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ABSTRACT. It is known that a lattice is representable as a ring of sets iff the lat-
tice is distributive. CRL is the class of bounded distributive lattices (DLs) which
have representations preserving arbitrary joins and meets. JCRL is the class of DLs
which have representations preserving arbitrary joins, mCRL is the class of DLs
which have representations preserving arbitrary meets, and biCRL is defined to be
JCRLNmMCRL. We prove

CRL C biCRL = mCRLNjCRL C mCRL # jCRL C DL

where the marked inclusions are proper.

Let L be a DL. Then L € mCRL iff L has a distinguishing set of complete, prime
filters. Similarly, L € jCRL iff L has a distinguishing set of completely prime filters,
and L € CRL iff L has a distinguishing set of complete, completely prime filters.

Each of the classes above is shown to be pseudo-elementary hence closed under
ultraproducts. The class CRL is not closed under elementary equivalence, hence it
is not elementary.

1. Introduction

An atomic representation h of a boolean algebra B is a representation
h: B = p(X) (some set X) where h(1) = (J{h(a): a is an atom of B}. Tt
is known that a representation of a Boolean algebra is a complete representa-
tion (in the sense of a complete embedding into a field of sets) if and only if it is
an atomic representation and hence that the class of completely representable
Boolean algebras is precisely the class of atomic Boolean algebras, and hence
is elementary [6]. This result is not obvious as the usual definition of a com-
plete representation is thoroughly second order. The purpose of this note is
to investigate the possibility of corresponding results for the class of bounded,
distributive lattices. The situation is a little more complex in this case as in
the absence of Boolean complementation a representation of a (distributive)
lattice may be complete with respect to one of the lattice operations but not
the other.

It turns out (theorem 3.2) that the class CRL of completely representable
bounded, distributive lattices is not elementary, however, building on early
work in lattice theory by Birkhoff [1], and Birkhoff and Frink [2] it is possible
to characterise complete representability of a lattice in terms of the existence
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of certain prime filters (or dually using prime ideals). Using this characterisa-
tion an alternative proof of the identification of the completely representable
Boolean algebras with the atomic ones is provided. It is also shown that CRL,
and the classes of (bounded, distributive) lattices that have representations re-
specting either or both arbitrary infima and suprema are pseudo-elementary,
and thus closed under ultraproducts. Using the well known fact that a class
is elementary if and only if it is closed under isomorphism, ultraproducts and
ultraroots it follows that CRL is not closed under ultraroots. The question
of whether this holds for the other classes of lattices under consideration, and
thus whether they are elementary, remains open at this time and is the subject
of ongoing investigation.

2. Representations of bounded, distributive lattices

Definition 2.1 (Representation). Let L be a bounded, distributive lattice.
A representation of L is an embedding h: L — p(X) for some set X, where
p(X) is considered as a ring of sets, under the operations of set union and
intersection. When such a representation exists we say that L is representable.

For simplicity we shall assume that our representations h: L — (X)) are
‘irredundant’, that is, for all z € X there is some a € L with = € h(a).
For irredundant representations h: L — ©(X) the ‘inverse image’ h~'[z] =
{a € L: z € h(a)} of any point € X is a prime filter, with closure under
finite meets coming from finite meet preservation by the representation, and
primality coming from finite join preservation. Upward closure can be derived
from either of these preservation properties using the equivalent definitions of
the order relation in a lattice. Conversely, any set K of prime filters of L with
the property that for every pair a # b € L there exists f € K with either
a € fand b € f or vice versa determines a representation hx: L — p(K)
using hy(a) = {f € K: a € f} (note that for f € K we have h'[f] = f). For
ease of exposition later we introduce a definition for sets of sets generalising
the condition for filters given above.

Definition 2.2 (Distinguishing set). A set S C p(L) is distinguishing over L
iff for every pair a # b € L there exists s € S with either a € s and b & s or
vice versa.

