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SET CONVERGENCES. AN ATTEMPT OF CLASSIFICATION

YVES SONNTAG AND CONSTANTIN ZALINESCU

ABSTRACT. We endow families of nonempty closed subsets of a metric space
with uniformities defined by semimetrics. Such structure is completely deter-
mined by a class (which is a family of closed sets) and a type (which is a semi-
metric). Two types are sufficient to define (and classify) almost all convergences
known till now. These two types offer the possibility of defining other set con-
vergences.

1. INTRODUCTION

The present paper develops the text of the conference [SoZ2]. Our aim is to
find an adequate approach that permits

(1) to classify the notions of set convergence of closed subsets of a metric
space,

(2) to search for new convergences which may satisfy certain requirements.

The second point is illustrated by two examples.

Mosco convergence, M , for sequences of closed convex subsets of a reflexive
Banach space has excellent properties which fail to hold in general vector spaces
(n.v.s.) [BeS, BBo]; is it possible to find a convergence which is similar to M
(in a sense that must be specified) and has good properties in n.v.s.?

The p-Hausdorff (or Attouch-Wets) convergence, H, or AW , has very good
properties (see [AW1, 2, 3, ALW, BeS5],...), but it is very strong. For instance
the increasing sequence (4,) in /%2, A, = {x = (xx)| |Ix]| <1, xx = 0 for
k > n} is not H,-convergent. Is it possible to find a coarser convergence which
retains the good properties of H),?

We believe that our aim is achieved by considering on # (E)—the class of
nonempty closed subsets of the metric space (E, d)—two types p and g, which
define on # (E) uniformities generated by families of semimetrics. These types
were suggested to us by the papers [Be2, 3, BLLN, and SoZ1] for p, and [Co]
and the papers on p-Hausdorff convergence (loc. cit.) for g.

To be more specific, one gives & # X C # (E)—which will be called class of
the uniformity—and defines semimetrics
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of type p: px(4, B)=1d(4, X)-d(B, X)|, Xex,
oftypeg: qx(A,B)=sup|d(x, A)—d(x,B)], XeX.
xX€X

We get in this way for @ # & C & (E) the uniformities (& , X, p) (defined
by (Px)xex) and (&, X, q) (defined by (gx)xex). These uniformities induce
topologies on ./ and convergence notions, denoted X(p), X(q) for nets of & .

It is astonishing that only these two types and natural classes are sufficient to
obtain and classify most part of known set convergences.

So, we shall see that the convergence W of Wijsman [Wi] is defined by both
types p and ¢ and the class .(E) of singletons or the class of compact subsets
Z (E), while in n.v.s. by p and the class of closed balls, too. The Hausdorff
convergence H and p-Hausdorff convergence are of type g and classes {E}
and % (E) (bounded sets), respectively. The convergence Z in the sense of
Fisher [Fil] is of type p and class # (E).

If E is a n.v.s. the scalar convergence S and the linear convergence L (in-
troduced independently by Beer [Be3] and Hess [He]) are of type p and classes
of hyperplanes, #(E), and convex sets, & (E), respectively. The convergence
Z,, introduced recently in [Sh, SP, AAB, BLu] is of type p and class %(E).

When E is a reflexive Banach space, the Mosco convergence is (on & =
Z(E)) of type p and has as class the weak-compact sets [Be2] (or weak-compact
and convex sets [BP]), etc.

The convergence in the sense of Kuratowski [Kur] does not enter in our
classification, nor does a convergence from [LSW, Lu2]. But we are led naturally
to consider new notions of convergence, particularly of type p, which seem to
be interesting (classes of weak-closed subsets, weak-closed and bounded subsets,
affine closed manifolds). So we can propose three possible substitutes for M
and two for H,. ‘ '

The type ¢ is related to classical results (see [Bou3]), but p is new except
for the class .#(E) [LeL].

We study different problems throughout this paper: induced topology, com-
pleteness, continuity properties of operations.

Although only two types are sufficient to describe most classical convergences,
it would be interesting to introduce new types to obtain other convergences or
classical topologies whose corresponding convergences were not studied, like
Vietoris topology. The papers [BLLN, BLu] are, mutatis mutandis, source of
interesting uniformities. o

The approach presented here, by the aid of semimetrics, has some advantages

(i) comparing convergences (except for M) is done by comparing the corre-
sponding classes;

(i) the topologies associated to the convergences are always completely regu-
lar (T, separation being natural); the semimetric structure gives the possibility
of considering completion;

(iii) all the convergences obtained by this approach are adequate for obtaining
estimations (quantitative aspect) due to semimetrics;

(iv) the theoretical role—which does not correspond, necessarily, to the prac-
tical role—of some convergences is made evident by the extremality of the cor-
responding classes (see the figure in §10).

Note that this article does not suppose the knowledge of the classical notions
of convergence discussed here; they are defined when first met. Moreover the
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reader may consult the following books [Kur, At, Ma, KT], the papers [BaP,
BLLN, FLL, SaW], and monograph in preparation [So02].

Acknowledgments. The paper was completed while the second author was visit-
ing the Department of Mathematics of the University of Provence. Typing of
the manuscript was assumed by C.N.R.S. (France) Laboratory U.R.A. 225.

2. TERMINOLOGY AND NOTATIONS

Let E be a nonempty set and @ # & C 2E. By convergence on &/ we
mean that a structure of .Z*-space is given on & in the sense of [Kur, Ber].
We say that a convergence on &/ is topological if it satisfies the Moore-Smith
axioms (see [Ke, p. 74]). There is a 1-1 correspondence between topological
convergences and topologies on & [Kel].

We write (x;)ick C (A;)ier when K C I and x; € A; for i € K and
(xi)ier C A when x; € A for iel.

Let now (E, d) be a metric space. The class of nonempty closed subsets
of E is denoted by ¥ (E), while Z(E) (Z(E), P(E), S (E)) denotes the
class of those elements of & (E) which are bounded (compact, finite, single-
ton). When there is no danger of confusion, we write simply % , %, % , etc.
For o # X, YCE, ueE, dlu,X) =inf{d(u, x)|x € X}, d(X,Y) =
inf{d(x, Y)|x € X}, e(X,Y) =sup{d(x, Y)|x € X}. Alsofor @ # X CE
and p >0, B(X,p)={ueE|ldu, X)<p}, BX,p)={ucEldu,X)<
p}, S(X,p)={u€E|du,X)=p} and for u € E, B(u, p) = B({u}, p)
and similarly for B(u, p) and S(u, p). Moreover, for @ #XC ¥ (E), uc E
and R>0 X, r={X € XX cB(u, R)}.

Suppose now that (E, ||-||) is a real normed vector space (abbreviated n.v.s.).
For u, v € E, the segment [u, v] is {Au+ (1 -4)v|A € [0, 1]}, while for & #
A,BCE and A€ R, A+B={a+bla€ A, b€ B}, A4 = {Aala € A}. In this
case one takes U = B(0, 1) and Xg = Xo . Also, for @ # 4 C E, conv(4)
(conv(A), span(A4)) denotes the convex hull (closed convex hull, linear hull) of
A.

The class of nonempty closed convex subsets of E is denoted by #(E) while
7 (E) denotes the class of affine closed subsets of E; 7;(E) (7:(E), #(E))
denotes the class of those elements of 7°(E) of finite dimension (finite codi-
mension, codimension 1).

The topological dual of (E, ||-||) is denoted (E’, ||-||'), where ||-|’ is the
corresponding dual norm. For ¢ € E', (u, ¢) = ¢(u). The weak topology of
E (w* topology of E’) is denoted by o(E, E') (o(E’, E)).

So % (E) (Z,(E)) is the class of o(E, E')-closed (-compact) subsets of E .

Also, for @ # ACE and ¢ € E', s4(p) = sup{p(a)la € A} (i.e. 54 is the
support function of A).

In E=101, e =(0,...,0,1,0,...), where | is at nth place, E, =
span{e;, ..., e,} and P, is the orthogonal projection of E onto E,. The
notations e, , E, are the same for /7 (1 <p < c0).

3. CLASSES AND TYPES. ELEMENTARY PROPERTIES

Let (E, d) be a metric space and @ # & C % (E). We intend to endow &
with a uniformity. Typically & is & (E), Z(E), Z (E) or & (E), r, while
for E an.v.s. & may bealso (E), €(E)N%B(E), %(E), etc.
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Let @ # X C & (E) be another family. X is called the class of the uni-
formity or of the convergence. This family will represent the index set for the
semimetrics on % which will define the uniformity. Let us note that we do
not need to have X C & or & C X.

The type p. Let & and X be given. For X € X we may consider the function
fx : & —- R, fx(A) = d(A, X). The coarser uniformity on & for which
every fy, X € X is uniformly continuous may be defined by the semimetrics
(see [Bou2, §1, no. 2]):

px(4, B) =|fx(4) - fx(B)| = |d(4, X) -d(B, X)|, XeX.

So & is endowed with a uniformity characterized by the class X and the
type p corresponding to the semimetrics (px)xex . We denote by (&, X, p)
this uniformity abbreviated X(p) when & is already specified. The topology
determined by (&, X, p) is the initial (weak) topology on & (see [Boul, §2,
no. 3)) defined by the family (fx)xex; it is the coarsest topology on & for
which fx is continuous for all X € X.

Let I be a directed set (see [Ko0, Ke]), (4;)ie; C ¥ anetand A € & . The
convergence associated to X(p) is defined by

A=%(p)-lim(4;) iff limd(4;, X)=d(4, X) forall X € X.

