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Abstract

We define complete lattices, and discuss the existence and con-
struction of fixed points of monotone functions on these lattices. We
also demonstrate how these results can be used for solving equational
systems.

1 Introduction

In many areas of computer science, it is important to be able find fixed points
for monotone functions or to be able to solve certain equational systems build
from monotone functions.

There are numerous examples of applications of these techniques, and they
come from many different areas such as compiler construction, type theory,
database query optimization, deductive databases, logic programming, and
semantics.

Sometimes, however, lattices do not provide the right tool for a specific
application in which case complete partial orders can often be used instead.
These structures have properties similar to complete lattices. We give a
brief account of this in the concluding remarks.

2 Preliminaries

In this section, we define the necessary mathematical notions.



Definition 1 If U is a set and C a binary relation on U, then the system
(U,C) is a partial order if:

o VxeU: zCx (reflexitivity)
o Vr,y,zeU: (xCyAyLCz2) = zCz (transitivity)
o Vz,yeU: (¢CyAyLCzx) = z=y (antisymmetry)

O

Example 1 Consider the set of integers Z with the usual ordering <. De-
fine the set U by U = {(x,y) | ,y € Z}, and define C by (z,y) C (u,v) if
x <wuand y <wv. Then (U,C) is a partial order. O

Definition 2 Assume that (U, C) is a partial order and assume that A C U.
If there exists an element z € U such that

o VrecA: L 2
o VyeU: WVreA: zCy) = zCy

then z is called the least upper bound of A. The least upper bound of A is
denoted LIA. O

The first condition in Definition 2 states that LA is in fact an upper bound,
and the second that it is the least.
Usually, the least upper bound of a set containing exactly two elements is

written infix, i.e., if A = {a,b}, then UA can also be written a Ll b.

Proposition 1 The least upper bound is well-defined, i.e., at most one
element can fulfill the two conditions from Definition 2. O

Exercise 1 Prove proposition 1. O

Similar to the least upper bound, we define the following;:

Definition 3 Assume that (U,C) is a partial order, and assume that A C
U. If there exists an element z € U such that

o VrcA: 2L«

o VyeU: WVreA: yCuz) = yLCz
then z is called the greatest lower bound of A. The greatest lower bound of
A is denoted MA. O

If A contains exactly two elements a and b, then MA can also be written
allb.



Lattices, Functions, and Fixed Points

In this section, we define lattices and complete lattices. Then we consider
monotone functions on these lattices, and we prove results about the fixed
points of these functions.

Definition 4 If (U,C) is a partial order where U # (), and for all =,y € U,
x Uy and x My exist, then the system (U, C) is called a lattice.

If UA and MA exist for arbitrary subsets A of U, then the system (U,C) is
called a complete lattice. O

Two elements of a complete lattice (U, C) are particularly interesting: the
element T = UU (top) and L = MU (bottom). Clearly, Vx e U: L Cax C T.

Exercise 2 Consider the partial order defined in Example 1. Show that
(U,C) is a lattice, but not a complete lattice. O

Definition 5 Let (U, C) be a lattice and assume that a,b € U, where a C b.
Let [a,b] denote the set {x € U | a T = Az C b}. The system ([a,b],C) is
called an interval lattice of (U,C). O

Lemma 1 If (U,C) is a lattice and ([a, b], C) is an interval lattice of (U, C),
then ([a,b],C) is a lattice. If (U,C) is complete, then ([a,b],C) is also
complete. O

Exercise 3 Prove Lemma 1. O

Definition 6 Let (Uy,C1) and (Us,Cs) be partial orders. A function f :
Uy — Uy is called increasing if Vo,y € Uy: = Ty = f(x) Co f(y).
Similarly, f is called decreasing if Ve,y e Uy: 2 C1y = f(y) Co f(z). O

All results in the rest of this paper are stated for increasing functions. Dual
results exist for decreasing functions, but we shall not mention them here.

Definition 7 If U is a set and f: U — U is a function, then u € U is
called a fized point of f if f(u) = u.

A fixed point u € U of f is called minimal if for all other elements v € U,
which are fixed points of f, we have that v [Z u. If a function f has exactly
one minimal fixed point, then this fixed point is called the least fixed point
of f. O



We can now prove that an increasing function on a complete lattice must
have a least fixed point. In fact, we prove a more general statement.

The following theorem from [1] is often referred to as Tarski’s theorem.
Tarski himself called it the lattice-theoretical fixpoint theorem. The proof is
a more detailed version of the proof of Tarski.

Theorem 1 Assume that (U,C) is a complete lattice and that f: U — U
is an increasing function. Let P be the set of all fixed points of f. Then
P # 0 and (P,C) is a complete lattice. Additionally,

UP=UWzeU| f(r)Ja}eP

and
MP=mM{zeU]| f(x)Cx}ecP

Proof Let u={z € U | f(x) O z}. First, we show that u is a fixed point
of f.