Using this definition we state the results of the preceding discussion as a
simple theorem:

Theorem 2.3. A bounded distributive lattice L is representable if and only if
it has a distinguishing set of prime filters.

As a consequence of the prime ideal theorem for distributive lattices we
have:
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Theorem 2.4. A bounded lattice is representable if and only if it is distribu-
tive.

Henceforth, all lattices under consideration are bounded and distributive.
We now discuss representations preserving arbitrary meets and/or joins.

Definition 2.5 (Meet-complete map). A lattice map f: Ly — Lo is meet-
complete if for all S C Ly where A S exists in Ly we have f(A\; S) = A, f[S].

A similar definition is made for join-complete. When a map is both meet-
complete and join-complete we say it is complete. When a bounded, distribu-
tive lattice has a meet-complete representation we say it is meet-completely
representable, and we make similar definitions for join-complete and complete
representations. We shall call the class of all bounded, distributive lattices DL,
the class of all completely representable lattices CRL, the classes of meet and
join-completely representable lattices mCRL and jCRL respectively, and the
class of lattices with both a meet-complete and a join-complete representation
biCRL.

Theorem 2.6. A lattice L has a meet-complete representation iff its order
dual L° has a join-complete representation.

Proof. If h: L — p(P) is a representation, where P is some distinguish-
ing set of prime filters of L, then the map h: L° — @(P), a — —h(a) is
also a representation. If h is meet-complete then by De Morgan B(\/ s9) =
—h(A\S) = —Nh[S] = =N —h[S] = Uh[S] (here ‘—’ denotes set theoretic
complement). O

Definition 2.7 (Complete ideal/filter). An ideal I of a lattice L is complete
if whenever \/ S exists in L for S C I then \/ S € I. Similarly a filter F of L
is complete if whenever AT exists in L for T C F then AT € F.

Definition 2.8 (Completely-prime ideal/filter). A prime ideal I of L is com-
pletely prime if whenever AT € I for some T C L then I NT # (). Similarly,
a prime filter F' of L is completely prime if whenever \/ S € F for some S C L
then FF'N.S # 0.

Lemma 2.9. If F is a prime filter of L and I = L\ F is its prime ideal
complement then F is complete iff I is completely prime, and I is complete iff
F' is completely prime.

Proof. Using I = L\ F we can rewrite the definition of completeness of I as
VS e€F = FNS # (. Similarly we can write completeness for F as
AT el = TNI#). O

Theorem 2.10. Let L be a bounded, distributive lattice. Then:

(1) L has a meet-complete representation iff L has a distinguishing set of
complete, prime filters,
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(2) L has a join-complete representation iff L has a distinguishing set of
completely-prime filters,

(3) L has a complete representation iff L has a distinguishing set of complete,
completely-prime filters,

Proof. We prove 1), the rest follows from theorem 2.6 and lemma 2.9. For
the left to right implication, let h be an irredundant meet-complete represen-
tation of L over some domain D. Since h is an irredundant representation,
{h~[d]: d € D} is a distinguishing set of prime filters. Also, if S C h~![d]
then d € (h[S] and by completeness of h if A S exists then d € h(AS) so
A S € h™1[d], hence each of these prime filters is complete. Conversely, let K
be a distinguishing set of complete, prime filters. Define a map h: L — p(K)
by h(l) = {p € K: 1 € p}. Because K is a distinguishing set of prime filters, h
is a representation. Furthermore, since each p € K is complete, if S C L and
/\ S exists then for all p € K,

peh(\S) <= ASep
<~ SCp

< pe[)hlS]

so h(AS) = h[S] and h is a complete representation.
0

In the light of lemma 2.9 it’s straightforward to prove an analogous result
to theorem 2.10 using ideals in place of filters.

