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Let / and W be a finite set of indices and the set of non-negative integers,
respectively. By W7 we mean the cartesian product of W, with itself |J|
times where |J| is the number of elements of /. A semi-modular state chart
(V, h) is said to be finite whenever the number of similarity classes of V is
finite [7]. Moreover, we say (V, h) is digital if, for arbitrary M and N of
V, h(M)=h(N) implies M~ N. A state chart (V° h°) is called a digital ex-
tension of (V, h) when (V¢ h® is digital and restrictions V¢|J and h®|J are
equal to V and A, respectively. Then there exists a binary, distributive and
digital extension of (V, h), if (V, h) is binary, finite and distributive [8].
The principal aim of the present paper is to generalize the above result under
the condition of semi-modularity of (V, A), which is the affirmative solution
of one of the fundamental problems proposed by D.E. Muller and W.S.
Bartky [1, 2, 3] as 2 model of asynchronous circuits, and later mathematically
reorganized by H. Noguchi [5, 6,7] as a mathematical system constructed
over relations. Terminology of the paper relies on [5, 6, 7, 8].

We prove the following theorem.

MAIN THEOREM. A finite, binary and semi-modular state chart (V, h) is
finitely realizable. In fact, there exists a distributive state chart (D¢, h®) which
induces a binary, semi-modular and digital extension (V° h®) of (V, h).

In §1 a special type of extension called a separation is defined and a
necessary and sufficient condition for existence of digital extensions is given
({Theorem 1.2). Thus in order to prove Main Theorem we have only to show
that there exists a separation of (V, #). However, in this paper we look for
a wide class of digital extensions rather than giving a direct proof of Main
Theorem. For this purpose, relations between semi-modular subsets and dis-
tributive subsets are investigated as follows; if V is semi-modular then a(V)
becomes a change diagram, and u(c(V)) is well defined and (u(a(V)), h) is
finite if (V, h) is finite. It is to be noted that [Corollary 1.13 suggests the idea
of the proof of Main Theorem.

In § 2 some properties of the induced synthetic relatjon ~ and v-similarity




418 M. HATTORI

classes are prepared to be used in §3. Although [Theorem 2.11 is not
directly used for the proof of the existence of separations, it ensures that
the method given in § 3 is reasonable.

The proof of Main Theorem will be carried out in § 3, the last section
of the paper, where it will be shown that there exist separations of (V, h)
using previous results.

Roughly speaking, the proof of Main Theorem is as follows: If (V, h)
is finite and binary then we have a binary and distributive state chart (D, h)
such that (V, h)C (D, h). Then we consider a separation (D*, h*) of (V, h)
for (D, h). Then, by [8] there exists a binary, distributive and digital ex-
tension (D¢, h°) of (D*, h*). The induced semi-modular extension 2,(D¢, h®) of
(V, h) (for Ay, see 1.3) is the desired digital extension of (V, h).

For the further development of the theory, it seems important to synthe-
size digital extensions of semi-modular state chart directly and to investigate
minimal extensions.

The author wishes to thank Prof. H. Noguchi for his advice and en-
couragement. Thanks are also due to Dr. H. Watanabe and Mr. K. Fujino of
Nippon Electric Co. for their interest in this work.

§1. Separations of state charts.

In this section we will define separations of state charts and show that
existence of separations is necessary and sufficient for existence of digital
extensions of a given state chart.

Let (V7 AY), i=1, 2, be semi-modular state charts such that V' V2 For
the sake of simplicity we write (V?, h*) to stand for the state chart (V?, h?| V?)
where h%*| V! is the restriction of A% to V. When there is no possibility of
confusion, (V% h') is used for implying the state chart (V? h') where A' is
the canonical extension of A' to V2.

DEFINITION 1.1. Let (V, h) and (D, h) be semi-modular state charts such
that (V, h)c (D, h). Then an extension (D¥, h*) is called a separation of (V, h)
for (D, h) if there is an extension (V*, h*) C (D*, h*) of (V, h) such that (V*, h¥)
is simple in (D*, h*), that is, if A*~B* in (D*, h*) for A* and B* of V* then
A¥~B¥* in (V*, h*).

THEOREM 1.2. A binary and semi-modular state chart (V, h) has its digital
extension if and only if it has a finite, binary and distributive separation (D¥, h*)
of (V, h) for some (D, h) D(V, h).

In order to prove the theorem we will introduce a special type of ex-
tensions called the induced extensions and supply some preliminary lemmas,
although some of which are not used directly for the proof. Hence we will
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provide the proof of at the end of this section, where the more
detailed form will be given.

DEerFINITION 1.3. Let (V, A) and (D, h) be semi-modular state charts such
that (V, h)yc (D, h) and let (DY, h*) be an extension of (D, h). We define a
subset V* of D* by V*= {A*| A* = D*, A*| JeV}. V* will be written as 2,(D%)
or simply A(D*) when there is no confusion. We say V* the induced extension
of V by D or V* is induced by D*. Furthermore, let 2,(h*)=h*|2,(D¥).
By the lemma below, if D* is distributive then A,(D¥) is semi-modular and
(Ay(DF), 2, (h*)), written as A,(D¥, h*), is a semi-modular state chart. A,(D¥, h*)
is called the induced extension of (V, h) by (D*, h*). As we forementioned at
the beginning of this section, we often write (V*, h*) in place of (V¥, 2,(h®)).

LEMMA 1.4. If (D*, h*) is a distributive extension of (D, h), then the induced
extension (V¥, h*) of (V, h) is a semi-modular state chart. In particular, (V*, h*)
is distributive if V and D¥ are distributive.

PROOF. It is clear that 0* = V*. Moreover, if M* and N* are states of V¥,
then M*\ N* e D*¥ and (M*Vv N¥)|J=(M*|])Vv (N*|])€V and thus M*\v N*
€ V*. Therefore, to prove that V* is semi-modular, it remains to show that
N¥*= M¥*+4? for some p < J* if N* covers M* in V™.

