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ON CONTINUOUS CONVERGENCE
AND EPI-CONVERGENCE OF RANDOM FUNCTIONS

Part I: Theory and Relations

SiLvIA VOGEL! AND PETR LACHOUT?

Continuous convergence and epi-convergence of sequences of random functions are cru-
cial assumptions if mathematical programming problems are approximated on the basis
of estimates or via sampling. The paper investigates “almost surely” and “in probability”
versions of these convergence notions in more detail. Part I of the paper presents definitions
and theoretical results and Part II is focused on sufficient conditions which apply to many
models for statistical estimation and stochastic optimization.

Keywords: continuous convergence, epi-convergence, stochastic programming, stability
" AMS Subject Classification: 90C15, 90C31, 60B10

1. INTRODUCTION

Often a decision maker has to deal with a programming problem which contains
unknown parameters. Then, usually, he will estimate the parameters and solve the
surrogate problem obtained in this way. And he hopes that the solution of the
surrogate problem is a good approximation to the solution of the true problem.
Thus there is a need for conditions ensuring that this hope is justified, conditions
on the form of the true problem and on the behavior of the estimates.

There are many papers dealing with the approximation of mathematical pro-
gramming problems. Especially stability theory of parametric programming and the
theory of epi-convergence yield a lot of helpful results (cf. [1, 4, 16]).

When the surrogate problems are random - as in the case of estimated parameters
— additional considerations are necessary to adopt the deterministic results to the
random setting,.

This problem was — for the almost surely case — mainly dealt with in the frame-
work of stochastic programming and Markovian decision processes. Meanwhile a lot

1The research has been partially supported by Deutsche Forschungsgemeinschaft under grant
No.436TSE113/40.

2The research has been partially supported by the Ministry of Education, Youth and Sports of
the Czech Republic under Project MSM 113200008 and by the Grant Agency of the Czech Republic
under grant No.201/02/0621.
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of qualitative and quantitative results are available (cf. [2, 3, 7, 8, 10, 13, 14, 15, 17,
19, 20. 21, 22, 25, 26, 28, 29, 30, 31]).

The methods of investigation are usually adjusted to the special framework. For
instance the approximation of the true probability measure by the empirical measure
based on independent samples or the availability of consistent estimates are often
employed.

But there are also many problems where weakly consistent estimates or dependent
samples are only accessible. Then, mostly, one cannot deal with the a.s. setting, and
one may ask for weaker convergence notions such as (semi)convergence in probability
for optimal values and optimal solution sets.

In [11, 12, 26] special large deviations results are given, which offer the possibility
to derive statements on convergence in probability. General stability statements in
terms of convergence in probability are proved in [27].

The similarity of the results in [27] to the “almost surcly” case gave reason to
consider the relations between convergence almost surely and in probability in more
detail. The investigations are done for one-sided forms of epi- and/or continuous
convergence. The results can be combined in several forms to derive statements for
epi-convergence or continuous convergence as well.

When approximating optimization problems with constraints, in general, it is not
necessary to impose convergence of the objective functions on the whole domain.
Therefore we consider convergence restricted to a convergence region X.

We prove equivalent characterizations for so-called lower (or upper) semicontin-
uous approximations and epi-upper approximations almost surely at X which pave
the way for the examination of the connections between convergence almost surely
and in probability. They show immediately that the different notions for convergence
almost surely imply those for convergence in probability. Furthermore, it is clari-
fied to what extent convergence in probability can be characterized by convergence
almost surely of subsequences. Roughly spoken, if lower or upper semicontinuous
approximations are considered on the whole domain and for epi-upper approxima-
tions, convergence in probability is eciivalent to the fact that each subsequence
contains a subsequence which converges almost surely in the sense under considera-
tion. However, this is no longer true if semicontinuous convergence is restricted to
a non-trivial subset X.

The connection between epi-convergence of a sequence of functions and the be-
havior of corresponding minimal values and sets of “argmins” is well investigated
and utilized in many papers on stability in stochastic programming. Implications
which may be drawn if half-sided approximations only are assumed are scattered in
the literature (cf. [4, 16, 27]). In order to make the present paper self-contained,
corresponding results are proved independently.