We briefly turn our attention to the special case of Boolean algebras. Recall
that a bounded lattice (L, 0,1, A, V) is complemented iff for all s € L there is
s’ € L such that s Vs’ =1 and s As’ = 0. Since there can be at most one
complement to an element, we may write —s instead of s’.

Lemma 2.11. If L is complemented then its prime filters are precisely its
ultrafilters, moreover the following are equivalent:

(1) U is a principal ultrafilter of L,
(2) U is a complete ultrafilter of L,
(3) U is a completely-prime ultrafilter of L.

Proof. It’s easy to see that the ultrafilters of a BA are precisely its prime filters.
Clearly 1) = 2). Let U be an ultrafilter. If U is complete it must contain a
non-zero lower bound s and thus be principal (otherwise it would contain the
complement of that lower bound, but s < —s = s = 0), so 2) = 1). For any
S C L we write —S for {—s: s € S}. The infinite De Morgan law for Boolean
algebras (see e.g. [10, section 19]) gives —\/ .S = A —S so if U is complete
then SNU =0 = —-\/SeU = \V/S¢U,so2) = 3). Similarly, if
U is completely-prime then AS ¢ U — —-ASelU = \V-Se€U =
—seUforsomeseS = S¢ZU,so03) = 2). O
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We have as a corollary the following result (see [6, corollary 6] for the
equivalence of the first two parts).

Corollary 2.12. For a Boolean algebra B the following are equivalent:
(1) B is atomic,

(2) B is completely representable,

(3) B is meet-completely representable,

(4) B is join-completely representable.

Turning our attention back to the lattice case we now give some examples
to illustrate the relationships between the classes we have defined.

Example 2.13. A distributive lattice both meet-completely representable and
join-completely representable but not completely representable. Let L = [0,1] C
R. Then by taking {[z,c0): z € L} we obtain a distinguishing set of complete,
prime filters, and by taking {(z,00): x € L} we obtain a distinguishing set of
completely-prime filters.

However, if F' is a complete filter of L then A\ F' € F' (by completeness prop-
erties of L and F) and, since AF = \/{z € L: 2 < AF}, F cannot be
completely-prime.

Example 2.14. A distributive lattice neither meet nor join-completely repre-
sentable. In view of corollary 2.12 we can take any Boolean algebra that fails
to be atomic.

Example 2.15. A distributive lattice join-completely representable but not
meet-completely representable. Let L be the lattice (N x N) U {0} shown in
figure 1, where N is the set of non-positive integers under the usual ordering and
the element 0 is a lower bound for the whole lattice. Then L has no complete,
prime filters, but all its filters are completely-prime, hence by theorem 2.10 it
has a join-complete representation but no meet-complete representation.

Examples 2.13, 2.14 and 2.15 (and its dual) give us the following:

CRL C biCRL = mCRLNjCRL € mCRL # jCRL C DL )

There is a relationship between the existence of types of complete represen-
tation and the join and meet-densities of the sets of join and meet-irreducibles
of L, which we make precise in the following proposition.

Proposition 2.16. Let L be a bounded, distributive lattice. Define J(L) and
M(L) to be the sets of join-irreducible and meet-irreducible elements of L
respectively, and J*(L) and M (L) to be the sets of completely join/ meet-
irreducibles of L respectively, then:

(1) If the set J(L) is join-dense in L then L has a meet-complete representa-
tion, dually if the set M (L) is meet-dense in L then L has a join-complete
representation. When L is complete then if L has a meet/join-complete
representation the sets J(L)/M (L) are join/meet-dense in L.
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o0

FIGURE 1. The lattice (N x N) U {0}

(2) If either J>°(L) is join-dense in L or M°(L) is meet-dense in L then
L has a complete representation. When L is complete it is also true
that whenever L has a complete representation J° and M are join and
meet-dense in L respectively.

