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Abstract

This is a summary of some notes taken by me during the course given
by Prof. Robin Cockett at the Institute of Cybernetics in February 2013.

1 Restriction categories

We assume familiarity with the basics of category theory. Given a category
X, we write Ob(X) or |X] for the collection of its objects, and Homx(A, B) or
X(A, B) for the collection of the maps in X from A to B. We put Homx =
Ui pex X(4, B). If X is clear from the context, we may omit it from the
Hom-notation.

Definition 1.1 (Restriction category). A restriction category is a category X
together with a restriction operator (-) which associates to every f € X(A, B)
an f € X(A, A) so that the following diagrams commute:

ATy A—T 4 at.p (1)
N FE e, |
B T x4 A t.p

i.e., the following properties are satisfied:
1. fof=f forevery f: A— B.
2. gof=fogforevery f: A—B,g: A— C.
3. Gof=gofforevery f:A— B, g: A—C.
4. gof=fogofforevery f:A— B,g:B— C.
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Commercial — ShareAlike” 4.0 International license:
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Let us interpret the rules. Rule [I] says that the result of f does not change
if its restriction f is applied first. Rule [2| says that restricted maps with same
domain commute with each other. Rule[3|says that composing two restrictions
is the same as applying a restricted map first, then an ordinary one, and finally
restrict the composition. Rule [] says that a restriction can be moved from
“after” to “before” an ordinary map, provided the originally restricted map is
pre-composed with the other one.

Example 1.2. The category Par whose objects are sets and whose maps are
partial functions, is a restriction category: the restriction f: A — Aof f: A —
B satisfies f(x) = z if f(«x) is defined, and undefined otherwise.

Lemma 1.3. Let X be a restriction category. For every f: A— B, g: B— C
the following hold:

1. f = f. That is: the restriction operator on X is idempotent.
2. fof=f. That is: restricted maps are idempotents in X.
3. If f is monic then f =id. In particular, idy = id4.

4. gof=gof forevery f:A—B,g:B—C.

Proof. We first prove point 2] By putting ¢ = f in rule[3|of restriction categories
we get fo f = fof, whichis f by rule
We now prove point[3} By rulefl] fof = f = foida: as f is monic, f = id4.
To prove point [f] we use all the rules of restriction categories:

gof=fogof=fogof=gofof=gofof=gof.
Finally,

which proves point O
Definition 1.4 (Total map). Let X be a restriction category. Amap f: A — B
in X is total if f =ida.

Monic maps are total. In addition, we have the following

Lemma 1.5. Let X be a restriction category, f € X(A,B), g € X(B,C). If
go f is total, then so is f.

Proof. If go f =1id 4, then

F=idioF=gofof=gofof=gof=ida.
O

Lemma 1.6. For a restriction category X, the objects of X together with the
total maps of X form a subcategory Total(X).

Proof. By point [3] of Lemma identities are total maps. By point [ if
fi+A— Band g: B — C are total maps, then

gof=Fof=idpof=7F=ida,
and go f: A — C is a total map. O




Definition 1.7. Let X be a restriction category and let f,g : A — B maps in

X. We write f < gif go f = f, i.e., if the following diagram commutes:

A—1 .
A
In the case A = B observe that f <idu for every f: A — A.

Example 1.8. Let X = Par. Then f < g if and only if g is an extension of f.

Lemma 1.9. The relation introduced in Definition is a partial order. More-
over, restriction is monotone with respect to such partial order, i.e., if f < g
then f < 3.

Proof. Reflexivity follows by putting ¢ = f and applying the first rule of re-
striction categories. For transitivity, if f < g and g < h, then

hof=hogof=hogof=gof=F,
so that f < h as well. For antisymmetry, if f < g and g < f, then
f=gof=fogof=fofog=fog=g.
Finally, if go f = f thengo f =go f=go f = J. O

Recall that a binary relation R defined on a partial monoid M is enriching
if, for every f,g,h,k € M such that hfk and hgk are defined, if fR g then
hfkR hgk.

Lemma 1.10. The ordering from Definition is enriching.

Proof. A relation on maps is enriching if f R ¢ implies (ko foh)R (kogoh)
whenever f,g € X(A,B), h € X(Z,A), and k € X(B,C) as Z,A,B,C € [X|.
We will prove separately the two cases h = id4 and k = idp, from which the
general case follows easily.
First, suppose C = B and k = idp: if go f = f, then by ruleof restriction
categories goho foh=go foh = foh. Thus, if f < gthen foh<goh.
Next, suppose Z = A and h = id4: if go f = f, then

kogokof = kogokofof byRulel
= kogokofof byRulef
= kogofokof byRule

= kofokof
= ko f byRule[l].

Thus, if f < gthen ko f<kog. O
Corollary 1.11. Let f: A— B, h: A—C,k:B—D. Thenko foh < f.
Proof. Follows from Lemma and h < ida, k < idp. O



Definition 1.12 (Compatible maps). Two maps f,g: A — B in a restriction
category X are compatible, written f — g, if go f = fog.

Example 1.13. Two maps in Par are compatible if and only if they are equal
on the intersection of their domains.

Lemma 1.14. Let f,g: A— B, h:Z — A, k: B — C be maps in a restriction
category X.

1. f—gifand onlyif go f < f and f oG < g. In fact, if either inequality
holds, then f — g, and the other one holds too.