2. DESCRIPTION OF THE CONSIDERED PROBLEM

Let a complete probability space [2, A, P] be given and suppose that a random
optimization problem
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(PPo) Lhin fo(z,w)
is approximated by a sequence of surrogate problems
(PPn) min fp(z,w), neN, weN,

z€l, (w)
where T'| 2 = 2%, n € Ny := NU {0}, denotes a multifunction with measurable
graph, i.e. Graph I'; € A ® ¥?, and the function f,| R? x @ = R, n € N, is
supposed to be (£ ® A, T)-measurable. Here ¥ denotes the o-field of Borel sets
of R and ¥ is the o-field of Borel sets of R, i.e. generated by ¥ and {+00}, {—oc0}.
Consequently, ¥ denotes the o-field of Borel sets of RP.

Although our main interest is in deterministic original problems, which are ap-
proximated relying on estimates, we here allow for random original problems in order
to show that the relations between the convergence notions under consideration also
hold for random original problems. Furthermore, random original problems occur if
one deals with stochastic processes.

We usually write the “full” form f,(z,-) instead of f,(x) for random functions
(and fn(z,w) for the realizations), because we sometimes deal with random functions
and deterministic functions simultaneously and hence have to distinguish clearly
between them.

The constraint set I';, may be specified by inequality constraints:

[n(w) = {z € R?| g¢(z,w) < 0,5 € J}, where the functions
gl | R?P x @ = R, n € Np, j € J have to satisfy the same measurability conditions

as fn, J is a countable index set.
By fn we denote the modified objective functions

frlz, w) = { fa(, w) itz € Palw), (2.1)

400 otherwise.

Having graph of T, measurable, the function frn is (Z? ® A,X)-measurable. Ob-
viously, f. can be regarded as a modified objective function. Therefore, in the
following, we shall introduce continuous convergence, epi-convergence and a concept
of approximations (almost surely, in probability or in the deterministic sense) for
the functions f,, n € N.

3. ALMOST SURE CONVERGENCE OF RANDOM FUNCTIONS

Let us start with deterministic functions.

Definition 3.1. Let {hn, n € No} be a family of deterministic functions
hn|RP = R. By EL,hs(z0) we denote the epi-limes inferior of (hn)nen at 2o € R?
and by EL*hy(xo) the epi-limes superior:

.__ .. inf ho(2), 1
ELihn(eo) i= sup Emil Jof hnl@) 3.1
EL*hn(z0) = sup limsup in‘f/ hn(z). (3.2)

VEN (zo) n—+00 z€
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(We denote by .M (o) the neighborhood system of zg.)

These two limits can be equivalently described using convergent sequences.

Lemma 3.1. Let {h,, n € Ny} be a family of deterministic functions h,| R? — R.
Then

n—-+o0o

|
|
|
|
|
liminf hy(z,) > EL.h,(zo) for each sequence z,, - ¢ and (3.3):|
there is a sequence £, — zo such that liminf h,(#,) = EL.h,(z0), l‘l
n—+o00 |

|

|

|

limsup hp(zn) > EL"h,(xo) for each sequence z, = o and (3.4)

n—+o00

there is a sequence &, — zo such that limsup h,(%,) = EL*h,(xo).
n—-o00
|

The epi-limes inferior and the epi-limes superior of a sequence of functions provide |
us with a powerful tool for the problem (/P,) investigation. Let us define notlons‘
convenient for our task. The notation was chosen because of the close relationship |
to the lower semicontinuity of a function of two variables, see [10], [16]. |

Definition 3.2. A sequence (h,)nen satisfying the inequality
ELthn(-’EO) Z ho(IEo) (35) :

at a point zg will be called a lower semicontinuous approximation to hg at zo, we
shall abbreviate this property by h,, ﬁ ho.
Io

Definition 3.3. A sequence (h,)nen will be called an upper semicontinuous ap-

proximation to hg at ¢ | h, ﬁ)ho) if (3.5) is satisfied for {—h,, n € Ng}.
To
Definition 3.4. A sequence (hp)nen fulfilling the relation
EL"hnp(z9) < ho(zo), (3.6)

(hn)nen is called an epi-upper approximation to hg at xg (h,. _iﬁ'__‘}’_” >

Definition 3.5. A sequence (fzn)néN with h, {—l}> ho and h,, {—u}> hg is contin-
o To
uously convergent to hg at zg (hn ﬁ) ho> , and a sequence satisfying (3.5) and
Zo

