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Abstract

The variety of Heyting algebras has a nice property that HS = SH.
Heyting algebras are the algebraic dual of intuitionistic descriptive frames.
The goal of this paper is to define proper dual notions so as to formulate
this algebraic properties in the frame language, and to give a frame-based
proof of this property and some other duality theorems.

1 Introduction

We know that for any algebra 2 in a variety, it holds that SH(2() C HS(2)
but in general not the other way around. However, the class of Heyting
algebras is a variety for which the other direction does hold. This gives
the property that HS(2() = SH(2l) for every Heyting algebra 2.

Heyting algebras are the algebraic dual of intuitionistic descriptive
frames !. So it is possible to express the above property in the framework
of descriptive frames. The goal of this paper is to define proper dual
notions so as to formulate the above algebraic properties in the frame
language, and to give a frame-based proof of this property and some other
duality theorems.

2 Intuitionistic Kripke Frames

In order to study descriptive frames, we start with intuitionistic Kripke
frames, which is the simplest case of intuitionistic frames. In this section,
we prove a theorem which corresponds to the algebraic property HS(2l) =
SH(2) for Heyting algebras in the intuitionistic Kripke frame case.

2.1 The Definition of Intuitionistic Kripke Frames

Definition 1. An intuitionistic Kripke frame is a pair § = (W, R) con-
sisting of a nonempty set W and a partial order R on W.

*This paper has been written as a MoL project under the advice of Prof. dr. Dick de
Jongh.
1Hereafter, we only write “descriptive frame” for short.



Definition 2. A set V C W is called an upward closed subset, if for every
w eV and u € W, wRu implies u € V.

Definition 3. An intuitionistic Kripke frame & = (V,.S) is called a sub-
frame of an intuitionistic Kripke frame § = (W, R) if V. C W and S is
the restriction of R to V (S = R | V, in symbols), i.e., S = RNV?2. The
subframe & is a generated subframe of § if V is an upward closed subset
of W.

Definition 4. Suppose § = (W, R) and & = (V, S) are two intuitionistic
Kripke frames. A map f from W to V is called a p-morphism from § to
& if the following conditions hold for every w,u € W:

(P1) wRu implies f(w)S f(u);

(P2) f(w)Sf(u) implies v € W(wRv A f(v) = f(u)).

2.2 A Frame Instance of HS() = SH(2)

The next theorem is actually the dual theorem of HS(2) = SH(2) of
Heyting algebra in terms of intuitionistic Kripke frames. Here we give a
constructive proof of this algebraic result.

We will generalize the result of Theorem 5 to the case of descriptive
frames in Proposition 44 in Section 4.

Theorem 5. An intuitionistic Kripke frame §' is a generated subframe
of a p-morphic image of an intuitionistic Kripke frame & iff §' is a p-
morphic image of a generated subframe of &.

Proof. For “=": Suppose § = (V,S) is a p-morphic image of & = (W, R)
via f, and § = (V',S’) is a generated subframe of §. Define &' =
GV RT PV and g = £ 1 (V) 2 (V) — VY. We prove
the following:

(1) &' is a generated subframe of ®.

(2) g is a p-morphism.

For (1): We only need to show that f~' (V') is upward closed in .
Suppose w € f~*(V’) and wRu for some u € W. Since f is a p-morphism,
we have f(w)Sf(u). Then, from f(w) € V' and V' being upward closed,
we obtain f(u) € V', i.e., u € f~H(V’).

For (2): It suffices to show that the map g from &’ to §’ satisfies the
two conditions of a p-morphism.

(P1) Suppose w1 Rwz where w1, wy € fﬁl(V'). Since f is a p-morphism,
we have f(w1)Sf(w2), i.e., g(w1)Sg(w2).

(P2) Suppose g(w)S’g(u). Then f(w)Sf(u), for some w,u € f~1(V').
Since f is a p-morphism, there exists v € W s.t. f(v) = f(u) and wRwv.
Thus v € f~1 (V') since f~*(V’) is upward closed. Finally we also get
g(v) = f(v) = f(u) = g(u) as required.

For “«<”: Suppose ¢ is a p-morphism from &' = (W', R') to §' = (V', 5’),
where &’ is a generated subframe of & = (W, R). Without loss of gener-
ality, we may assume W NV’ = (). We first define a frame § = (V, S) by
putting V = V'U(W-W’) and S = S’US1US>, where S1 = R | (W-W")
and

So = {(w1,g(w2)) : w1 € W — W', we € W and w1 Rwa}.

Note that S’, S1 and So are pairwise disjoint.
Next we verify that the relation S defined above is a partial order.



In fact, for any v € V, if v € V’, then vS’v, so vSv. If v € W — W/,
then vSiv, i.e., vSv, hence S is reflexive.

Suppose xSy and ySz. Then by the construction of S, it is impossible
that one of x and y is in V' but another in W — W’. If both  and y are
in V', then it follows that xS’y and yS’z, hence z = y. If both = and y
are in W — W', then 2Ry and yRz, so x = y.

Suppose xSy and ySz. If 9'y, then z,y € V', so it must be the case
that z € V'. Thus by the transitivity of S’, we have x5z, hence zSz;

If xS1y, then z,y € W — W' and xRy. Whenever z € W — W', from
the transitivity of R it follows xS12. Whenever z € V', yRw for some
w € W’ such that 2 = g(w), thus zRw, and so 252z by the definition of
Sa.

If S2y, then x € W — W', and there exists w € W’ such that
rzRw and y = g(w) € V'. So it must be the case that yS’z. Since F’
is a p-morphic image of &’ via g, by (P2), there exists « € W’ such that
wRu, z = f(u), thus zRu, and so xS2z by the definition of Ss.

Next, we define a map f : W — V by taking

w), if we W’
f(w)={g( ) ,
w, ifweW —W".

It is easy to see that ¥’ is a generated subframe of § and f is surjective.
It remains to show that f is a p-morphism from & onto F, i.e., f satisfies
(P1) and (P2).

(P1) For each wy, w2 € W s.t., w1 Rws, from the construction of S, it
is easy to see that f(w1)Sf(w2).

(P2) For each w,u € W s.t., f(w)Sf(u), we find av e W s.t., f(v) =
f(u) and wRwv.

Case 1: w € W'. Then f(w) = g(w) € V', which implies f(u) € V' for
V' is upward closed. Since g is a p-morphism, there exists v € W' C W
s.t., g(v) = g(u) and wR'v. These are equivalent to f(v) = f(u) and wRv.