Let us consider in D* a covering sequence M¥* = C(0)*, CQQ)*, ---, C(r)* = N*.
If N*|J=MP*|J then C(1)*|J=M*|J<V and hence C(1)* € V*. This implies,
however, N*¥*= M*46? for some p< J*. Suppose that M*|J< N*|J. Then
there exists at least a P* of D* such that C= P*|] covers M*|J and C< N*|J
in V. Now let C¥*=(M%*v P*Y ANN*. Then C*¥< D* and C*|J/=((M*|])V
(PEIJNA(N¥|J)=CeV, and we have C* V¥ and M* < C* < N*. Therefore,
considering a covering sequence again in D* from M* to C*, we have M(1)* of
D* such that M* ¢« M(1)* < C*< N* in D*. From the definition of C*, M(1)*|J]
must be equal either to M*|J or C¥|J and hence M(1)* V¥, that is, V* is
semi-modular. Therefore (V¥*, h*¥) is a semi-modular state chart because
(D¥, h*) is a state chart. Moreover if V and D* are distributive and A*, B¥
V¥, then A*A B* = D* and (A* A B¥)|J=(A*|J]) A (B*|])=V. Hence A*A\ B*
e V*, completing the proof of the lemma.

LEMMA 15. Let {D*, ke K} be a co-intersectional family of distributive
subsets of WI* with the intersection DC WY, and let DDV. Then

Xv(@ D¥)= @M(Dk) .
(For the definition of amalgamation &, see §6 of [7].)
PROOF. Let V*=2,(D%), D*=@D*¥ and V¢=A4,(D%. If A=V’ then
k
A¢|JeV and A¢|J* € D* for each k= K. Hence A¢|/*=V* and so A‘e (%)V".
Conversely, if A= ®V* then A¢|JfeV*C D¥, so A°=D® and A¢|JeV.
k '
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Therefore A° < 2,(D°) and we have the desired result.

LEMMA 1.6. Let (D¥, h*) be a distributive separation of (V, h), that is, there
exists an extension (V¥, h*) such that (V*, h*) is simple in (D*, h*¥). Then for
any distributive extension (D¢, h®) of (D*, h*), Ayx(D%, k), say (V¢ h%), is simple
in (D°, h°), that is, (D% h®) is a separation of (V, h). Furthermore, if D, is a
distributive subset such that VC D,C D=D*|], then Ayx(D% h®)= Ay«(D§, h°),
where Di= 2p,(D%). In particular, Ayx(D§, h%) is simple in (D, h®) if Ayx(D°, k%)
is digital.

PrROOF. By 14, Ayx(D¢ h®) is a semi-modular extension of (V, h). Let
A*~B? in (D% h®) and A% B°cV¢ Then A¢|J*~B¢J* in (V*, h*). Hence
L°*4-A°= Ve if and only if L°+B*<V® and we have A°~B¢ in (V¢ h¢). There-
fore (D? h®) is a separation of (V, h). If Vc D,C D, then clearly A,x(D¢, h%)
DAv(Dg, h%). The reverse inclusion follows from 2,x(D% h®)C 2,(D% h®)C
Ap(D?, ) =(D§, h®) and Ap«(D?, h®) = Apx(Ay(D?, h®)) C Ay 1(D§, he).

In order to prove the if part of Theorem 1.2, we need show that there
is a distributive extension (D¢, k%) of (D¥, h*) such that 2,(D¢ A% is a digital
extension of (V, h).

Lemma 1.6 says that the class of digital extension of (V, h) obtained for
a given DDV in such a manner is included in that class constructed for D,
if VcD,cD.

Now we will show that in a family of all distributive subset {D | Vc D}
there exists the minimum distributive subset D,, and (D,, h) is finite if so is
Vv, h).

LEMMA 1.7. Let V be a semi-modular subset of W7. Then for any [, ]
of o(V), the number of changes [0,i]< o(V) such that [0,1]=[¢p,]] is finite,
and hence a(V) is a change diagram. (For the definitions of change diagram
and o(V), see 7.1 and 9.3 of [6].)

PROOF. It is known that o(V) is partially ordered set, and if [f,7] is in
(V) and 6 >1, then [0—1,:] is in o(V) and [#—1,:1< [0, 1] (see 7.4 and 7.5
of [6).

Assume that there are infinite number of [#,:] in (V) such that [8, 1]
=[¢,7]. Since J is a finite set, there exists an 7, of J such that for infinitely
many 7, it follows [, i,]=[¢, 7], that is, [4, i,] <[, j] for all § >0. Now
let M be an arbitrary element of V. Then M; <¢, because [M,,+1, 7,1 < [¢,j].
Thus from the definition of a(V), [¢, /] cannot be in o¢(V), contradicting the
assumption. Therefore the number of [0, :i] < o(V) such that [0, :]1=[¢, ]
must be finite for every [¢, 7] of o(V), and then o(V) is a change diagram.

LEMMA 18. Let V be a semi-modular subset of W’ and let D be a dis-
tributive subset of WY such that DDV. If[0,i] and [, j] are changes of
o(V) and [0,i]1=[¢,j] in o(D), then [6,1]=[¢p, 7] in o(V).
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ProOF. Let [0, 1] and [¢,j] be changes satisfying the above condition.
Then from the semi-modularity of V, there exists an A of V such that A, =@
and A4;= .

Now we consider an arbitrary coverirg sequence in V from (7 to A.
Then this sequence is also a covering sequence in D, and the corresponding
sequence of changes contains changes [0, i] and [¢, j] in the given order by
7.6 of [6]. Therefore by 7.6 of [6], [0,i]1=[¢,j] in o(V), completing the
proof.

LEMMA 1.9. Let V be a semi-modular subset of W7 and recursively define
a subset V(i+1) by VQ)=V and VE+1D)=VOANV={AANB|AeV(@G), BeV}.
Then V(n), n=|\]J|, is the minimum distributive subset including V, and V(m)
=V®) if n<m.