Proof. For the first part of 1, we just take the sets of principal filters/ideals
generated by the join/meet-irreducibles respectively, for the second we note
that the generator of each filter/ideal must be join/meet-irreducible. For the
first part of 2 we note that if we take the sets of principal filters/ideals gen-
erated by J°°(L) and M (L) respectively we obtain distinguishing sets of
completely-prime filters/ideals, and for the second part the generator of each
filter /ideal will be completely join/meet-irreducible. O

Note that the full converses to proposition 2.16 (i.e. when L is not complete)
do not hold, so e.g. in a completely representable lattice L, J*°(L) need not
be join-dense, as the following example illustrates.

Example 2.17. L is the lattice with domain (N x N)UN as shown in figure 2,
where N is the set of non-positive integers under their usual ordering and each
element of N is less than each element of (NxN). For —n € N, the set [—n, 0] xN
is a complete, completely-prime filter (with no infimum) and similarly N x
[-n,0] is also complete, completely-prime. Hence L has a distinguishing set
of complete, completely-prime filters but J*°(L) = J(L) = N is not join dense
in L.

We end this section with a note about canonical extensions.

Lemma 2.18. A complete lattice L is completely representable if and only if
it is doubly algebraic (a complete lattice is algebraic if every element can be
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FIGURE 2. The lattice (N x N)UN

written as a join of compact elements, a complete lattice is doubly algebraic if
both it and it’s order dual are algebraic).

Proof. Tt is known, see e.g. [4], that a lattice L is doubly algebraic if and
only if it is complete, completely distributive, and J*°(L) and M (L) are
join/meet-dense. When L is completely representable it inherits complete
distributivity from its representation and, by proposition 2.16, has the required
density properties. Conversely, by the same proposition, the density properties
of algebraicity and dual algebraicity are both sufficient conditions for complete
representability. O

Corollary 2.19. The canonical extension of any bounded distributive lattice
is completely representable.

Proof. The canonical extension L of a bounded distributive lattice L can be
defined as a doubly algebraic lattice into which L embeds in a certain way (see
e.g. [5, theorem 2.5] for details). O
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3. HSP, elementarity and pseudo-elementarity

Since a subalgebra of an atomic Boolean algebra need not be atomic we
know that none of the classes in () is closed under subalgebras, and thus can-
not be varieties, or even quasi-varieties. Similarly, given an atomic Boolean
algebra B we can define an equivalence relation R on B by zRy <= |{a €
At(B): a < z}A{a € At(B): a < y}| < |wl|, that is, if and only if the sym-
metric difference of the sets of atoms beneath each element is finite. It can
easily be shown that R is a congruence, and in the case where B is the com-
plete, atomic Boolean algebra on w generators the resulting % is isomorphic
to the countable atomless Boolean algebra, and thus none of classes in () can
be closed under homomorphic images. We can say something positive about
closure under direct products, which we express in the following lemma:

Lemma 3.1. The classes in () are all closed under taking direct products.

Proof. We do the proof for mCRL, the others are similar. Suppose {L;}; is
a family of lattices in mCRL. Let f # g € [[; L;, then we can choose j € I
with f(j) # g(j), and by the assumption of meet-complete representability
there is a complete, prime filter v distinguishing f(j) and g(¢). Define sets
S; CLiby S; =~ and S; = L; for all ¢ # j, then S =[], S; is a complete,
prime filter distinguishing f and g. O

As ‘being atomic’ is a first order property for Boolean algebras, it follows
immediately from corollary 2.12 that the class of completely representable
Boolean algebras is elementary. The aim here is to investigate to what extent
similar results hold for the classes in (f). Our first result is negative:

Theorem 3.2. CRL is not closed under elementary equivalence.

Proof. The lattice L = [0,1] C R from example 2.13 is not in CRL, however
the lattice L' = [0,1] N Q s in CRL as for every irrational r the set {a €
L': a > r} is a complete, completely-prime filter. L and L’ are elementarily
equivalent as R and Q are. O

We can, however, show that all the classes in (f) are at least pseudo-
elementary. In particular we shall demonstrate that mCRL is precisely the
first order reduct of the class of models of a theory in two-sorted FOL, and thus
is pseudo-elementary (the proof can be readily adapted for the other classes).
We proceed as follows.