Case 2: w,u € W—W’'. Then from f(w)Sf(u), we get wSu. It follows
that wSiu. Thus, by the definition of S1, we have wRu and v = u satisfies
(P2).

Case 3: w € W—W' and v € W’'. Then from f(w)Sf(u) and u € W,
we get wSg(u). It follows that wSag(u). So by the definition of S2, there
exists v € W' s.t., f(v) = f(u) and wRv. O

3 Duality Theorems of Intuitionistic Gen-
eral
Frames

In this section, we prove some duality theorems of intuitionistic general
frames. These results are crucial in proving some nice properties and
duality theorems of descriptive frames.

3.1 The Definition of Intuitionistic General Frames
and Their Duals

Definition 6. An intuitionistic general frame is a triple § = (W, R, P),
where (W, R) is an intuitionistic Kripke frame and P is a family of some



upward closed sets, containing () and closed under N, U and the following
operation D: for every X,Y C W,

XDOY={zeW:VyecW(@Ryrye X —-ycY)}

Note 7. From the definition above, it follows that W € P since W =0 D
0.

The next two theorems show that there is a one-to-one correspondence
between intuitionistic general frames and Heyting algebras. For the proof
of Theorem 8, see Chapter 8 in [5].

Theorem 8. Let § = (W, R, P) be an intuitionistic general frame. The
algebra (P,N,U, D,0) is a Heyting algebra and is called the dual of F,
denoted by .

Theorem 9. Let 2 be a Heyting algebra, define Ay = (Wa, Ru, Pa) as
follows:

(i) Wa ={V C A:V is a prime filter of A},

(ii) ViRaV2 iff Vi C Vg,

(iii) Pa ={a:a € A}, wherea={V € Wy :a € V}.

Then A4+ is an intuitionistic general frame called the dual of A. Further-
more, A = (AL)T = (Py,N,U, D, 0).

Proof. We first prove 24 is an intuitionistic general frame. Obviously,
Ry is a partial order, and Py is upward closed. We first show that Py
is closed under N. Since the elements in Wy are filters, we have for any
a,be A,

anNb={VeWy:aeVandbeV}={VeEWy:aAbeV}=anb.

NextAwe show that Py is closed under the union U. Indeed, For arbi-
trary a, b € Py, since Wy consists of all prime filters V of A, we have

GUb={VeEWy:aeEVorbeV={VeWy:aVbeV}=aVb.

To show that Py is closed under the operation D, it suffices to prove

that for any a,b € A,

a>b=a—b.
First, we show a—b Ca Db For any V € @ — b and any V' € a
such that VRy V', it suffices to show V' € b i.e., b € V', but this follows
immediately from ¢ — b€V C V' and a € V'.

Second, we show a D bCa—b. Suppose V € a D b. Tt suffices to
show that V € a — b. By the definition of operation D, for any V' D V,
it holds that .

Vea=V b
Consider the prime filter
Veo={re€A:3ze€V(zAa <)}

Clearly, it holds that V, € @ and V C V,. Thus we have V, € 13, which
means 3z € V(z Aa < b), hence z < a — b. Therefore a — b € V i.e,,
Vea—b.

Hence 204 is an intuitionistic general frame. And we have also proved
that the map f defined by taking f(a) = @ is a natural homomorphism
from 2 onto (A4+)T = (Pa,N,U, D, 0).



Lastly we show that f is injective. Suppose a = 13, then

e —

—@aSa=ad>a=a>b=a—b.

From {T} e T = a/:b, it follows that « — b € {T} ie, T =a — b.
Hence a < b. By a similar argument, we can prove b < a, hence a =b. [

3.2 Duality Theorems about Operations On Gen-
eral

Frames

In the rest of this section, we discuss the relation between two operations
on general frames (i.e., the operations of generating generated subframes
and forming p-morphic images) and two algebraic operations (i.e., the

operations of forming homomorphic images and generating subalgebras)
respectively.

Definition 10. An intuitionistic general frame & = (V, S, Q) is called a
generated subframe of an intuitionistic general frame § = (W, R, P) if it
satisfies the following conditions:

(S1) (V, S) is a generated subframe of (W, R),

(S2) 9={UNV:U e P}

The notion of generated subframe of intuitionistic general frames cor-
responds to the notion of homomorphic image of Heyting algebras. To see
this clearly, we prove the next two theorems.?

Theorem 11. If h is an isomorphism of & = (V, S, Q) onto a generated
subframe of § = (W, R, P), then the map h™ defined by

A (X)=h""(X)={zcV:h(x)e X}, for every X € P,
is a homomorphism of F+ onto &T.

Proof. W.l.o.g., we may assume & is a generated subframe of §. Then h
is an identity map and hT(X) =X NV.

Clearly, h™ is a surjection. We show it preserves N,U and D. Let
X,Y € P. Then we have

REXNY)=(XNnY)NV=(XnV)n¥ nV)=hr(X)nhT(Y);
AT (XUY)=(XUuY)NV=(XnWV)u{¥nV)=hr(X)UrT(Y);
R (XDY)={seW: :Vyc WERyAyc X -ycY)}nV
={zeV:VyeV(@Syrye XNV —-ye¥YNnV)}
(since V is upward closed and S = RN V?)
=(XnV)D{X¥nV)
=hT(X) D hT(Y).

O

Note that in the proof above, we do not need the property that Q is
closed under operations. This gives the following corollary.

2The proofs are adapted from those of Theorem 8.57 and Theorem 8.59 in [5].



Corollary 12. Let (W', R’) be a Kripke generated subframe of an intu-
itionistic general frame § = (W, R, P). Then by taking P’ = {UNW"':
U € P}, we can define an intuitionistic general frame § = (W', R',P’)
which is a generated subframe of §.

Theorem 13. Suppose h is a homomorphism of a Heyting algebra 2 onto
a Heyting algebra B. Then

(i) For any filter V' in B, h™* (V') is a filter in U; in particular, h=* (V')
is prime whenever V' is prime;

(i) For any prime filter V in 2 such that h=*(T) C V, V = h™}(h(V)),
and h(V) is a prime filter in B;

(iii) The map h+ defined by
h (V') = h™Y(V), for every prime filter V' in B,
is an isomorphisim of B4 onto a generated subframe of A

Proof. (i) Let V' be any filter in %B. Obviously T € h=*(V').

bb—ach (V)= hb),h(b—a)cV
= h(b), h(b) — h(a) € V' (Since h is a homomorphism)
= h(a) € V'(since V'is a filter)
=ach (V).