2. If f—gthenkofoh—kogoh.
Proof. If f — g, then
fogof=fogof=fofg=fog=golf,

that is, g o f < f; similarly, f 0§ < g. On the other hand, if go f < f, then

gof=fogof=fogof=fofog=fog,

that is, f — g; similarly if f 0§ < g. This proves point
Point 2] is so tricky that we provide two proofs. Recall that f — g means
gof=1rfog.

e First proof: (by James Chapman) On the one hand,

kogohoﬁgfgﬁ = kogoﬁg?oh

kogogogg?oh
kogokofogoh
— hogoksTogoh

= kogokogo?oh
kogokogo?oh

= kogofoh:

on the other hand,

kofohoEgEgE = kofoﬁggoh
= kofo?o%ggoh
= kofokogofoh
= kofokogofoh
kofokofogoh

kofokofogoh
= kofogoh,

and it follows from the hypothesis that kogo foh=ko fogoh.



e Second proof: (by Robin Cockett) We prove separately that, if f — g,
then foh— gohand ko f — ko g: from which the general case follows

immediately. In fact, if go f = f og, then
goh,ofoh:go?oh:fogoh:fohogoh7

and

kogokof = kogogokofo
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In the last chain of equalities, the leftmost & is only a placeholder that never
enters the transformations. We thus get

Corollary 1.15. Let X be a restriction category. For every A,B,C € IX],
f,9€X(A,B), and k € X(B,C), ifgof =fog, thengoko f=fokog.

2 Examples of restriction categories

Example 2.1 (The trivial restriction). Let X be any category and let f = id4
for every f € X(A, B).

Example 2.] tells that being a restriction category is additional structure,
not a limitation.

Example 2.2 (The restriction monoid). Let X have N as its only object and
the partial recursive functions as maps. Define restriction as in Par, i.e., if f
is a partial recursive function, then f(n) is n if f(n) is defined, and undefined
otherwise.

Example 2.3 (Meet semilattices). Let X be a meet semilattice, i.e., a set with
a binary operation A satisfying t Ay =y Az, x A(yAz) = (zAy) Az and
x Az = x. Then (X, A) is easily given a monoid structure, thus making it a
category: define restriction by T = x. The axioms of restricted category follow
then directly from those of meet semilattice.



Example 2.4 (Trunked trees). Let G = (V, E) be a directed graph. Consider
the path category (or free category) on G, whose objects are the nodes of G,
and whose maps are the finite directed paths from a node to the other, with
identities being the empty paths. We can then indicate the maps in Path(G) as
(4, a1, ...,ay], B); the composition of (A, [a1, ..., a,], B) and (B, [b1,...,bny],C)
will be (A4, [a1,...,an,b1,...,by],C). In a similar way, the trunked tree on G
is defined as the category TrunkT(G) whose objects are the nodes of G, and
where a map from A to B is a tuple (A, (p, P), B) where

e p is a finite path in G, and
e P is a finite, prefiz-closed set of finite paths on G that contains p.

Then (4, (p, P), B)(B, (¢,Q),C) = (4, (pg, PUPQ), C), and ida = (4, ([], {[[}), 4).
The restriction of (A, (p, P), B) is defined as (A, ([], P), 4): thus, restriction in
trunked trees is not trivial. The total maps of TrunkT(G) are those where P

is reduced to {[]}, i.e., the identities.

We recall the definition of pullback.

Definition 2.5 (Pullback). Let f: A — B and g : C — B be two convergent
arrows in a category X. A pullback of f along g is a map f’': D — C, for which
amap g’ : D — A exists such that the following hold:

1. go f' = fog, ie., the following diagram commutes:

2. For every object £ and maps u: F — C, v : E — A such that gou = fow
there exists a unique map « : £ — D such that f'oa=wuand ¢’ oca = v,
i.e., the following diagram commutes:

E (4)
v\\*p\?c
b,k
A——B

Pullbacks are unique, up to the following equivalence: f’ ~ f” if and only if
there is an isomorphism « such that the following diagram commutes:

c (5)



Lemma 2.6. Let X be a category and let m € X(A, B).
1. If m is monic, then every pullback of m along any map is monic.
2. m is monic if and only if A —— A s a pullback diagram.
A-—"->B
Proof. Let m be monic and let 7 L> A beapullback; let then u,v : X — Z
C R B
satisfy m’ ou =m’ov. Then mo f'ou = fom'ou= fom'ov=mo f ov, so

ffou= f"ov as m is monic. As m’ is a pullback, for h =m’ ocu =m’ ov and
k= f'ou = f'ow, there exists a unique map « : X — Z such that the diagram

Nt

h T?A
C’—f>

commutes: which implies u = o = v.
Now, surely 4 —— 4 commutes. If m is monic and u,v : Z — A
J/m
A-">DB

also make 7 v . 4 commute, then v = v by monicness of m, and clearly

A-—">B

A——— A is a pullback. On the other hand, if the latter is a pullback and
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A-—"- B
mou = mow, then u = aidg = v for a unique « : Z — A: which is only
possible for ©u = a = v. O

Lemma 2.7. Let
B f’

X—D—>A (6)
o)
z-".pt.¢C

be a commutative diagram.

1. If the inner squares in (@ are pullback diagrams, then so is the outer
rectangle.



That is: if g’ is the pullback of g along f, and g" is the pullback of ¢’
along h, then g" is the pullback of g along f o h.

2. If the outer rectangle and the rightmost square in (@ are pullback dia-
grams, then so is the leftmost square.

That is: if g’ is the pullback of g along f, and g is the pullback of g along
foh, then g" is the pullback of ¢’ along h.

Point [If can be stated as such: the pullback of a pullback is a pullback.

