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Abstract

In this paper we use techniques for monad
compositions in order to provide a basis for
categorical unification in the framework of
generalised terms. In particular, we provide
results for many-valued sets of terms, and
show that this composition of set functors
can be extended to a monad.

1 Introduction

Several heuristic approaches have been suggested
to extend many-valued logic programming. How-
ever, the lack of a foundational base, is an obsta-
cle for a wider acceptance of these models, and
further, formal approaches typically build upon
conventional terms. Restricting to finitely many
truth values, using the framework suggested in
[12], a many-valued predicate calculus was pro-
posed in [9].

This paper is motivated by the use of categori-
cal methods in many-valued logic programming.
In particular, we generalise terms using composi-
tions of monads.

We compose set functors with the term monad
and show how such compositions can be extended
to monads. Our motivation of using monads is
given by the situation in the classical case where
most general unifiers are coequalisers in the Kleisli
category associated with the term monad [13].
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For notations and results within category theory
and universal algebra, we refer to [1, 2, 10, 11].
For a more detailed treatment of set functors used
in this paper, also including many-valued sets, we
refer to [4, 5, 6]. For a survey of many-valued
logic, see e.g. [8].

2 DMonads and Kleisli categories

A monad can be seen as the abstraction of the
concept of adjoint functors and in a sense an abs-
traction of universal algebra. It is interesting to
note that monads are useful not only in univer-
sal algebra, but it is also an important tool in
topology when handling regularity, iteratedness
and compactifications, and also in the study of
toposes and related topics.

Let C be a category. A monad (or triple, or alge-
braic theory) over C is written as ® = (®,7, u),
where ® : C — C is a (covariant) functor, and
n:id— ®and g : o P — & are natural
transformations for which g o &y = o u® and
po ®p=pond® =ide hold. A monad defined in
this way is said to be in monoid form.

Note that, for a mnatural transformation &,
(€P)x = €ox and (D) x = PEx. It is useful to
write n® and p® if we need to distinguish between
natural transformations in different monads.

A Kleisli category Ce for a monad @ over a cat-
egory C is defined as follows: Objects in Cg are
the same as in C, and the morphisms are defined
as home, (X,Y) = home(X,®Y), that is mor-
phisms f: X — Y in Ce are simply morphisms
f: X — ®Y in C, with n$: X — ®X being the
identity morphism.



Composition of morphisms is defined as
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dZ.

The Kleisli category is equivalent to the full sub-
category of free ®-algebras of the monad, and its
definition makes it clear that the arrows are sub-
stitutions. Indeed, the categorical unification al-
gorithm in [13] is based on the Kleisli category of
the term monad.

A monad (®,7, ) written as (®,7,0), where o is
the composition of morphisms in the correspond-
ing Kleisli category, is said to be a monad in clone
form. In fact, there is a one-to-one correspon-
dence between monads, respectively, in monoid
and clone forms [11].

3 Set functors

3.1 The power-set monad

Let L be a completely distributive lattice. For
L ={0,1} we write L = 2. The covariant power-
set functor L;q is obtained by L;gX = LX, i.e. the
set of mappings (or L-fuzzy sets) A: X — L, and
following [7], for a morphism f: X — Y in Set,
by defining
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Liaf(A)(y) =

Further, define nx : X — L;3X by

1 ifzx=21

nx(z)(z') = {

0 otherwise

and MX: L,’sz'dX — deX by

px(A) (@)= \/ Alz) AAA).
A€Ljg X

Proposition 3.1 ([11]) L,y = (Lig,n,u) is a
monad.

Note that 2;; is the usual covariant power-set
monad P = (P,n, ), where PX is the set of sub-
sets of X, nx(z) = {z} and ux(B) = B.

The problem of extending a functor to a monad
is not a trivial one, and some strange situations
may well arise as shown below. Note that the id?
functor can be extended to a monad with nx (z) =
(z,z) and px((x1,x2), (x3,%4)) = (1,%4). Sim-
ilarly, d"™ can be extended to a monad. In ad-
dition, the proper power-set functor F), where
Py X = PX \ {0}, as well as id? o P, can, respec-
tively, be extended to a monad in a unique way.
However, Pyoid? cannot be made to a monad [4].

Remark 3.1 Let & = (®,7%,u®) and T =
(T,nY, 1Y) be monads over Set. The composi-
tion ® o U cannot always be extended to a monad
as we see in the case of Py o id?.

3.2 The term monad

It is useful to adopt a more functorial presentation
of the set of terms, as opposed to using the con-
ventional inductive definition of terms, where we
bind ourselves to certain styles of proofs. Even if a
purely functorial presentation might seem compli-
cated, there are advantages when we define corre-
sponding monads, and, further, a functorial pre-
sentation simplifies efforts to prove results con-
cerning compositions of monads. Notations follow
[6], which were adopted also in [4].

