that the adjunc-
tion in the previous point restricts to an equivalence of categories MDA ~ RDB. Thus, (states
of ) minimal automata are in fact (elements of ) final coalgebras.

(This result comes from Goguen (1972) and Goguen (1975); see also Addmek (1981).)
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Solution. For a deterministic behaviour ¢: C* — D (i.e. an object in DB) and a word o € C*, we shall
write [o]y for the =y-equivalence class of 0. For a deterministic automaton ¢: X — X 4 % B (without
a specified initial state), we let beh.: X — BA" denote its behaviour function.

1. Let ¥: C* — D be a deterministic behaviour, i.e. an object in DB. We need to show that its
6 9
Nerode realisation N(C* 2, D) = <C*/E¢ LULON (C*)=y)’ x D, O]y € C*/E¢> is minimal.

Reachability is easy: for any o € C*, we have 6,([()])(0) = [() - o]y = [0]y. For observability,
we first note that an induction on 7 € C* shows that

5:2([0]1[,,7') =0y([o]y)(T) = [0 -T]y forall o,7 € C*.

Now suppose we are given a pair of words 0,0’ € C* satisfying the equality beh, . \([o]y) =
behs, <, ([0"]y). This implies that

e (05,([0]y, 7)) = e4(8;,([0"]y, 7)) for all 7 € C,
and hence
P(o-7) =1’ -7) forall T € C*,
which gives us [o]y = [07]y.

2. Recall that the behaviour functor B: DA — DB is defined on objects by sending a deterministic
automaton (X 5 X4 x B, zy € X) € DA to the deterministic behaviour (A* Debe(ro), B) € DB.
On morphisms, B sends a morphism (X @) XAXB, zp € X) (f.:1) (Y e, YOxD, yy €Y),
where A <& C,B% D, and X "y are morphisms in Sets satisfying properties specified in
Definition 2.5.6, to the morphism (A* beh(6’€)> B) :9), (c* i UGN D) in DB.

Thus, if (f,g,h) is a morphism in DA with f surjective, then B(f,g,h) = (f,g) will be a
morphism in RDB. So B restricts to a functor from RDA to RDB.

Now, we already know that N sends a deterministic behaviour to a minimal automaton, and
thus a reachable deterministic automaton. It remains to check that N extends to a functor from
RDB to RDA. That is, we need to define A/ on morphisms in RDB. Suppose we are given two
deterministic behaviours A* % B and C* % D, and a morphism (4* % B) ), (c* 2, D) in
RDB, so that f: C'— A is surjective and the diagram

B—Y% D

¢ P

_A* # C*
in Sets commutes. Define N(f,g): A*/=, — C* /=y by
N(f,g9)([o],) =[r]y for some 7 € C* with f*(7) =0,

for all o € A*. Such a 7 exists for each o because f is surjective. Furthermore, NV is well-defined
because if 7,7/ € C* are such that f*(7) = f*(7’), then for any p € C*, we have

Y(T-p) = (g f*)(7-p) = (gof) (T - p) =U(T - p).
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With this, we define N'(f,g) = (f,9,N(f,g)). Then f is surjective, N(f,9)([()],) = [()]y, and
the diagram

Cxi
(A%)=)C x D — I owy— )C o p
idg*/zwxg]\
(A*/=,)4 x B (B .e9)
m,ewﬁ
A% /=, C* /=y

N(f,9)

in Sets commutes. So N(f,g) = (f, g9, N(f,g)) is indeed a morphism in RDA. The functoriality
of N follows quickly from definitions.

B
—

. We will now establish the adjunction RDA 1+ RDB using Exercise 2.5.7. Define natural
i

transformations 7: idgpa = NB and 6: BN = idrpg as follows.

(06)

For each reachable deterministic automaton X = (X XAXB, zpe X ), define the triple
state

nx = (ida,idp, n§**) where n3ac: X — A" [Zpen ;. (x) 18 glven by

nggtate(x) = [U]beh<5 o (z0) for some o € A* with 6*(zg,0) =z,

for all x € X, exploiting the fact that is a X is a reachable automaton. This 7§ is well-defined
since if 0,0’ € A* are such that §*(zg,0) = §*(xp,0’), then for any 7 € A* we have

behsey (o) (0 - 7) = €(6" (z0,0 - 7)) = €(8" (z0,0” - 7)) = behs o (z0) (0" - 7)

state

and thus [O’]beh<6 o (20) = [U,]beh<5 oy (o) This mx = (ida,idp, n¥™*¢) is indeed a morphism in RDA
because of the commutativity of the diagram

A
state d
A (ngte) " xids C(A* ) — A
X4 x B (A /:beh<6,s>(x0)) x B
id4g xidBT
XA x B <6beh<515>(20)75bch<5’5>(z0)>
6o
* [/ —
X n;gtatc A /:beh<57€> (CL‘Q)

state

in Sets as well as the fact that 7§*°(zo) = [()]pen (5.0)(z0)- T'he naturality of n then quickly follows
from the fact that the diagram

X h .Y

state state
X Y

A" Sbeho(wo) N O/ Fbehatvo)
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h
in Sets commutes whenever we have a morphism X = (X % X4 x B, o € X) M Y=( 4

YO x D, yo € Y) in RDA.

For each deterministic behaviour A* 2 B, define the pair 6, = (ida,idp), which is clearly a
morphism in RDB from BN (4* % B) to (4* % B), since

BN(A* % B) = (A 220ee 01 gy
_ (4 20,
= (4 2=,
= (Ar 22RO,
=

A* % B).

As the components of 8 are identity morphisms, it quickly follows that # is indeed a natural trans-
formation from BN to idrpg. Note that 6 is thus a natural isomorphism: for each deterministic
behaviour ¢ € RDB, the morphism 6, is an isomorphism (in fact, it is an identity morphism) in
RDB.

B
—

To establish the adjunction RDA 1
‘¥N/

RDB, Exercise 2.5.7 tells us that it suffices to show

the commutativity of the triangles

idg o5 idy No

in the functor categories RDA,RDB]| and [RDB, RDA] respectively (where, for categories C
and D, the functor category [C,D)] has functors from C to D as objects and natural transfor-
mations between such functors as morphisms). This says that for any deterministic automaton X
and any deterministic behaviour ¢, the triangles

BX — B BNBX No — ™o s NBNo

0 NO
idgx B idare ¢

BX N

in RDB and RDA respectively commute. Indeed, writing X = (X 5 X4 x B, zg € X), the tri-
(ldA71dB)

BX — Bm BN BX beh,(zg) beh,(zg)
angle . o5z 11 RDB is simply the triangle o (ida,idp)
idpx (ida,idB)
BX behc(azo)
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N _We NBN

in RDB. Furthermore, writing ¢ = (C* % D), the triangle N6, in RDA
idag

N

H H state
(idc,idpmiye)

N Ny

is the triangle (ideyidp,N(ide,idp) 10 RDA, which commutes because

(ldC ;idp 7idc* /=¢ )

Ne
(N(idc,idp) o n3#2°) ([o],) = N(idc,idp)([o],) = [o], for all o € C*.
B
—
4. As N will send any object in RDB to an object in MDA the adjunction RDA 1 RDB
Yemo
N
B
—
restricts to an adjunction MDA 1 RDB with the same unit  and counit #. We have
v
already observed that 6 is a natural isomorphism. Let X be a minimal automaton. The injectivity

of its behaviour function implies that 75** is also injective (and 7™ is surjective by definition),

s,
so that 75" is an isomorphism in Sets. Furthermore, writing X = (X ﬂ) XA x B, zy € X),
the commutativity of the diagram

A
state d
A (ngre) " xidp (AR — A
X X B (A /:behwa)(Io)) X B
id4g xidBT
XA x B <6beh(5’6>(zo):sbch(575>(zo)>
6]
* /—
X ni‘atc A /:beh<5,€> (zo)

in Sets together with the fact that 75" (z0) = [()]pen (6.0) (20) implies that nx is an isomorphism

B
— A

in RDA. Therefore the adjunction MDA 1 RDB is in fact an adjoint equivalence. O

!