Proof. First, suppose that ¢’ is the pullback of g along f, and g” is the pullback
of ¢’ along h. Suppose that there exist an object Y and two maps v :Y — Z,
v:Y — Asuch that fohou=gowv. As ¢’ is the pullback of g along f, there
exists a unique 8 : Y — D such that v = fo S and hou = ¢’ o 3; as ¢” is the
pullback of ¢’ along h, there exists a unique « : Y — X such that u = ¢" o«
and 3 = h' o v, which in turn implies v = f o 8 = f' o b’ o . This proves that
g"" is the pullback of g along f o h.
The situation is summarized by the following commutative diagram:

Next, suppose that ¢’ is the pullback of g along f, and that ¢g” is the pullback
of g along f o h. Consider an object Y and two maps v :Y — Z,v:Y — D
such that howu = g’ ov: then go f'ov = fohowu as well. As g’ is the pullback
of g along f o h, there exists a unique o : Y — X such that u = g” o a and
flov = f' ol oa; as ¢’ is the pullback of g along f, there exists a unique
B:Y — D such that hou=g¢g' o8 and ffov=f'of. Then B=v ="~ oa,
which proves that ¢” is the pullback of ¢’ along f.



The situation is summarized by the following commutative diagram:

We recall that Homx = (U, pex X(4, B).

Definition 2.8 (Stable set of monics). A family M C Homy is a stable set of
monics if it satisfies the following four properties:

1. Every isomorphism of X belongs to M; in particular, id4 € M for every
A€ [X].

2. Every m € M is monic.
3. M is closed by composition.
4. For every m € M, the pullbacks of m along any f exist and belong to M.

Definition 2.9 (Partial map category). Let X be a category and let M C Homx
be a stable set of monics. The partial map category on X by M is the category
Par(X, M) defined as follows:

e The objects of Par(X, M) are the objects of X.

e The maps of Par(X, M) from A to B are the spans

AV \\fB

in X from A to B with m € M, modulo the following equivalence relation:

A’ is equivalent to A"



if and only if there exists an isomorphism « : A" — A” such that m = m/o«
and f = f’ o, i.e., the diagram

A’ (7)

an

commutes/T]
e The identities of Par(X, M) are the upper left corners of the form (id 4, id 4).

e The composition of (m, f) : A — B with (m/,g) : B — C' is defined (up
to equivalence) as (m om”, g o h), where h is the pullback of f along m/
and m” : A” — A’ is the corresponding map:

AI/
N
A B’
VNN
A B C

That Par(X, M) is indeed a category, follows from Lemma [2.7 and unique-
ness of pullbacks up to equivalence.

Example 2.10. Let X = Set and let M be the family of all injective functions.
Then Par(X, M) = Par.

Example 2.11. Let R be a commutative ring; let ¥ C R not contain the zero,
and let R(X~1) be the smallest commutative ring that contains R and where ev-
ery element of ¥ has a multiplicative inverse. The embedding of R into R(X 1) is
called localization, and indicated by Loc: it is known that, if f : R — S is a ring
homomorphism such that f(x) is a unit for every x € X, then there is a unique ¢ :

R(X71') — S such that the diagram p_ Loc R(x~1) commutes. More-

\/

over, Loc is an epic map. It turns out that the category Par(CRing°?, Loc)
is the opposite category of commutative rings with rational functions.

Example 2.12. Let X = Top and let M be the family of continuous pushouts
of open sets: that is, a map m € M from X to Y is a continuous function from
an open subset U of X into Y. Then Par(X, M) is a restriction category.

IThe definition in the February 27, 2013 version of these notes incorrectly assumed the
spans to be pullbacks. Thanks to James Chapman for pointing out this error.
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Theorem 2.13. Par(X, M) is a restriction category, where the restriction of
(m, f) is (m,m).

Proof. If (m, f) is a map in Par(X, M) from A to B, then monicness of m

AN

Al A
VNN
A A B
so that (m, f) o (m,m) = (m, f): thus, Par(X, M) satisfies Rule i}
If (m,f): A— B and (n,g) : A — C in Par(X, M), then

Al//

Py
PV

can be read indifferently from left to right, or from right to left: hence, (n,n) o
(m,m) = (m,m) o (n,n). This proves that Rule [2 holds in Par(X, M).

As pullbacks are unique modulo equivalence, the diagram for (n, g) o (m, f)
says that (n,g) o (m, f) can be constructed as

A//I

A’/ \m;A”
NN

whose restriction is (mon/;mon’) = (mon’,nom'), which we know to be
(n,g) o (m, f). Thus, Par(X, M) satisfies Rule
Finally, let (m, f) : A — B and (n,g) : B — C. Then (n, g) o (m, f) is given

by
K
N
Al B’
2N TN
A B B
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By Lemma and Lemma we can write (m, f) o (n,g) o (m, f) as follows:

SN
NS\
NN,

which yields (m, f) o (n,g) o (m, f) = (mon/, fon'): but fon’ =no f' by the

diagram for (n, g) o (m, f), which proves that Par(X, M) satisfies Rule O

A

3 Idempotents

Definition 3.1 (Split). Let X be a category and let e : A — A be an idem-
potent, i.e., e2 = eoe = e. We say that e splits if there exist an object B, a
monomorphism s : B — A, and an epimorphism r : A — B such that sor =e
and r o s = idp, i.e., the diagram

A—"-B 9)

N\

A—">B

®

commutes. We call the map s a split of e, and the equality e = s o r a splitting
of e.

Observe that r is a retraction i.e., an epimorphism with a one-side converse;
dually, s is a section. Also observe that, if e has such a decomposition, then e
is an idempotent.

Lemma 3.2. Lete: A — A be an idempotent and let e = sor = s' o1’ be two
splittings of e. Then there exists a unique isomorphism o : B — B’ such that
s=soaandr =«aor, i.ec., the diagram

’
T

', (10)

<

b

-

S
—_—

Sy

commutes.