PrROOF. Let P be an element of V(m). Then P may be written as
P=PUO)ANP2) A -+ ANP(m) where each P@l), 1=i=m, is in V and m=n.
Then for each k = J there exists P(i,) in {P(1), 1 =1=<m} such that P,= P();.
Hence P A --- AP(m)< PA) A - AN P(i,) < P, and this implies P= P(i) A
PG) N -+ N P(i,)€V(n). Since V@) V()) if 1<j, we have V(m)=V(n) for
m=n=|J|. Nowlet M= /z\ M(@) and N= A\ N() be elements of V(n). Then
MANeV@2n)=Vn), M\ N= {\; (MGEYV M(D) eV(nd)=V(n) and it is clear
that 0/ € V(n). Thus, in order to prove that V(n) is distributive, it suffices
to show that if M« N (N covers M) in V(n), then N= M-4? for some pe/.
In this case, however, we may assume without loss of generality M;= M();
and N;=N();, Then N= /\ (M(z)\/ N(@)) because (M(1)V N());= N; and

N;=( /i\ NG = ( /Z\ (M@G) Vv N(l)))z < N,. Now consider a covering sequence

M@ =CG@, 0), CG, 1), ---, CG, r)) = M@G) Vv N@G@) in V for each pair M() and M)
V N@). Since A C(@E, 0)=M and A C(, i,)= N, there exist C(i, 1,) for each ie]

and C(k, k,+1) such that M= A C(, i) < <-.{£:\ C@, i) N\ C(k, ky,+1)=< N, where
i i=k

05i,=r;, ie] and k,+1=r, Since C(k, k,+1) is written as C(k, k,)+0? for
some p </, (.é\kC(i, INAC(k, k;+1) must be M+0?. This implies that N=M

+0? because N covers M in V(n). Hence V(n) is a distributive subset.
Moreover, if D is a distributive subset of WY and VC D, then V(n)C D, that
is, V(n) is the minimum distributive subset including V, completing the proof
of the lemma.

LEMMA 1.10. Let M be an element of a semi-modular subset V of WY. If
M covers only MQ), M(2),---, M(m), m=2, then for each M(i) there exists at
least an MQ@,), 1<1i,<m, such that MG)AM@GE,) eV and M@E)+= M3E,). In
particular, if m =2 for every element M of V, then V is distributive.

PROOF. Since g.l.b. (M®), M(j))=M@GE)—~M(j) is in V and m=|J|, for
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given M(i) we have an M(:,) such that M(i)—~ M(i,) is maximal in 2
set {MG)—~M(j), 1=<j=<m}. Now we consider two covering sequences in
Vi, MQ@)—~ M@G,) = A0), AQD), -+, A(p)= M(@), and M(@E)~ M(,)= B(0), BQ), -,
B(g)= M(,). Then A(l)# B(1). From the definition of M(:,), we have A(l)
Vv B(Q) £ M(j) for every M(j), 1<j=<m. If this is not the case there exists
an M(j) 1 <j<m) such that M@G)—~ M(j)= AQ) > M@)—~ M(i,), contradicting
the assumption. Since A1) v B(1) < M, we have A(1) v B(1)= M. This implies
M= M@@)~ M(@,)+6°+4d!, where A1) = A(0)+0* and B(1)= B(0)+4d* for some
distinct s and ¢t of J. Therefore, M(1)= A1), M@G,)=B() and MQ@G)—~ M(@,)
= M) N M(i,), which completes the first part of the lemma. The second part
of the lemma is the direct consequence of the first part.

Now let us show that p(a(V)) is the desired minimum distributive subset
including V.

THEOREM 1.11. If V is a semi-modular subset of WY then p(o(V)) is the
minimum distributive subset including V. That is, pu(o(V))=V(n), where V(n)
is the subset defined in 1.8. In particular, if every element of V covers at most
two states of V then V is distributive and p(a(V))=V.

PrROOF. By 1.7, o(V) is a change diagram. Hence u(a(V)) is well defined
and p(o(V))DV. Thus by 1.9, to prove the first part of the theorem we have
only to show that u(e(V))cV(n), n=|]J|. Let Ae p(a(V)), and [0, 1]1="[¢, j]
in o(V(n)) and A; < 8. If we have A;< ¢, then A € u(a(V(n))), that is, u(a(V))
C V(n). Since [, kJ=o(V) if and only if [, k] a(V(n)), [0, 1] and (¢, j]
are changes of o(V). Therefore by 1.8, we have [0,i]=<[¢, ] in o(V), and
from the assumption that A € u(e(V)), we have A; < ¢.

The latter part of the theorem follows directly from the former part of
the theorem and 1.10.

COROLLARY 1.12. If A is an element of a semi-modular subset V, then
p(a(V ) = p(o(V ).

PROOF. Since V, is a semi-modular subset, by 1.11,

po(Va)=Vam)
= {MU) AMR) A - A M(n)| MG) €V 4}
={NQANQ@A - ANm)—A|NG) €V, NG)= A}
={M—A|MeV(n), Mz A}
= p(a(V))a-

COROLLARY 1.13. Let V be a semi-modular subset and let A and B be
elements of V. If V,=Vpg, then p(o(V)a= p(o(V))s. In particular, if A~B
in a semi-modular state chart (V, h) then A~B in (u(a(V)), h).

Proor. By 1.12, if V,=Vjp then
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t(o(V)a= p(a(V )= p(o(V) = p(a(V))p .

In particular, if A~B in (V, h), then hy=hp in V, (=Vjg). Moreover, from
the definition of state charts, the domain of % is extended to V(n)= u(a(V))
by taking A(N); =h(M);, for any N p(o(V))—V and j = J and for some MV
such that N;=M;. Hence (u(a(V)), h) is a distributive state chart and A, ,=hp
in u(o(V)4 (=p(e(V))p). Therefore A~B in (u(o(V)), h), completing the
proof.

DEFINITION 1.14. Let V be a semi-modular subset of WY. Define a relation
B on Vby MBN if and only if Vy=Vy. Then P is an equivalence relation
on V and a family of equivalence classes V/P is well defined. V is said to
be periodic whenever V/$ is a finite family of equivalence classes. It is to
be noted that when our discussions are focussed on binary state charts,
(V, h) is finite if and only if V is periodic, and M~N if and only if MPBN
and A(M) = h(N).

Now we will show p(a(V)) is periodic if so is V, and for this purpose,
next two lemmas are prepared.

LEMMA 1.15. Let V be a semi-modular subset of W?. Then for any subset
Jo o J, oV Jo=0(V|],) and p(o(VI])= plo(V)|]p

Proor. By 1.7, (V) and o(V]],) are change diagrams, and p(¢(V)) and
(o(V1]p)) are well defined. If [0,i]<=a(V)|/p then [f,i]<0o(V) and there
is an M of V such that M;=60=(M|J,);. This means [0,:]€o(V|],). Con-
versely if [0,i]e o(V]|],), then there exists an M of V satisfying (M|/]);
=M,;=20, and hence [0, 1] a(V)|],.