The type g. Let C(E, R) be the class of continuous functions from (E, d)
to R and let @ # X C ¥ (E). We may consider on C(E, R) the uniformity
called the uniformity of the uniform convergence on every X € X (see [Bou3]
for a detailed study of this uniformity). This uniformity may be defined by the
semimetrics (taking also the value oo)

dx(f, g) = sup If(x) - gx)l, Xex.

One may also consider (see [Co]) the map j: & — C(E, R) with j(A): E - R,
Jj(A)(u) = d(u, A). This map is injective (because d(u, A) = d(u, B) for all
u € E iff cl(4) = cl(B) iff A = B because & C F(E)). Let A(W) =
{j(A)|4 € &} c C(E,R). It is natural to consider on A(&) the trace of
the above uniformity of C(E, R). In this way, we obtain a uniformity on &/
determined by the semimetrics

ax(4, B) = dx(j(4), j(B)) = :ggld(x, A)-d(x, B)|, XeZX.

So & is endowed with a uniformity, denoted (&, X, q) or simply X(q),
characterized by the class X and the type g corresponding to the family of
semimetrics (gx)xex -

Thus the topology determined by (&, X, g) on & is the topology of uni-
form convergence on X, X € X, of the functions d(:, 4), A€ ¥ .

Let (A4))ic; C & be anetand A € & . The convergence associated to X(q)
is defined by

A=3%X(q) - lim(4;) iff lim(sup |d(x, A;) —d(x, A)|> =0 forall X €X.
x€X

Remark. The notations 4 = X(p)—lim(4;) and 4 = X(q)—lim(4;) presuppose
unicity for A. If there is no unicity, = must be replaced by €.
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Remark. In the literature there are convergences defined only for small (enough)
families, like #(E). For types p and g we always may extend them to % (E).

Remark. The types p and g may also be defined in semimetric space (E;,
(di)ier) . Taking the families {py ;|X € X, i€ I} and {gx /X € X, i € I}
respectively, where py ; is py corresponding to d;. In this case one may also
take

px(A, B) =sup|d;i(4, X) —d;i(B, X)|, Xex,
iel

qx(A, B) = supsup |di(x, A) — di(x, B)|, Xex.
iel xeX

For instance if (E, d) is a metric space {(d;); € I} may be the set of all metrics
on E defining the same topology (or the same uniformity, or the same bounded
sets, etc.) as d . See [BLLN, BLu] for potential applications.

3. ELEMENTARY PROPERTIES

1. It is easy to show that px(A4, B) < qx(A4, B) forall A, B, X € #(E). So
for & and X fixed the uniformity (&, X, ¢) (and the corresponding topology
and convergence) is finer than the uniformity (&, X, p).

2. If X and & are such that X D % # @ one has that (&, X, p) is finer
than (&, %, p) (and (&, X, q) is finer than (&, %, q)).

3.If X, % # @ and foreach Y € % there exists X € X such that Y C X
then (&, X, q) is finer than (&, %, q).

4. If X > F(E) then (&, X, p) is (T3-) separated. Indeed, if px(4, B) =
0 forall X € X then d(x, A)=d(x, B) forall xe€ E andso 4= B. So, in
this case we have the uniqueness of the limit (when it exists). An example of
nonseparated uniformity is (&, {E}, p).

5.1f U{X|X € X} = E then (&, X, q) is separated.

The condition J{X|X € X} = E is verified by each family introduced in
§2, while the condition X D &(E) is verified by each family introduced in §2,
excepting #Z (E) for dim(E) > 2 and Z7(E) for dim(E) = oo.

Concerning these classes we have

Proposition 3.1. Let E bean.v.s. Then (%, X, p) is separated for X D #(E).

Proof. 1t is sufficient to show that (¥, #Z, p) is separated because (%, X, p)
is finer. Suppose that 4, B € © and 4 # B. We may suppose that 4 ¢ B.
Then there exists a € A, a ¢ B. By a separation theorem there exists ¢ € E’,
llell' =1 such that ¢(a) > sup{e(b)|b € B}. Let us take H = {u € E|p(u) =
¢(a)}. Then d(A, H) = 0 while

d(B, H) = inf{d(b, H)|b € B} = inf{|p(b) — ¢(a)||b € B}
= ¢(a) — sup{gp(b)|b € B} > 0.

Therefore py(A, B)>0. O

We utilised Ascoli’s formula

d(b, {xlp(x) =7}) =1p®) - 7l/lel".
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We recall the definition of Kuratowski convergence [Kur, Ber, At, So2]. We
define liminf(4;) and limsup(4;) for a net (4;);c; C 28\{@}:

liminf(A- = {x € E|limd(x, A4;) = 0},
limsup(4;) = {x € E|liminfd(x, 4;) = 0}.

Generally, when lim mf(A,) = limsup(4;) = A we say that (A4;) converges
in the sense of Kuratowski to A and denote it by 4 = K — lim(4;).
Let us note that we always have [Ber, At],

cl (UﬂA,) C liminf(4;) C limsup(4;) = [ cl (U A,) .

i€l j>i iel Jj>i

From the above formula we have that lim sup(A4;) is closed. The same is true
for liminf(4;) = A. Indeed if X € cl(4) and ¢ > O then there exists x € 4
such that d(x,X) < ¢/2; as x € liminf(4;) there exists i; such that for all
i > i, wehave d(x, A;) < ¢/2 and so d(X, 4;) < d(x, Ai))+d(x,X) < ¢;
therefore limd(X, 4;) =0 which shows that X € 4.

Also, from the above formula it follows that for (4;) C F (E) increasing,
ie. 4;CAjfori<j,

liminf(4;) = lim sup(4;) = cl (U A,) ,
i€l
and for (4;) C #(E) decreasing, i.e. 4,0 4; for i > j,

liminf(4;) = lim sup(4 ﬂ A;.
iel

The next result is surely known but it seems that is not given explicitly else-
where.

Lemma 3.2. Let (A4;)ic; beanetin & (E). Then u € liminf(4;) iff there exists
(ui)ier C (Ai)ier such that lim(u;) = u.

Proof. Suppose that u € liminf(A4;). Since A; is closed, there exists u; € 4;
such that d(u, u;) < 2d(u, A;), i € I. Therefore (u;)ier C (A4;)ier and
lim(u;) = u. Conversely, if there exists (;);ier C (A4;)ier such that lim(u;) = u
then d(u, A;) <d(u, u;) and so u € liminf(4;). O

The next result will be important for the sequel (see [FrLL] for (1) & (3)).

Theorem 3.3. Let (A;)ic; C F(E) be a net and A € F(E). The following
assertions are equivalent.

(1) A Climinf(4;),

(2) d(A, X) > limsupd(4;, X) forall X € #(E),

(3) d(u, A) > limsupd(u, A;) forall ue E,

(4) u(f,A) > limsupu(f, A;) for every upper semicontinuous function
f:E—-R,

(5) u(f, A) > limsupu(f, A;) for every lipschitzian function f: E — R,
where u(f, A) =inf{f(x)|x € A}.
Proof. (1) = (4). Indeed, let f: E — R be upper semicontinuous (u.s.c.) and
u € A. Then there exists, by Lemma 3.2, (u;)ie; C (4i)iesr such that lim(y;) =
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u. As f isu.s.c. we have limsup u(f, 4;) <limsup f(u;) < f(u). As u€ A is
arbitrary, it follows that limsup u(f, 4;) < u(f, A). (4) = (5) is obvious. To
obtain (5) = (2) take X € ¥ (E) and f =d(:, X). The conclusion follows
from the well-known inequality |d(x, X) —d(y, X)|<d(x,y) for x,y€E.
Taking X = {u}, we obtain (2) = (3), while (3) = (1) is immediate (take
ueAd). 0O

Proposition 3.4. Let (A;)ic; CF (E), Ac F(E),and 2 # X C F(E).

(1) If Aic A forall i€l and A C liminf(A4;) then A= X(p) —lim(4;).

(2) If Ai C Aj for i < j then X(p) —lim(4;) = cl(U;¢; 4i) -

(3) If #(E)C X and A= X(p)—lim(4;) then A=K —lim(4;).

Proof. (1) By using Theorem 3.3, from 4 C liminf(4;) we get d(4, X) >
limsupd(A4;, X) forall X € X. As A D A4;, d(4, X) < d(A4;, X) forall i
and for all X € X, and so d(4, X) <liminfd(4;, X). Therefore d(4, X) =
limd(4;, X) forall X € X and so 4 = X(p) —lim(4;).

(2) Let A4 = cl(U;c; 4i): AD A; for i € I. We saw above that in this case
A equals liminf(4;). Thus, by (1), X(p) — lim(4;) = 4.

(3) As 4 = X(p) - lim(4;) and #(E) C X we have d(u, A) =limd(u, A;)
for all u € E. Hence, for u € A,limd(u, 4;)) = d(u, A) = 0 and so
u € liminf(4;). On the other hand, for u € limsup(4;), liminfd(u, 4;) =
limd(u, A;) = 0 =d(u, A) and so u € A. Thus we get 4 = liminf(4;) =
limsup(4;), i.e. A=K —-lim(4;). O

Remark. Let (A;)ie; C & be increasing and #(E) C X. Then (A4;)ies is
X(p)-convergent iff cl(U;c; 4i) € & .

Indeed, on the one hand, if the limit exists then it is unique. On the other
hand, if the limit exists in (&, X, p) then it exists in (¥ (E), X, p) and is
A(User A -

4. CONVERGENCES RELATED TO TYPE ¢
Wijsman convergence, W . Let (E, d) be a metric space.

Definition 4.1. The net (4;);c; C & (E) converges to 4 € & (E) in the sense
of Wijsman, denoted 4 = W —lim(4;), if

limd(u, A;) =d(u, A) forallueFE.

We mention some references related to W : [Wi, BaP, FrLL, LeL, So2,
BLLN, Be6].