Proof. Set a =1'0s. Thenros' =a™!, as

rosoros=roeos=rosoros=idgoidg =idpg

and similarly r’ o sor os’ = idpg,. Monicness of s’ ensures uniqueness of a. [J
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Lemma states that splittings of idempotents are unique, up to (a reason-
able notion of) an isomorphism. Therefore, in the rest of these notes, we will
indicate e = s or as “the” splitting of e.

Recall that the equalizer of f,g: A — B is a map h : Z — A such that
foh=goh, and that, for every k : Y — A such that fok = gok, there exists
a unique « : Y — Z such that £ = hoa. Dually, the coequalizer of f,g: A — B
is a map p : B — C such that po f = po g and that, for every ¢ : B — D
such that g o f = g o g, there exists a unique 8 : C' — D such that ¢ = S o p.
Equalizers and coequalizers are unique, up to isomorphisms. It follows from the
definition that equalizers are monic, and coequalizers are epic.

Corollary 3.3. Ife = sor is the splitting of an idempotent e : A — A, then s
is the equalizer of e and id4, and r is the coequalizer of e and id 4.

Proof. Clearly, eos = soros =soidg = s =soids. If h : Z — A also satisfies
eoh =h, then o = r o h satisfies soaw=soroh =eoh = h; also, if h = sod/,
then soa’ =eoh=soroh, and &’ =roh = a by monicness of s.

Dually, roe =rosor =idgor =r =roidy, and if k : A — C also
satisfies koe = koid 4, then 8 = ko s is the unique map from B to C such that
k=por. O

In arbitrary categories, idempotents need not split. However, it is always
possible to split idempotents.

Definition 3.4. Let X be an arbitrary category and let E be a class of idempo-
tents of X such that id4 € E for every e € ENX(A, A). The category Split 5 (X)
is defined as follows:

e The objects of Split(X) are the elements of E.

e A map in Splity(X) frome: A — Atoe : A/ - A'isamap f: A— A
in X such that ¢’ o foe = f.

e Composition is defined as in X.
e The identity id, of e : A — A in Split(X) is the map e of X.

Then all the elements of E are split in Splity(X). If X is a restriction
category, the restriction of f : e — €’ in Split 5(X) is the map f oe of X.

Example 3.5. Let X be a category and let M be a stable set of monics for X.
Then every restriction in Par(X, M) splits.

To see this, let (m, f) : A — B be a map in Par(X, M)—i.e.,letm: A" — A
and f: A" — B constitute the pullback of a monic map—and let (m,m) be its
restriction. Put s = (ida,,m) and r = (m,id4/): then the pullback diagrams

A

S
RN

A A

N
Y
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and

A/
Al / \A’
A A A
show that indeed sor = (m,m) and r o s = (id4+,id4s).

Definition 3.6 (Split restriction category). A restriction category where every
restriction map splits is called a split restriction category.

Let X be a split restriction category. We call Mx the class of splits of
restrictions: that is, m : A — B belongs to My if and only if there exist a
map f : B — A and an epic map r = r,, : B — A such that mor = f and
rom = ids. Observe that, in this case, mor = f = f = mor : but then,
mor=mor=mor =7 as m is monic.

In words: if f = m or is the splitting of a restriction, then restricting the
retraction is the same as postcomposing it with the split.

Let us consider some properties of Mx. First of all, it is a class of monic
maps of X—actually, of Total(X), because monic maps are total. Also, as every
isomorphism is clearly the split of (the restriction of) an identity, Mx contains
every isomorphism. Moreover, if f = mor,, and § = n o, are splittings of
restrictions, then nom is the split of a restriction idempotent and r,, or,, is the
corresponding retraction, as

NOMOT, Oy = MNOT,OT,

NOTy 0Ty, 0Ty,

THnOTm OTy

T OTp OTy
= TmOoTpoTy,

= Tmory,

and r,,or,onom=r,oidgom=r, om =1idy4.

So, Mx is close to being a stable set of monics. The main obstacle to this
is that, in general, elements of Mx might not have pullbacks along arbitrary
maps of X. Notably, by relaxing this condition a little bit, we get

Theorem 3.7. If X is a split restriction category, then Mx is a stable set of
monics in Total(X).

Proof. We must prove that, if m : A — B is the split of a restriction idempotent
u=e=¢y,:B — BoX r=r, is the corresponding retraction, and
f : C — B is a total map in X, then the pullback m’ : D — C of m along f
exists, and is the split of a restriction idempotent of X.
We observe that ¢/ = e o f is a restriction idempotent: by hypothesis, ¢’ has
a splitting ¢/ = m’ o’ with m’ : D — C monic. Then

f'=rofom (11)

14



is such that mo f/' = fom/, as

mof = morofom
= cofom
= eofom
= foeofom
= foeom
= fomor om’
= fom'oidp

= fom.
We then only need to prove:
1. that f’ is a total map, and
2. that m' is a pullback in Total(X).

For point [} by monicness of m and the fact that € = e we have:

i = rofom!

morofom/

romoro fom/
= roeofom

= Toeofom :
but r is the retraction in the splitting of e = mor,so¥=mor = e, and

fi = eoceofom

= eofom/

m/ or’ om/

m/

= idp.

as m’ is monic too.

For point 2] suppose z : X — C and y : X — A satisfy fozx =moy. As
m/ is monic, if a : X — D exists such that m’ oa = z and f’ o a = y, then
it is unique. Our candidate is thus o = 7’ o , for which we prove the second
equation by showing that mo f' or’ oz = m oy and exploiting monicness of m:

mof/or/ox = morofom’or’ox

eofoeofox

eofox

moromoy

= moy.