Hence h™'(V’) is a filter. In particular, if V' is prime, then

aVbeh (V)= h(aVb) = (h(a) vV h(b) € V'
(since h is a homomorphism)
= h(a) € V' or h(b) € V' (sinceV’ is a prime filter)
=ach ' (V)orbeh (V).
Hence h™'(V') is prime.
(ii) Tt suffices to show h™'(h(V)) C V. Indeed, a € h™*(h(V)) implies
h(a) = h(b) for some b € V. Since h is a homomorphism from 2 to B, we

have
h(b— a) =h(b) = h(a) =T.

From the assumption that h~*(T) C V, it follows b — a € V, thus a € V.
Observe that V = h™*(h(V)) is equivalent to the following:

a € V iff h(a) € h(V). (1)

Suppose h(a), h(a) — h(b) € h(V). Since h is a homomorphism, h(a —

b) = h(a) — h(b) € h(V). From (1) it follows that a,a — b € V, which

implies b € V since V is a filter. Hence h(b) € h(V) and h(V) is a filter.
Next we show that h(V) is prime. For any a,b € V, we have

(h(a) V h(b)) € h(V) < h(aV b) = (h(a) V h(b)) € h(V)
(since h is a homomorphism)
S aVbeV (by (1))
S a€VorbeV (since V is a prime filter)
< h(a) € h(V) or h(b) € h(V)(by (1)).



(iii) By (i), h4+ is a well-defined map from Wy to Wy. (1) indicates
that h4 is surjective. Obviously, h4 is also injective. So h4 is a bijection.
Let

W={VeWy:h (T)CV}

Clearly W is upward closed in Wy.
Let § = (W, R, P) be a generated subframe of 2. Note that
UePeiUcPyst. U=UNW
S JacAst. U ={VeW:aeV}

Then, for any X C Wy,

XcPpeIeB X={V cWs:becV}
s 3Jac A, h(a)=b and h (X)) ={h (V) e Wa :a € h"H(V)}
sdacA hW'(X)={VeW:aecV}
sh'(X)eP
S hy(X)eP

To show that hy is an isomorphism from B, onto §, it remains to
show that for any V7, V5 € W,

ViR Vs iff by (Vi)Rahy (V3).
However, this is trivial since Vi C V5 iff h=1(V]) C h™1(V5). O

Definition 14. Given intuitionistic general frames § = (W, R, P) and
6 = (V,S,Q), we say a map f from W to V is a p-morphism from §
to &, if the following three conditions are satisfied, for all w,u € W and
X e Q:

(P1) wRu implies f(w)S f(u);

(P2) f(w)Sf(u) implies Jv € W(wRv A f(v) = f(u));

(P3) fH(X) eP.

As with generated subframes, the notion of p-morphisms between gen-
eral frames has its dual notion, i.e., subalgebras of Heyting algebras. We
prove the next two theorems.®

Theorem 15. If & = (V, S, Q) is a p-morphic image of § = (W, R, P)
via f, then the map f defined by

FHX) = F7HX), for every X € Q,

is an isomorphism of T onto a subalgebra of F.

Proof. Since f is a p-morphism, we have for any X € Q, f~1(X) € P,
which gives ft[Q] C P. We prove f*: Q — f7[Q] is an isomorphism.
Clearly, f7 is a bijection. So it suffices to show that f* preserves all the
operations in &*. Let X, Y € Q. Then we have

AENY)=f1(XNY)=1X)n ) = FH(X) N )

AXUY) = (XuY)=f{(X)uf )= fr(X)urt);

3The proofs are adapted from those of Theorem 8.65 and Theorem 8.71 in [5].



zeffHXDY)e flz)e XDY
S Vfly) eV(f(@)Sf) A fly) € X — fly) €Y)
eVyeWRyAye fTH(X)—ye fTI(Y))
(since f is a p-morphism)
szefH(X)D 7Y
sze fH(X)D (YY)

O

Theorem 16. If f is an isomorphism of a Heyting algebra B onto a
subalgebra of A, then the map f+ defined by
() = F1(V), for every V € Wa,

is a p-morphism from A4 onto B .

Proof. W.l.o.g., we may assume B to be a subalgebra of 2 and so f is
the identity map and

f+(V) =V N B, for every V € Wy.

Clearly, if V is a prime filter in 2 then f4 (V) is a prime filter in B. So
by Lemma 8.70 in [5], f+ is a map from Wy onto Wy . Next, we show [
satisfies the three conditions of a p-morphism.

(P1) Suppose V1 Ry V2, for some V1, Va € Wy. This means V, C Vg,
hence Vi N B C V2N B, ie., f+(Vi)Rs f+(V2).

(P2) Suppose f+(V1)Rws f+(V2), for some Vi,Va € Wy. Consider
the filter Vo in 2 generated by the set

Viu (VQ M B)

And consider the ideal A in 2 generated by B — V2. By Exercise 7.18
in [5], there is a prime filter V' in 2 such that Vo C V' and Ag NV’ = 0.
By the definition, Vi € V' and V' N B = V3N B. These mean V1 Ry V’

and f1 (V') = f4(V2).
(P3) Let X € Pw, i.e., there is b € B such that X = {V € Wy : b€
V}. Then

FEHX) ={V' € Wa : f4(V') € X}
={V' eWa:V'NBeX}
={V' eWy:beV'}

and so f'(X) € Pa. O

4 Descriptive Frames

In this section, we generalize Theorem 5 to the case of descriptive frames.
For this purpose, we first give some definitions.



4.1 The Definition of Descriptive Frames

Definition 17. An intuitionistic general frame § = (W, R, P) is called
refined if for any =,y € W,

VX eP(xe X —-ye X)= zRy,
or equivalently,
—zRy = 3X e Pz € X Ny ¢ X).
Definition 18. A family X of sets has the finite intersection property if

every finite subfamily X’ C X has a nonempty intersection, i.e., (| X’ # 0.

Definition 19. An intuitionistic general frame § = (W, R, P) is called
compact, if for any families ¥ CPand Y CP={W — X : X € P} for
which X U has the finite intersection property,

NXuY) £0.

Definition 20. An intuitionistic general frame § is called descriptive iff
it is refined and compact.

4.2 Descriptively generated subframes

When trying to define the two operations on descriptive frames, we came
to recognize that to restrict all the frames under consideration to be de-
scriptive, we cannot simply use the definitions of the intuitionistic general
frame case. To see this clearly, we first give an example concerning gen-
erated subframes.

Example 21. There exists a generated subframe of a descriptive frame

which is not a descriptive frame.