From the definition we see that 4 = W —lim(4;) iff 4 = . #(p)—1lim(4;) iff
A=%(q) -lim(4;).

Using eventually Theorem 3.3, we have that 4 = K —lim(4;) if A =W -
lim(4;), and therefore 4 = (\;¢;cl(;>, 4;) when A=W —lim(4;).

The next result shows that Wijsman convergence is closer to type ¢ .

Proposition 4.2. The uniformities (¥ (E), %, q), (¥ (E), X, p) and (¥ (E),
X, q) are equivalent for every X such that ¥ = ¥ (E) C X C Z (E).

Proof. As for ¥ ¢ X ¢ Z we have (¥(E),%,q) = (¥(E),%,p) C
(F(E),X,p) C(F(E),X,q) C (¥F(E), X ,q), it is sufficient to show that
(F(E), &, q) is finer than (¥ (E), %, q). For this aim let X € % and
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¢ > 0. We must show that there exist x;, x»,..., X, € E and & > 0 such
that {(A’ B)| |d(xia A)—d(xis B)l < 8Ia 1 S I S n} - {(A9 B)qu(A5 B) < 8}‘
Indeed, as X is compact, there exist x;, X;,..., X, € X such that X C

Ui, B(xi, €/3). Let (4, B) € F (E)xZ (E) such that |d(x;, A)—d(x;, B)| <
e/3=¢ forall i, 1 <i<n. Let us consider x € X ; then there exists i
such that x € B(x;, ¢'). Thus, |d(x, A) —d(x, B)| < |d(x, A) —d(x;, A)| +
|d(x;i, A)—d(x;, B)|+|d(xi, B)—d(x, B)| <d(x, x;)+& +d(x;, x) <3¢ =¢.
Therefore, gx(A4, B) = max,ex |[d(x, A) —d(x, B)|<e. O

The use of the semimetrics p(,) = (.}, 4 € E, for defining W is not new:
see [Co, LeL] and others.

A natural question is: may W be described by X¥(p) when X contains
noncompact sets. The answer is affirmative, at least when FE is a normed space
as we shall see later on.

Hausdorff convergence, H. For X,Y € ¥ (E) let
h(X,Y)=max{e(X,Y),e(Y, X)} €R.
It is known that 4 is an extended real valued metric.

Definition 4.3. The net (A4;);c; C & (E) converges to A € ¥ (E) in the sense
of Hausdorff, denoted 4 = H — lim(4;), if: limh(4;, A)=0.

We mention some references related to H: [Kur, Ma, KT, So2] etc. It is
known, for a long time (see [Kur, Co]), that

h(Aa B) = Supld(u, A) _d(u, B)I
uckE

This shows that in % (E), for all X ¢ % (E) such that £ € X, we have:
A=H —1lim(4;) iff 4=2X(q)-1lim(4;).

Thus, if E is a n.v.s. then the classes %, 7, 7., %, define on ¥ (E) the
same uniformity for type ¢, the corresponding convergence being H .

Note that 4 = H — lim(4;) iff the net of functions (d(-, 4;));c; converges
uniformly to d(-, A) on E while A = W-lim(4;) iff the same net of functions
converges pointwise to d(-, A). Thus it is reasonable to consider intermedi-
ate convergences. Strangely enough, the first such convergence was explicitly
considered in 1987.

p-Hausdorff or Attouch-Wets convergence, H, or AW . Letus fix u € E and
for p > 0 let us denote 4, = ANB(#, p). For A, B € F(E) let us take
ey)(A,B)=e(A,, B) and h,(4, B) = max{e,(4, B), ¢,(B, A)} . Because 4,
may be empty we consider that e(@, X) =0 forall X C E.

Definition 4.4. The net (A4;);c; C & (E) converges to A € ¥ (E) in the sense
p-Hausdorff or Attouch-Wets if for all p >0, limh,(4;, A) =0.

Although this convergence is so young the references concerning it are nu-
merous: [Mol, So2, Be4, 5, AW1, 2, 3, ALW, AZI, 2, AP1, 2, Pe2, Lul, 2, SP,
Sh], etc.

Note that 4, is not a semimetric (it does not verify the triangle inequality).

Remark also that the convergence H, does not depend on u (see [Azl]).
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Just recently [Bed, Azl, AW2, 3, AP2, CoP] it was observed that in ¥ (F),
H, —1lim(4;) = A if and only if

lim(sup |d(x, 4;) —d(x, A)|> =0 forall X e #(E),

xX€EX
ie. in ¥ (E),
A=H,—-lim(4,) iff A=2%(q)-lim(4;).

Note that the uniformity (.2’ , % ,q) is obtained also replacing & by X =
{B(u, p)lp > 0} or X = {B(u, p)lu € E, p > 0}, while for E a n.v.s. the
same uniformity is obtained for X=% NS and X=%NZF .

Remark. G. Salinetti and R. Wets in [SaW] have introduced a different type of
convergence:

A=H,,-lim(4;) iff3py>0, Vp > po: limh((4:),, 4,) =0.

For E an.vs., on &(E) this convergence coincides with H, (see [Azl and
AW3)).

The convergence H,, is not included in our classification. One must proba-
bly introduce new types such as px y(4, B) = px(ANY, BNY), qx,v(4, B) =
gx(ANY,BnY),with XeX, Ye¥%.

While on this subject, in [SaW] it is conjectured: Suppose that 4,, n € N,
are nonempty closed connected subsets of E (a finite dimensional space). Then
A=K —-1im(4,) iff there exists gy > 0 such that for ¢ > gy,

n%nélo h((4n)p, 45) =0.
The answer of this conjecture is negative.
Example 4.5. Let E = R? be endowed with the Euclidean norm and consider
AP = ({27} U{2P + Lk > n}) x [2? + 1, 0))
U({2° + 41 <k <n} x[0, 00)),

An=|J 45U {(x,2x)[x >0} forn>1,
p=1
AP = ({2} U (2P + ¢k > 1}) x [0, o),

A= DA”U{(x, 2x)|x > 0}.
p=1

We have that A4, is connected and closed for every n, 4 = K —lim(4,), but
forevery peN, p>2,

Jim e(As, (4n)s) # 0.
sl2P

such that

Indeed, for p € N\{0, 1} there exists ¢ =
vé >0, Vg e N*, 3Is€ (27,2 +4), In>q: As ¢ (A,)s + B(0, €).

-
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Let 6 >0 and g € N be fixedand take n=g+1, 2° <s <min{d, 17} +2° <
204+ -1 <2241, Then (4,); = [(ALUAZU---UAL~")NB(O, $)]U[{(x, 2x)|x >

n+1

0} N B(0, 5)]. It is obvious that (27, 0) € 4, but (27, 0) ¢ (4,)s + B(0, ).
In a general n.v.s. E, we have
(F,ZNC,q)C(F,Z,q)C(F,FHNF,q)=
C(EF.€nNF,q9)=(F,%,q).

Using the theorem of Krein (or Krein-Smulian) (see [DS, p. 434]) for K € %,
we have conv(K) € Z, N% . So, by property 3 of §3, (¥, Z, q) =(F , ZN
%, q). Note that in a reflexive Banach space all the above five uniformities
coincide.

When E is a nonreflexive Banach space the topology defined by (¥ , %, q)
may be strictly finer than that defined by (¥ , %, ¢q).

Example 4.6. Let £E = [', 4, = [0, e,] for n € N* and 4 = {0}. Then
Zy(q) — lim(A4,) = Z (q) — lim(4,) = W — lim(4,) but % (q) — lim(4,) does
not exist.

Indeed d(u,A) = |u|| and for u = (&,...,&,...), du,A,) =
infrepo, iy llu — Aenll = lull — 1&al + infieo, yl€n — Al = flull — &l +
max{-¢&,, 0} for n > ny (lim(&,) =0).

Therefore W —lim(4,) = A. As Z = %, in I' (see [K6, p. 281]), by
Proposition 4.2, we have %, — lim(A4,) = A. Let us take X = §(0, 1) € #;
then sup,cy|d(x, 4,) —d(x, A)| > |d(en, A) —d(en, An)| =1 and so (4,) is
not % (g)-convergent.

The convergence Z;(q) is new; coinciding with H, in reflexive Banach
spaces and with W in [!, it seems to be not very interesting.

5. DESCRIPTION OF W BY A CLASS OF NONCOMPACT SETS

We saw in Proposition 4.2 that Wijsman convergence may be defined by

types p and g, taking X such that .#(F) C X C Z(E). A natural question
is whether W may be obtained by type p and a class containing noncompact
sets. The answer is positive when E is a n.v.s. We shall see that we may take
X% = {B(u, p)lu € E, p > 0}. The next example shows that this statement is
not true in metric spaces.
Example 5.1. Let E = [?, A= {(1+ %)eplp € N*}, Ay = AU {-ey}, F =
AU {—epn € N*} U {0} and d the metric on F inherited from /2. Then,
W —1lim(4,) = A in [?, hence in F, but (4,) does not converge to A4 with
respect to X(p), X = {B(u, p)luc F, p>0}.

Indeed, for u € E,
d(u, A,) = min{d(u, 4), ||u + e,||} = min{d(u, 4), (lul* +2(u|ex) + 1)/}
hence limd(u, A,) = min{d(u, A), (Ju||* +1)!/2}. But

u—(l+—1—)e

D p
1 12\ "

= (||u||2—2<1+1—)> (ulep) + <l+1—)) ) for p € N*.

d(u, 4) <
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For p — oo we get d(u, A) < (Jul> + 1)!/2. Hence 4 = W — lim(4,) in [?
and therefore in (F, d). _

On the other hand Bfr(0, 1) = {0}U{—e,|n € N*} and d(A4,, Br(0,1))=0
for every n.

d(4, Br(0, 1)) = min{inf{1 + |p € N}, inf{lle, + (1 + Le,ll In, p € N°}}
= min{1, inf{(1 +2(1 + 1)(eale,) + (1 + 1)})'/?|n, p € N*}}
=min{l, V2} =1.