Now suppose [6,i1]1=[¢p,j] in o(V)|],. If M?P=V|], then we have an M
of V such that M|J, = M?, where if M?= M,; < 6 then M5= M; < ¢. Therefore
£6,i1=[¢, ] in a(V|]p). ~

Secondly let us assume [6,1]1=<[¢,j] in o(V|]/,), M€V and M;<6. In
this case, however, M|/, €V |]J,. Since (M|],); <8, we have (M|J,);=M; < ¢,
and so [0,i]1=[¢,s] in o(V)|/,. Hence o(V|]J,)=0(V)|]J,. Let us show the
remaining part of the lemma. By 9.3 of [7] and 9.6 of [6], o(u(e(V)I|Jp)
=o((a(V)|Jp=0(V)|]Jp. Therefore by 9.2 of [7],

ZCARIVAES TGV CABINY))
= wo((a(VIN 1)
= ulo(V D] -
Hence from the first part of the lemma,
wo(V o) = ple(V)1Jp) = la(V D1 J» »

completing the proof.
LEMMA 1.16. Let V be a distributive subset of W’ and P={],} be a finite
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family of subsets of ] satisfying that for any pair {i,j} C J there exists [, of
P such that {i,j} CJp. Then ABB in V if and only if (A|J)BBIJp) for every
JoCJ. Furthermore, V is periodic if and only if V|], is periodic for every ],
of P.

PRrROOF. The only if part of the lemma is a direct consequence of 5.2 of
[7], that is, (ViJp)a1s,=ValJp. Let us show the if part of the lemma.

Let LeV,. Supposethat[8,i]=[¢,j]in o(V)and (B+L);<8. Then, by
the assumption, there exists a J, of P such that {7, j} CJ,, and (A|J)B(B|/[
in V|/J,. On the other hand, we have a(V)|/,=a(V|J,) by 115 and [6,:]
=Ly, 7] in a(V|Jp). Since (V|JDa1s,=V|JDs1s, and (A+L)|J, €V |], we
obtain (B+L)|J/,=V|J,. Hence (B4+L)|J,);=(B-+L);<¢. This implies
L €Vpy. The same reasoning shows that if L €V then L €V, and hence we
have V,=Vp, that is, APB. Next, suppose APB. Then (A|/)BB|Jp) in V|,
and therefore | V/{|, the number of elements of V /P, is not greater than
JPIEIPI(Vljp)/SBI. However, each V|J, is periodic and JEPI(VIJP)/‘/BI must be

finite. This completes the proof of the lemma.

THEOREM 1.17. Let V be a semi-modular subset of WY7. If V is periodic,
then p(o(V)) is periodic.

PRroOOF. If |J| <2, then p(o(V))=V by 1.11, and the assertion of 1.17 holds.

Suppose 1.17 is true for |J/|=n. Now let |J/|=n41. For each p=J we
define J, by taking J,=J—p. Then the family P={/J,, p=J} satisfies the
condition of 1.16. Moreover, if V is periodic then V|J, is periodic and so is
#(e(V|]p) by the assumption. Therefore p(a(V))|J, is periodic by 1.15, and
p(a(V)) is periodic by 1.16. The proof is thus completed by the induction on
the number of elements of J.

PROOF OF THEOREM 1.2. Instead of proving 1.2, we shall show the next
theorem. The proof of Theorem 1.2 is all the same except that of the last
part of Theorem 1.2’.

THEOREM 1.2’. A binary and semi-modular state chart (V, h) has its binary
and digital extension if and only if it has a finite, binary and distributive
separation (D*, h*) for D= p(a(V)). In fact, if (D% h°) is a binary and digital
extension of (D¥, h*¥) and (V*, h*) is simple in (D¥, h¥), then Ayp(D° h®) is a
digital extension of (V, h), where JC JPC J* and V?=V*|J?, Furthermore, if
a digital extension (V¢ h®) is induced by a distributive extension (D% h®) of a
given distributive state chart (D, h), then (V¥ h®) is induced by a finite separation
((a(V)), h®) of (V, h).

PROOF. Let D= u(o(V)) and (D¥, h*¥) be a finite, binary distributive sep-
aration of (V, h). Then there exists a binary, distributive and digital extension
(D¢, k) of (D¥, h*) [8]. (D% h°) is clearly an extension of (D, k), and we define
Ve, h®)= 2,p(D?, k). By 1.3, (V¢ h® is a binary and semi-modular extension
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of (V, h).

Let A° and B® be elements of V¢ and A°(A°) = h%B®. Since (D¢ h°) is
digital, A°~B° in (D% h?). Then A°¢|J*~B¢|J* in (D*, h*) and A®|J*~B¢|J* in
(V*, h*) because (D*, h*) is a separation. Hence A¢|J?~B¢|J? for an arbitrary
J? such that JC JPc J*. Now suppose L°=V%4. Then L°<s D4%.= D% and
L*+-B® < D°® because A°~B¢in (D% h?). However, since L¢|J? € V2| s =Vge, o,
we have (L°+B®|J/? =V?. Therefore we have L°+B°cV®and L°cV%. A
similar argument shows that if L°= V%, then L°c V4. Therefore V4e="V%,
and by the assumption h°(A°) = h%B*®), we obtain A°~B¢ in (V¢ h°), completing
the proof of the if part of the theorem.

Now let (V¢ h) be a semi-modular and digital extension of (V, h), and
let (D% %) = (u(a(V?)), h®). Then by 1.15,

wo(VPJ= pla(Ve|])) = p(a(V)),

that is, (D° h°) is a distributive extension of (u(a(V)), #), and is finite by 1.17.
Suppose that A° and B® are elements of V¢ and A°®~B° in (D% h°. Since
h?(A®) = h(B°), A°~B°® in (V¢ h®). Therefore (D¢ h°) is a separation of (V, h).
This completes the proof of the first part of 1.2

Now let (V* h°) be a digital extension of (V, k), and (V¢ h%) = A,»(D*, h°),
where (D¢ h°) is an arbitrary distributive extension of a given state chart
(D, h). Then by 1.17, (u(c(V?), h®) is a finite separation of (V, h), and V¢C
wo(V) D° by 1.11. Therefore, Ayp(u(a(V9), h9) = (V¢ k%), completing the
proof of 1.2/,

§2. Some elementary properties of the induced synthetic classes and
v-similarity classes.

The synthetic relation and induced synthetic relation <~ were defined in
(8] That is A< B in V if there exists a digital semi-modular extension
(V% h®) such that A°~ B¢ in V¢ for some extensions A° and B¢ of 4 and B,
respectively. We at first notice the following remark without proof, because
we can prove it by the same argument as 1.4 and 1.5 of [8], where it was
assumed that (V, h) was distributive.