For a set A, the constant set functor Age; is the
covariant set functor which assigns sets X to A,
and mappings f to the identity map i¢d4. The
sum Zie ; @i of covariant set functors ¢; assigns
to each set X the disjoint union (J;c; ({1} x ¢; X),

and to each morphism X 1, ¥ in Set the mapping
(z,m) = (Za (;sz(m))’ where (Zam) € (Zzel "PZ)X

Let k be a cardinal number and (€2,),<; be a
family of sets. We will write Q,id" instead of
(Q25)set X 2d". Note that >, ., Q,id" X is the set
of all triples (n,w, (z;)i<n) with n < k, w € Q,
and (z;)i<n € X"

A disjoint union Q@ = |, {n} x Q, is an
operator domain, and an Q-algebra is a pair
(X, (8nw) (nw)en) where sp, : X® — X are n-ary
operations. The ) . Qnid"-morphisms between
)-algebras are precisely the homomorphisms be-
tween the algebras.

The term functor can now be defined by transfi-



nite induction. In fact, let T3 = id and define

18 = (> Quid®) o | T4

n<k B<a

for each positive ordinal «. Finally, let

To=J 78
a<k

where k is the least cardinal greater than k and
Ro. Clearly, (n,w,(m;)i<n) € T§X, a # 0, im-
plies m; € TgiX, i < a.

Note that (ToX, (0nw)nw)en) is an Q-algebra,
if we define oy,,((mi)i<n) = (n,w,(M;)i<n) for
(n,w) € Q and m; € ToX. Actually, this al-
gebra is a freely generated algebra in the cat-
egory of Q-algebras, that is, for an (2-algebra
B = (Y, (thw)(nw)en)> a morphism X Ly in
Set can be extended by transfinite induction to a
Q-homomorphism

*

(TQXa (Unw)(n,w)eﬂ) - (Ya (tnw)(n,w)eﬂ)
called the Q-extension of f associated to B, by

f for the base case, and
tnw((f*(mi))ign)

for each positive ordinal o satisfying o < k and
(nawa (ml)zﬁn) € TS%X'

* —
frox =

f*(na W, (mZ)zgn) =

A morphism X i) Y in Set can also be extended
to the corresponding 2-homomorphism

Ty
(ToX, (0nw) nw)enr) —25 (TOY, (Tn) muwyest);

where T f is defined to be the Q-extension of
xhyo TqY associated to (1Y, (an)(nyw)eﬂ).

Remark 3.2 ([6]) Tq is the least covariant set
functor which has id and (}°, o Qnid™) o T as
subfunctors. B

We can now extend T to a monad. De-

T, T .
fine ny'(z) = =z. Further, let py® = idp x
be the (-extension of idr,x with respect to
(ToX, (Unw)(n,w)eﬂ)-

Proposition 3.2 ([11]) Tq = (Ta,n™,u’) is
a monad.

4 Composition of monads

In the following we will show how the composition
L;3 o Tq can be extended to a monad. We will
here write 2 and L instead of 2;4 and L;4, and T
instead of T. Our constructions will make use
of the mapping 0% : TLX — LTX defined as
follows (note that we will also write o instead of
ol for brevity):

For the base case ox o, x = idrx. Further, for
BGi < a, let

ox (((n',&', (mi)i<n)) =

N\ ox(l:)(m:)

= 4 1<n

ifn=n"and w=0u'
0 otherwise
Note that in the case of a > 0, for L = 2 we have

ox (1) = {(n,w, (mi)i<n) | mi € ox(l;)}-

Note also that, for [ € TLX and m € T X we have
ox(l)(m) =0,ifl € T*LX and m ¢ T*X, or if
l¢T*LX and m € T*X.

Lemma 4.1 ¢:ToL — LoT is a natural trans-
formation.

Proof: For any | € TLX, and any X i> Y in
Set, we need to show that LT f o ox(l) = oy o
TLf(l). For I € T°LX, this is immediate. For
a > 0, we may write | = (n,w, (l;)i<n), Where
l; € TSLX, B; < a, for all i < n. Let now
m = (n,w, (M;)i<n) € TY. Then,

LTf(ox(1)(m) =

= V N ox (1) (ms).

Further, by induction, we get

oy(TLFD))(m) =\ ov(TLf(L:)(mi)

i<n

= N\ LTf(ox(l:)(m:)

i<n

- ANV

i<n T f(m;)=m;

ox (i) (m;).



By complete distributivity of L, we then obtain
naturality of o. [

We will use this natural transformation ¢ in or-
der to define the natural transformations n” and
T, which provide LT with the structure of a
monad.