Therefore (A,) does not X(p)-convergeto 4. O

In the rest of this section E is a n.v.s. We shall need the following elementary
result (probably known, but without reference):

Lemma 5.2. Let (E, d) be a metric space, A, X bein & (E) and ¢ > 0. Then
d(4,B(X,¢)<d(4,X)<d(4,B(X,¢)) +e.
Moreover, if E is a n.v.s. then
d(A, B(X,¢)) =max{d(4, X) —¢, 0}.

Proof. As X C B(X,¢), d(4,B(X,¢)) <d(4,X). Letnow a€ 4, x' €
B(X, ¢). Then for every n € N* there exists x, € X such that d(x’, x,) < e+
I_/n. Letting first n tcgend to infinity, then taking the infimum for acAd, x'e
B(X,¢) weget d(A, B(X,¢)) >d(A, X)—e¢. It follows that d(4, B(X, ¢)) >
max{d(A4, X)—¢, 0}. _ :

Now let E bean.vs.and 6 > 0. If d(4, X) <& then ANB(X,¢) #
and so d(4, B(X,¢)) = 0 = max{d(4, X) —¢,0}. Let now d(4, X) > ¢
and J > 0; there exist x € X and a € 4 such that d(4, X) > |la—x| 4.
As d(4,X) > ¢, |la— x| > ¢. There exists A € [0, 1] such that for y =
(1-A)a+Ax wehave ||[y—x| =¢,ie. y € B(X,e),and |la-y| =|la—x|—¢.
Therefore d(4, X) > la—x||-d =|la—yl|+¢&—6 forall § >0, and so
d(A,X)>d(A,B(X,¢)+¢e. O
Proposition 5.3. Let (E,d) be a metric space, @ # X C F(E) and Xy =
{B(X,¢e)|XeX, e>0}. Then (¥ ,X%,p)C (¥, X9, p). Moreover, if E isa
n.v.s. then (¥ ,%,p)=(F, %o, D).

Proof. Letfirst (E, d) be a metric space. To show that (¥, X, p)C (¥, Xo, D),
it is sufficient to show that for X € X, r >3 and J €]0, r[ we have

{(4, B)|pgx 4(4, B) <r—-0d} C{(4, B)lpx(4, B) <r}.
Indeed, let 4, B € F(E) such that Pgx 5(4, B) <r - J . Then, by Lemma
5.2, we have
d(A,X)-d(B,X)<d(A,B(X,d))+d—-d(B, B(X,))
SpE(X’J)(A, By+d<r.
Changing A4 and B in the above relation we get px(A4, B) <r.

Let now E bean.v.s, X € X and ¢ > 0. Then, by using Lemma 5.2 and
the elementary inequality | max{a, 0} — max{f, 0}| < |a — B|, we have

P5x (A4, B) = |max{d(4, X) — ¢, 0} — max{d(B, X) — ¢, 0}|
SpX(Aa B)
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forall A, B € #(E). Therefore we have also (¥ , X, p) D (¥, Xo, p) in this
case. O

Corollary 54. Let E be a n.v.s. and (A)ier C F(E), A € F(E). Then
A=W —1lim(4;) iff forall ue E, p>0,

d(4, B(u, p)) =limd(4;, B(u, p)).
In other words, W is defined by (# , X, p) with ¥ = {B(u, p)lu€ E, p > 0}.

Corollary 5.5. Let E be a n.v.s., and X C ¥ (E) be such that for X € X and
e>0, BX,e) e X. Then (¥ ,X,p)=(F,%,p), where ¥ = {X € X|
int(X) # @} .

The families ¥ = F (E), Z(E), €(E), €(E) N #(E) have the property
from Corollary 5.5. If E is a reflexive Banach space, then %;(E) has the same
property.

6. TOPOLOGIES DEFINED BY TYPE p

Let (E,d) be a metric space and & ,X C F(E). The topology X(p)
generated by the uniformity (&, X, p) is the weakest for which the functions
A — d(A, X) are continuous for all X € X. Writing the condition for these
functions to be lower semicontinuous and upper semicontinuous we get

Proposition 6.1. The topology X(p) on & is generated by the following two
families of set

DX,e)={AdeH|d(4, X) <&}
={AdeA|ANB(X,¢) # o},

EX,e)={AeL|d(4, X) > ¢}
={AeL3a>0:ANB(X, e+ a) =02},

when X € X and ¢ > 0.

When E is a n.v.s., by using Lemma 5.2, it is obvious that &(X,¢) =
{Ae|d(A, B(X,¢€))>0}.

Such generators are specific for “hit and miss” topologies as the classical
Vietoris and Fell topologies (see [Mi, Fe, Ef, Mrl, 2, KT, Ma]). For the topolo-
gies corresponding to M, L, Z (which will be defined later), we indicate the
papers of G. Beer [Bel, 2, 3 and BLLN]; for S see [SoZ1].

When #(E) C X the topology generated by {Z (X, ¢)|X € X, ¢ > 0} may
be described only by the topology of E. O

Proposition 6.2. If X D .7 (E) then the topology generated by {Z(X , ¢)|X € X,
¢ > 0} equals that generated by {{A € Z|ANU # &}U C E, U open}.

Proof. As B(X, ¢) is open, it is sufficient to show that for U C E, U open,
{A e #|ANU # o} = U~ isinthetopology J generatedby {Z (X, ¢)|X € X,
¢ > 0}. For u € U there exists ¢ > 0 such that B(u,é¢,) C U. Thus
U=U,uB(u,e,) andso U" = {de HANU # 0} ={4deX|quelU,
ANB(u, &) # 8} =Upey Z{u}, e0) €I . O

These very simple generators (U~ , U open) are found in the topologies of
Vietoris, Fell, Mosco, L, Z,.... But for X = Z(E) (when E is a n.v.s.),
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dim(E) > 2 (see [SoZ1]) the adequate generators are {4 € Z|AND(p, a) #
@}, where D(p, a)={u€ Elp(u)<a}, ¢ € E'\{0}, a€R.

7. CONVERGENCES OF TYPE p FOR CLASSES
X =% (F) AND X =% (E)

Fisher convergence, Z. This convergence was introduced recently in [Fil,
DaK] and studied in [Fi2, BaP, So2, BLLN, SP, Sh].
Let (E, d) be a metric space.

Definition 7.1. The net (4;)ic; C & (E) converges to 4 € & (E) in the sense
of Fisher, denoted 4 = Z — lim(4,), if

(1) A C liminf(4;),

({2) lime(A4;, A)=0& Ve >0, 3i,,Vi>i,: A, C B(4,¢).

Note that between H, and Z there are, generally, no implications. For
instance, in E = /2, 4, = E,, B,=UNE,: E =27 —1lim(4,) and U =
Z - lim(B,) but (4,) and (B,) are not H,-convergent, while in E = R?,

n={(s, %s)ls € R}, A={(s, 0)|]s € R}, we have 4 = H,-1im(4,) but (4,)
is not Z-convergent.

In the next result we show that Z is exactly % (p); this gives an interesting
theoretical status to Z as the finest convergence of type p. On the other hand,
Z is a possible substitute for H,, as the examples in /2 above show.

Let us denote by U(E, R) the class of uniformly continuous functions f:
E—-R.

Theorem 7.2. Let the net (A;)ie; C F(E) and A € ¥ (E). The following
statements are equivalent:

(1) Z —lim(4;) = A4,

(2) llmﬂ(f& Al) = :u(fa A) for all f € U(Ea R) (Where ,U(f, B) =
inf{ f(x)|x € B},

(3) F(p) —lim(4;) = 4,

(4) lime(A;, X)=e(A4, X) forall X € ¥(E).
Proof. (1) = (2) Suppose that 4 = Z —lim(4;) and take f € U(E, R). From
(¢1), by using Theorem 3.3, we have limsup u(f, 4;) < u(f, A). Suppose
that liminfu(f, 4;) <l < u(f, A). Then J = {i € Ilu(f, A;) <} is cofinal.
For each i € J there exists u; € A; such that f(u;) </.

Consider 0 < & < u(f, A) — 1. As f is uniformly continuous, there exists
0 > 0 such that |f(u) — f(v)| < & for u,v € E,d(u,v) <. By ({2),
there exists i, such that for i > iy we have 4; C B(4,J/2) C B(4,6). As
J is cofinal, there exists i € J, i > ip. For this i/ we get a; € A such that
d(u;, a;) < 0 and therefore u(f, A) < f(a) < f(u;))+e<l+e<u(f,A,a
contradiction. Therefore, u(f, 4) <liminfu(f, 4;). O

(2)=(3). Let XeF(E). As d(-,X)eU(E, R) we have that limd(4;, X)
=d(4, X),ie. F(p)-lim(4,)=4. O

(3) = (1). Once again by Theorem 3.3, we have that ({1) holds. Suppose
that ({2) is not true. Then there exists & > 0 such that J = {i € [|4; ¢
B(A, &)} is cofinal. Thus, for every i € J, there exists a; € A; such that
d(a;, A) > ¢y. Consider X = cl{a;|i € J} € F(E). Then limd(4;, X) =
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d(A,X). As for i € J, d(4;,X) = 0, it follows that d(4, X) = 0, a
contradiction, because d(A4, X) =inf{d(a;, A)jie J} > ¢ >0. O

(2)=(4). For Xe ¥ (E), —d(-,x)€ U(E, R) and therefore lime(4;,X)
= —lim(inf{-d(x, X)|x € 4;}) = —inf{-d(x, X)|x €e 4} =e(4, X). O

(4) = (1). Taking X = 4, we get that lime(4;, 4) =0, i.e. ({2) holds. Let
now a € A. We may suppose that E # {a} and let 0 < ¢ < sup{d(x, y)|y €
E} (>0). Consider X = {x € E|d(x,a) > ¢} # @. Then for B e F(E) we
have e(B, X) = sup,epd(x, X) = SUDxepnpa,e)d(x, X). As lime(4;, X) =
lim(Supye 4,nB(a,e) (X, X)) = e(4, X) > &, there exists i, such that 4; N
B(a,¢e) # @ for i > i.,ie. d(a, A;) < & for i > i,. This shows that a €
liminf(4;). O

Remark. The implication (1) = (3) of Theorem 7.2 is proven in [BaP]; the
equivalence (1) & (3) appears in [BLLN] in a topological framework, as well
as (3) & (4) in [BLu]. The result concerning optimization is new as well as the
proof of the theorem.