REMARK 2.1. Let (V, h) be a semi-modular state chart. Then there exists
a digital extension (V¢ A°) if and only if (V, h) admits a synthetic relation.
Furthermore, the induced synthetic relation . is a congruence on V and we
have £ =< 2L =~, where X is the v-similarity relation of (V, 4) (see 4.4 of
[7D, and a =< B8 implies that if ABB then AaB for binary relations a and S.

Remark 2.1 indicates that to synthesize a digital state chart (V¢ #°) it is
required to investigate properties of v-similarity classes rather than that of
similarity classes when we are concerned with semi-modular state charts (it
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is to be noticed that if (V, h) is distributive then 2 =~).

Let (V, h) be a finite and semi-modular state chart with nodes J. By [A],
fA], and [A], we denote the similarity class, v-similarity class and the
induced synthetic class each containing a state A of V, respectively. As in
the case of similarity classes, we denote S,&S, for any subsets S, and S, of
WY if there are elements M of S, and N of S, such that M < N, and we write
S,€S, if S;%¥S, and S,¥S,. Moreover, let J,={i|lie ], Z;+ 0} for a cycle Z
of Z(M), M€V, and let Jy :z;}{mfz and Jy=J—Jx. Since A2 B implies

A~ AV B~B and 2~ is a congruence on V, Z((M],)=Z(M)=Z({[M]).

LEMMA 2.2. A semi-modular state chart (V, h) is finite if and only if the
Sfamily of v-similarity classes V/.2 is finite.

ProoF. (V, h) is finite if V/2 is finite because 2 <~. Now let (V, h)
be finite and S be one of similarity classes of V. Since £ is restricted to
be a congruence on S, S/ is well defined and we have

Vie=\U S/~.

SevV/~

Let m(S)={M() | M@G@)< S, M(Z) is minimal in S}. Then m(S) is a finite
subset of S, by 3.2 of [6]. Moreover if M is in S, then there is an M) of
m(S) such that MG)<M and M@GE)~M=M@G)Vv M, that is, [M]1,=[M()],.
Therefore, we have |S/ 2 |=<|m(S)| and

[V/Z|=|V/~|-max |S/2|=|V/~]|- max |m(S)] .
SeV/~ ScV/~

Hence |V/2 | is finite because both |V/~| and m?x]m(S)] is finite, com-
pleting the proof of the lemma.

LEMMA 2.3. Let S be a v-similarity class of a finite semi-modular state chart
(V,h) and Z= Z(S). Then S|J;,={M|]J;| M < S} is a totally ordered set.

PROOF. Suppose that M and N be elements of Sand N|Jz £ M|Jz. Then
M~MY N and (MV N—M)|J; 0’2, From the orthogonality of cycles of S,
we have (M\VV N—M)|J,=Z|]Jz and (Z|]z);>0 for all i of J;. Hence it
follows that M|J, < N|J,;. Therefore we have either M|/, = N|]J, or M|],
< N|Jz. This completes the proof of the lemma.

LEMMA 2.4. Let (V, h) be a semi-modular state chart with nodes | and let
M~N in (V,h). Then M2 N if and only if either Jy=¢ or M|Jy= N|Jx.

PRrROOF. It is to be noticed that Jy,=/Jy by 7.3 of [7].

Suppose M 2 N and Jy = ¢. Since M~M\ N~N, M;=(MV N);= N; for
all i€ Jy. Hence M|Jy= N|Jy.

Let us prove the if part. If either Jy=¢ or both Jyx¢ and M|Jy
= N| Jv, then there exists an A of V such that M\ N< A and A~M~N.
Hence M~A=MV A and N~A=NV A. This implies, however, M X N
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because 2 is a congruence on V, completing the proof of the lemma.
THEOREM 2.5. Let (V, h) be a finite and semi-modular state chart, M and
N be elements of V such that Z(M)=Z(N). Then M2 N if and only if both
M|Jz=NI|Jzmod Z|], for all Zc Z(M) and M|Jy=N|]y if Ju= 9.
PROOF. If M 2N then M|J,;=N|]Jy provided ], 5@, by 2.3. Furthermore,
M~MY N~N and by 2.6 of [7], M\ N can be represented as

(*) MV N=M+ 3 a;Z()

ZG)YEZ(M)

:N+ 2 bJZ(]), a;, bjEW.

Z(j)=Z(N)
Hence from the orthogonality of cycles, we have, for every Z e Z(M),
(MY N)|Jz=M|]Jz mod Z| ],
(MY N)|Jz=N|Jzmod Z|]~.

and

Hence
M|Jz=N|Jzmod Z|].

Conversely, if the sufficient condition of 2.5 is fulfilled, then M|Jy =(MV N) IE
=N|Jy if Ju=¢, and MV N can be written as (x). Hence by 2.6 of 7],
M~M\ N~N, completing the proof of the theorem.

Now we will define cycles of the induced synthetic classes and show in
2.11 that they can be written as k,Z(i). Although this result is not directly
utilized in § 3, it indicates that the method constructing separations of (V, h)
is reasonable.

LEMMA 2.6. Let (V¢ h%) be a digital extension of a semi-modular state
chart (V, h) with nodes J, and £ be the induced synthetic relation. Then the
Jollowing properties are satisfied.

1) If A°<V° then [A9]|JC[A%]]..

(2) If A%, B*°eV® A°< B°® and A®|J= B¢|], then [A]|JC [B|J.

3) For any A<V, there exists an extension A°cV*® such that [A9]|]

=[A4°%J1.=[AL.

PROOF. Let A°~B° in (V¢ h®. Then A°|J~< B°|J fromn the definition of
~. Hence [A%]|JC[A%|]]..

Suppose that C°is in [A¢]. Then A*~C’ and we have B°— A°+C°~C° and
(B°—A°*+C%|J=C°|]. Therefore C*|JC[B“]]|J, and this completes the proof
of (2).

Let {LAG)], 1=<i=p} be the family of all similarity classes such that
A@Y|J=A, 1=i=p. Since (V% h° is digital, p is certainly a positive integer.
Let A°= \/ A()°. Then AG)Y=<A°cV® and A°|J=A. Therefore by (2) we

1=i=p

have [AG@)]|JC[A4]]]J, 1=i<p. Nowlet Be[A],. Then there exist B®and
A0 of V¢ with the property B°~A(0), B¢|J=B and A(0)*|J=A. However,



428 M. HATTORI1

A(0) must be a member of some [A(R)*] (1=k=p). Hence A=[AKR)]|]
c [A9]|/, that is, [AJ.c[A“]|J. Therefore, by (1) we have [A“]|J=[Al.
completing the proof of (3).