Definition 3.3. (Pseudo-elementary class) Given a first order signature .,
a class ¥ of £ structures is pseudo-elementary if there are

(1) a two-sorted language ", with disjoint sorts A and S, containing A-
sorted copies of all symbols of .Z, and
(2) an Z* theory U
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with € = {M* |»: M |= U}, where M* is a structure in the sublanguage of
£ containing only A-sorted symbols whose domain contains only A-sorted
elements, M* [ is the .Z reduct of M* obtained easily by identifying the
symbols of . with their A-sorted counterparts in £, and {M* [¢: M = U}
being thus the class of A-sort .Z reducts of models of U.

See [7, section 9] for more information on this definition, and for proof of
its equivalence with single-sorted definitions of pseudo-elementarity.

Now, let £ = {+,-,0,1} be the language of bounded, distributive lattices
in FOL. Define the two-sorted language .2 = £ U{€}, where € is a binary
predicate whose first argument takes variables of the A sort and whose sec-
ond takes variables of the S sort. Let the original functions of .Z be wholly
A-sorted in £ (the A sort is meant to represent lattice elements and the S
sort sets of these elements). Define binary A-sorted predicates < and >, and
binary S-sorted predicate C in .Z" in the obvious way. For simplicity we will
write 2 € s° for € (2%, 5%), and similar for <, C etc.

Define additional predicates P, I and C' as follows:
e P(s%) if and only if each of the following properties hold:
(1) Vot gt (o € ) A @t = 04) = (1 € &)
(2) Vah gyt (((J:A ES)AN(yr e s5) = (ah-yh e sS))
(3) Vat yh ((xA—k yt e )= (b eSS v(yh e ss))>
P is meant to capture the property of being a prime filter.

e I(z" %) if and only if
vy ((yA €s%) = (2" < yA)) N (((yA €)= (4 <yh)) = (4 < mA)).
I corresponds to the notion of an element being the infimum of a set.
e O(s°) if and only if V5V z* (((tS CS)AI(zh,5%) — (ot € SS)>, so C
specifies a limited form of completeness.

Now, let T be the .# theory of bounded, distributive lattices. Define TT as the
natural translation of T into the language .2 plus the following additional
axioms:

(I) Vot gy (zA #yh — 368 ((P(SS) ANC(s%) A (((2* € ) A (™ ¢ ) v

(s € ) A (" ¢ )

(I) Yzt 35S vyt ((yA >rt) o (ye sg))
(D) V&5 3uS Yzt (((:cA €SN (st € %)) «» (ah € uS)>

The first of these axioms forces the S sort into providing a distinguishing set of
‘complete’ (with respect to S) prime filters, and the second and third force the

existence of sufficiently many elements of S that this notion of completeness is
equivalent to actual completeness, as the lemma below demonstrates.
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Lemma 3.4. The class {M* [: M |=T%} of £-reducts of models of T is
precisely the class of meet-completely representable bounded, distributive lat-
tices.

Proof. Clearly if L is in mCRL its elements satisfy T, and (L, p(L), €) satisfy
T, where € is ordinary set membership. Conversely, if A = M”* | & for some
model M of T+ then by axiom I of TF the (interpretation of) the € predicate
naturally defines a distinguishing set K of prime filters of A. We claim that
each prime filter in K is complete. For the claim, let p € K and s C p with
2 =inf(s). We must show that x € p. If x € s then this is immediate, so we
suppose not: = ¢ s. We consider the following cases:

(1) e=inf{y: y > a}: then s C {y: y >z} Np C {y: y >z} so z = inf(s) >
inf({y: y > 2} Np) > x and thus inf({y: y > =} Np) = x, but clearly
{y:y > x}Np C pand by axioms IT and IIT of T also corresponds to an
element of the S sort. Therefore, by definition of the predicate C' we have
T € p, as required.