Proof. Define a descriptive frame § = (W, R, P), by taking
W=wU{w}, R=>,P={R(n):ne W}u{g},

where R(n) = {m € W :nRm} ={0,1,...,n} (note: R(w) =W).
Obviously P is closed under the two operations N and U, and P is
refined.
Next we verify that P is closed under D.
Indeed, for any m,n € W, whenever m > n, we have R(n) C R(m),
hence
R(m) D R(n) = R(n) € P;

) =
whenever m < n, we have R(m) C R(n), hence
R(m) D R(n) =W € P.

Now we show that P is compact.
Suppose family X U Y has the finite intersection property, where

X={R(j):jeJCW}={{01,...j}:je JCW}CP,

V={W-R@):icICW}={{i+1,i+2, ...,0}:ic I CW}CP.

By the well-orderedness of W, there exists a least member k£ € J, thus
{1,...,k} is the least member of X with respect to the relation C, and k
is in each member of X'. Since X U has the finite intersection property,



{1,...,k} intersects every member {i + 1,7+ 2,...,w} of Y, hence k is in
each member {i+ 1,7+ 2,...,w} of Y, therefore k € (X UY).
Now, consider the frame

6= (w,>0),9={R(n): newtU{o}.

Obviously w is an upward closed subset of W and & is a generated sub-
frame of §. However, ® is not compact since the family {w — R(n): n €
w}={{n+1,n+2,...} : n € w} has the finite intersection property, but

m{w—R(n):nEw}zﬂ.

However, we do have the following result.

Proposition 22. If an intuitionistic general frame & = (V, S, Q) is a
generated subframe of a descriptive frame § = (W, R, P), then & is refined.

Proof. Suppose —uSv for some u,v € V. Since P is refined, there exists
U € P such that u € U and v € U. Let U' = UNV. Then by (S2),
U' € Q. And we have u € U' and v ¢ U". O

In view of Example 21 and Proposition 22, we need to redefine (or even
rename for distinguishing use) “generated subfames” of descriptive frames
to guarantee the generated subframes to be compact, thus descriptive as
well.

Definition 23. An intuitionistic general generated subframe & = (V, S, Q)
(i-e., & satisfies (S1) and (S2)) of a descriptive frame § = (W, R, P) is
called a descriptively generated subframe, if it also satisfies the following
condition:

S v={uerP:vVCU}

We now show that (S3) is a necessary and sufficient condition for a
generated subframe of a descriptive frame to be descriptive as well.
Proposition 24. Suppose & = (V| S, Q) is a generated subframe of a
descriptive frame § = (W, R,P). If & is a descriptive frame, then &
satisfies (S3) in Definition 23, i.e., & is a descriptively generated subframe
of 5.

Proof. Assume
VAU eP: VUL (2)
(2) means V. 2 N{U € P : V C U}, i.e., there exists w such that
w ¢V and
we({UeP: VUL (3)
Define -
X={Vv-U:UeP,wgU} CQ.
First, we show X has the finite intersection property. For all V—-U;, ...,V —
U, € X, we have
V-U)N..N(V—=Up)=V = (U1 U...UU,). (4)

Note that P is closed under finite unions, so we have (U1 U...UU,) € P.
Thus, since w & Uy U ... U Uy, by (3), we get V € Uy U...UUy,. It follows
that (4) # 0, hence | X # 0 since & is compact. Thus there exists u € V'
such that v € () X. From V being upward closed and w ¢ V, we derive

10



—uRw. Since P is refined, there exists U € P such that w € U and w ¢ U.
By the definition of X, it follows that V — U € X. Thus, by u € () X, we
conclude u € V — U, which contradicts the fact v € U. O

Proposition 25. If & = (V, R, Q) is a descriptively generated subframe
of a descriptive frame § = (W, R, P), then & is also a descriptive frame.

Proof. By Proposition 22, & is refined. It remains to show it is compact.
For any families X C Q and Y C Q = {V — U’ : U’ € Q}, suppose
X U Y has the finite intersection property.

Define
Xi={UeP:UNnV e X},
Xs={UeP:V CU},
X'=XUuX; CP,
and

Vi ={W-U":UecP,V-(UNV)eY}CP.
Take any

X{, o Xn € X X001,y Xim €X5, and Y7, .., Y € V™.
We know that there exist X1, ..., X, € X,and Y1,...,Y; € Y such that
X=X NV(1<i<n)and Y; =Y, NV(1<j<k).

Note that by (S3) we have V.= (\{U € P : V C U} = (| A3. Observe
that

n k
Ax.nY= ﬂXﬂVﬂﬂYﬂV
i=1 j=1

j=1

.
-

:ﬁ mﬂYnﬂ%
; n+m
cNx mﬂY n (N X/
i=1 I=n+1

So, the fact that X' U ) has the finite intersection property implies that
X UY* has the finite intersection property.
Similarly, we also have

AEuY) =xnYy=Na Y N =)@ uvy.

Thus, by the compactness of P, it holds that () (X* U Y*) # 0, from which
it follows that () (X UY) # 0. O

4.3 Descriptively p-morphic Images

Next, we generalize the definition of p-morphisms between intuitionistic
general frames to the descriptive frame case.

To this end, we first prove some propositions to analyze the properties
of p-morphisms between intuitionistic general frames. The next proposi-
tion shows that p-morphisms preserve compactness.

Proposition 26. If & = (V, S, Q) is a p-morphic image of a descriptive
frame § = (W, R, P) via f, then & is compact.

11



Proof. For any families ¥ C Qand Y C Q = {V-Y :Y € Q} such that
X U has the finite intersection property, define

X ={f"(X): XeXx}CP,

V={W—-f'(Y):V-Yec)Y}CP.

Clearly N(X* UY*) = f~HN(X UY)). In order to show (X UY) # 0,
it suffices to show (X" U Y*) # 0. Indeed, for any

f_l(Xi)eX*7i:17"' 7n7W_f_1(Y])€y*7]:17 > 1,
since (N X)) N (N(V —Y;)) #0 and
(V1 &N N (YW = 1)) = () X N (V= Y2)),

we have [ f~H(X:) N (MW — f7H(Y;) # 0, which means that X* U Y*
has the finite intersection property. From the compactness of §, it follows

that ((X* UY*) # 0. O

We know that the kernel E¢ of every surjective p-morphism f, defined
by
wEu iff f(w) = f(u),

is an equivalence relation. Moreover, the kernel gives rise to a special kind
of equivalence relation defined as follows.