DEFINITION 2.7. Let (V, h) be a finite and semi-modular state chart,
(Ve, h%) be a digital extension of (V, k) and £ be the induced synthetic re-
lation of (V, h). By s(A), A€V, we denote the set {s| WV <seW’, AL A+s
in [A].}, where A< A+s in [A], means that both A, A+se[A]. and if
A< B< A+s then B&[A],. If A~ B then s(A)=s(B) by 2.6, and s([A4].) is
well defined, by taking s(CAJ.) =s(A). We say s (€ s(A)) an induced synthetic
cycle of A (defined by (V¢ k) or £), and s(A) (or equivalently s(CAJ)) is
called the set of induced synthetic cycles of A (or [A].,). Then from the
orthogonality of cycles, there exists only one cycle s¢ of Z(A% such that
st|J=s, A°|J= A and A= V® Hence s@i) A s(j)=0 if s(i) and s(y) are distinct
elements of s(A).

LEMMA 2.8. Let (V¢ h®) be a digital extension of a semi-modular state chart
(V, h). If [A].F[B]. and s € s(A) then s is written as s= 3 a;s(i), a;, €W,

15is=m
where s(B)={s@), 1=<i<m}. Furthermore if [A].€[B]., then s(A)= s(B).
ProoOF. By (3) of 2.6, there exist A° and B° of V¢ with the property
A%|J=A, B¢|J=B, [A]|J=[A]. and [B¢}|J=[BJ.,, where we may assume
without loss of generality A<B. Let C°= A°\Vv B°. Then C°|/J=B and by
(1) and (2) of 2.6,

[CAJc[C|J]e=[Bl.=[B1lJc[C]l].
Hence [C°]|/=[B¢]|J. Thus we have s(A)=Z(A%|], s(B)=Z(C)|J=Z(B®|J
and A°*<C¢ Therefore by 7.4 of [7] we have
s= 3 a;8(J).

1=j=m

The latter part of the lemma is obtained by the above result (see 7.2 of [7])..

LEMMA 2.9. Let (V¢ h®) be a digital extension of a semi-modular state
chart (V, h) and let Z< Z(A) for AV. Then, there exist positive integers v
and k such that A(p)~£ A@Q) if and only if p,q=r and p=gqgmod k, where
A(J)= A+jZ for an arbitrary non-negative integer j.

PROOF. Since the number of equivalence classes defined by & is finite,
there must be A(s) and A{), s<t, of V such that A(s) < A(f). Denote by r
the minimum number s satisfying the above condition, and by % the cor-
responding minimum positive integer j such that A(») < A(r+j), that is,
kZ = s(A(r)). Now let A(p)-L A(g). From the definition of », we have p, g=7r
and [AM]1.C[LA(p)]., because A() L A(r+ck) for any c W and there exists
an integer ¢ such that A(») < A(p) < A(r+ck). Hence s(A(r)) = s(A(p)) by 2.8,
and we obtain the result that A(p) £ A(q) if and only if p=4¢g mod %k, com-
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pleting the proof of the lemma. #

LEMMA 2.10. Let (V? h®) be a digital extension of a semi-modular state
chart (V, h) and Z(A)={Z@), L=i=m} and r; be the integer whose existence
was ensured in 2.9 for each i. Then there exist integral vectors k, r€W™ such
that 1f p,q€W™ and p, q=v, then A(p) L A(g) if and only if p;=q, mod k;
Sor all i, where A(a) denotes

A+1 EmaiZ(i) Jor any acW™,

==

PROOF. Denote by a* an element of W™ whose i-th component is a; and
J-th component is zero if ixj. Let k' be the minimum vector such that
A 2 A(r+kY), 1=i=<m, and k= 3 k' (by 2.9 and the definition of 7, such

1==m
a k' exists). Then £, Z(1) < s(A()) and [A®)]1.E[A(p)]. if p =7 because there
exists an a<W™ such that AQ@) < A(p) = A(r+a.k*) and A@) & A(r+a;k).
Hence by 2.8 and 2.9, A(p)~< A(g) if and only if p,=¢, modk;, 1=i<m,
completing the proof of the lemma.

THEOREM 2.11. Let (V, h) be a semi-modular state chart which admits an
induced synthetic relation 2. If s is an induced synthetic cycle of A€V, then
s=Fk;Z() for some k, W, where Z(i) is a cycle of Z(A) such that s N\ Z(G) =0".

PrOOF. By 2.6, s may be written as s= 3> a,Z(), where a=W™ and

1=i=m

|Z(A)|=m. Furthermore, by 2.8 and 2.10, there exist  and 2 of W™ such
that 2,Z(1) € s(A(r)), where A(¥)= A+ > r,Z@G@) and r; %0 if and only if a,=0.

1=i=m

Since there are p and ¢ of W satisfying
AN = A+ 2 paZ()= A+bps
1 m

=S

=A+q 3 k20,

1=1=m
we have A(ME(A+q 3 k;Z(1)) and AE(A+ps). Therefore A€ A(r) and by 2.8,
s=Fk;Z(1) if s AN A@) = (07, which is the desired result.

§ 3. Proof of Main Theorem.

Let (V, h) be a binary, finite and semi-modular state chart. For the proof
of Main Theorem it suffices, by 1.2 or 1.2/, to show that there exists a finite,
binary and distributive separation (D*, h*¥) of (V, h). At first we will define
a special type of extension called a separation with respect to V/~. Secondly,
some preliminary lemmas will be prepared to show that there exists a sep-
aration with respect to V/~. Then finally we will complete the proof of
Main Theorem in 3.7, where the existence of a separation of (V, i) will be
shown.
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DEFINITION 3.1. Let (V, ) be a finits®and semi-modular state chart with
nodes J, and let S={S;} be a finite family of mutually disjoint subsets of V.
Moreover, let (D, h) be a distributive state chart such that (V, h))C (D, k). An
extension (D¥, h*) of (D, h) is called an S-separation or a separation with
respect to S whenever it satisfies the followings.

(1) (D*, kh¥) is finite.