Exercise 2.5.15
This exercise and the next one continue the description of linear dynamical systems from Exercise 2.2.12.
Here we look at the duality between reachability and observability. First, a preliminary result.

1. Let B be an arbitrary vector space. Prove that the final coalgebra in Vect of the functor X — Bx X
is the set of infinite sequences BY, with obvious vector space structure, and with coalgebra structure

(hd, tl): BN = Bx BN given by head and tail.

Call a linear dynamical system A I x Y x X B reachable if the induced function int(p g A% —
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X in the diagram on the left below is surjective (or equivalently, an epimorphism in Vect).

idA—{-int[F’G] idp Xbeh<H,G>

A+ A8 sy A+ X Bx X s B x BN
o [F,G] (H,G) | (hd,tl)
A8 s X X s BN

int[F,G] beh<H’G>

Similarly, call this system observable if the map beh iy gy: X — BN on the right is injective (equiv-
alently, a monomorphism in Vect). And call the system minimal if it is both reachable and observable.

2. Prove that A &5 X & X 2 B is reachable in Vect if and only if B Hox 9 x 5 As
observable in Vect®P.

(Kalman’s duality result (Kdlmdn et al., 1969, chapter 2) is now an easy consequence in finite-dimensional
vector spaces, where the adjoint operator (—)* makes Vect isomorphic to Vect®® — where V* is of
course the ‘dual’ vector space of linear maps to the underlying field. This result says that A x4

X 2 B is reachable if and only if B* Yy xx G0 xx B0 p s observable. See also Arbib and Manes
(1975a). There is also a duality result for bialgebras in Bidoit, Hennicker, and Kurz (2001).)

Solution.

1. For a (B x (—))-coalgebra X MG, B % X and xo € X, letting (bn, znt1) = (H, G)(x,) for all

n € N, the behaviour map beh g ) must satisfy beh g g)(zo) = (bo, b1, b2, .. . ).

2. Recall that Vect consists of only the finite-dimensional vector spaces over R. So products and
coproducts coincide in Vect. So we obtain this result simply because Vect? is dual to Vect. [

Exercise 2.5.16
This exercise sketches an adjunction capturing Kalman’s minimal realisation (Kdlmdn, Falb, and Arbib,
1969, chapter 10) for linear dynamical systems, in analogy with the Nerode realisation, described in
Ezercise 2.5.14. This categorical version is based on Arbib and Manes (1974) and Arbib and Manes
(1975a).

Form the category RLDS of reachable linear dynamical systems. Its objects are such reachable

systems A ox % x 2 B in Vect. And its morphisms from A xS x 2 B in Vect to

C Ty Sy ™ p are triples of functions C —f» A, BL D and X My with

A F__ . x CEEN ‘e H B
f h lh g
C - Y Y — D

Note that f is required to be a surjection/epimorphism.
Also, there is a category RLB with linear maps ¢: AS — B as objects. A morphism (AS 2, B) —

(Ch Y, D) is a pair of linear maps f: C — A and g: B — D with go po f8 =1 — where f¥ results
from the functoriality of (—)3; see Exercise 2.4.8.3.
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1. Demonstrate that the behaviour formula from FExercise 2.2.12.4 and Ezercise 2.4.8.2 yields a be-
haviour functor B: RLDS — RLB, given by (F,G,H) — H o int{p .

2. Construct a functor K: RLB — RLDS in the reverse direction in the following way. Assume
a behaviour : C8 — D, and form the behaviour map b = behy oy : C% — DN below, using the
finality from the previous exercise:

Dx 82Xt p oy pN
(¢,sh) = | (hd,tl)
(@ s DN

The image Im(b) of this behaviour map can be written as
§ beh<,¢,75h> N § e m N
(C RN ): (c 5 Im(b) 2 D )

It is not hard to see that the tail function tl: BN — BN restricts to tI': Im(b) — Im(b) via diagonal
fill-in:
C8 ——° % Im(b)

-
-
-

-

eosh L tlom
// tl/

-
-
-

]:
Im(b) »—— DN

m

Hence one can define a linear dynamical system as
K(ct % D) & (€ <2 m(b) ¥ Tm(p) M2 D).
Prove that this gives a minimal realisation in an adjunction B = IC.

Solution.

1. We need to define the behaviour functor B: RLDS — RLB on morphisms. Suppose we have
morphisms C —f» A, B D, and X " ¥ in Vect which constitute a morphism from a reachable
linear dynamical system A Lo x % x 2 B to another reachable linear dynamical system
C oy gy 2 D, so that the diagram

A F_,x G X el B
f ‘h h g
C = Y = Y — D

in Vect commutes.
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We first claim that the square

int(r,q)

Ab X

f{ h

8 ———— Y

mt[F/’G/]
in Vect commutes. Indeed, for any (co,c1,c2,...,¢n, 0c,00,0c,...) € C8, where O¢ is the zero
vector in C, we have
int (g gy (co, c1,¢2,- -, ¢ny 0c, 00, 0c, - - )

(
= F'(co) +v (G'F')(C1) +y (G F)(c2) +y -+ +y (G")"F')(cn)
= (hF f)(co) +y (G'hF f)(c1) +y (G')’REf)(c2) +y -+ +y (G')"hF f)(cn)
= (hFf)(co) +vy (hGF f)(c1) +y (RG*F f)(c2) +y -+ +y (hRG"F f)(cn)

0)
= h(F(f(co)) +x (GF)(f(c1)) +x (G*F)(f(c2)) +x -+ +x (G"F)(f(cn)))
—h(lnt[pg( ( ) ( ) f(CQ),...,f(cn),OC,Oc,Oc,...))

= h<1nt[F,G] (f§(007015027 cee 7071700)00700)' . )))7

where +x and +y are the vector additions in X and Y respectively.

B
‘g
D
oint(p g

in Vect commutes, making (f, g) a morphism in RLB from A% —> Bto C%
So we define B(f,g,h) = (f,9).