Definition 27. Let § = (W, R, P) be a descriptive frame. An equivalence
relation E on W is called a bisimulation equivalence on § if the following
two conditions are satisfied:

(B1) For every w,u,v € W, wEv and vRu imply that there is z € W such
that wRz and zFEu;

(B2) If there is no x such that uRz and zFEwv, then there exists U € P
such that E(U) =U,u e U and v ¢ U.

(B3) If wRx, xFu, uRy and yFw, then wFu.

With the bisimulation equivalence, we can define quotient frames of
intuitionistic general frames.

Definition 28. Define the quotient frame §/FE = (Wg, Rg, Pg) of an
intuitionistic general frame § = (W, R, P) associated with a bisimulation
equivalence relation E by taking

Wg ={E(w) : w € W}, where E(w) = {u € W : wEu},
E(w)RpE(u) iff w'Ru’ for some w’' € E(w) and v’ € E(u),

and
Pe={Ug:UeP,EU)=U},
where
Ugp={E(w):weU}
and

EU) :U{E(w):w €U} = {z: wEz, for some w € U}.

Note 29. In the above definition,
(i) REg is really a partial order;

(ii) the set Pg is really a set of admissible sets.

12



Proof. (i) The reflexivity and the antisymmetry of Rg follow immediately
from the reflexivity of R and (B3) respectively.

Suppose E(w)RgE(u) and E(u)RgE(v). Then by the definition, there
exist w’ € B(w), v’ ,u” € E(u) and v’ € E(v), such that w'Ru’ and v Rv’.
From v'Eu” and v’ Rv’, by (B1), it follows that there exists z € W such
that 'Rz and zEv’. Then since w’Ru’, by the transitivity of R, w' Rz,
which means E(w)RgE(v).

(i) First we show Pg is a family of upward closed sets. For any E(w) €
Ug € Pg and E(w)RgFE(u), there exist w’ € E(w), v’ € E(u) such that
w’'Ru’. Since
E(w) C B(WU) =T,
we have w’ € U, hence v’ € U since U is upward closed. It then follows
that
E(u) = E(u') € Ug.
So Pg is upward closed.
Since ) € P and E(0) =0, 0 = 0g € Pk.
In order to show that Pg is closed under operations, we first show that
for any Xg,Yr € Pg, the following hold:

E(XUY)=EX) (Y);
E(XNY)=EX)NEY); ()
E(XDY)=E(X)DE().

UE
nE
Let f : W — WEg be the natural map defined by

Observe that for any U C W,
E(U)=U & U= f"'(f(U)). (6)
Hence, we have
XUY =) UT) = X)) U F(Y) (7)

and
XY = @) N ) = X)) N AY)). (8)
It follows that

JXUY)=f(X)U f(Y)and f(XNY) = f(X)NfY). 9)
From (7)-(9) we obtain
XUY = fY(f(XUY))and XUY = f ' (f(XUY)).
So, by (6), the above gives
E(XUY)=XUY = E(X)UE(Y)

and
E(XNY)=XNY =E(X)NE(Y).

Next we show

XDV =[1(f(X) D f(Y)), (10)

13



ie.,
e g XDOY & fx) ¢ [(X) D [(Y).
For any Ug € Pg, since E(U) = U, by (6), we have
weU<& f(w) e fU). (11)
Suppose ¢ X DY. Then
JyeW@RyAye X Ay ¢Y).
By the definition of Rg and (11), we obtain

3f(y) € fW)(f(@)Ref(y) A fly) € F(X)A fy) & F(Y)),

which means f(z) ¢ f(X) D f(Y).
Conversely, suppose f(z) ¢ f(X) D f(Y). Then,

3f(y) € FAW)(f(@)SF) A fy) € FX) A Fy) & FY)).
By (B1) and (11), we obtain

Iy eWxRy ANy € XAy ¢Y),

which means ¢ ¢ X D Y.
Thus, (10) is obtained. It follows that

(X DY) =f(X)D f(Y). (12)
By (10) and (12) we obtain
XDY = (f(X DY),
which by (6) means
E(XDY)=XD>Y =EX)DE(®).

Now, suppose Ug,Up € Pg. Then U,U’ € P, E(U) = U and E(U’) =
U’. Since P is closed under N, U and D, we have UNU',UUU’,U D U’ €
P. Together with (5), we obtain Ug N Uy, Ug UUg, Ug D U € Pg.
Thus, Pg is closed under operations. This completes the proof. O

Now consider the next example.

Example 30. There exists a p-morphic image of a descripitive frame
which is not a descripitive frame.

Proof. Let § = (W, R, P) be any descriptive frame such that R # W x W.
Define = (W, R, Q) by taking Q = {0, W}. Clearly, & is an intuitionistic
general frame and a p-morphic image of § via the identity map. However,
® is not a descriptive frame since it is not refined. O

In view of this example, we then define the descriptively p-morphic
image which is essentially different from the p-morphic image induced by
Definition 14, in the sense that (P4) and (P5) are necessary and sufficient
conditions for a p-morphic image of a descriptive frame to be descriptive.

Definition 31. An intuitionistic general frame & = (V, S, Q) is called a
descriptively p-morphic image of a descriptive frame § = (W, R, P) via a
map f if f satisfies (P1)-(P3) and the following conditions:

(P4) the kernel Ej satisfies (B2), i.e., if —f(u)Sf(v), then there exists
Y € P such that Ef(Y)=Y,u€Y andv ¢Y;

(P5)if Y € Pand E¢(Y) =Y, then f(Y) € Q.

14



Remark 32. Since E;(Y) =Y & Y = f*(f(Y)), the above (P4) and
(P5) are equivalent to the following (P4’) and (P5’) respectively.
(P4") If = f(u)Sf(v), then there exists Y € P such that Y = f~(f(Y)),
u€Y andv ¢Y.
(P5)IfY € Pand Y = f~1(f(Y)), then f(Y) € Q

Next, we justify that (P4) and (P5) are sufficient conditions.

Proposition 33. If 6 = (V, S, Q) is a descriptively p-morphic image of a
descriptive frame § = (W, R, P) via f, then & is also a descriptive frame.

Proof. By Proposition 26, & is compact. It remains to show that & is
refined. Suppose —w’'Su’ for some w’,u’ € V. Since f is surjective,
there exist w,u € W such that f(w) = w’ and f(u) = «’. So we have
=f(w)Sf(u). Thus, by (P4), there exists U € P such that Ef(U) = U,
w € U and u € U. By (P5), f(U) € Q, and so w’ = f(w) € f(U) and
W' = flu) & F(U). 0

To show that (P4) and (P5) are necessary conditions, we first prove
the following lemma.
Lemma 34. Suppose § = (W,R,P) and § = (W,R,Q) are general
frames. If § is descriptive and Q C P, then §' is not refined, hence is not
descriptive.