Let u € F and Y € F(E). We take p(u,Y) = sup{d(u, v)lv € Y}
and for X € ¥ (E), p(X,Y) = inf{p(u, Y)lu € X} (i.e. the Chebyshev ra-
dius of Y with respect to X); also for X € #(E) we consider 7(X,Y) =
sup{p(u, Y)|u € X} (the common diameter of X and Y).

Corollary 7.3. Let (A;)ic; CF (E) be a net and A € ¥ (E). Suppose that A =
Z —lim(A;). Then limp(A4;, X) = p(4, X) for every X € B(E). Moreover,
if (Ai)ier C B(E) and A € B(E) then lim1(A4;, X) = 1(4, X) forall X €
Z(E).

Proof. It is sufficient to observe that for Y bounded we have |p(u,Y) —
p(v,Y)| < d(u,v) for all u,v € E, and apply Theorem 7.2 for p(-, X)
and —p(-,X). O

Convergence %,(p). When E is an.v.s. it is natural to consider also the class
X = %,(F). We shall see later (in this section) that Z =% (p) and F(p) are
different convergences.

The next result establishes a relation between %, (p) and Mosco convergence,
M . Let us remind that the sequence (A4,),en of nonempty subsets of the n.v.s.
E Mosco converges to A € 2E\{@}, denoted 4 = M —lim(4,) if:

o(E, E') — limsup(4,) C 4 C liminf(4,),

where o(E, E’) — limsup(A4,) = {x € E| there exists (Xx)xex C (An)nen, K
infinite, x = g(E, E’) — lim(xy)} .

Proposition 7.4. Let E be a reflexive Banach space and (Ap)nen C Fr(E),
A€ F(E) forsome R>0. If A=M —1im(4,) then A=5,(p)—lim(4,).

Proof. Let X € #,. As A C liminf(4,), by using Theorem 3.3, we have that
limsupd(4,, X) < d(A, X). Suppose that liminfd(4,, X) <[ < d(4, X).
Then K = {n € N|d(4,, X) < I} is infinite. For every n € K there exist
a, € A, and x, € X such that ||a, — x,|| < /. From the hypothesis we have
that (a,) C B(0, R). As X is reflexive, taking a subsequence if necessary,
there exists a € E such that a = ¢(E, E') — lim,cx(a,). As (a,) is bounded,
also (xp)nex is bounded and o(E, E') — limuex(x,) = x € E . It follows that
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a€ A and x € X. On the other hand, from the weak lower semicontinuity of
the norm, we have |ja — x|| </, i.e. d(4, X) <[, a contradiction. Therefore
limd(4,, X)=d(4,X). O

We shall see in §9 that the converse implication is valid even without bound-
edness of (A4,), but with 4 € %,(E), for general n.v.s.

The next example shows that in general the convergences ¥ (p) and %, (p)
are distinct.

Example 7.5. Let E = 2, A, =[0,e,], A ={0}. Then 4 = M —lim(4,)
and so 4 = %(p) —lim(4,), but (4,) is not ¥ (p)-convergent.

Indeed, it is simple to see that 4 = M — lim(4,), and so, by Proposition
7.4, A = %(p) —lim(4,). But for X = S§(0,1) € ¥, d(A4,, X) = 0 while
dA,X)=1. O

In Proposition 3.4, we showed that every increasing net is convergent for
X(p), but for a decreasing net (A4;) we showed only that, in the case ¥ C X,
if it is convergent its limit is (;c; 4, .

The next result establishes a sufficient condition for the convergence of a
decreasing net.

Proposition 7.6. Let E be a reflexive Banach space and (A;)ic; C F,(E) be a
decreasing net. If there exists iy such that A;, is bounded then A =\ A; is
nonempty and A = %;(p) — lim(4;).

Proof. Because (A;);cs is decreasing, 4 = niZioA"' As A4;, is o(E, E') com-
pact (being bounded and o(E, E’) closed), it follows that 4 # @. From
A C A;, it follows that

d(4, X) 2 d(4;, X)

and therefore d(A4, X) > limsupd(4;, X) for every @ # X C E. Suppose
that for some X € %,(E) we have liminfd(4;, X) < [ < d(A4, X). Let
J={ielli>iy, d(A;, X) < 1}; J is cofinal. For every i € J there exist
a; € A and x; € X such that ||x; —a;|| < /. As (a;)ies C Ai,, (ai)ies has
a o(E, E')-convergent subnet, i.e. there exist a directed set K and ¢: K — J
such that for every i € J there exists k; € K with ¢(k) > i for k > k; and
a=o0(E, E') - lim(a,y)) . Because (a;)ic; is bounded, it follows that (x;)ics
is bounded, too. We may suppose that there exists x = g(E, E') — lim(x,,)) -
Therefore x € X . Let us note that a € 4.

Indeed, let i € I. As J is cofinal, there exists j € J such that j > i. From
the definition of ¢, there exists k; such that ¢(k) > j > i forall k > k;.
Therefore a, ) € A; forall k > k; and so a = lim(a,)) € 4;. Hence a€ 4.
By the lower semicontinuity of the norm we get d(4, X) < |la—-x|| </, a
contradiction. 0O

A similar result one can obtain for (4;);c; C & (E) a decreasing net, where
(E, d) is a metric space, for & (p), if we suppose that the closed balls of E
are compact.

The convergence #;(p), which is strictly weaker than Z , is new. Its restric-
tion to &/ = F;(E) may be interesting for the convergence of nets of nonconvex
subsets of E .
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8. CONVERGENCES OF TYPE p FOR CLASSES
OF CLOSED AFFINE SUBSETS

Throughout this section E is a n.v.s. Before introducing the convergences
announced in the title of the section we remind two convergences.

Scalar convergence, S .
Definition 8.1. The net (4;);c; C Z(E) scalar convergesto 4 € ¥ (E), denoted
A=S8-1lim(4;), if

forall ¢ € E': s4(p) =limsy (¢) (in R), or equivalently:

forall ¢ € §7(0, 1): s4(p) =limsg (),
where s4(p) =supg(A4), i.e. s4 is the support function of 4.

We mention the references concerning S: [Wi, SaW, DBM, He, So2, Be3,
SoZ1, FiL].
We restricted to € (E) because Sx = Sgonv(x) -

Linear convergence, L. This notion was introduced by G. Beer in [Be3] and,
independently, by C. Hess in his thesis [He].

Definition 8.2. The net (A4;);c; C € (E) L-converges to A € #(E), denoted
A=L-1lim(4;), if

A=W —-1lim(4;) and A4=S-1lim(4;).
Next we introduce on & = & (E) the uniformities corresponding to type p and
class X, X being € (E) and classes of closed affine subsets as 77(E), 7;(E),

‘ Z:E), P(E), #Z(E). We may also consider classes of linear subspaces 7°,
Wfo , 7.9, #9. We have the following inclusions:

(¥, ,p)C(¥,%,p)C(¥,7,p)C(¥,%,p)C(¥,%,D),
(Z,S,p)C(¥,7,p)C(¥,7,p)C(¥,¥%,Dp).

The next result was proven in [SoZ1]. We give here another proof.

Theorem 8.3. Let (A;)ic; C €(E) be a net and A € €(E). Then
A=S-1lim(4;) & A =Z(p) —lim(4;).

Proof. Every H € # can be written as H = {x € E|¢(x) = a} with ¢ €

S’(0, 1) and a € R. As for X € Z(E), ¢(X) C R is an interval, we easily get
that

d(X, H)=inf{d(x, H)|x € X} = inf{|p(x) — a||x € X} =d(a, ¢(X)).
Thus
A=X(p)-lim(4;,) & VH € Z: limd(4;, H)=d(A, H)

A,
&Vp eS', VaeR: limd(a, ¢(4;)) =d(a, p(4))

s

aVpeS:p(d)=K-lim(p(4;) (see [SaW])
& S —lim(4;) = A (see [SoZl, Corollary 2]). O

Remark. The convergence S is also defined by another uniformity (see [SoZ1])
nonequivalent to (%, #, p), defined by
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15¢(A B)=|(fosa)e) =~ (fosp)o)l, ¢€S,
where f(t) = 1+|,| teR==I1 for t = +o00.

We may also consider the uniformity (¥ , #, p) to extend S to ¥ (E),
but this uniformity is not separated.

In [Be3, Theorem 3.7], G. Beer showed that the topology corresponding to L
is the weakest on %’ (E) for which the function #x% > (4, B) > d(4, B) eR
is continuous. We show here that L is % (p) on % (E), which is weaker than
the above mentioned result.

Theorem 8.4 (G. Beer). Let (A;)ic; C E(E) be a net and A€ €(E). Then
A=L-1im(4;) if A=%(p)-1lim(4;).