Consequently, the diagram

int[F G)

A8 LI

O N
int[F’,G’] H’

H

\

\

H’ Oint[F’,G’

INy5)

shc]

. Fix a linear map C?% Y, D, i.e. an object in RLB. Let C + C8 [mc—> C% and DN
D x DN respectively denote the initial (C' + (—))-algebra and the final (D X (—))-coalgebra, from

<th,t|D>
LT

~

b
Exercise 2.4.8.1 and Exercise 2.5.15.1. Let C% —% DN be the unique linear map making the
diagram

id b
DxC8 2% . DN
<¢’Shc>){ N}hdl),t'D)
ok > DN
by

in Vect commute, and let Im(by) denote the linear subspace of DY which is the image of by.
Then define the linear maps ey: C% — Im(by) and my,: Im(by) — DN by

ep(v) =by(v) and my(w) =w
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for all v € C% and w € DY. Then e, and my, are, respectively, an epimorphism and a monomor-
phism in Vect, and by, = myey. Also define tl;: Tm(by) — Im(by) by

thy (w) = tip(w)

for all w € Im(by) C DY, so that tlp o my = my o thy, and tlj; o ey = ey o she.
First we check that the linear dynamical system

I

IC(C§ 2, D) = (C’ cuoine, Im(by) tl—w> Im(by) hdp oy, D)

int
e, 0iney,tl
is indeed minimal. First, we show that it is reachable, i.e. the linear map C% [ ve w]

making the diagram

Im(by)

idc o+ int [e oing, tl :|
C i el o (b
[inc,shel | =2 [ewoinc,tlip]
s > Im(by,)

int [ew oing, tl'léff]

in Vect commute is surjective. Indeed, for any w € Im(by) C DN, there exists v € C% such that
by (v) = w, by definition of Im(by). So if we write, v = (cg, c1,...,¢n,0c,0c,0¢c, ... ), then

int[ewoina%](v) = ey(inc(co)) +p tlip (int[%oincv%](cl, .o, Cn,00,00,00, ... ))
= (eg oing)(co) +p (tlép oepoing)(ci) +p---+p ((tlib)n o ey 0ing)(cn)
= (ey oing)(co) +p (ey 0shc oing)(c1) +p -+ +p (ey o (she)" oing)(cn)
= ey (inc(co) +cs (sheoing)(c1) +¢c5 - +cs ((she)™ o inc)(cn))
=ey(co,c1,...,¢n,00,0c,0c,...)

by (v)

w.

beh<

hd Lt
b tw> DN making

Thus k(%) is reachable. Now we show that the linear map Im(by,)

the diagram
idp x beh
b <MDomwﬂ%>

D x Im(by) D x DN

{hdp omy,tl),) | (hdp.tlp)

. DN
Im(bd)) beh<hd ) > 7 D
D omw,tw

in Vect commute is injective, which would establish the observability of K(¢)). The injectivity of

beh<th omw,tl,'d)> follows quickly from the fact that (hdp o m¢,t|2p> is simply (hdp,tlp) restricted

to Im(by,).
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Next, we need to extend K to a functor from RLB to RLDS by defining it on the morphisms

in RLB. Suppose we are given a morphism (A§ - B) —/— (f.9) (C§ — D) in RLB, so f is epic and

we have the commuting square

AS — 7% . B
13 g

cs — Y D
in Vect. Define hyy fq: Im(b,) — Im(by) as follows. For v = (ag,...,a,,04,04,04,...) €
A8 let cg,...,c, € C be such that f(c¢;) = a; for each i € {0,...,n}, noting that we ex-
ploited the surjectivity of f here, and write w = (cg,...,¢n,00,00,0c,...). Note that if
w' = (ch,...,ch,00,0c,0c,...) € C¥is also such that f(c}) = f(¢;) = a; for all i € {0,...,n},
then, for all £ € N, we have

Y(she:(w)) = (g0 p o fO)(shE(w)) = (g0 9)(sh%(v)) = (g0 p o fO)(shE:(w')) = Y(she:(w')),
and so by, (w) = by (w'). Thus we can define

heo . £.9(bp (V) = by (w).
Then the diagram

ep0ing tly, hdp omy

A Im(b,) ——— Im(b,) ———*~ B
I by, 1,9 P, f,9 J
C P Im(by) —>t|, Im(by) “hapomy D

in Vect commutes, making (f, g, he f,g) @ morphism in RLDS. So we can define the functor
K: RLB — RLDS on morphisms by KC(f, g) == IC(f, g, hpp, 1.9)-

Finally, we show that B 4 K. Fix an object (A xS x4 B) € RLDS and an object
(C% = 4 D) € RLB. We will show that a pair the (f,g) is a morphism B(A HEx 5 x 4
B) — Uis) (C§ v D) in RLB if and only if there exists a unique linear map h: X — Im(b,) such

that (A x5 x4 — B) Lhgh), K(C% = v — D) is a morphism in RLDS.
Suppose B(A Lx5 x4 B) —= (:9) (C’§ D) is a morphism in RLB, so that the diagram
idaint
A oAb 2RO A4 x
[ina,shal|= [F,G]
§
A int[F,G] X H b
f* g
Cs ; D
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in Vect commutes. Define h: X — DN by

nx) = ((9HG")(@))

keN

for all z € X. For any x € X, as the linear dynamical system (A xS x4 B) is reachable,
there exists v = (ag,...,an,04,04,04,...) € A such that int(pq(v) = Z?ZO(GjF)(aj) = z.
Furthermore, as f: C' — A is surjective there exist w = (co, . .., ¢n, 0c, 0c,0c, . .. ) € C% such that
f(cj) =a;j for all j € {0,...,n}. Then

h(z)

((gHG nta))),

(gHGk Y (GIFf)(ey)
j=0
= (9H >
=0
(gHint[F’G]f§shg) (w)>
(0

(¢ shé) (w)) ke
w(w).

keN

G*HIF ) (es)

keN

keN

I
[ T

So the map h is in fact a map h: X — Im(by). Now, we claim that the diagram

F X G y X L2l B

T | L

ey oing Im(bw) tlip Im(bw) hdp omy, D

in Vect commutes. Indeed, for c € C,

(¥ shE) (e oc,oc,oc,...))k .

((
( gHnt g1 fshE) (¢, 0c, 0c, Oc, - ")>keN
((
(

gHintyrcishly)(£(c),0c 0. 0c ) ),

(gHGFF f)(c )keN
hFf)(c).

So the square on the left commutes. For the middle square, we see that for any « € X,

(hG)(@) = ((gHGM)(G))
o ()

(ey inc)(c) = by(c,0¢,0c,0c, .. .)
= (

keN
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— 4}, (gHG")(@))
— (tlh) ().

keN

For the square on the right, we have

(hdpmyh)(z) = hdp ((9HG*)())
= (gH)(x)

keN

for all x € X. So (f,g,h) is a morphism from (A Lx % x4 B) to K(C} 2, D) in RLDS.
Moreover, such h is unique as it is uniquely determined by the middle and right-hand squares

above.

Conversely, suppose we have a morphism (A LEx % x4 B) to K(C3 LR D) in RLDS. So

the diagram

A E X G X a B
¢ ey oing Im(bw) tlgb Im(bw) hdp o my > D

in Vect commutes. Then for any ¢ € C' and k € N, we have that

(gHG*F f)(c) = (hdpmy,hGFF f)(c)
thmd,(th th)(C)
eping)(c)

Y shiing)(c).