Proof. Suppose V € P and V ¢ Q. Consider the sets
X={Ue€Q:V_CU},

Yy={U'eQ:VCU},
where
@z{W—U:UGQ}.

Since V C (Y and X is closed under finite intersection, X U Y has the
finite intersection property, hence (X UY) # 0 by the compactness of §.

Case 1. VN (N(XUY)) #0.
Let w € VN(N(XUY)). To show § is not refined, we show that there
exists a u € V, hence ~wRu and

YU € Qw e U = u e ).

That is to show that
we)(Bu{v}) #0, (13)

where Z={U € Q:w e U}.

Claim 1: each U € Z intersects V, and Z is closed under finite inter-
section.

Suppose there exists U € Z such that UNV = @. Then V C U, so
U €Y. From w € (X UY) it follows that w € U, which contradicts
w € U. Since Q is closed under finite intersection, Z is closed under finite
intersection.

From claim 1, it follows immediately that ZU{V} has the finite inter-
section property. Since ZU {V} C P U P, by the compactness of §, (13)
is obtained.

Case 2. VN (N(XUY)) =0.
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Let w' € (X UY). Then w’ ¢ V. To show that §’ is not refined, we
show that there exists a ' € V, hence -u' Rw’, and

YU e Q' e U = w' eU'),
which is equivalent to
YU € Q(w' € U =o' € T).
That is to show that
(W e )Euivh #0, (14)

where Z={U" € Q:w' € U'}.

Claim 2: each U’ € Z intersects V, and Z is closed under finite
intersection.

Suppose there exists some U’ € Z such that U' NV = (. Then
VCU,soU €X. Fromw € (X UY) it follows that w’ € U’, which
contradicts w’ € U’. Since Q is closed under finite union, Z is closed
under finite intersection.

From claim 2, it follows immediately that ZU{V'} has the finite inter-
section property. Since ZU {V} C P U P, by the compactness of §, (14)
is obtained. O

Intuitively, the above lemma means that there are actually not so many
descriptive frames. However, with the same domain and relation, if the
set of admissible sets are incomparable, two intuitionistic general frames
can still both be descriptive.

Example 35. There exist two descriptive frames § = (W, R, P) and § =
(W, R, Q) with P and Q incomparable.
Proof. Define
W=1{0,1,2,..,w}, R=0,
P ={U CW :U is finite and does not contain w, or cofinite in w and contains w},
Q= {U’' C W : U’ is finite and does not contain w or 0, or cofinite in {2,4, ...} and contains 0,
or cofinite in {1, 3,5, ...} and contains w}. O

The next proposition shows that (P4) and (P5) are necessary condi-

tions.

Proposition 36. If a descriptive frame & = (V, S, Q) is p-morphic image
of a descriptive frame § = (W, R, P) via f, then & must be a descriptively
p-morphic image of §.

Proof. Take
Q' ={fU):UeP,E/U)=U}.
By Note 29, Q' is a set of admissible sets.

Claim: &' = (V, S, Q') is descriptive.

Clearly, f is also a p-morphism from § to &’. Then, by Proposition
26, &’ is compact. Since & = (V, S, Q) is refined, to show &' = (V, S, Q')
is refined, it suffices to show Q C Q'.

Actually, for any U € Q, it holds that

U=f(f'(U), f1(U)ePand E;(f ' (U) = f (U).
Thus, U € @', ie., QC Q.
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Then, since both &' = (V, S, Q') and & = (V, S, Q) are descriptive, by
Lemma 34, we are forced to conclude Q' = Q.

In view of the definition of Q', obviously f satisfies (P5). Now we
show that f satisfies (P4) as well.

Suppose —f(u)Sf(v). Then by the refinedness of &', there exists
f(U) € Q, such that f(u) € f(U) and f(v) € f(U). It follows that

UeP, EU)=U,ueUandv gU.
Hence, & = &’ is a descriptively p-morphic image of §. O

So far, we have proved that (P4) and (P5) are sufficient and necessary
conditions for a p-morphic image of a descriptive frame to be descriptive.
Then, with these two conditions, we can prove some other properties of
p-morphic images. Let us first define the isomorphism between general
frames.

Definition 37. General frames § = (W, R,P) and & = (V, S, Q) are
isomorphic (in symbols § 2 &), if there is an isomorphism f from (W, R, )
onto (V,S) such that X € P iff f(X) € Q.

Proposition 38. If a descriptive frame & = (V,S,Q) is a p-morphic
image of a descriptive frame § = (W, R, P) via f, then §/Ey is isomorphic
to &.

Proof. Define a map h: Wg, — V by taking

hEf(w)) = f(w).

First we show that h is well-defined. For any w such that Ey¢(u) =
Ef(w), according to the definition of Ey, f(u) = f(w), i.e., h(Ef(u)) =
Rh(E¢(w)). Next, we show that h is an isomorphism from §/Ef to &’.

Clearly, h is surjective, since f is surjective. Assume h(Ef(w)) =
h(E¢(u)). Then f(w) = f(u), which means Ef(w) = Ef(u). Thus, h is
injective.

Suppose Ef(w)RgEf(u). Then there exist w' € FEy(w) and u' €
E¢(u) such that w'Ru’. Since f is a p-morphism from § to &, we have
f(w)Sf(u'). Then from f(w) = f(w') and f(u) = f(u'), we obtain
fw)Sf(u). That is h(E¢(w))Sh(Ef(u)).

Suppose h(Ef(w))Sh(Ef(u)), i.e. f(w)Sf(u). By (P2), there exists
v € W such that wRv and f(u) = f(v). Thus, by the definition of Rg,
E(w)ReE(u).

Suppose Ug; € Pg,. Then U € P and E;(U) = U. By Proposition
36, f satisfies (P5), hence

W(Ug,) = {h(Es(w)) : w € U}
={f(w) :weU}
=fU) € Q.

Suppose h(Ug,) € Q, i.e. f(
a p-morphism from § to &, by (

=)

Y€ Q. Put U’ = f~H(f(U)). Since f is
3), U’ € P. Obviously it holds that

-

U'=fH(fU"), ie., Bf(U') = U,

hence Up;, € Pg;. Since f(U’') = f(U) and h is injective, we have U, =
Uk, . Hence, Ug, € Pg, as required. This completes the proof. O

Corollary 39. Suppose § = (W, R, P) is a descriptive frame.
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(i) For any Q C p(V), if an intuitionistic Kripke frame (V,S) is a p-
morphic image of (W, R) via f, and & = (V, S, Q) is a descriptively
p-morphic image of §, then & is unique.