15



Given this, we get

mor'ox = e€oux

roe ox

roeofou
= xoeofox

= xoeomoy :
but eomoy=moromoy=moy, thus

! / [R—
m oroxr = zxomoy
xofox

Fou

as f is total. O

Theorem 3.8 (The Completeness Theorem). Let X be a split restriction cate-
gory. Then

X = Par (Total(X), Mx) (12)
via the equivalence F that sends every object into itself, and every f € Hom(A, B)
mto

Ff = (mg, f omy) € Par(Total(X), Mx)(4, B) (13)

where f = My o Ty is the splitting. Moreover,
Ff=Ff Vf € Homx. (14)

That is: every split restriction category is a full subcategory of a partial map
category, up to equivalence.

Proof. For brevity and clarity, let us put m = my and r = -
Observe that fom : A’ — B is total, because

fom=fom=morom=m =idy .

If f € Hom(A, B), then A RENY fﬂf B: but fomzory= fof=*+.

To show that F is actually a functor, let F'f = (m, fom) and Fg = (n,gon),
where § = mg o rg = n o s is the splitting: then (Ff)(Fg) = (mon',gonoh),
where n’ is the pullback of n along f and h is the pullback of f along n':

A
N
A B’
7 Ym / \g:n
A B C
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Now, we know from the proof of Theorem that n’ is the split of go fom =
go fom=go fom: if s is the retraction corresponding to n’, then

mon'os' or = mogofomor
= momo’r‘
= gofof
= gofof
= gof,

so that mon’ is indeed the split of g o f (and s’ or is the corresponding retrac-
tion). But h = so fomon/, so that

gonoh = gonosofomon'
= gogofomon/
= gofomon':
thus, (mon/,gonoh)=(mon’,go fomon'), i.e.,, Fgo Ff = F(go f). That
Fidg = (id4,id4) for every object A follows immediately from the definitions.
The inverse functor is defined by sending (m, g) € Par(Total(X), Mx)(A, B)
into g or € X(A4, B), where mor = f is the splitting of a restriction. In fact,
(m, fom) is sent to fomor = fof = f, while gor is sent to (m, gorom) = (m, g).
Finally, for every f € Hom(A, B) we have

Ff

7 7
= mf7fomf>
= Ff.

4 Cartesian restriction categories

Definition 4.1 (Restriction product). Let X be a restriction category and let
A and B be two objects in X. The restriction product of A and B is an object
A x g B together with two total maps mp : Axgr B — A, 7 : AXxg B — B such
that, for every object Z and pair of maps f: Z — A, g: Z — B there exists a
unique map (f,g)p : Z — A X B such that

moo(f,9)p=fog and mo(f,g)p=gof. (15)

Recall that the standard product requires commutativity of the rectangle:

A 7z A
f (f:9) Y
A il Ax B i B
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Instead, the restriction product demands commutativity of the following rect-
angle:

g 7z ! Z (16)

Z

f <f1g>R g9

o U

A<— "  AxpB B

We stress that the “projections” mg and 7y in Definition are total maps.
On the other hand, the “pairing” (f,g)p is not required to be total, as this
would imply f and g to be total too (cf. Lemma later on). However, if f
and g are total, then so is (f, )z by Lemma as in this case

moo(f,9)p=Ffog=f=idzy

and similarly for ;. The noteworthy feature of restriction product is that it
moves non-totality on the component which is not involved in the projection.

Observe that restriction products are unique, up to a unique isomorphism.
In fact, if (C, po.p1) is another candidate to the restriction product of A and B,
then the pairings (7o, m1), and (po,p1) must be each other’s inverse.

Lemma 4.2. Let X be a restriction category. Every time the compositions and
restriction products are defined, the following hold:

L Af,9)g=Ffcg=9gcolf.
As a consequence: if (f,g) is total, then so are f and g.
2. <foE,g>R:<f,g)RoE:<f,goE>R.
3. (frg)goh=(foh,goh)g.
4. Define f xg g as (fomo,gomi)p. Then f xpg=f xr3.

f X r g for restriction products is the perfect analogous of f x g for products.
Indeed, f X g g is the unique map ¢ such that the following diagram commutes:

™0 ™1

A AXRB B
f ¢ g
Al o pxpB B

which is the same as requiring that the following one does:

Jomo gomy

AXRB AXRB AXRB
fomo ¢ gomy
A’ . A xpB — = B’




Proof of Lemmal[.2 As m is total,

(Loyp=m1o(figdg=mo(f,g)gp=gof=gof.

If, in addition, (f,g)p is total, then f and g are each other’s inverse, so they

are monic, and f = f = idz =g = g. Point [1|is thus proved.
For point [2], observe that

7T00<f7g>RoE:fO§OE:fOEO§7

while

mo(f,g)poh=gofoh=gofoh:
the thesis follows by definition and uniqueness of < foh, g> R
Moreover,

moo(f,g)goh = fogoh=fohogoh=myo(foh,goh)p,

and similarly,

mo(f,g)goh=mio(fohgoh)p :
point [3| then follows from uniqueness of (f o h,goh).

Finally, as clearly (mo, 1), = idax .5, from point [1| follows
[xXrg = gomofom
= <7T077T1>R0907T10f0770

7To°f07T077T10907T1>R
= <707T0,§O7T1>R

XRgi

|
7~

I
|

which proves point [ O

Definition 4.3 (Restriction functor). Let X and Y be restriction categories. A
restriction functor from X to Y is a functor F' : X — Y such that F'f = F'f for
every f € Homg.