)k
hd prmy (tl],)*

= (
= (
= (
= (

Thus, for any n € N and ¢y, ..., ¢, € C, we have

n

¥(cos- -5 n,00,00,0¢,...) = _(1hshEing)(ck)

k=0
=Y (gHG"Ff)(cy)
k=0
=gH (Z(Gkaxck) )
k=0

= (gHint[EG]f§)(co, ceesCny00,00,00, .. .).
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Therefore the diagram

id o +int
A+ A8 ARG 4 x

[inA,ShA] o [F7G]
§ N N
A int[F)G] X H B
s hg
§ N
C m D
. . . F G H § P .
in Vect commutes, making (f,g) a morphism from B(A — X — X — B) to (C® — D) in

RLB.

Therefore the assignment which maps a morphism (A LEx 5% x4 B) K(C% LN D) in

RLDS to the morphism B(A HEx % x4, B) ), (C8 2, D) is a bijection. Furthermore this
bijection is natural in both the domain and codomain of the morphisms, simply because compo-
sitions in RLDS and RLB are defined by compositions of the components of the morphisms. So
we indeed have the adjunction B - K.

(f,9,h)

O

Exercise 2.5.17
This exercise describes the so-called terms-as-natural-transformations view which originally stems from
Lawvere (1963). It is elaborated in a coalgebraic context in Kurz and Rosicky (2005).

Let H: Sets — Sets be a (not necessarily polynomial) functor with free algebras, given by a left
adjoint F to the forgetful functor U: Alg(H) — Sets. Let X be an arbitary set whose elements are
considered as variables. Elements of the carrier UF(X) of the free algebra on X can then be seen as
terms containing free variables from X. Show that there is a bijective correspondence:

terms t € UF(X)

natural transformations 7: UX = U '

Hint: The component of the natural transformation at a specific algebra HA — A is the mapping which
takes a valuation p: X — A of the variables in A to an interpretation [[t]];‘ of the term t in the algebra
A. Naturality then says that for a homomorphism f: A — B of algebras, one has the familiar equation

F(17) = T1%,,-

Solution. Fix a set X and an H-algebra a: HA — A. Let px: HF X — FX denote the free H-algebra

F
—

on X. From the adjunction Sets 1 Alg(H), we get a bijection fx 4 4): homsets(X, A) =N
—
U

hom () ((F X, ¢x), (A, @) which is natural in X and (4, ). Fix a term ¢t € U(FX, ¢x), and define

Tlao)(P) = Ox,(a.0)(0)(1)

for all functions p: X — A, so that T(t Aa) is a function from AX to A. We claim that 7! is a natural

transformation from UX to U. Indeed, suppose we have an H-algebra homomorphism (A, o) i> (B, p).
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Then the square

0x
homsets(X, A) — s homaig(m (FX, ¢x), (4, @)

fo(—) hfo()

homgets(X, B) W homAlg(H)((an ¢x), (B, B))

HZ

in Sets commutes, by the naturality of the adjunction bijection 8. We want to show that the square

A4X f* X
— 3 B

t t
T(A,a)‘ ‘T(B,B)

in Sets commutes. Indeed, for any function p: X — A, we have

(£ o 7t)(0) = £ (03,4 (D))
= x5, ((F0)D)
= 7(5.5)(fP)
= (T(tB,ﬁ) ° fX> (p)-

Now we show that the assignment UFX > t + 7! is a bijection between the set UFX and the

collection of natural transformations from UX to U. Let 7: idgets = U F' be the unit of the adjunction
0x, (4,0
F 4 U. Then for any H-algebra (A, ) and for any function p: X — A, the morphism FX X’(A—’)(p)> A

is the unique H-algebra homomorphism making the diagram

H(0x (40
HFX M) HA
Ox,A,a)(P)

\ A

in Sets commute. Then, for any natural transformation v: UX = U, for any H-algebra (A, a), and for
any function p: X — A, the commutativity of the square

(Gx,(A,a)(P))X

(FX)X >y AX
VEX VA
FX A

Ox,4,a)(P)
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in Sets asserts that

va(p) =va (9x,(A,a)(P) ° TIX)

VA <(9X,(A,a) (p)) * (UX))

= O0x,(4,0)(p) (vrx (nx))

_ T(I/:’z)(nx)( ).

Thus v is completely and uniquely determined by the value of vpx(nx) € UFX. From this, we can
conclude that the assignment UF X > t + 7! is indeed a bijection from UF X to the collection of natural
transformations U~ = U. O
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3 Bisimulations

3.1 Relation Lifting, Bisimulations and Congruences

Exercise 3.1.1
Use the description (2.17) of a list functor F* to show that:

Rel(F*)(R) = { ((u1, ..., upn), (v1,...,0n)) | Vi < n.Rel(F)(R)(us,v;) }.

Solution. We recall, from Equation (2.17), that F* = [], .n(F(=))" = [1,en(F x ---x F). So, for

n copies of F'

any sets X and Y and any relation R C X x Y, we have

Rel(F*)(R) = Rel ( H(F(—))”) (R)
neN
= J{@,y) : 2 € (FX)", y € (FY)", and Rel((F(-))")(x,y)}
neN

= U {(Gwn o (o, wn)) () € (X", (un, ) € (FY ),
neN

and Rel((F(—)))((ut, .. ., un), (v1, ... ,vn>)}

= U {((ul,...,un>,<Ul,...,vn)) DUy .Uy € (FX)", (v1,...,0,) € (FY)", and
neN

for all i € {1,...,n), we have Rel(F)(R)(ui,vi)},

where we have used the product and coproduct clauses in the inductive definition of relation lifting. [

Exercise 3.1.2
Unfold the definition for bisimulation for various kind of tree coalgebras, like X — 1+ (A x X x X)) and
X = (Ax X))~

Solution. Fix aset A. Let F': Sets — Sets be the functor defined on objects by F X := 14+ (Ax X x X)
for all X € Sets. Fix two F-coalgebras (X, ¢) and (Y, d). Then for any relation R C X XY, any xz € X,
and any y € Y, we have that (c¢(x),d(y)) € Rel(F)(R) if and only if either of the following hold:

o ¢(x)=d(y) €1, or

o c(x) e Ax X xX,d(y) € AxY xY, and writing ¢(x) = (a,z1,22) and d(y) = (b,y1,y2), we
have a = b and both R(z1,y1) and R(x2,y2).

So a relation R C X x Y is a bisimulation for ¢ and d if and only if R(x,y) implies that either of the
above hold for each x € X and y € Y.