Definition 4.1 The natural transformations
n*T:id — LT and p*': LTLT — LT are
defined as follows

N =ntTon" pil = Luk o pirx o Lorx
Note that n%(z) = nky(z), and in the case of
L = 2 then n3f(z) = {z}. Further for R €

LTLTX, a> 0, and m € TX, note that

\V R

r€TLTX

px (R)(m) = Aorx(r)(m).

and also note that in the case L = 2, for R =
{(n]-,wj, (rij)ignj) | jE J} €2T*2TX, a> 0, we
have

ux (R) =
= {(nj,wj, (Mij)i<n;) | 5 € J,mij € orx(rij)}

The following technical lemma gives some condi-
tions which guarantee the monad structure for the
composition LT

Lemma 4.2 The following properties hold:

(i) orx o TU%(T = 771L1TX ° 77%:)(:

(ii) L%k o orx o TpX" = puX" o Lujpy o orrrx,
(iii) ox only = Lnk.

Note that (i) and (ii) in the case of L = 2 become

(i) orx (T3l (m)) = {m}, for all m € TX,

(it") 2u% o orx o T (d) = U orx(R).
REO’T2Tx(d)
Proof: (i) This holds trivially for a = 0. In

case of a > 0, for m =

m' = (n,w, (m

(nawa (mz)lgn) € TX and
i<n) € TX, by induction, we get

orx (Tn%F (m))(m') =

= orx ((n, w, (Tnx" (m4))i<n)) (m')

= Norx(Trk (mi))m)

= Ngx (ma) (mj)

i<n

Since m = m' if and only if m; = m) for all i < n,

we immediately get

/\ nmx (ma) (

i<n

77TX

(ii) Again this holds trivially for & = 0. In case
of a > 0, let m = (n,w,(m;)i<n) € TX and
d = (n,w,(d;)i<n) € TLTLTX. By induction
and complete distributivity of L we then have

orx (Tuk () (m) = N\ orx (Tuk" (d:)) (m:) =
i<n
= /\u (orrTx(di))(mg)
<n
=N\ V orerx(d)(r) Aorx(r)(mi)
i<n reTLTX

) (i) AN orx (r;)(m;)

= \/ /\ o TLTX

(n,w,(r;))ETLTX i<n

= \/ orrrx(d)(r

reTLTX
= X (orLrx (d))(m).

) Aorx(r)(m)

(iii) By definition, as ox o x = idrx. [

Proposition 4.1 (L;qo0Tq,nkacTe yLliacTa) de
noted L;; ® Tq, is a monad.

Proof: We have

Hormnit =
= Lu§ o /‘%‘TX oLorx o LTn)L(T
= Ll& ° N%TX ° Ln%“TX © LW%X

= L o Lufy = idurx
and

px onipy =
= LH§ o #%TX o Lorx o n%LTX o ﬂfTX
= Ll& °© N%TX °© nfTTX °0rXx ° ngTX
= Ly o o1x o Nrx

= LN§ o Ln%X = Lidrx =idrrx



Further we have the associativity of pu”7

pil o LTpkr =
= Ly o pippx © Lorx o LTp%"
= pky o LLu% o Lopx o LTp%T
= pgx © LLp% o Lyjryo

o LLorx o LLpY,y o Lorrrx
= Lk o ufrx © Lifrx©

o LLopx o LLpt ;o Lorrrx
= Ly’ © uigx © BEppx©

o LLorx o LLpt .,y o Lorirx
= Ly o pfpx o Lorxo

o /‘%‘LTX ) LLNETX o Lorrrx
= Lp% o pppx o Lorxe

o Lufrx © bfrrrx © Lorrrx
— T o LT L L

Hx °oLpprx ©Urrrrx © LOTLTX
_ , LT LT
=HXx °HKrTx
|

Note that in the proof of the proposition above,
the actual definition of the functors L and 7" has
not been used, only universal properties and those
stated in Lemma 4.2. We have actually proved the
following theorem

Theorem 4.1 Let & = (&,7% u®) and ¥ =
(T, Y, uY) be monads and let o : Yod — $oV be
a natural transformation such that the following
properties hold:

(i) ocwx o Un3" =ngyx °© Nyx;

(ii) ®pxooux o UuRY = px" o ugyx 0 Cwoux.
(iii) ox ongx = 1%

Then ®eU = ($oU, n?Ton?, duYou® T Vodol)

18 a monad.

5 Conclusions and further work

We have seen how set functors can be composed to
providing monads. It is important to study more
examples, i.e. including various types of double
power-set monads. Further, it is interesting to in-
vestigate techniques for constructing new monads
from given ones.

Within the scope of many-valued logic program-
ming, it is important to further investigate the
possibilities of using categorical approaches to
unification, with variable substitutions for gen-
eralised terms being morphisms in SetseT,, i.€.

variable substitutions are morphisms X i) dTY
in Set. It is expected that this approach provides
an appropriate formal framework for useful devel-
opments of generalised term based many-valued
logic programming.
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