For any x with f(z) J x, we must have that x C u, since u is an upper
bound. As f is increasing, f(z) = f(u), so by transitivity, = f(u). This
means that f(u) is also an upper bound for the set {x € U | f(z) 2 z}.
Since u is the least such upper bound, u C f(u).

Since f is increasing, v C f(u) implies that f(u) T f(f(u)), so f(u) € {x €
U | f(z) D x}. As uis an upper bound for this set, f(u) C u.

By antisymmetry, we can now conclude that f(u) = u, so u is a fixed point
of f,ie., u€P.

We now show that u = UP. Clearly, since P C {z € U | f(x) J z}, u is also
an upper bound for P. As u € P, u must be the least upper bound for P.

A similar argument establishes that MTP =M{z e U | f(z) C a2} € P.

It remains to be proven that (P,C) is a complete lattice. Let Y be any
subset of P. We must prove that Y has a least upper bound.

For this purpose, consider the interval lattice ([LY, T], ©) which, by Lemma 1,
is complete. We want to prove that f': [UY,T] — [UY,T] defined by
fl(x) = f(x), for all x € [UY,T], is in fact a function. It is necessary to
demonstrate that Vo € [UY, T]: f(z) € [UY, T].

Let z € Y. Since LY is an upper bound,  C UY, so f(z) C f(UY), as f is
increasing. The set Y contains only fixed points, so f(z) = x and therefore,
x C f(UY). This means that f(LY) is also an upper bound for Y. Since
LY is the least upper bound, LY C f(LY).



Now, let € [UY, T]. By definition, LY C z, so f(LUY) C f(z), as f is
increasing. By transitivity, UY C f(z), so f(x) € [UY, T]. We have proved
that f’ is well-defined.

In the above, we have already established that the greatest lower bound v
of all fixed points of f’ is itself a fixed point of f’, and since v € [UY, T],
we have that UY C v, so v is an upper bound for Y. Obviously, v is also a
fixed point of f, so v € P.

The element v must be the least fixed point of f which is an upper bound
for all the elements in Y. This is seen as follows. Assume that w is an upper
bound for Y which is a fixed point of f. Then UY C w, since UY is the
least upper bound, so w € [UY, T], and thus, f/(w) is defined and of course
f(w) = w. As v is the greatest lower bound for all such elements, v C w.
In other words, v is the least upper bound for Y in the system (P,C).

A similar argument demonstrates that any set Y C P has a greatest lower
bound. Thus, (P,C) is a complete lattice. O

Knowing that there exists a least fixed point, it would be useful to have a
simple method for computing it. It turns out that there is a simple iterative
method which handles a frequently occurring special case, where U is finite.

Theorem 2 Let (U,C) be a complete lattice and f: U — U an increasing
function. If U is finite, then the least fixed point of f can be found as f*(_L)
for some k € IN.

Proof Let u = U{f(L) |4 € IN}. From L C f(Ll), it follows by simple
induction (since f is increasing) that for all 4, f(1L) C fi™1(L). So, we have
for all 4 that L{ L, f(L),..., fi(L)} = fi(L). If there are infinitely many 4’s
such that fi(L) = f**1(L), then U must be infinite. As this is not the case,
there are only finitely many such ¢’s. So, there exists a k such that for all
i >k, we have that f/(1) = f*1(L). We conclude that u = f*(L).

First, we observe that « is indeed a fixed point as
u= (L) = f(F(L) = f(u).
Now assume that v is also a fixed point of f. We obtain that f(L) T f(

C f(v) =
v, as f is increasing. By simple induction, it follows that f*(L) C v. But
then u C v, so u is the least fixed point of f. O



Proposition 2 Let (U,C) be a complete lattice and f: U — U an increas-
ing function. If U is finite and u € U is smaller than the least fixed point of
f, then the least fixed point of f can be found as f*(u) for some k € IN. [J

Exercise 4 Prove Proposition 2, which is a stronger version of Theorem 2.
O

In the next section, we need product lattices. They are defined as follows:

Definition 8 Assume that (U;,C;),...,(U,,C,) are all lattices, Assume
further that for all i, (U;,C;) has least upper bound and greatest lower
bound operators L; and M;, respectively. Then the product lattice (U,C) of

(Ula El)a ey (Un7 En)

is defined by

o U=U; x---xU,
o (21, Tn) E(W1,syn) © (@1 Cryn) Ao A(mn Ep )
o (x1,. .., xp)U Y1y yyn) = (@1 U1 Y1y s Tp Up yn)
4 (:1:17---7xn) r (y17---7yn) = ($1 M Yt,e- s Tn I—]nyn)
U
Proposition 3 A product lattice (U,C) is a lattice. O
Exercise 5 Prove Proposition 3. O

Lemma 2 If (U,C) is a complete lattice, then the infix versions of L and
M, considered as binary operators, are commutative and associative, i.e., for
all z,y,2 € U:

rUy=yUzx
e zU(yUz)=(xUy) Uz
and
rMNy=yNz U
xM(yNz)=(xNy)Nz
Exercise 6 Prove Lemma 2. O



In the light of Lemma 2, if we know that (U,C) is complete, and we know
how the binary version of U is defined, then the least upper bound of a set
A ={x1,z2...,2,} can meaningfully be defined by UA = 2y Uxo -+ Uxy,
(why?). Similarly for the greatest lower bound.