Continue fixing a set A, and let G: Sets — Sets be the functor defined on objects by GX :=
(Ax X)) =[],en(A x X)" for all X € Sets. Fix two G-coalgebras (X, c) and (Y, d). Then for any
relation R C X x Y, any # € X, and any y € Y, we have that (¢(x),d(y)) € Rel(G)(R) if and only if
when we write ¢(z) = ((a1,21),. .., (an, zn)) and d(y) = ((b1,y1), .- ., (bk, yx)), we have that n = k and
for each i € {1,...,n}, both a; = b; and R(x;,y;) hold. Thus a relation R C X x Y is a bisimulation
for ¢ and d if and only if R(x,y) implies said properties for each x € X and y € Y. O
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Exercise 3.1.3
Do the same for classes in object-oriented languages (see (1.10)), described as coalgebras of a functor in
Exercise 2.53.6.35.

Solution. #77 O
Exercise 3.1.4

H#H2?

Solution. #77 O
Exercise 3.1.5

H#H2?

Solution. #77 O
Exercise 3.1.6

H#H2?

Solution. #77 O

107



3.2 Properties of Bisimulations

Exercise 3.2.1

#2?
Solution. #77

Exercise 3.2.2

#2?
Solution. #77

Exercise 3.2.3
H#2?

Solution. #77

Exercise 3.2.4
H#2?

Solution. #77

Exercise 3.2.5

#2?
Solution. #7177

Exercise 3.2.6

344
Solution. #77

Exercise 3.2.7

344
Solution. #77
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3.3 Bisimulations as Spans and Cospans

Exercise 3.3.1

#2?
Solution. #77

Exercise 3.3.2
#2?

Solution. #77

Exercise 3.3.3
H#2?

Solution. #77

Exercise 3.3.4
H#2?

Solution. #77
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3.4 Bisimulations and the Coinduction Proof Principle

Exercise 3.4.1

#2?
Solution. #77

Exercise 3.4.2
#2?

Solution. #77

Exercise 3.4.3
H#2?

Solution. #77

Exercise 3.4.4
H#2?

Solution. #77

Exercise 3.4.5

#2?
Solution. #7177

Exercise 3.4.6

344
Solution. #77

Exercise 3.4.7

344
Solution. #77

110



3.5 Process Semantics

Exercise 3.5.1

#2?
Solution. #77

Exercise 3.5.2

#2?
Solution. #77

Exercise 3.5.3
H#2?

Solution. #77

Exercise 3.5.4
H#2?

Solution. #77
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4 Logic, Lifting and Finality

4.1 Multiset and Distribution Functors

Exercise 4.1.1

#2?
Solution. #77

Exercise 4.1.2

#2?
Solution. 77

Exercise 4.1.3

#2?
Solution. #77

Exercise 4.1.4

#2?
Solution. #77

Exercise 4.1.5

#2?
Solution. 77

Exercise 4.1.6

#2?
Solution. #77

Exercise 4.1.7

#9297
Solution. #77

Exercise 4.1.8

#07

Solution. #77
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4.2 Weak Pullbacks

Exercise 4.2.1
#2?
Solution. #77 O

Exercise 4.2.2
Consider in an arbitrary category a pullback

e — o
.
A
e —— o
Prove that if m is a mono, then so is m’.

Solution. Fix a category C. Suppose we have a pullback square

p—TL a4

-

h
in C, with m monic. For a parallel pair of morphisms DjP with m’h = m'k, we have
k

mfh=gm'h=gm'k = mfk.

So fh = fk, since m is a monomorphism. The uniqueness clause in the universal property of pullbacks
now lets us conclude that h = k. O

Exercise 4.2.3

H#H2?

Solution. #77 O
Exercise 4.2.4

H#H2?

Solution. #77 O
Exercise 4.2.5

#7272

Solution. #77 O

Exercise 4.2.6
The following two results are known as the pullback lemmas. Prove them yourself.
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1.

2.

If (A) and (B) are pullback squares, then the outer rectangle is also a pullback square.

If the outer rectangle and (A) are pullback squares, then (B) is a pullback square as well.

Solution. Fix a category C.

(1)

Suppose we have two pullback squares

A f s B ¢ s I
h g ‘m
C ; s D - F

in C. Suppose we have an object P € C and two morphisms C L P2 FEin C such that

mp = nkq. Then the morphisms C ﬁ PAE yield a unique morphism P — B such that
gr = kq and ¢r = p. Then the morphisms C' LpLB yield a unique morphism P = A such
that hs = ¢ and fs = r. We then see that {fs = lr = p.

P’\—\f\]ﬂ

A B £ 3
q | ‘/J l

h g m

C — D — F

Suppose we are given another morphism P 5 A satisfying ht = q and £ft = p. Then gft =
kht = kq. Together with the equality ¢ft = p, it follows that ft = r. This, together with the
equality ht = g, allows us to conclude that t = s.

Suppose that we have a commuting diagram

A f B ¢ 5

~

C : s D -

in C such that the following two squares

A—2 F B—*t > E

are pullback squares in C. Suppose we have an object P € C and two morphisms A Lphp
in C such that gp = kq. Then the two morphisms D Fpp satisfy m(¢p) = n(kq). Using
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the fact that the outer rectangle is a pullback, there exists a unique morphism P — A such that
P

Lfr = fp and hr = q. We then see that the parallel pair morphisms PZB satisfy ¢p = £fr and
fr

gp = kq = khr = gfr. The fact that the right-hand square is a pullback now implies that p = fr.

4

A sy B sy I
q lJ J
h g m
C s D s I

k n

Given any other morphism P = A satisfying fs = p and hs = ¢, we also obtain the equality
{fs = {p. Therefore s = r. O

Exercise 4.2.7
Let F: C — C be an endofunctor on a cateogry C with pullbacks. Prove that the category Alg(F') of
algebras also has pullbacks, constructed as in C.

Solution. Suppose we have a cospan

in Alg(F). We take the pullback

_—
p2‘/ ‘/f
B———C
in C, yielding the commuting diagram
FP d y FA
\\\ il /
ke P1
P——— A
Fpa P?l lf Ff
B——C
g
> ~

in C.
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We claim that the F-algebra (P, ) is the (object of the) desired pullback. For any two F-algebra

homomorphisms (B, ) & (X, ) LN (A, ) satisfying fh = gk, we have a unique morphism X Lp
in C satisfying pit = h and psot = k. We now need to check that this ¢ really is a homomorphism of
F-algebras from (X, €) to (P, 7). Indeed,

pité = hé = aFh = o(Fp1)(Ft) = pirFt
and, similarly, poté = pomF't. So t§ = nF't. O

Exercise 4.2.8
#2?

Solution. #77 O

Exercise 4.2.9
#2?

Solution. #77 O

Exercise 4.2.10
#2?

Solution. #77 O

Exercise 4.2.11
#2?

Solution. #77 O
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4.3

Predicates and Relations

Exercise 4.3.1
Let (I, €) be a logical factorisation system.

1.

2.

Show that a map f € MN & is an isomorphism.

Prove that if we can factor a map g both as g = moe and as g = m' o €', where m,m’ € M and
e, e/ € €, then there is a unique isomorphism ¢ with m' oo =m and poe = ¢€'.

Show for m € M and e € € that m(mo f) =mom(f) and ¢(f oe) = m(f) oe, where m(—) and
¢(—) take the M-part and the E-part as in Definition 4.3.2.2.