(2) x #inf{y: y > x}: Let z be a lower bound for {y: y > x}, suppose z £ x.
Then zV z is a lower bound for {y: y > z} and is contained in {y: y > z}.
In the light of this assume wlog that inf{y: y > x} = z > x. Then, as
x = inf(s), we have s C {y: y > x} and thus {y: y > x} has z as a lower
bound, but this a contradiction as xz < z, so this case cannot arise.

We deduce that x € p, so p is complete, as claimed. Since T+ demands A be

a bounded, distributive lattice we have A € mCRL, by theorem 2.10(1). O

We have now proved the following:
Theorem 3.5. mCRL is pseudo-elementary.
Proof. Lemma 3.4 shows the condition of definition 3.3 hold for mCRL. [
It is not difficult to see how analogous results can also be proved for jCRL,
biCRL and CRL using a similar method.

4. Ultraproducts and ultraroots

We begin this section by stating two well known facts from model theory:

Fact 4.1. A class € of similar structures is elementary iff it is closed under
isomorphism, ultraproducts and ultraroots.

Fact 4.2. € is pseudo-elementary =—> € is closed under ultraproducts.

For proof of the first see e.g. [8, corollary 9.5.10] or [3, theorem 4.1.12 and
corollary 4.3.13]. The proof of the second is simple, see e.g. [3, exercise 4.1.17].
In view of the facts above and the material in the preceding section, since
CRL is pseudo-elementary, and closed under isomorphism, but is not elemen-
tary, it cannot be closed under ultraroots. mCRL, jCRL and biCRL will be
elementary if and only if they are closed under ultraroots. Note that mCRL
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is elementary iff jJCRL is elementary (by duality), and therefore mCRL is
elementary = biCRL is elementary (as biCRL = mCRLNjCRL). It
is not known which, if any, of biCRL, mCRL and jCRL are closed under
ultraroots but it is possible to state some conditions on a lattice L which
must necessarily hold if L ¢ X but an ultrapower of L belongs to X (where
X = biCRL,mCRL or jCRL).

First of all in order for the ultraproduct [],; L to be meet-completely rep-
resentable L must be V(/\)-distributive, i.e. for a € L, S C L if both sides of
the equation below are defined then they are equal

a\//\S:/\seS(a\/s)

as we shall see in the next proposition. Note that the converse to this is
false as, for example, every Boolean algebra is V(A )-distributive (see e.g. [9,
theorem 5.13] for a proof) but not necessarily atomic, so not necessarily meet-
completely representable by corollary 2.12. We will use the following notation
and lemma:

e For a € L define a € [[; L by a(i) =a for all i € I.

e Fix some ultrafilter U over I. For z € [[,L we write [z] for {y €
[I,L:: {i:2(i) =y(i)} € U}.

e For S C L define S* = {[z] € [[, L: {i € I: x(i) € S} € U}.

e For T CJ[, L define T, = {a € L: [a] € T'}.

Lemma 4.3. Let S C L and suppose \ S exists in L. Then N\(S*) exists in

[, L and equals [\ S].

Proof. This can be proved by defining an additional predicate ‘S’ in the lan-
guage of lattices meant to correspond to ‘being an element of the set S’ the
result then following easily from Lo$’ theorem. An alternative algebraic proof
is as follows: Clearly [/ S] is a lower bound for S$*. Suppose [2] is another such
lower bound and [2] £ [AS]. Then {i € I': 2(i) £ NS} €U,so{icI:3s;, € S
with 2(i) € s;} € U, = usay (as A\ S is the greatest lower bound of S). Define
x by (i) = s; for i € u and z(i) = A S otherwise. Then [z] € S* but [z] £ [],
but this contradicts the assertion that [z] is a lower bound. O

Corollary 4.4. The class of V()-distributive bounded lattices is closed under
ultraroots.