Proposition 4 If a product lattice is a product of all complete lattices,
then it is itself complete. O

Exercise 7 Prove Proposition 4, defining the general least upper bound
and greatest lower bound from the binary versions, as justified by Lemma 2.
O

3 Equational Systems

In this section, we define equational systems over complete lattices, and we
develop a method for finding the least solution to such systems.

Definition 9 An equational system over a complete product lattice (U, C),
where U = U; X --- x U, consists of n equations

My = fi(My, ..., M,)
My = fo(My, ..., M,)

Mn = fn(Mh AR 7Mn)
where the M;’s are variables (they are all different) and for all¢ € {1,...,n},
fi: U — U; is an increasing function.

A solution L to an equational system assigns to each variable M some value
L(M) such that all the equalities hold. O

In the following, we let T denote (z1,...,zy).

Lemma 1 Let & be an equational system over the complete product lattice
(U,C). Then there exists a unique least solution to S. Furthermore, it
can be found as the least fixed point of F': U — U defined by F(z) =

(fl(j)v ce 7fn(j))



Proof Since fy,..., f, are increasing functions, so is F. Clearly, any solu-
tion to & must be a fixed point of F. Likewise, any fixed point of F' must
be a solution to S. The result then follows from Theorem 1. O

One application for the results above is of particular interest to us. That is
when the set U is the power set of some base set B.

Proposition 5 If B is a finite set, then (23 , ©) with least upper bound and
greatest lower bound operators U and N, respectively, is a complete lattice.
O

Exercise 8 Prove Proposition 5 (recall that the union and the intersection
of arbitrary collections of sets are always defined). O

In the following, we let 1 ; denote the bottom element of the complete lattice
(Ui, 5i)-

Theorem 3 Let S be an equational system over the finite complete product
lattice (U,C). Then there exists a unique least solution to . Furthermore,
it can be found as Fk(J_l, ..., Ly), for some k € IN and some function F.

Proof Using the right-hand side functions of the equations in &, we define
F: U—-Uby F(Z) = (fi(T),..., fn(T)). From Lemma 1, it follows that
the least fixed point of F' is the least solution to S. As (Li,...,L1,) is
clearly the bottom element of U, it follows from Theorem 2 that there exists
a k € IN such that this fixed point equals F¥(Ly,..., L,). O

Corollary 1 The least solution to equational systems over finite product
lattices with n set-valued variables can be solved by iterating from the n-
tuple (0,...,0).

Proof Directly from Theorem 3 and Proposition 5. O

Exercise 9 Now we want the possibility of having more than one equation
per variable, i.e., we do no longer wish to require that all the left-hand side
variables (the M;’s) of an equational system be different. How can we then
solve the system?

Hint: The operator LI can be viewed as an increasing function, and the set
of increasing functions is closed under function composition. O



Exercise 10 An inequational system is like an equational system, except
that the equality signs (=) are replaced with inequality signs (C). Given an
inequational system, the equational system created by replacing all inequal-
ity signs with equality signs is called the corresponding equality system.

Show that an inequational system has a solution if and only if the corre-
sponding equality system has a solution.

Show that if an inequational system and the corresponding equational sys-
tem both have a solution, then their least solutions are identical. O

4 Concluding Remarks

For applications in Computer Science, we are usually also interested in know-
ing the complexity of a particular fixed point derivation. Nothing very spe-
cific can be said here, but we notice that when computing solutions by
iterating a function from the bottom element, there are three costs to con-
sider:

e the number of iterations to find the fixed point
e the cost of computing each element of the iteration
e the cost of checking whether or not a fixed point has been reached

Another issue is when the results presented in this note can be applied.
Occasionally, applications are such that a finite and complete lattice cannot
be established. In those cases, one might consider a related result described
briefly below. The idea is to require less of the structure, but then more of
the functions.

Assume that (U,C) is a partial order. A subset A of U is called a chain (or
sometimes a directed set) if Ve,y € A: x CyVyLC x.

The system (U, C) is called a complete partial order (or sometimes a chain
complete partial order) if LA is defined for all chains A.

Assume that (U;,C;) and (Us,C3) are complete partial orders with least
upper bound operators Ll; and Lly, respectively. An increasing function
f: Uy — Uy is continuous if for all nonempty chains A, we have that
fU1A) = Ua{f(x) | = € A}. Notice that the image of a chain is again a
chain, so that the least upper bound is defined.

If f is a continuous function on a complete partial order (U,C), then the
least fixed point of f exists, and it equals U{f;(L) | « > 0}. Notice that



L = U@. Again, if U is not finite, then the least fixed point might not
belong to {f*(L) | i > 0}, so we cannot necessarily compute it by iteration.
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