Solution. Let C be a category with a logical factorisation system (90, €).

1.

Let (A EN B) € M N ¢. We have the commuting diagram

f

A B
g )
idA‘/ 9. ‘1d3
k/
A

7 B

|

|

in C, by the diagonal-fill-in property. Thus f is an isomorphism with inverse g.

Suppose we have two factorisations ¢ = moe = m’ o €’ of a morphism A 9, B in C, where
(I B)(I' "> B)eMand (A —=4 T),( A—4 I' ) € & That is, the diagram

e
, g

A——m—FP1T

I'——5B
m

in C commutes. Then, by the diagonal-fill-in property, there exists a unique morphism I 2 I'in
C such that pe = ¢ and m’¢ = m. Similarly, there exists a unique morphism I’ ﬁ) I such that
oe’ =eand m¢' =m'. So

my'p = (my')p =m'p =m
yielding ¢’ = id; since m is monic. Similarly, ¢’ = id;. So I % I’ is the desired unique

isomorphism.

Fix an arbitrary morphism B i) C, an abstract monomorphism C " D , and an abstract

epimorphism A — B . We see that mf = e(mf)om(mf) = ¢(f) om(f)om. By the previous
part, we have m(mf) = m(f) o m, where we actually mean that these two morphisms live in
the same equivalence class of subobjects of D. Allowing ourselves to assume that the relevant
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subobjects coincide, i.e. mom(f) = m(mf) and m(f) = m(fe), we get the commuting diagram

\A m(fe)
I
e(mf)
e(fi X

Iy—C m(m.f)
m(f) z\mJ
D
in C. As the appropriate diagonal-fill-ins must be the id;, we obtain ¢(f) o e = ¢(fe). O

Exercise 4.3.2

Let F': C — C be an endofunctor on a category C with a logical factorisation system (M, €).

Sy

1. Assume that F preserves abstract epis, i.e. e € € = F(e) € €. Prove that the category Alg(F')

of algebras also carries a logical factorisation system. Use that pullbacks in Alg(F') are constructed
as in C; see Fxercise 4.2.7.

2. Check that every endofunctor F': Sets — Sets satisfies this assumption, i.e. preserves surjections
— if the axiom of choice holds. Hint: Recall that the axiom of choice can be formulated as: each
surjection has a section; see Section 2.1.

Solution.

1. Let M and ¢ be the collections of morphisms in Alg(F') for which the underlying morphism is
in M and € respectively. It is clear that both 9" and ¢ contain all isomorphisms from C and are
both closed under composition.

Suppose we have an F-algebra homomorphism (FA % A) ER (FB LN B). This yields the

commuting diagram
F(Im(f))
F (e(f)V X(m(f))
FA 77 FB

a B

A ! , B
m ()%
Im(f

in C. So there exists a unique morphism F(Im(f)) 2 Im(f) making the diagram




in C commute, by the diagonal-fill-in property. So get the commuting triangle

(4,0) — s (mm(f),)

m(f)

(B,5)

in Alg(F'). So we have factored every morphism in Alg(F') into a composition of a morphism in
¢’ followed by a morphism in 9.

(4,0) —<¥— (B,p)

A commutative square s g in Alg(F) yields the commutative square

(C,7) = (D59)

A ec¢
_—

Sy

¥ ﬂ!t/// ¢ in C, by the diagonal-fill-in property of (90, ). This ¢ is an F-algebra homo-

<—

>

o<
A
meM

morphism from (

sy

,B) to (C,~) because of the string of equalities
mtB = g = 8(Fg) = 8(Fm)(Ft) = my(Ft).
in C, from which t8 = v(Ft) follows due to m being monic.

A morphism X i> Y in an arbitrary category D is a monomorphism if and only if the (commu-
tative) square
x — ,x

idx lf
Y

X i

in D is a pullback square. As pullbacks in Alg(F) are formed at the level of C, monomorphisms in
Alg(F) are precisely the F-algebra homomorphisms whose underlying morphisms are monomor-
phisms in C. Therefore all morphisms in 9 are monic.

Finally, that 9 is closed under pullback, and that ¢’ is closed under pullbacks of morphisms
in M, follows simply from pullbacks in Alg(F') being constructed on the level of C.

2. Fix an endofunctor F': Sets — Sets and let e: X — Y be a surjective function. Choose a function
s: Y — X satisfying es = idy, i.e. s is a section of e. Then (Fe)(Fs) = F(es) = Fidy = idpy.
Therefore Fe: FX — FY is split epic in Sets, and is hence a surjection. O

Exercise 4.3.3
Define the category EnRel(C) of endorelations in a category C (with a logical factorisation system) via
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the following pullback of functors:

EnRel(C) » Rel(C)

¢ (idc,idc) CxC

1. Describe this category EnRel(C) in detail.
2. Demonstrate that taking equality relations on an object forms a functor Eq(—): C — EnRel(C).
Solution.

1. The objects of EnRel(C) are relations R —— X x X whose codomain is the product of an

object in C with itself. A morphism in EnRel(C) from R P X x X to Sph—— Y xY is
a morphism f: X — Y such that the diagram

XXX —YxY
Ixf

in C commutes. Composition and identities in EnRel(C) are exactly as in C.

2. The operation Eq: C — EnRel(C) is defined on morphisms simply as Eqf := f for all morphisms
f in C. To see that this indeed sends a morphism in C to a morphism in EnRel(C), we use the

diagonal-fill-in property: for a morphism X i) Y in C, we have the commuting diagram

e((idx,idx))

X » EqX
fJ( J(m((idx,idx))
Y L7 xxx
¢(<idyﬁidY>)l J(,/// lfxf
Eq¥ m((idy,idy)) Yy
in C. The functoriality of Eq: C — EnRel(C) is clear from definition of Eq. O

Exercise 4.3.4
Let C be a category with a logical factorisation system and finite coproducts (0,+).

1. Show that the image of the unique map !: 0 — X is the least element L in the poset Pred(X) of
predicates on X.

2. Similarly, show that the join mVn in Pred(X) of predicates m: U p—— X andn: V p—— Y
is the image of the cotuple [m,n]: U +V — X.

Solution.
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1. Fix any object X € C and any predicate U p—— X . Let 0 X, X and 0 ‘v, U be the unique
morphisms from 0 to X and U respectively. Then we have the commuting diagram

e(!x)

00— Tm(ly)

)’e

Up—" 5 X
in C, since m(!x) oe(!x) = !x = moly by the initiality of 0.

2. Fix an object X € C and predicates U s X and V 2 X. The diagram

U s U+V
%nn
m Im([m, n]) K2
Afm,n])
X 4V

n

in C commutes, where x1 and k9 are the relevant coprojections. So we certainly have the inequal-
ities m < m([m,n]) > n in Pred(X). Now suppose that there is another predicate P p—— X

satisfying the inequalities m < p > n in Pred(X). So there are unique morphisms U Lpdvy
in C such that the diagram

m Im([m, n)
A[&m,n])
X 'V

n
in C commutes. Therefore we have the commuting diagram

¢([m,n])

U+V ———— Im({m,n])

[£.9] A m([m,n])
L
P > > X
in C. This yields the inequality m([m,n]) < p in Pred(X). O
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Exercise 4.3.5
Two morphisms f,g in an arbitary category C may be called orthogonal, written f L g, if in each
commuting square as below there is a unique diagonal making everything in sight commute:

e<i—— @
K\
Q N ~
\\\
e<i—— @

The diagonal-fill-in property for a factorisation system (I, €) in Definition 4.3.2 thus says that e L. m
for each m € M and e € €.