(2) If A%, B¥ = D*, h*(A¥)= h*(B*) and A*|], B*¥|]J < US; then A*|J, B*|J]
e S, for some S; of S. '

LEMMA 3.2. If (D¥, h*) is a separation with respect to V/~, then (D, h¥)
is a finite separation of (V, h). In fact, 2,(D¥, h*) is simple in (D*, h¥).

PrROOF. Let (V*, h*) = 2,(D*, h¥), and let A*¥~B* in (D, h*). Then A*|J
~B*|J] by the assumption.

Now suppose L¥+ A* V¥, viz.,, L¥*+A*¥ = D* and (L*+A¥|J/€V. Then
L¥*4+B¥ = D* and (L*+B*)|J=L*|J+B*|J=V. This implies L*+B*V* By
the same argument, we have L4+ A* e V¥ if L*+B* = V*. Therefore V&= Vks.
Since h&x = h%: on D%x, we obtain h%x = h%x on V%:. Hence A*~B¥* in (V¥, h¥),
completing the proof of the lemma.

LEMMA 3.3. Let (V, h) be a finite and semi-modular state chart and S={S;}
be a finite family of mutually disjoint subsets of V. Then the following properties
are satisfied.

(1) There 1s an S-separation of (V, h) if and only if there is an (Sp, Sp-
separation for every distinct pair (S,, Sp)-

(2) There exists an (Sp, Sy)-separation if and only if there exists an (S, Sq,)-
separation for all 1=i=r and 1 =5 =1t, where {S,,, 1=i=r} and {Sgpl=7=t}
are partitions of S, and S,, respectively.

Proor. If (V¥ h*) is an (S,, S,)-separation, then it is also an (S, S,)-
separation if S, S, and S,C S,. Hence the only if parts of (1) and (2) are
satisfied. Now let (V¥ h*) be an (S,, S,)-separation of (V, ) with nodes J¥,
where k corresponds to a non-ordered pair (S,, Sp). In this case, however,
we may assume without loss of generality that system (V*, k%), k< {(p, O},
is co-intersectional.

Now let us show that (V°, he):@(V", h¥) is an S-separation. Since each

(V*, h¥) is finite, (V¢ h°) is finite by 6.7 of [7], and the assertion (1) of 3.1
holds. Suppose A° and B° are states of V* such that A°|J S, and B°|/ S,.
Then there exists an (S,, Sp-separation (V*, h*¥) (with nodes J*) such that
hE(A¢|J*) = h*(B¢|J*¥). Hence we have the relation h°(A4A% = h%(B®, and (V¥ h°%)
is an (S,, S,)-separation.

The if part of (2) is verified similarly.

DEFINITION 3.4. Let [2, H] be a binary change chart whose corresponding
state chart (D, h) is finite. It is assumed that the set J of nodes of the chart
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does not contain 0. We define an extension [X*, H*], called the type B ex-
tension with period y =4, by taking X*=3\U[%, 0], H(», 0J=»nmod2, >0,
and with the ordering for each non-negative integer c,

@ [Oo+cy+1, 1< [2c+1, 01K [Oot+cy+2, 7] if [Ootcy+2,7]
exists where [6,+1, v] <[, ¥1<[0,+7, r], and
@ Cootcr+1, r1< [2¢+2, 0] K [pptcr+1, ] if [ooter+1,7]

exists, and [0,+1, 1< [, r1<[0o+7, 7]
In particular when X*=2"\U[1, 0] with the ordering

@3) [0,+1, 1< [, 00K [6,+2, r],

[2*, H*] is said to be the type a extension.
The corresponding state chart (D*, h¥) is called an extension of type «
or of type B according as [X*, H*] is an extension of type « or of type .
Then it is easily verified that A* € D* if and only if A*|/ € D and

(0 y 0=A7=0,
2c or 2¢+1 Af=0,+cr+1
@ A=< 2¢+1 , Ootcr+1< A< oty
2¢+1 or 2c¢+-2, A=, ter+1
L 2¢+2 , Qotcy+Fl< AL < 004 (c+ 1)y

when (D*, k*) is of type B, and
0 , 0= A4k<0,
®) At=4 07or 1, Ak =6,+1
1 , At > 0,41

when (D¥, h*) is of type a.

LeMMA 3.5. Let (D, h) be a finite, binary distributive state chart, and S,
and S, be subsets of D with the property that if M & S,, then M,=6,mody and
if Ne§; then N,=¢,mod y, where 0,< ¢,<8,+y and y is a positive even
integer = 4. Then the extension (D*, h¥) of type B defined in 34 is an (S,, S,)-
separation. In particular, if M,=0, for all M < S,, then extension (D¥, h*) of
type a defined in 3.4 is also an (S,, S,)-separation.

PrROOF. By (4) and (5) of 3.4, it is clear that A*(M*),= hk(6,) =0, A*(N%),
= h¥(p,) =1 and A*(MF*)=x h*(N*), if M* and N* are extensions of M & S, and
N e S,, respectively. Hence, to prove the first part of the lemma, it is suf-
ficient to show that (D*, h*) is finite.

At first, let A~B in D, A* and B* be extensions of A and B, respectively,
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and A,=B,<6, Then by 34, AA=Bk¥=0. If L*< D% and L*|/=L, then
A+Le D and we have B+LeD. Since (A+L),=(B-+L),, there is a P* of
D¥ such that P*¥|/=B-+L and P:=(A*+LF%), from the definition of D*. Since
(P*—B¥),= L% and (P*—B¥)|J=L, we have P*—B*=L* = D%:. Conversely, if
L¥ = D% then L*< D%: by a similar argument. Hence we have D% = D%
and A¥~B* because (D¥, h*) is binary.

Now suppose h*(A*) = h*(B¥), A*|J=A~B=B*|J in D, and B,= A,+cy,
ceW and A, =6, Then B¥= At+2c by (4) of 3.4, and if L¥+ A* = D* then
L+A and L+B are in D, where (L+ A),+cy=(L+B),. Therefore by 3.4,
there is a P* of D* such that P*|/J=B+L and P:=(L*+ A¥),+2c. Hence
(P*—B"|J=L and (P*—B*),=Lk that is, L*¥ € D%. The same reasoning
shows that L* = D%, if L¥ € D%:. Hence A*~B*. Combining the relation with
the above result, we have the result that any similarity class of (D, h) is split
into at most finite similarity classes of (D¥, A*), and therefore (D¥, h*) is finite.

The latter part of the lemma is verified by a similar argument.