Proof. By lemma 4.3 if there is some AU {b} C L with bV A A # A(bV A)

then A\ A*V [b] = [A AV [b] = [(A A)vb] # [(A(AV b)] = (A" V [b]), so if L
is not V(/\)-distributive then neither is [],, L. O

Proposition 4.5. If [[, L has a meet-complete representation then L is
V(A)-distributive.

Proof. This follows from corollary 4.4 and the fact that when [], L is in
mCRL it inherits V(A )-distributivity from its representation. O
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By duality a similar result holds for jJCRL, and hence for biCRL. In order
for [[; L to be in mCRL but L not to be it turns out L must satisfy an
infinite density property, which we make precise in the next proposition.

Proposition 4.6. If [, L has a meet-complete representation but L does not
then there is a pair x <y such that for every pair a < b € [z,y] there is some
c with a < ¢ <b.

Proof. If L is not in mCRL then there is a pair x,y,€ L that cannot be
distinguished by a complete, prime filter. Wlog assume x < y. Since [[ L
is in mCRL, for each pair a < b € [z,y] there is a complete, prime filter
distinguishing [a] and [b]. It’s easy to show that -, is a prime filter of L with
b€ . and a ¢ 7. (and thus y € 7, and = ¢ ~.). Let a < b and (a,b) = ) and
suppose S C 7,. Then for each [z] € S* we have must have [z] V [a] = [b], and
thus by primality S* C 4. So by lemma 4.3 A S € 7., and so v, is complete,
which is a contradiction as we assumed x and y could not be distinguished by

a complete, prime filter. O

Again by duality the same result holds for join-complete representations.
Note that if we could find a counter example (L, [],;) where [[,, L € mCRL,
L ¢ mCRL, we could restrict to the sublattice bounded by x and y, so we lose
nothing by assuming that x and y are the lower and upper bounds respectively,
and that the whole lattice therefore has this density property.

We have seen that the class of completely representable Boolean algebras is
atomic (indeed finitely axiomatisable) and that the class CRL of completely
representable lattices is not.

Conjecture 4.7. None of the classes jCRL, mCRL, biCRL is elementary.

We intend to prove this in a subsequent article.

REFERENCES

[1] Birkhoff, G.: On the combination of subalgebras. Proc. Camb. Math. Soc. 29,
441-464 (1933)

[2] Birkhoff, G., Frink Jr., O.: Representations of lattices by sets. Trans. Am. Math. Soc.
64, 209-316 (1948)

[3] Chang, C., Keisler, H.: Model Theory, 3rd edn. North Holland, Amsterdam (1990)

[4] Crawley, P., Dilworth, R.: Algebraic theory of lattices. Prentice Hall, Englewood Cliffs
N.J (1973)

[5] Gehrke, M., Jénsson, B.: Bounded distributive lattice expansions. Math. Scand. 94,
13-45 (2004)

(6] Hirsch, R., Hodkinson, I.: Complete representations in algebraic logic. Journal of
Symbolic Logic 62, 816-847 (1997)

(7] Hirsch, R., Hodkinson, I.: Relation Algebras by Games. North-Holland, Amsterdam
(2002)

(8] Hodges, W.: Model Theory. Cambridge University Press, Cambridge (1993)

[9] Roman, S.: Lattices and Ordered Sets. Springer, New York (2008)

[10] Sikorski, R.: Boolean Algebras, 3rd edition. Springer-Verlag, Berlin (1969)

ROBERT EGROT



Vol. 00, XX Completely representable lattices

Computer Science Department, University College London, London, UK
e-mail: r.egrot@cs.ucl.ac.uk

ROBIN HIRSCH

Computer Science Department, University College London, London, UK
e-mail: r.hirsch@cs.ucl.ac.uk

13