Proof. As ¥ C € and #Z C % the implication “«<” is obvious. Let us show

the converse implication. As 4 = W — lim(4;) we have that 4 C liminf(4;),

and therefore, by Theorem 3.3, d(A4, X) > limsupd(4;, X) for X € #. Let

X e % suchthat 0 <d =d(4, X) =d(0, X—A); therefore B(0, §)N(X—-A4) =

@ . Using a separation theorem (see [Ho]), there exists ¢ € S’ such that

0= sup (o( <inf{gp(x —a)lx e X, ae A} = 1nf(p( ) —s4(p).
u€B(0,d

Let /<d. Then S4(p) <infyex 9(x) — 0 < infyex o(x) —1.

As limsy(9) = s4(p), we get ip such that for i > iy we have s54,(p) <
infyex p(x) -1 & | < inf{p(x —a)lx € X,a € A;} forall i > iy hence
[<||x—a| forall xe X, a€ A;, i > iy, hence | <d(A4;, X) for i >ij.

Therefore, d(A, X) < liminfd(4,, X). As the case d(4, X) = 0 is obvi-
ous, we have that 4 = Z(p) — lim(4;). O

Corollary 8.5. On % (E) the convergences L, (¥ UZ)(p), 7 (p), €(p)
coincide.

It is remarkable that the conjunction of .¥(p), corresponding to closed affine
subsets (c.a.s.) of dimension 0, and #(p), corresponding to c.a.s. of codimen-
sion 1, implies the convergences 7" (p) and % (p). Simple examples show that
convergence corresponding to c.a.s. of dimension n (codimension n — 1) does
not imply the convergence corresponding to c.a.s. of dimension n + 1 (codi-
mension n).

It is interesting to study the convergence S, defined similarly as H, : the net
(4;) c €(E) S,-converges to 4 € €(E) if there exists po > 0 such that for
all p > po, limsyn,u(@) =S4 npu(p) forall ¢ € E' (see Remark following
Definition 4.4).

Concerning the convergences 7;(p) and Z;(p) we give three examples:

Example 8.6. Let E = /2, A, = span{e,}, A= {0}. (4,) does not S-converge
but some computations show that 7;(p) — lim(4, ) =4.

Example 8.7. Let E = /2, A, = {e,}, A = {0}. ) does not W-converge
but 4 =7{(p) - lim(4,).

Example 88. Let E = /%, A, = [e;,en], A =[0,¢], B = {e;}. Then
S —1lim(4,) = A, K —lim(4,) = B and W —lim(4,) does not exist.

The convergences 7;(p) and Z;(p) seem to be new for dim(E) = oo, while
for dim(E) < co we have 7 (p) = Z;(p) = Z:(p) = L.
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9. CONVERGENCES OF TYPE D FOR CLASSES
OF BOUNDED SETS

In this section we are interested by the uniformity (¥ , %, p) when E
is a metric space and by uniformities (¥, %,p), (¢,%Nn%,p), (€, nN
Z#,p), (€, % ,p), (¥, % NE,p) when E isan.v.s.

First let us consider a metric space (E, d). In this case we consider the
uniformity (¥ , %, p). We shall show that the corresponding convergence
% (p) is just the convergence introduced by P. Shunmugaraj [Sh] in his thesis
and then in [ShP] (for n.v.s.). The corresponding topology appears in the paper
of H. Attouch, D. Azé, and G. Beer [AAB]. See also [BLu].

Definition 9.1. Let (E, d) be a metric space. The net (A4;)ie; C & (E)
Z,-converges to A € Z (E), denoted 4 = Z, —lim(4;), if

(93)) A C liminf(4;),
(£,2) VX e B(E), Ve>0, Ji,el, Vi>i,: ANXCB(A,¢).

In the initial definition in [Sh, ShP], considered in n.v.s. for sequences, the
condition ({,2) was given in the form

3py >0, Vp>po, Ve>0, 3ng, YVn>ng: A,NpU C B(A4,¢),

which is equivalent to ({,2) in this context.
Let us note that condition ({,2) is equivalent to

(¢,2)bis for each bounded net(a;)ic; C (4i)icr, limd(a;, A) =0.

Also note that Z, is for Z as H, for H, which explains the notation (in
[SoZ2] we denoted by SP this convergence).

Let us denote by V(E, R) the class of uniformly continuous functions f:
E — R which are inf-bounded, i.e. {x € E|f(x) < a} is bounded for every
a € R, and by W(E, R) the class of functions f: E — R which are uniformly
continuous on bounded subsets and inf-bounded.

Theorem 9.2. Let (A;)ic; C F (E) be a net and A € & (E). Then the following
statements are equivalent:

(1) Z, —lim(4;) = 4,

(2) imu(f, 4i) = u(f, A) for every f € W(E,R),

(3) imu(f, Ai) = pu(f, A) for every f€V(E,R),

(4) F(p)—lim(A4;)=A4.
Proof. (1) = (2). Let f € W(E,R). From ({,1), by using Theorem 3.3,
we have limsupu(f, 4;) < u(f, A). Suppose that liminfu(f, 4;) < | <
u(f, A). Then J = {i € Ilu(f, A;) < I} is cofinal. For every i € J there
exists a; € A; such that f(a;) < /. Let X ={u€ E|f(u) <I}; X € B(E).
Consider 0 < & < u(f, A)—1[. As F is uniformly continuous on B(X, 1):

Ine(0,1), Yu, ve B(X, 1):d(u,v)<n=|f(u) - f(v) <e/2.

From ({,2) there exists io such that for i > i, we have XN4; C B(A,n/2)
C B(A, n), and so there exists a € 4 such that d(a, a;) < n < 1. Moreover
ae B(X,1). Hence
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u(f, A) < fla)< fla)+e<l+e<u(f, 4),
a contradiction. 0O
The implication (2) = (3) is obvious. O

(3) > (4). Let X € #(E) and take f =d(-, X). Then f € V(E,R).
Hence limd(4;, X)=d(A4, X). O

(4) = (1). Taking X = {u} we get that 4 = W —lim(4;) and therefore
({,1) holds. Suppose that ({,2) is false. Then there exist X € % (E) and
gy > 0 such that J = {i € I|X N A4; ¢ B(A, &)} is cofinal. For every i € I
let x; € A;,N X such that d(x;, A) > & and consider Y = cl{x;|i € J} €
% (E). It follows that ¢g < d(4,Y) =limd(4;, Y) =liminfd(4;,Y) =0, a
contradiction. O

Remark. The equivalence (1) = (4) is established independently in [BLu].

Corollary 9.3. Let the net (A;)ic; C ¥ (E) Z,-converges to A € & (E). Then
limp(A4;, X) = p(A, X) for every X € Z(X).
Proof. Apply Theorem 9.2to f=p(-,X)e W(E,R). O

Corollary 9.4. The convergence Z, is weaker than Z and H, but finer than
W .

This result is known (see [Sh, ShP]).

The convergence Z, seems to be, in our opinion, very interesting in the case
of metric spaces, being much finer than W and much weaker than H,. In the
case of n.v.s. there are also other substitutes for H, as we shall see in the sequel.
The results of [Sh and ShP] show its utility in optimization. Let us consider
now the case of a n.v.s. £ and denote by Z(E, R) the class of continuous
functions f: E — R which are o(E, E’)-inf-compact, i.e. {x € E|f(x) < a}
is o(E, E')-compact for all o € R.

Proposition 9.5. Let (A;)ic; CF (E) beanetand A€ F(E).

() If Zy —1lim(A;)) = A € % then limu(f, A;) = u(f, A) forall f €
Z(E,R).

(2) If E is a reflexive Banach space and lim u(f, A;) = u(f, A) for every
f€Z(E,R) then A=Z; —lim(4;).
Proof. (1) Let f € Z(E,R); as A = %, —lim(4;), A = W —1lim(4;) and
so limsup u(f, 4;) < u(f, A). Suppose that liminfu(f, 4;) <l < u(f, 4).
Then J = {i € Ilu(f, A;) <!} iscofinal. Theset X = {x € E|f(x) <[} € Z;.
As d(A;, X) =0 for i € J, it follows that 0 = d(4, X) =d(0, X — 4). But
in our hypothesis X —4e€ % Cc.% sothat 0 e X -4 i.e. ANX #2,a
contradiction. Therefore, u(f, A) =limu(f, 4;). O

(2) Let X € #,. Then d(-,X) € Z(E,R). Thus we get 4 = %, —
limA4;. O

Another result of the same type is

Proposition 9.6. Let (Ay)nen C F(E) and A€ F(E). If A= M —lim(4,)
then u(f, A) =limu(f, A,) for every f € Z(E,R).

Proof. As above we get u(f, A) > limsup u(f, A,). With the notations in the
proof of Proposition 9.5, J is infinite and X € %, . Let a, € 4, be such that
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f(an) <1 for n € J. Taking a subsequence if necessary, we may suppose that
there exists a = o(E, E') — lim,¢s(a,). Then a € AN X, a contradiction. O

Corollary 9.7. Let E be a reflexive Banach space, (An)nen C F (E) and A €
F(E). If A= M —1lim(A4,) then A =%, —lim(4,).

Proof. Take in Proposition 9.6 f=d(-,X)e Z(E,R) for X €. %,. O

Remarks. (1) One can find Proposition 9.6, with a different proof, in [Sh], while
Corollary 9.7 can be found in [So2, Proposition 70; Be2, Theorem 3.3]. The
implication M = W when E is reflexive is proved in {Sol].

(2) Corollary 9.7 is false for %, replaced by % (see Example 7.5) or by
%, . Indeed, take E =2, A, = [0, ne,], A ={0}; A= M —1lim(4,) [Sol,
So2], but for X = {u € E|Y >, tux = 1} € &, we have d(4,, X) =0 and
d(A,X)=V6/n#0.