Point 4] of Lemma [£-2] can thus be read as such: the functor xz : X x X — X
that associates to every pair of objects (A, B) the restriction product A xg B
and to every pair of maps f : A — A’, g : B — B’ the restriction product map
(fomy,gom)p: AxrB — A" xg B, is a restriction functor.

Definition 4.4 (Restriction final object). A restriction final object in a restric-
tion category X is an object 1 such that every object has a unique total map
l4 : A — 1 with the following property: for every map f : A — 1g the equality
f =!ao f holds, i.e., f<!4.

If X has a restriction final object 1, then X(A, 1) is equivalent to O(A) =
{e: A — A | €= e}, the lattice of restriction idempotents at A, which may be
seen as a family of “open sets”.

Definition 4.5 (Cartesian restriction category). A cartesian restriction cate-
gory is a restriction category with a restriction final object 1z where every two
objects (thus, every n objects for arbitrary n € N) have a restriction product.
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Definition 4.6 (Partial isomorphism). A map f : A — B in a restriction
category X is a partial isomorphism if there exists a map g = fEY B 5 A
such that go f = f and fog=7.

Lemma 4.7. Let X be a restriction category and let f: A — B, g: B — C be
partial isomorphisms.

1. £ s unique (and so is g b ).

2. go f is a partial isomorphism.
Proof. If g and ¢ satisfy gof=g'of =f, fog=3, fog =g, then

g=gog=gofog=fog=gofog=gog:
on the other hand,
— _ -

geg = gogeog
g'ogog
g'ofogofoyd
gofofod
gofoyd
= gog

/

Thus, g = ¢’, and point [1|is proved. For point [2] the partial inverse of g o f is
simply f(- o0 ¢g(=1 as

fVogogof = fCVogof

[ ofoge]
=Jego]

= gof,
and similarly, g o f o f(=1) g(=1) = f(=1) o g(=1), 0

Lemma 4.8. Let X and Y be two restriction categories and let F : X — Y be

a restriction functor. If f € Homx(A, B) is a partial isomorphism, then so is
Ff € Homy(FA, FB).

Proof. If g = (=1 is the partial inverse of f in X, then
FgoFf="F(gof)=F(f)=Ff
and similarly Ff o Fg = Fg, so Fyg is the partial inverse of F'f in Y. O

Let f be a partial isomorphism: if f is total, f(—1) needs not be so.

Example 4.9. Let X = Par, A = {a}, B = {b1,b2}, f(a) = b1, g(b1) = «q,
g(b2) undefined. Then f is a partial isomorphism, g is its partial inverse, f is
total, and g is not.
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Definition 4.10 (Discrete restriction category). A cartesian restriction cat-
egory X is discrete if for every object A the diagonal Ay = (ida,ida)p €
X(A, A xg A) is a partial isomorphism.

Observe that Ay is total: hence, ALY o Ay = idy. The partial inverses
AgD:AxRAf+Aamcﬁbdemmmw3ﬁ

Example 4.11. Let X be a discrete cartesian restriction category. Then Total(X)
has ordinary products, which coincide with restriction products in X; and final
object, which is just the restriction final object of X. But Total(X) has pull-
backs, and the equalizer m of f,g: X — A in Total(X) can be constructed as
the pullback of A4 along (f,g), as follows:

[f =gl ——X

J{p (f:9r
A

A%AXRA

From the ezistence theorem for limits [6] it then follows that Total(X) has all
limits. So:

if X is a discrete cartesian restriction category,
then Total(X) is a “nice” category.

Definition 4.12 (Meets in a restriction category). A restriction category X
has meets if there exists a binary operator A which associates to every pair of
parallel maps f,g: A — B amap fAg: A— B so that the following properties
are satisfied:

L fAf=].
2. fAg< f,g. Thatis: fofAg=gofAg=fAg.
3. (fAg)oh=(foh)A(goh) for every h: Z — A.

Lemma 4.13. Let X be a restriction category with meets and let f,g € X(A, B).
1. For every h € Hom(A, B), if h < f,g, then h < f A g.

That is: the meet in a restriction category is actually a greatest lower
bound.

In particular: the meet operation is commutative.
2. For every f' € Hom(A, B), if f < f', then fAg < f'Ag.

From this and the previous point: for every ¢’ € Hom(A, B), if g < ¢,
then fAg< fAg.

2Versions of these notes earlier that July 16, 2014 incorrectly stated: “It follows from
Lemma and point E| of Lemma that in a discrete cartesian restriction category X the

diagonals have partial inverses Ai;l) : AXp A— A, which are called equalities.”
3The version from July 16, 2014 contained a wrong “proof” that Ai‘_l) is total. On careful

examination, such proof relied on the equalities mg = 71 = qu_l): which are, in general, false.
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3. For every h € B B B
Hom(A,C), (fAg)oh=(foh)ANg=fA(goh)
4. If f—gthen fAg=gof=fog.
5. For every k € Hom(B,C), ko (fAg) = (ko f)A(kog).
Proof. Let us prove the points one by one:

1.If foh=goh=h,then (fAg)oh= (foh)A(goh)=hAh=h.
In particular, as fAg < g, f, we get fAg < gA f;similarly, gA f < fAg,
and from antisymmetry we get equality.

2. If f < f then f Ag < f too, thus f Ag < f’ A g by point [I]

3. Bypoint(f/\g)oﬁ:(foﬁ) (goh) < (foh)Ag. On the other hand,
if k: A— D issuch that k < foh,g, then

ohok = gok

= koh

= ( O

= fohoho

= (foh)ok,

so that k < goh too, and k < (foﬁ)/\(goﬁ):(f/\g)oﬁbypoint

Therefore, (f A g)oh = (foh)Ag: this holds for every suitable f, g, and
h, whence (f Ag)oh=(gANfloh=(goh)ANf=fA(goh).