Now assume that a category C is equipped with a factorisation system (I, €), not necessarily ‘logical’.
This means that only properties (1)—(3) in Definition 4.3.2 hold.

1. Prove that f € € if and only if f L m for all m € 9.

2. Similarly, prove that g € M if and only if e L g for all e € €.

3. Prove that e,doe € € — d € €.

4. Similarly (or dually), prove m,mon € M = n € M.

5. Prove m,n € M = m x n € M, assuming products exist in C.

6. Show that diagonals A = (id,id) are in M if and only if all maps in € are epis.

Solution. Recall that a pair (901, €) of collections of morphisms in C forms a factorisation system on C
if all of the following hold: both 99t and € contain all the isomorphisms in C; both 9t and & are closed
under composition; any morphism in C can be written as the composition of a morphism in & followed
by a morphism in 91; and e 1. m for all e € € and m € 9.

1. The forward direction is simply by definition of a factorisation system. So we are left to prove

the converse. Suppose A i) B is a morphism in C with f L m for all m € 9. Then we have the
_—

commuting diagram
A ! B
e(f)J7 il ‘idg
B
m(f)

L
Im(f) b—-r—
in C. In particular, m(f) ot = idg. Now, the diagram

e(/)

A

e(f) B m(f)

g
=
=
&

in C also commutes. By the uniqueness clause in the diagonal-fill-in property for factorisation
systems, we must have t om(f) = idyy, (). Hence Im(f) ), B is an isomorphism (with inverse

B Im(f)), and so m(f) € €. Therefore f = m(f)oe(f) € €, since € is closed under composition.
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2. Again, the forward direction is by definition of a factorisation system. For the converse, suppose
AL Bisa morphism in C with e L g for all e € €. Then the commuting diagram

A 4{> Im(g
‘ = T
A —> B
in C implies that t o ¢(g) = id4. Furthermore, the commuting diagram
A W Tm(g)
/

e(9) A m(g)
o

I » B

m(g) b

in C implies that e(g) o ¢ = idpy(g). Thus e(g) € M and so g = m(g) o e(g) € M.

3. Let AS B Cbe morphisms in C with e,de € €. Then the diagram

A de %C

Pt ide

B -
e(d)i k///

Im(d) oy C

in C commutes, and so m(d) o k = id¢. The commutativity of the diagram

A > Im(d)
my
¢e(d)oe C m(d)
e
Im(d) s > C

in C then implies that k o m(d) = idyy,(g). So m(d) is an isomorphism, giving us d € €.

4. We could proceed similarly as in our solution to part (3), but we will instead present a different
proof using the result established in part (2).

Let A % B ™ C be morphisms in C with m,mn € 9. Fix any ( X —$ Y ) € € and
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morphisms X Iy Aand Y % B in C such that the diagram
X —F—pY
f g

A——> B
in C commutes. The diagonal-fill-in property gives us the commuting diagram

X —3Y

| -7
f k- mg
-
.
.

in C, that is, there exists a unique morphism Y LAY satisfying ke = f and mnk = mg. Then we
have the two commuting diagrams

X 4€|> Y X 45|> Y
nf nk lmg nfl g lmg

in C, from which it follows that nk = g. Any other morphism Y LN satisfying he = f and
nh = g will also satisfy mnh = mg, and hence h = k.
. Suppose C has products. Fix ( A "= X ),( B —"-Y ) € 9, and suppose that we have

morphisms ( P —— Q) GQE,PLAXB, aninXstuchthatge:(mxn)f. So the
diagram

P ¢ > Q
g
f Ap—T s X
1
s s
AxB — ™" L XxY
p2
™2
B} _ Y

in C commutes, where 7y, w2, p1, and ps are the relevant projections. This yields the commuting
diagram

P——Q

fl /// lg

A X B T XxY

.
.
.
m| o
s
K

Apb— 5 X

"

124



in C, since e 1. m. Similarly, there exists a unique morphism @ %, B such that fe = mo f and

k.l
nf = pag. The morphisms A & Q % B induce a unique morphism @ u> A x B satisfying

(k,f)e = (ke,le) = (mf,maf) = f and  (m xn)(k,{) = (mk,nl) = (prg,p2g) = 9,
yielding e L (m x n). Therefore (m x n) € M, by part (2) of this exercise.

. Continue assuming that C has products. Let us start with the forward direction, supposing that
(idx,idx) € M for all X € C. Fix a morphism ( A —“+4 B ) € € and suppose we have a parallel

f
pair of morphisms BXC in C satisfying fe = ge. Then, the commuting diagram
g

A —ep B
fegel I l<f,g>
Ch—  CxC
(ide,ide)

in C asserts, in particular, that there is a morphism B LNYo: satisfying (h,h) = (f,g). It follows
that f = g.
Conversely, suppose that every morphism in € is epic. Fix any X € C and suppose we have a

commuting square of the form

A—EPB

in C, where e € €. Letting X <~ X x X =% X denote the projection morphisms for the binary
product X x X, we have myge = f = mage. As e is epic, we have m1g = mag. We thus obtain the
commuting diagram

A —EP B

T1g="129

X — X xX
(idx,idx)

in C. Any other morphism B LN satisfying he = f and (idx,idx)h = g will, in particular,
satisfy he = f = (m1g)e, from which it follows that h = 7;g since e is epic. We conclude that
e L (idx,idx). Therefore (idx,idx) € 9M, by part (2) of this exercise. O

Exercise 4.3.6
Prove the converse of Proposition 4.3.5.4: if Hf(f_l(n) Am)=mnA ]_[f(m) holds for all appropriate
f,m,n, then € is closed under pullback along maps m € .

Solution. Let (9, €) be a factorisation system (see Exercise 4.3.5) on a category C satisfying all the
properties of a logical factorisation system with the exception of the clause that & is closed under
pullbacks of morphisms in 9. That is, (9, €) satisfies items (1)—(5) of Definition 4.3.2.
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For a morphism X LY in C, recall that the functor [];: Pred(X) — Pred(Y’) is defined on objects

by sending a predicate U p—— X to the predicate [] #(U) = Im(fm) %M Y. As stipulated

in this exercise, suppose that Hf(f_l(n) Am) = nA[];(m) for all morphisms X L,V in C and all
predicates (U b—— X ),( V pb—=Y ) e M.

<

Now suppose we have a cospan » in C, with e € € and n € 9. Form the pullback

L

in C. We wish to show that n=!(e) € €.
The diagonal-fill-in property tells us that we have the commuting diagram

e(eoe™!