(3) Corollary 9.7 is also false for E nonreflexive because M does not gen-
erally imply W (see [BoFi, Theorem 2.2(b)], and examples in [BaP, So02]).

The next result states sufficient conditions for Mosco-convergence of a se-
quence.

Proposition 9.8. Let (A,)nen C F (E) and A € F (E). Consider the following
hypothesis:

(a) Ky(p)—lim(A4,) =4 and A€ %,,

(b) (FNZ)(p) —lim(4,) = A and A is convex,

(c) (KeN&)(p) —lim(A4,) = A, A is convex and E is a Banach space.

If (a) or (b) or (c) holds then A = M —1im(A,). In particular & (p), i.e. Z,,
and (B NF)(p) imply M.

Proof. In each of the three cases we have 4 = W —lim(4,) and so 4 C
liminf(A4,). So we must only show that 4 D g(E, E’) — limsup(4,). So let
a=o0(E, E')—lim,cp(a,), where P C N is infinite and a, € 4, for n€ P.
Consider first the case (a). If Q = {n € Pla, € A} is infinite then a € 4.
In the contrary case we may suppose that Q = @. Let X = {a, a,|n € P};
XeZ,. As d(A4,, X) =0 for n € P, it follows that d(4, X) =0. As in the
proof of Proposition 9.5, we get AN X # &, whence ae A. O

Suppose now that (b) holds and a ¢ 4. By a separation theorem, there exists
@ € S'(0, 1) such that g(a) > [ > sup{g(x)|x € A}. As lim,cp ¢(a,) = ¢(a)
we may suppose that ¢(a,) >/ for every n € P. Taking now Y = conv(X),
X from (a), Y e NF . As above we get d(A4,Y)=0. As Y C {x|o(x) >}
and A{x|p(x) < supg(A)} we get also that d(4,Y) >/ —supgp(4) >0, a
contradiction. O

In the case (c), the set Y is even o(E, E’')-compact by the Krein Theorem
(see [DS, p. 434], for instance). The rest of the proof is as in case (b). O

Remark. (a) = M and (c) = M are already known in reflexive setting with
A, , A convex sets [Be2, BP].
The above results give the following:

Corollary 9.9 (G. Beer and D. Pai). Let E be a reflexive Banach space and
A, A, € E(E), ne N. Then: A= M —lim(A4,) iff A= X(p)-1lim(A4,) where
X=Fy or X=F;NE%.
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The convergence %, (p) = (% NF)(p), being between Z, and M , could
be interesting. %, (p) is for &, as F(p),ie. Z,,for F(p),ie Z.

Remark. 1t is not difficult to prove (cf. Theorem 9.2) that for 4, 4, € & we
have
(FNF)p)—lim(4;) =4 iff limu(f, 4;) = pu(f, A)

for all f: E — R convex, inf-bounded, and uniformly continuous on bounded
subsets.

A similar result holds for L and f convex and uniformly continuous.

The next examples point out the differences between some convergences.

Let E be a nonreflexive Banach space. In [BoFi] is constructed a sequence
(4,) € € N %, uniformly bounded, and 4 € €N % such that 4 = M —
lim(A4,), but (4,) is not W-convergent (and not S-convergent, [SoZ1]). That
example shows that even on & = (¥ N.%Z)(E) the convergence M is different
from the convergences studied here as %,(p), (€ N ZF)(p), F:(p), (Zs N
?)(p).

Earlier we had the sequence (4,) with 4, = [0, e,] and 4 = {0} in /2.
In this case 4 = X(p) — lim(4,) for X = %, ZN¥¢, Z,%,, € NF,
convergences that are equivalent to M on /> (which has Kadec property, see
[BoFi]), and also for X = %, but (4,) is not Z, = %(p)-convergent and
therefore it is not Z or H,-convergent.

Even in a reflexive Banach space W does not imply M (see [Be4 and BoFi]).
Hence W does not imply (¥ N % )(p), F#:(p), (Zs N¥)(p) which are finer
than M.

Let E=1[', A4, = [0,e,], A = {0} as in Example 4.5. Consider X =
conv{e;,...,e,...} EENZ . Then d(4,, X) =0 but d(4, X)=1. Thus
(A4,) is not (¥ NZ)(p)-convergent. But (4,) W-convergesto A (Proposition
4.2), for Z (p) = Z,(p), and therefore converges for (Z; N %)(p). In fact in
/' the convergences ., %, N %, and %, are equivalent. On the other hand
in /' M and K are equivalent for sequences and therefore sup(W , M) does
not imply (& N%)(p).

We have no example to show that Z;(p) and (FN%;)(p) are not equivalent.

10. RECAPITULATION

First let (E, d) be a metric space and &% =% (E). In this case, we dispose
of the following convergences H = & (q) = {E}(q) that is finer than H, =
#(q), which is finer than Z, = % (p), which is finer, as its turn, than W =
FL(p)=X(p)=X#(q);atlast Z =5 (p) is finer than Z,.

The relations between them are obtained trivially by comparing their classes
or using the inequality p <gq.

Let now E be an.v.s. On & = @ (E) one has the implications mentioned
in the next figure. Except those concerning M all the implications are trivial
and obtained by comparing their classes or the inequality p < g. We remember
that S =% (p) and L =sup(W, S) =€ (p) = 7 (p). The convergences Z/(p)
and Z/(p) do not appear in this figure. The implications concerning M refer
to sequences, while “<--" signifies that £ must be complete.

When E is a reflexive Banach space and its dual has Kadec property, we
have W = M on Z(E) and so W < M (see [BoFi]).
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T Fp) == F(p) == ¥ (p) === Hp)
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When dim(E) < oo, on #(E), we have H, & Z, & W & K and so only
five different convergences remain H,Z, W, S, L.

When E = R all the convergences, excepting H (A4, = [-n, n]), coincide.
The former assertion is proved by the following examples in E = R?.

Example 10.1.

{2

but does not converge for S, H (and so for Z, L).
Example 10.2.
An={(s,0s<0,t2n(s+ 1)}, A={(s,0)s<0}, B={(s,nls<-1}

(see [Wi, SaW]). We have 4 =S —lim(4,) and B = W —1lim(4,). So S does
not imply L or Z.

seR}, A={(s,0)seR}, A=H, —lim(4,),

11. COMPLETENESS FOR TYPES p AND ¢

The problem of the completeness of (&, X, q) is solved, using general re-
sults from [Bou3], where the problem of metrisability of the induced topology
is also solved. For H, see [ALW, Lul, Be5].

The semimetric spaces (& , X, p) are not, generally, complete, as we shall
see in the sequel. We consider only the case ¥ C X when the limit is unique
if it exists, and only the sequential completeness.

Note that the sequence (4,) C & is Cauchy iff (d(4,, X)) is convergent
in R forevery X € X. Thus (&, X, p) is sequentially complete iff for every
sequence (4,) C & such that (d(4,, X)) is convergent in R forevery X € X
there exists 4 € & such that limd(4,, X) =d(4, X) forevery X € X.

The next example shows that (&, X, p) is not complete for ¥ C & and
L CcxXcx.

Example 11.1. E =1%, 4, ={e,}. Forevery u € E, d(u, 4,) = |lu —ex| =
(Jlul|* = 2(ulen) + 1)'/2 = (Jlu||? + 1)1/2, but (4,) is not #(p)-convergent.

Note that W can be described by a complete uniformity (in fact Polish)
when (E, d) is a Polish space (see [LeL, Be6]).

An interesting problem concerning the convergences X(p) is to find com-
plete uniformities, whose convergence be X(p), when (E, d) is complete. The
answer is known for W (loc. cit.) and for S (see [DBM, SoZ1]).
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In order to show that (&, X, p) is not complete it is sufficient to construct
an increasing sequence (4,) C & such that cl({J,cn4x) is not in & or a
decreasing sequence (4,) C % such that (), .n4» # @ and (4,) does not
converge to A. The following examples use these criteria.

Example 11.2. Let E be an.v.s., 4, = {0} U{x|||x|| > n}. (A4,) is decreasing
with (,cn 4n = {0} = 4, but taking Xo = {Ay|A > 1}, y #0, d(4,, Xo) =0,
d(A4,X) =yl # 0. Thus (&, X, p) is not complete for &/ = & (E) and
X3 Xp.

Example 11.3. Let E =R, 4, =[-n, n]. (4,) is increasing and ,cn 4n =
R. Thus (&, X, p) is not complete for &/ D Z N% with R ¢ & and
KL CX.

Example 11.4. Let E =[?, A, =conv{e,, €ns1,...}. (Ay) is decreasing and
Nnen4n = {0} = 4, but d(4,, S) = 0 while d(4,S) =1. Thus (&, X, p)
is not complete for & D %, N%, S=50,1)eXx (O%).

Example 11.5. Let E = [>, A, = E}. (A,) is decreasing and (,cn4n =
{0} = 4. For X c 2,
d(4, X)= inf llxll, d(dn, X) = inf |x = (x = PaCe))| = inf 1P, ()11

Then for X = {ne,ln > 1} € # we have d(4, X) = 1, while d(4,, X) <
|Pe((n + 1)eps1)]l = 0. Thus (&, X, p) is not complete for & D 7; and
X0%.

If E is a finite-dimensional n.v.s. there are only five distinct convergences:
H,Z,W,S, L, the last two referring to convex sets. There are known results
concerning the completeness of H, W (loc. cit.) and S, L [DBM, SoZ1]. The
next result refers to the convergence Z .

Theorem 11.1. Let E be a finite-dimensional n.v.s. and (A,) C B (E) be such
that (d(A,, X)) is convergent for every X € F (E). Then there exists A €
F (E) such that A=Z —lim(4,).