4. Suppose f — g. Thengof<gandgof=fog< f,thusgof < fAg.

But if h < f,g, then ng?E:gOfOE:gOE:}L ie., h < go f:in
particular, f Ag < go f.

5. By exploiting pointand fofANg=gofAg=fANg, we ﬁnd

o(frg) = oko(fAg)
_ oko(fAg)oko(fAg)

(fAg

(fAg

(fAg)okogofAgokofofAg
(fAg)okogofAgokofofAg
(fAg)ofANgofAgokogokof
(fAg)
(
(

)
)

okogok;of
fokof)A(gokAyg)
kof)A(kog).

O

Theorem 4.14. A cartesian restriction category is discrete if and only if it has
meets.

4 Thanks to Prof. Cockett for pointing out this chain of equalities.
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Proof. Let X be a cartesian restriction category.
If X is discrete, for any f,¢g € Homx (A, B) set

FAg=A5Yo(f.9)5
Then:

1. By uniqueness, (f, f) = Ap o f as the diagram
A ! A ! A
fl lf f
B B B

B BxprB—" __.B

Ap

™o

clearly commutes: whence, Ag being total,

Fnf=a5Yo(f,p=2a"0Agof=Rgof=7F.

2. We haveE|

fofhg = foayVolfgp
= oA‘”o fL900)x

(f,
(
= foALVo(fg)pog
o (f,
D,

= foAL Vo (f9)
= fogoA(

ﬁ,>
= 7T00<f,g>ROA37 °<fa9>R
= WOO@O<JC79>R
= W(]OABOAS;D o(f,9r
= idpo(fAg)
= fAg:

that is, f A g < f. Similarly, f A g < g.
3. In our context, (f Ag)oh = (foh)A(goh) means
AGYo(f, gy poh =20 (fongon),
which follows from point 3| of Lemma

If X has meets, define
A;_l) = T Ny .

5The proof in the versions before July 17, 2014 contained an error.
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(Recall that A4 € Homx (A, A xg A), so that mp,m € Homx(A xg A, A).) In
fact,

(7T0/\71’1)OAA = (WOOAA)/\(WloAA) =idy Aidy =idg :TA
as A4 is total, while

Apo(mgAm) ida,ida) p o (mo A1)

0 /\7T1,7T0 /\’/T1>R

Mooy ATy, T 0o AT1)p

(
(
(
(

70, 1) g © Mo A1

1dA><RAO7T0/\7T1

= 7T0/\7T1.

5 Turing categories

Definition 5.1. A Turing category is a cartesian restriction category X that
has a Turing object T with an associate Turing structure, i.e., a collections of
(partial) maps exy : T xp X — Y satisfying the following property: for every
(partial) map f: A xr X — Y there exists a total map A*f : A — T such that

oxy o\ f xpidx) = f, ie., TxpX Y .y (19)
)\*fXRide f
A XRX

Observe that T behaves as a weak exponential object for every pair of objects.
Recall that, in a cartesian category (with standard products) an exponential
object for X and Y is an object YX together with a map eval : Y¥ x X —» Y,
called evaluation, such that for every object A and map f: A xg X — Y there
exists a unique morphism Af : A — YX such that evalo (\f x gidx) = f. Then
T is behaving like YX, exy like eval, and A\*f like A\f, with two important
differences:

1. The single object T takes the role of YX whatever the objects X and Y
are.

2. The map A\* f is required not to be unique, but to be total.

In a Turing category there may be more than one Turing object, and any given
Turing object may have more than one Turing structure.

Example 5.2 (The degenerate Turing category). The category with a single
object and a single morphism is a Turing category.

Example 5.3 (Kleene’s first model). Given a G6del enumeration of the Turing
machines, consider the partial map e : N xg N — N given by e(n,m) = {n}m,
the result of the computation of the nth Turing machine over the input m. In
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this category, the objects are the powers of N—i.e., the arities—and the Turing
object is T = N, while the Turing structure is defined similarly to e = ey
described above. This is a partial model, because application is defined as
computation by Turing machines, and cannot be anything but partial.

Example 5.4 (M-calculus with S-equality). Consider the category X whose
objects are the natural numbers, 0 is the final object, a map n — m has the
form (z1,...,2,) = (t1,...,%m), where the ¢;’s are A-terms in the z;’s, and
composition is defined by substitution, up to §-equality.

This is a total model, because application between A-terms (or combinators)
is total, even modulo S-reduction. Evaluation, on the other hand, corresponds
to reduction to normal form: which is only partial.

The following statement is immediate.
Proposition 5.5. The product of two Turing categories is a Turing category.

Definition 5.6 (Point in a restriction category). Let X be a restriction category
with a restriction final object 1z and let A be an object in X. A point on A is
a total map p:1p — A.

Definition mimics the standard definition of point in categories with a
final object, with the key difference that we require 1 to be a restriction final
object.

Proposition 5.7. Let X be a Turing category with Turing object T and restric-
tion final object 1r. For every f: A — B there exists a point f on T such that
the following diagram commutes:

%A B

TXRA B (20)

fTXRidAT fOTrl f
lpxpA<~———— A
RARS T ida) n

Proof. Just set f = M (f om). Then the upper triangle commutes, while the
lower one does by construction. O

Recall that an object A is a retract of an object B if there exist an epic map
r: B — A (the retraction) and a monic map s : A — B (the section) such that
ros=1id4. An object U is universal if every object is a retract of U.