(ii) If descriptive frames &1 = (V1,51,Q1) and &3 = (Va, Sa, Q2) are
p-morphic images of § = (W, R, P) via fi1 and f2 respectively, and
Ey = Ey,, then &1 = &,.

Proof. (i) Suppose & = (V, S, Q) and &' = (V, S, Q') are both descriptive.
Then by Proposition 36, Q = Q' = {f(U) : U € P, E¢(U) = U}. Thus,
6 =06

(ii) By Proposition 38, we have §/Ey, = &, and §/Ey, = &2. Since
Efl :Efz,ﬁlgﬁg. O

The above corollary actually means that the set of admissible sets of
a p-morphic image of a descriptive frame is determined uniquely by the
p-morphism.

‘We now prove that there is a one-to-one correspondence between bisim-
ulation equivalences on § and descriptively p-morphic images of §.

Theorem 40. Let § = (W, R, P) be a descriptive frame. The following
hold:

(1) If a descriptive frame & is a p-morphic image of § via f, then the
kernel E¢ of f is a bisimulation equivalence relation on §;

(ii) If E is a bisimulation equivalence relation on §, then the natural map

f:8 — §/E defined by

is a p-morphism, and the quotient frame §/E is a descriptive frame.

Proof. (i) First, we check (B1). Suppose wE;v and vRu. Then f(w) =
f(v) and therefore f(w)Sf(u). Since f is a p-morphism, there exits z € W
such that wRz and f(z) = f(u), which means zEsu.

By proposition 36 f satisfies (P4), thus E satisfies (B2). For (B3),
suppose f(z) = f(u), f(y) = f(w), wRe and uRy. By (P1), f(w)Sf(x)
and f(u)Sf(y). Then since S is antisymmetric, f(w) = f(u). Hence, Ef
is a bisimulation equivalence on §.

(ii)(P1) follows immediately from the definition of Rg. To prove f
satisfies (P2), suppose E(w)RgE(u). Then by the definition, there exists
w’ and u’ such that wEw’, v Eu and w'Ru’. So by (B1), there exists
v € W such that wRv and vEw'. Since E is an equivalence relation, it
follows that vEwu, i.e., f(v) = f(u). Finally for (P3), suppose Ur € Pg.
Note that Pg = {Ug : U € P, E(U) = U} and E(w) = f~*({E(w)}) for
any w € W. Thus,

I Us) = U {EW)}) : B(w) € Ug}
=|H{Ew):we EU)=U e P}
=UcP.

This proves that f is a p-morphism.

Note that E is the kernel of f, and so f satisfies (P4). By the definition
of Pg, (P5) is satisfied. By Note 29, §/F is an intuitionistic general frame.
Thus, §/F is actually a descriptively p-morphic image of §. Then, by
Proposition 33, §/E is descriptive. O
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4.4 Duality Theorems for Descriptive Frames

The next theorem reveals a nice algebraic property of descriptive frames.
It means that we can go back and forth between descriptive frames and
Heyting algebras. For the proof, see Theorem 8.51 in [5].

Theorem 41. § is a descriptive frame iff § = (F1)+.

Corollary 42. For any Heyting algebra A, A+ is a descriptive frame,
Qe g = ((A4) )4

Proof. By Theorem 9, we have 2 = ()", so 24+ = (A4) ). O

Theorem 41 gives the following generalized duality theorems for de-
scriptive frames as follows.

Theorem 43. Let 2 and B be Heyting algebras, and § and & descriptive
frames. Then
1. (a) A is a homomorphic image of B iff A4 is isomorphic to a gen-
erated subframe of B
(b) A is isomorphic to a subalgebra of B iff A4+ is a p-morphic
image of B
2. (a) ¥ is isomorphic to a generated subframe of & iff § is a homo-
morphic image of &+
(b) T is a p-morphic image of & iff § is isomorphic to a subalgebra
of &

Proof. It follows from Theorem 11,13,15,16 and 41. (]

4.5 The Generalized Version of Theorem 5

In the last section, we generalize Theorem 5 to the descriptive frames case.
Recognizing the facts in Example 21 and 30, we state and prove the
generalized descriptive version of Theorem 5 as follows:

Proposition 44. An intuitionistic general frame &' is a descriptively
generated subframe of a descriptively p-morphic image of a descriptive
frame § iff 8’ is a descriptively p-morphic image of a descriptively gen-
erated subframe of §.

Proof. For “=”: Suppose & = (V, S, Q) is a descriptively p-morphic im-
age of a descriptive frame § = (W, R, P) via f, and &' = (V', 5", Q) is a
descriptively generated subframe of &.

Define §' = (f~*(V'), R | f~*(V'),P’), by taking

P ={Unf"(V'):UeP}.

And define the map g = f | f~1 (V') : f~5(V’') — V’. We prove the
following;:

(i) §' is a descriptively generated subframe of §.

(ii) &’ is a descriptively p-morphic image of §’ via g.

For (i): By Theorem 5, (f ' (V’), R | f~*(V")) is a generated subframe
of (W, R). Clearly, P’ is a set of admissible sets and §' is a generated
subframe of §.

Since &' = (V', 8, Q") is a descriptively generated subframe of &, by
(S3) we have V' = ({U € Q : V' C U}. Hence by (P3) we obtain

VY)Y =([{vepr: f(v)CU}
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Therefore §' is a descriptively generated subframe of §.

For (ii): From (i), by Proposition 25, § is a descriptive frame. By
Theorem 5, g is a p-morphism from (f~1(V’), R | f~5(V")) onto (V', S’).

Next, we show that g satisfies (P3). For any X’ € Q', by the definition
of @', there exists X € Q such that X’ = X NV’. Thus

g (XY =X N V).
Since f is a p-morphism from § onto &, f~!(X) € P. Therefore, by the
definition of P, g7'(X') € P’ i.e., g satisfies (P3).

Then, &’ is a p-morphic image of §'. By Proposition 36, &’ is also a
descriptively p-morphic image of §’.

For “<”: Assume &' = (V' S’ Q') is a descriptively p-morphic image of
§ = (W' ,R',P') via g, where § is a descriptive generated subframe of
F=(W,R,P).