LEMMA 3.6. Let S, and Sp be subsets of W7 such that for any M of S,
and N of Sg,

(1) M=AmodZ, N=BmodZ, and

(2) M=xNmod?Z,
where A, B and Z are elements of WY and Z;=x0 for all i< ]J. Then there
exists a positive integer k such that S,, Sp are partitioned into k classes (some
of them may be empty) S,(i), Sp(1), 0 =1 < k—1 respectively, with properties that
for any M, P of S (i) and N, Q of Sg(})),

(3) M=PmodkZ, N=Q mod kZ, and

(4) there exists an r < ], depending on S,() and Sp(j), such that M, > N,
mod kZ,.

PrROOF. With no loss of generality we may assume that A and B are the
minimum points of WY satisfying the condition (1). Let

S(A A= {M| Mes W/, M= Amod Z}
and SBY={N|Ne W/, N=Bmod Z} .
Then S, < S(A) and SpC S(B), and if there exist partitions of S(A) and S(B),
satisfying (3) and (4) of the lemma, then they induce the desired partitions
of S, and Sz. Hence we may assume that S,=S(A) and Szp=S(B). Let
B(b)= B+bZ be the minimum element of Sp such that A< B+bZ, and let us
define an integer # by the minimum positive integer with the property that
there exists an r of J such that A, = B(b), mod kZ,.

Now we define S, () and Sp(j), 01, j<k—1 by

S.)={A(p)| A(p)=A+pZ, p=1imod k, p=0},
and Se(N=1{B(@)| B(g)=B+qZ, g=jmod k, ¢=0}.
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Then it is evident that S,(¢) and Sp(y) satisfy (3) of the lemma. Let us show
that they satisfy also (4) of the lemma.

If =1 then S,@G)=S,, Sp(j) = Sp, and (4) holds as shown by the definition
of r and k. Therefore, we may assume % >1. In this case, however, A,=
B(b); mod Z, for all t=J.. Hence we have a t =J such that A,= B(b), because
otherwise we have A < B(b)—Z = B(b), contradicting the assumption.

Now let A(p) e S,() and B(g) = Sp(j). Then A(p).= B(b+p). and there
exists B(q’) of S such that b+p<q’ <b-+p+%k and ¢’ =¢gmod k. Therefore, if
q’ = b+p, then A(p), <B(q"); <B(b+p+k),=A(p+Fk), and A(p), =B(q), mod RZ,.
On the other hand, since A(p),>xB(b+p), mod kZ,, we have A(p).=
B(q¢)), mod kZ, if ¢’=b+p. This completes the proof of the lemma.

THEOREM 3.7. Let (V, h) be a binary, finite and semi-modular state chart.
Then there exists a finite separation (D¥, h*) of (V, h). In fact, there exists a
separation (D¥, h*¥) with respect to V/~.

Proor. By 1.17, (u(a(V)), h) (or (W7, h)) is binary, finite and distributive
state chart including (V, h). Now let (D, h) be an arbitrary finite, binary and
distributive state chart including (V, k), and let [M1,, IN],eV/X, [M],
x=[N], and A(M)=h(N). Suppose, at first, that [M],F[N], is not satisfied.
Then Jy= ¢ and by 2.5, there exists an » of Jy such that for any A<[M],
and B [N],, A,>B,=N,. Hence by 3.5, we have an ((M],, [N],)-separation
of type a.

Next let [M],¥[NJ,, where without loss of generality we may assume
[N, &[M],, that is, [M],E[N],. Then Z(M)=Z(N), and by 2.5, there
exists a Z< Z(M) such that if Pe[M], and @ [N],, then

M\|Jz=P|Jzmod Z|]z, N|Jz=Q|/zmodZ|]z,
and M|Jz=>= N|Jzmod Z|];.

Therefore by 3.6, [M], and [N], are partitioned into {S,(¢), 0=:1<%k—1} and
{S,(N), 0=<j < Ek—1}, respectively, each satisfying (3) and (4) of 3.6. Therefore
by 3.5, there exists an (S.(i), S,(j))-separation of type 3 for each pair (S,(2),
S,(7)). Hence by (2) of 3.3, we have an ([M],, [N],)-separation. Thus we
obtain, by 2.2 and (1) of 3.3, a separation (D*, h*) with respect to V/2. Since
2 < ~, (D¥, h*) is a separation with respect to V/~. Therefore, by 3.2 there
exists a finite separation of (V, h), completing the proof of Theorem 3.7.

COROLLARY 3.8. If (D* h*) is distributive and both (V, h) and (D*, h¥) are
finite then 2A»(D¥, h*) is finite.

PROOF. In order to prove the corollary, it is sufficient to show that 2,(D¥)
is periodic. Thus we have only to show that the corollary holds when (D, h*)
is binary. Let (D?, h?) be a separation with respect to V/~, where it may
be assumed that (D¥, h¥) and (D?, h?) is co-intersectional, viz., the intersection
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of (D¥, h*) and (D?, h?) is equal to (V, h). Let (D% h%=(D*, h*)R (D?, h?).
(D¢, h®) is clearly a separation with respect to V/~ by 1.6. Hence by 3.2,
Ay(D¢, h%) is simple and finite, and 4,(D% is periodic. By 1.5, however, we
have Ay(D%|J*= Ay (D¢ J*)= A, (D¥), where J* is nodes of D¥*. Therefore
Ay(D¥) is periodic, completing the proof.

REMARK. Let {V, h} and {D, h} be sets of semi-modular extensions
{(V*, h¥)} and distributive extensions {(D¥, h*)} of (V, h) and (D, h), respec-
tively, where (V, h)C(D, h) and (D, h) is distributive. We have shown that
there exists a mapping A: {D, A} — {V, h} with the following properties.

(1) If (D% h*) is finite then A(D*, A*) is finite.

(2) If D,cC D, then A{D,, h} C A{D,, h}.

(3) For any (D, h*) = {D, h} there exists a (D% h*) = {D,, h} such that
A(D¥*, h*)y = A(D%, h*) where D,= p(a(V)).

(4) If (D, h) is binary and finite, then there exists a (D¢ h¢) = {D, h} such
that A(D¢, A°) is digital.

However, we have not confirmed as yet whether for any (V¥*, h*) there
exists a (D*, h*) (may be not distributive) such that A(D*, h*)=(V*, h*) or not,
even in the case (V*, h¥) is binary and digital.

Nippon Electric Company, Limited
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