Proposition 5.8. Let X be a Turing category.
1. The Turing object is universal.
2. Bvery universal object is a Turing object.

Proof. In the definition of Turing category, set X = 1z and Y = A. Then the
following diagram commutes:
®1iR.A
T XR 1R — A

. o
)\*WoleleT

ida,!
AXR].R<7< Ala)n A
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Setting 74 = @14 o (idr,!T) and s4 = A*my proves point

Let now U be an arbitrary universal object. Then T is a retract of U: let
s: T — U monic and r : U — T epic satisfy r os = idy. Let X and Y be
arbitrary objects: for every object A and map f: A xg X — Y there exists a
total map A\*f : A — T such that the following diagram commutes:
rx ridx ox y

TxpgX—— =Y

f

U XR X
SXRide )\*fXRide

-
TXRX N midx AXRX

where o = oT is the Turing structure relative to T. Then a Turing structure oV
relative to U can be defined as O)U(’Y = O)TQY o (r xpidx): the total map from

A to U corresponding to f: Axgr X =Y will be AU f = s0 \*f. O

Corollary 5.9. In a Turing category with Turing object T, an object A is a
Turing object if and only if T is a retract of A.

Corollary 5.10. In Kleene’s first model, every infinite recursively enumerable
set is a Turing object.

Theorem 5.11 (First characterization theorem). A cartesian restriction cat-
egory X is a Turing category if and only if it has a universal object T and a
universal application @ : T'xrp T' — T (also called the Turing map) with the fol-
lowing weak exponential property: for every map f: AxrT — T there exists
a total map ATf : A — T such that e o (AT f xpidr) = f, i.e., the following
diagram commutes:

TxpT —>2— T (21)
)\foRidTT 7
A XRT

Shortly: in a cartesian restriction category, being able to perform evaluation
over arbitrary objects, is the same as being able to perform evaluation over a
single universal object.

Proof. Let X and Y be arbitrary objects. We want to construct a map ex y :
T xr X — Y such that, for every object A and map f : A xr X — Y, there
exists a total map A\*f : A — T such that the following diagram commutes:

TxpX —2Y .y

)\*fXRidXT /

AXRX

As T is universal, X and Y are retracts of T: let sx : X — T, sy : Y — T monic
andry : T — X,ry : T — Y epic satisfy rx osx =idx and ry osy = idy. Set
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g=syo fo(ida Xgrx). Then the following diagram commutes:

TxR)(idLRiXTxRT °

Ty
/\Tngide T/\TngidT x
f

jda X Rrs jda X Rgr
AXRX*R;(AXRT*R;(AXRX%Y

But rx osx =idx, so (ida xgrx)o(ida Xgsx) =ida xgidx =idax,x, and
the diagram above can be shrunk into

Txp XEESPr s o7 oy
o] N
AxpX ! Y
We then put
exy =ryoeo(idr Xgsx), (22)
which correctly depends only on X and Y and not on A, and
Nf=MNg=A(syofol(ids xgrx)) : (23)
then

.X,Yo()\*f XRldX) ’f‘y0.0(idT XR SX)O()\Tg XRldX)

— ryosyof
== idyof
f-

O
An object which is the retract of its own self-power is called a powerful

object: universal objects, in particular Turing objects, are powerful.

Definition 5.12 (Reduction of maps). Lete =¢: A — Aande' =¢’: A’ — A'.
We say that e reduces to €' if there exists a total map f : A — A’ such that
e’ o f = e. We say that e is complete if every €’ reduces to e.

Definition 5.13 (Halting). Let X be a restriction category with Turing object
T. The halting set for X is defined as

Ae = e T © AT . (24)
The restriction h = Ae of the halting set is called the halting predicate.
Lemma 5.14. In every Turing category the halting predicate is complete.

Proof. For simplicity, we write A for Ar, and e for er .

Lete=¢: A— A;let s =54 : A — T monic and r =r4 : T — A epic
such that 74 0 s4 =ida. Set p =sgo0eom and k = A*p. Then the following
diagram commutes:

T— 2  TxpT—> -T

k)T kXRidTT SAT
¢ - s

ida,s €eom
A tase 1 A

27



Consequently, as s4 is monic,

Aeok = Aeok

= spoeomo(ida,sa)p

= eomo(ida,sa)p
= €084

= €084

|
ol

O

Definition 5.15 (Partial combinator algebra). Let X be a cartesian restriciton
category with restriction final object 1z. A partial combinator algebra on X
is a quadruple (A, e, k,s) where A € |X|, ¢ € Homx(A xg A, A), and k,s €
Homg(1g, A) are points over A satisfying the following conditions:

1. The following diagram commutes:

lpxpAxpA—" S A (25)
<k,idAXRA>Rl .T
AxpAxpA—"2  _ Axp A
2. The following diagram commutes:
((rioms) go(m2,ma) g) ex e
1RXRAXRAXRA AXRAXRAXRA AXRA
<S,idA><RidA><RidA>R \L.

AxpAxpAxpA o A

(26)

o®
where (a, b, ¢, d) LY ((aeb)ec)ed.
3. o (s,ida)p is total.

Condition [1] in Definition [5.15| can be translated by saying that kxy = z for
every x and y; similarly, condition [2| can be expressed by saying that sxyz =
zz(yz) for every x, y and z. The points k and s thus behave as the combinators
K and S of Curry’s combinatory logic.

Observe that every Turing category is a partial combinator algebra.

Theorem 5.16 (Second characterization theorem). Every Turing category is
the computable functions for some partial combinator algebra.

The “is” in Theorem [5.16] means that one might need to split some idempo-
tents.
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