Without loss of generality, we may assume WNV’ = (). First, we define
V=V'UW-W'and S =5US USs, where S1 = R | (W —W') and

Sy = {(w1,g(w2)) : w1 € W — W' ws € W and w1 Rws}.
Next, we define a map f: W — V by taking
~Jgw), ifwe W’
fw) = {w, ifwew — W'
Finally, we define a frame & = (V, S, Q) by putting
Q={fU):UeP,EsU)=U},

where Ey is the kernel of f.

Then by Theorem 5, (V' R} is a generated subframe of (V| R), and f
is a p-morphism from (W, R) onto (V, R).

Clearly, Q is a set of admissible sets. For any f(U) € Q, since E¢(U) =
U, we have f~*(f(U)) = U € P, ie., f satisfies (P3). Hence f is a p-
morphism from § to &.

Next, we show that &' satisfies (52). Note that, since &’ is a descrip-
tively p-morphic image of g,

Q ={g9(X): X € P Ey(X) = X}.

For any g(X) € Q’, since §’ is a descriptively generated subframe of §,
there exists Y € P such that X = YNW’. Note that Ef(Y —X)=Y - X
for f | (W —W') =id. Then we have

Ef(Y)=E;(XU(Y - X)) = E(X)UEs(Y —X) = X U(Y — X) = Y.
Thus, f(Y) € Q. Since Ef(Y) =Y and Ef(W') = W', we have
9(X) = f(X) = f(Y nW') = f(Y)NV.

So, &' is a generated subframe of &.

Lastly, we show that & is descriptive. Since & is a p-morphic image
of §, by Proposition 26, & is compact. We now show that & is refined.
For any w’,u’ € V, suppose ~w'Su/'.
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Case 1: w',u’ € V'. For any w € f~'(v') and u € f~'(u'), by (P5")
of g = f | V', there exists U’ € P’ such that

U =U, weU andugU'.

Since ¥’ is a generated subframe of §, there exists U € P such that
U' =UNW'. Then

U=U'UU-W)=ffUNUU-W)=f(fU)).

Hence, by the definition, f(U) € Q.

Clearly, w € U which implies w’ = f(w) € f(U). Sinceu € W', u ¢ U,
and hence u' = f(u) € f(U) since f~*(f(U)) =U.

Case 2: w',u/ € V — V', Note that w' = f~'(w') and o' = f~*(u').
By (P4’), there exists U € P such that

f_l(f(U))IU, w' € U and u/QU.

Thus, by the definition, f(U) € Q. Clearly, w’ € U implies w’ = f(w’) €
f(U). Since v’ ¢ U and f~(f(U))=U, v = f(u') € f(U).

Case 3: w' € V' and v’ € V —V’. For any w € f~'(w') C W’ and
o = f~1(u'), since § is a descriptively generated subframe of F, by (S3)
there exists U € P such that

v €U and U D W', which means w € U.

Since U D W', we have

FUO) =W uU=-w)) = fTHVUU-W) = WuU-W') = U.

Thus, by the definition, f(U) € Q. Clearly, w € U implies w’ = f(w) €
f(U). Since v’ g U and f~H(f(U)) =U, « = f(u') &€ f(U).

Case 4: w' € V=V’ and v’ € V'. First note that f~'(w') = w’. We
prove this case by proving some claims.

Claim 1: There exists U € P, such that w’ € U and U N f~' () = 0.

Proof of Claim 1. Suppose otherwise. Then, for any U € P such that
w' € U, we have U N f~(u') # (. Consider the set

XUY={XnW :w € X, X eP}U{fL(Y): Y € Qv gY} CPUP.

For any two elements X1 N W', Xo NW' € X, since w’ € X1 N X2 € P, we
have
(XinWHnN(X2NW' e X,

which implies that X is closed under finite intersection.
For any two sets f~1(Y1),f~1(Y2) € Y, from v’ € Y1 € Q" and v’ ¢
Ys € @, it follows that v’ ¢ Y1 UY2 € Q'. Observe that

JAM) NI Ya) = (W = M) N (W' = f7(Y2))
=W — T (MiuYs)
= f~1(Y1 UY2).
This means ) is closed under finite intersections.

For any X "W’ € X and f~1(Y) € Y, since X N f~*(u') # § and
@) C 1Y) C W', we have

XNWnf-1Y)=Xnf-1Y)#0,
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which implies that X U ) has the finite intersection property.
Since §’ is compact, there exists v € (X UY). From v € (| X, we get

VX € P(w' € X — v e X),
which by the refinedness of § implies w’Rv, and so
F)Sf(v),
since f is a p-morphism. In the meantime, from v € (Y we get
VY eQ W gY —vg fi(Y)),

ie.
VY € Q' (f(v) €Y —u' €Y),

which by the refinedness of " means f(v)S’u’, and so

fv)Su'.
Thus,
FwSy', ie. w'Su',
which contradicts the assumption that —w’Su’. O

Claim 2: Let U and ) be the two sets in Claim 1, then there exists
Y € @ such that UNW' C f~1(Y) and v/ ¢ Y.

Proof of Claim 2. Suppose otherwise. Then, for any Y € Q' such that
w ¢Y,wehave UNW' ¢ f7'(Y) C W'. Hence, for any f~1(Y) € ), it
holds that

UNWHN 1Y) # 0.

Consider the set o
{UnWIuyCcP uUP.

Since Y is closed under finite intersection, ) has the finite intersection
property. Thus {U N W'} U Y has the finite intersection property.

Hence, from §' being compact, it follows that there exists v € (({U N
W’} NY). From v € (), by a similar argument to the one in the proof
of Claim 1, we can prove that f(v)Su’. By (P2),

vRu for some u € f~1(u).

In the meantime, since v € UNW’, v € U. From U being upward closed,
we conclude u € U, which contradicts Claim 1. O

Let U and Y be the sets in Claim 2. Since §' is a generated subframe
of F, there exists X € P such that X N W’ = f~(Y). By Claim 2, we
have UN W’ C f~*(Y) = X N W’. Furthermore

W) =Xnw =UuXx)nw’,
which leads to

FOUX)=f(UUX)NWHU((UUX)-W")
=T Y)U(UUX)=W))
=YUu(UuXx)-w'. (15)
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Hence,

U UX) = (Yu(Uux)-w)
=/ UUUX) =W
=UUX.

Clearly U U X € P, hence by the definition f(U U X) € Q.

Since w’ € U, w’ € U U X, which implies w’ = f(w') € f(UU X). By
Claim 2, v’ € Y, and clearly v’ € (U U X) — W', thus by (15),

W gYUUUX -W)=fUUX).

This completes the proof of Case 4. O
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