—{> Im(eo e t(n))

U
h H'k el - m(ece™1(n))
V

in C. In Pred(Y), we have the equalities

m(eoe ! (n)) = H(e_l(n))

=nAm(e)
:’]’L’

where the third equality follows from our assumption, and the last equality follows from the fact that
m(e) = idy (as subobjects) since e € € (see Exercise 4.3.1.2). Therefore the unique induced morphism

Im(eoe t(n)) % V must have be an isomorphism, giving us n='(e) = koe(eoe !(n)) € €. O

Exercise 4.3.7
Let (MM, €) be a factorisation system on a category C with finite products 1, x. Prove that the category
of predicates Pred(C) also has finite products, via the following constructions:

1. The identity (1 b—— 1) on the final object 1 € C is final in Pred(C).
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2. The product of predicates (m : U p—— X) and (n: V ——Y) s the conjunction of the
pullbacks ;' (m) Ay H(n), as a predicate on X x Y.

Solution. Given any predicate U p—"— X, the diagram

U-les 1
m ‘/idl
X —memes 1
X

in C commutes by 1 being the terminal object in C, where !x and !y are the unique morphisms from
X to 1 and U to 1 respectively.

Now, given two predicates (m : U b—— X) and (n: V b—— Y), we form the following three

pullbacks in C:

Xe——F XXY —F——Y

where X <~ X xY 2 Y are the relevant projections. We will show that 7 := 7, ' (m)or; = my '(n)ory
is the product of m and n in Pred(C). Suppose we are given a predicate S b—"— Z and a pair of

morphisms m <i s % nin Pred(C), so that we have the commuting diagram

U ¢ 8 —-emiotee- +V
X 7 Z Y

in C. Then Z — (.g) X x Y is the unique morphism in C such that m(f,g) = f and m(f,g9) = g. It

remains to check that this morphism (f,¢) is a morphism from s to r in Pred(C). The commuting
diagram

U f S g

>V
. v
Y

X—F X XY ——F/—

in C implies that there are unique morphisms P Logk Q in C satisfying ph = f, ¢k = §, and

7 (m) o h = (fs,gs) = 7, ' (n) o k. So there exists a unique morphism S % R in C such that ril=h
and rof = k. Therefore

rogzﬂ-l_l(m)orloﬁzwl_l(m)th<f8798>:<f,9>°3
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so that s M r really is a morphism in Pred(C). O

Exercise 4.3.8

Let (O, &) be a logical factorisation system on a category C with pullbacks. Prove that € is closed under
pullbacks along arbitrary maps if and only if the so-called Beck—Chevalley condition holds: for a pullback
as on the left, the inequality on the right is an isomorphism:

X Iy

; hlm) < g [ m).
R T | GEETR

k
ZTH/V

Solution. #77 O
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4.4 Relation Lifting, Categorically

Exercise 4.4.1

#2?

Solution. #77 O
Exercise 4.4.2

Prove that split epis are orthogonal to all monos (where orthogonality is defined in Ezxercise 4.3.5.
Conclude that & C SplitEpis, for a logical factorisation system (I, €), implies € = SplitEpis.

Solution. Let C be a category, let A S Bbea split epimorphism in C with section A < B. Suppose
we have a monomorphism X ™V in C and morphisms A i> X and B % Y in C such that the diagram

A——>% B

X r————Y

in C commutes. Then we have a morphism B ELND'S satisfying m fse = gese = ge = mf, and so
fse=f and mfs=ges=gyg
since m is monic.
A—F—% B
l \/
X r—Y
Furthermore, if B kX s any other morphism satisfying mk = ¢ (and ke = f), then mk = g = mfs,
and so k = fs since m is monic. Therefore e is orthogonal to m.
Now let (91, ) be a logical factorisation system on C, and suppose that every morphism in € is

split epic. As every morphism in 91 is monic, the result above shows that every split epimorphism is
orthogonal to every morphism in 9. Therefore, by Exercise 4.3.5.1, every split epimorphism is in €. [

Exercise 4.4.3

H#H2?

Solution. #77 O
Exercise 4.4.4

#2?

Solution. #77 O
Exercise 4.4.5

#2?

Solution. #77 O
Exercise 4.4.6

H#2?

Solution. #77 O
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4.5 Logical Bisimulations

Exercise 4.5.1

Let F be an endofunctor on a category C with a logical factorisation system. Assume algebrasa: F(X) —
X and b: F(Y) = Y and a relation (r1,r2): R —— X X Y. Prove that the pair (a,b) is a Rel(F)-
algebra Rel(F)(R) — R in Rel(C) — making R a logical congruence — if and only if the object R € C
carries an F-algebra structure c: F(R) — R making the r; algebra homomorphisms in

FX) 0 ppy —E02 pyy
a‘/ c b
X R - Y

Check that this algebra c, if it exists, is unique.
Solution. The existence of a (necessarily unique) morphism Rel(F')(R) 4 R in C making the diagram

FR ) Ra(FYR) —— 1 R

(Fr1,Fra) Tm«FTl:FTz)) (r1,m2)

FXXFYTXXY

in C commute implies that the diagram

F(X) «—  F(R) —2 5 F(Y)
a‘/ toe((Frl,Frg))l ‘/b
X « - R . Y

in C commutes.
Conversely, given a morphism FR < R in C satisfying aFr; = ric and bFry = rac, we have the
commuting diagram

«(©) Im(c)

c

B(<F7‘1,F’r‘2>)

FR ———" Rel(F)(R) R
(Fri,Fra) Im(<F""17FT2>) (r1,r2)
FXXFY ——— X xY
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in C. The diagonal-fill-in property yields the commuting diagram

FR % Rel(F)(R)

e(C)J7 Im((Frl,Frg))

Im(c) " FXxFY

-,

m(c)I ,// la xb
v

Rpb———— X xY

<T17T2>

m( Frl,Frg

in C, giving a morphism (Rel(F)(R) b——— FX x FY) (a,b)

7‘1’

(R I

L X xY) in Rel(C).

Finally, such an F-algebra structure FR — R, if it exists, must be unique simply because the

relation R M X xY is a monomorphism in C.

Exercise 4.5.2
H#2?

Solution. #77

Exercise 4.5.3
H#2?

Solution. #77

Exercise 4.5.4
#2?

Solution. #77

Exercise 4.5.5
#2?

Solution. #77

Exercise 4.5.6
#2?

Solution. #77
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4.6 Existence of Final Coalgebras

Exercise 4.6.1

#2?
Solution. #77

Exercise 4.6.2
#2?

Solution. #77

Exercise 4.6.3
H#2?

Solution. #77

Exercise 4.6.4
H#2?

Solution. #77

Exercise 4.6.5
#2?

Solution. #7177

Exercise 4.6.6
344

Solution. #77

Exercise 4.6.7
344

Solution. #77

Exercise 4.6.8

#27
Solution. #77

Exercise 4.6.9

427

Solution. #77
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4.7 Polynomial and Analytical Functors

Exercise 4.7.1

#2?
Solution. #77

Exercise 4.7.2
#2?

Solution. #77

Exercise 4.7.3
H#2?

Solution. #77
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5 Monads, Comonads and Distributive Laws
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6 Invariants and Assertions
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