Proof. Taking X = {0} we get that (d(0, 4,)) is convergent and therefore
bounded. For every n take a, € A4, such that ||a,|| = d(0, 4,). As (an) is
bounded, it has a convergent subsequence. Therefore 4 = limsup(4,) # @.
Let a € A, then (d(a, A,)) is convergent and liminfd(a, 4,) = 0, whence
limd(a, A,) =0 and so A C liminf(4,). Hence 4 = K —lim(4,). Suppose
that (A4,) does not Z-converge to A, i.e. ({2) does not hold. Then there
exists ¢ > 0 and P C N infinite such that 4,\B(A4, 2¢) # @ for n € P.
Let us take D, = A,\B(4, ¢) for n € P. Our aim is to construct X € &
such that (d(A4,, X)) is not convergent. Let a, = inf{||u|| |4 € D,} and B, =
sup{|lu|||lu € D,}. As A, is bounded, B, < co. We have that lim(a,) =
oo ; otherwise (a,) contains a bounded subsequence, and consequently there
exists (Un)neg C (Dn) (Q C P, Q infinite) such that (u,),cp is bounded. As
dim(E) < co we may suppose that there exists u = lim,¢o(u,) . It follows that
u € A, contradicting the fact that d(u,, 4) > ¢ for every n € Q. Taking a
subsequence if necessary, we may suppose that for every n € N we have

A,\B(A4,2) # 2, Dn=As\B(4,¢) and anp12fa+1.

It follows that B,—1 < Bn1 +1 < ap < Bn < a1 — 1 < apyy 1€ (an)
and (B,) are (strictly) increasing sequences. For every n € N there exists
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U, € A,\B(A, 2¢). Let us take X = cl{uy, ug, ..., sy, ...} € & . Thus
d(Ay., X) =0 forevery k € N and d(Ax, X) = inf{d(uan, Agey1)|n > 1}.
But Ayiy = (Aoky1 N B(A4, €)) U Dy, whence

d(uzn , Asyr) > min{d(uzn, B(4, €)), d(u2n, Daxs1)}
> min{e, d(uzn, Dyxy1)} > min{e, 1}.
Indeed, ajz, < |[uznll < B2n and for u € Dyyy, agieyr < |l < Pok+1 » Whence

for 2n > 2k + 1, ||uzgn — u|l > |lu2nll — llull > a@zn — Paks1 > 1, while for
2n <2k +1, ”u2n - u” 2 “u” - ”u2n“ 2 0ky] — ﬂ2n >1.

Therefore (d(A4,, X)) is not convergent, a contradiction. Hence Z —1im(4,)
=A. O

Note that the above result does not state that (&, ¥ , p) is sequentially
complete (see Example 11.3).

12. SEMICONTINUITY AND CONTINUITY OF
SOME OPERATIONS WITH SUBSETS

For &/ Cc ¥ (E) and X C # (E) one can be interested in continuity prop-
erties of operations like (4,B) — AUB, (A4,B) —» ANB, A~ ANC,
A ®(A) (where ®: E — F is continuous), and for £ an.v.s., 4 — conv(4),
(A,B)— A+ B, (A, A)— AA.

In Theorem 3.3 we obtained that if 4 C liminf(4;) then limsupd(4;, X) <
d(A, X) forall X € ¥ (E). Let us call this property Z* upper semicontinuity
(u.s.c.). We have the following simple implications:

(1) If ®: E — F is continuous, with E, F metric spaces and A4;,
Ae F(E), ACliminf(4;) then ®(4) C liminf(P(4;)).

(2) If E isan.wvs. and 4;, 4, B;, B € ¥ (E) such that 4 C liminf(4;),
B C liminf(B;) then cl(4 + B) C liminfcl(4; + B;).

(3)If E isan.v.s.and 4;,, A€ F(E), A;, A € R such that 4 C liminf(4;)
and lim(4;) = 4 then A4 C liminf(4;4;).

(4) If E is an.v.s. and A4;, 4 € F(E) such that 4 C liminf(4;) then
conv(A) C liminf(conv(4;)) .

(5 If E isanvs.and C, 4;, A€ ¥ (E) are such that 4 C liminf(4;) and
ANint(C) # @ then ANint(C) C liminf(4; N C). Moreover, if 4 and C are
convex we have AN C C liminf(4;NC).

In proving the above statements one must take into account that liminf(4;)
is always closed and it is convex when A4; are convex. Moreover for (5) one can
use that for 4 and C closed convex sets such that 4 Nint(C) # @ we have
ANC =cl(4Anint(C)).

We give two proper continuity results.

Proposition 12.1. Let E be a metric space. Then the map (A, B) —» AUB from
(F(E),X,p)x (F(E),X,p) to (¥ (E), X, p) is continuous.

Proof. Let (4;), (Bi) C F(E) be X(p)-convergent to A, B € ¥ (E), respec-
tively, and X € X. Then

limd(4; U B;, X) = lim(min{d(4;, X), d(Bi, X)})
= min{limd(4;, X), limd(B;, X)}
=min{d(4, X),d(B, X)} =d(AUB, X).
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Proposition 12.2. Let E be a n.v.s. and the family X such that #(E) C X C
HB(E) and AX € X for every A >0, and X € X. Then the map (A, A) — AA
from (0, 00) x (F(E), X, p) to (F(E), X, p) is continuous.

Proof. Let (A;) C #(E) X(p)-converges to 4 € ¥ (E) and (4;) C (0, o0),
lim(4;) = 2 € (0, ). As ¥ C X we have that 4 C liminf(4;) and so
AA C liminf(4;4;), which implies that limsupd(4;4;, X) < d(A4, X) for
every X € X. Let now X € X be fixed, x € X and a; € 4;. Then

Aid(Ai, X) = 1A= A Sup lxll < Aillai = x|l = |4 = Adf llx|
X

< ||Aiai — Aix — Ax + Aix|| = ||dia; — Ax]|,

whence
},id(A,' , X) - |/1 - /1,| sup ”X” < d(l,'A,' s ).X) .
xeX

Therefore Ad(A, X) <liminfd(4;4;,AX). As Ad(4, X) =d(A4, AX) and
AX € X we obtain that d(A4, X) < liminfd(4,4;, X) for every X € X.
Therefore X(p) —lim(4;4;) = A4.

See [Be3] for a result concerning L.

The above result shows that the map (4, 4) — A4 is Z,-continuous. This
statement is not true for Z.

Example 12.1. Let £ = R?, 4 = {(s, t)|t > s?} and 4, = 1 + 1: (1,4) does
not Z-convergeto 14 =4.

Indeed, for A > 1, e(A4, A)=c0. 0O

13. CONCLUDING REMARKS

Throughout the paper we considered only two types, p and ¢, and various
classes X. We showed that a rich family of set convergences can be obtained
in this way, the most part of known convergences being among them.

To the natural quantities in the metric space (E,d) :d(x,Y),d(X,Y),
e(X,Y),h(X,Y), p(x,Y), p(X,Y),7(X,Y) and

k(X,Y)=max{p(X,Y), p(Y,X)} (x€E,X,YeF(E)),

besides px(A, B) and qx(A, B) we can also consider for (4, B) € & x %,
XeXx,

(A,B)_suplp(x A) — p(x, B)| (¥ CH,XCHF),
rx(4, B) = IP( X) - p(B, X)| & CcF ., xCcX),
ry(4, B) =|p(X, 4) — p(X, B)| & CE,XCH),
sx(A, B)=le(4, X)—e(B, X)| (K CH,XCHF),
sy(4, B) =le(X, A) —e(X, B)| (¥ CcF,XCH),
tX(A,B)_|r(A,X)—r(B,X)l (& CB,XCB).

Using the well-known inequalities |d(x, X)—d(y, X)|<d(x,y) (X e€¥),
lp(x, X)=p(y, X)| <d(x,y) (X € &) which are direct consequences of the
triangle inequality, we get

px<qx<h, ry<dy<h, sx<h (Xe¥5),
rx<h, sy<qx, tx<qy (XeXB).
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As for p and ¢, corresponding to types ¢, r, r', s, s’, t we obtain uniformi-
ties and set convergences. We remark that Hausdorff convergence is the finest
among them. As in §3, for #(E) C X we get that X(r) and X(s’) are finer
than W and so they are separated. If &/ C X then (&, X, 5) is separated,
too. Note that, generally, (&, X,r), (¥, X,t), (¥, X, q') are not sepa-
rated, even for E = R?, & = Z(E)N%(E), F(E) C ¥, as the following
example (due to B. Le Gac) shows: take |(&, n)|| = || + ||, 4 = B(O, 1),
B=[(-1,0), (1, 0)]; then p(u, A) = p(u, B) Yu e R2.

Remark that the distal topology, introduced in [BP] for £ an.v.s. and & =
€ (E), X = %(E), is induced by (&, X, r). We also note that [Z(s’) and
#(s) & Hon & = B(E), Z = F(r) on F(E) (see Corollary 7.3.),
Z = %#(t) on Z(E) (Corollary 7.3), Z & F(s) on Z(E) (Theorem 7.2),
Z, = %H(r) on F(E) (Corollary 9.3), H, = #(s') on F(E), and if 4 =
A (s') —lim(4;) then e,(4, 4;)=0.

We hope that some of these types will be useful in the study of set conver-
gences. After the paper was submitted, several interesting results were obtained
for the convergence induced by (' N%Z)(p) on € by G. Beer in [Be7, 8]. He
calls it the slice convergence. Being equivalent to Mosco convergence in reflex-
ive Banach spaces, it seems that it is the most appropriate substitute for Mosco
convergence in general normed spaces.
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