(3.6) is epi-convergent to hgy at zg (hn {epi} ho
Zo

The above definitions are formulated for single points, only. Using a natural idea
we can extend them for subsets of RP.
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Definition 3.6. For X subset of RP, we define

B —)‘(> ho < Vzg€X: hn {I—'o}> ho, @
B %) hoy <= Vro€X: h, {Tt}” ho, (3.8)
ha % he <= Vzo€X: hy %} ho, (3.9)
B —;> ho <<= Vzo€X: hn {—"}> ho, (3.10)
hn 7) hy < Vzo€eX: h, W ho. (3.11)

The lower semicontinuous approximation is connected with continuity of a func-
tion.

Definition 3.7. Let X C RP. A function h| R? — R is called

lower semicontinuous (Ls.c.) at X < Vzo € X : EL,h(zo) > h(zo)
(or equivalently h —)L) h);

upper semicontinuous (u.s.c.) at X < -—hisls.c. at X;

continuous at X being both l.s.c. and wu.s.c. at X

(or equivalently h < h);
lower semicontinuous (l.s.c.) on X = Vzo € X
Ry RO &P 1) 2 o)
upner semicontinuous (u.s.c.) on X < -—hisls.c. on X;

continuous on X being both l.s.c. and u.s.c. on X.

The above defined approximations are closely related to stability of optimal value
and optimal solutions of an optimization problem. They provide a deeper analysis
of the stability problem than epi-convergence itself.

Definition 3.8. For a deterministic function h| R? — R we denote
=i 12
o (h) = inf, h) (312)

and for each @ € R we deﬁne

levelc,kh) ={z€eRP:(z)<a} and ¥(hja)= ﬂ clo (levels(h)). (3.13)
>a
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Definition 3.9. For a couple of non-empty sets A, B C RP we consider distance
between a point @ € 4 and ‘Lo st 77 given by

1 . ’-2 - Ilf d 1, b 1 1
( I ! ) 1 B p (l ) ('3 )
alld t}lf. €excess fl()”l thf S("t A“l to [h(‘ SC( B (leﬁn(d b)

excess(A4, B) = supd, (a, B), (3.15)
a€A

where d, denotes the Euclidean distance in RP.

For convenience, we set excess(@, B) =cxcess(, 9) =0, excess(A, §) = +oo0.

If the functions depend on random eclement the setup of approximations can be
naturally combined with the almost sure validity.

Definition 3.10. Let {f,, n € Ny} be a family of functions f,| R? x 2 = R. Then
the sequence (f,)nen is said to be

i) a lower semicontinuous approximation almost surely to fo at X

(notation f, l'%) fo)if P {w s fa( W) Tl(-)fo('» w)} =1,

i1) an upper semicontinuous approximation almost surely to fo at X

. -as. . l-a.s.
(notation f, % foy if —fn %} —fo,

iii) continuously convergent almost surely to fy at X
. a.s . l-a.s. -a.s
(notanon fn __Y‘_’f(l) if (fnT’fO)/\ (fn_u—;,:_)f())v

iv) an epi-upper approximation almost surely to fo at X

(notation f, -ﬂ:_—”% fo)if P {w : fale, W) —E%i(-—u+fu(-, w)} =1,

v) epi-convergent almost surely to fy at X

. epli-a s . I-a.s. epi-u-a.s.
(notation fy, ———x——> fo)if (fn %) fo) A (fn ——)——‘—-——) fo).

The set X plays the role of the “convergence region”, because, in general, we do
not need (especially continuous) convergence on the whole R? (¢f.[27]); Theorem 3.6
is showing that. Epi-convergence almost surely as dealt with by [23, 24] corresponds
to our definition with X = R”.

The following propositions gather up equivalent characterizations of the lower
semicontinuous approximation a.s. and of the epi-upper approximation a.s. They
will be latter employed to introduce the setup of approximations in probability.
Partly Propositions are inspired by the results in [23]. The mentioned characteriza-
tions are valid for closed convergence regions, only. Thercfore, we make the following
agreement.
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Agreement. In the sequel, the set X is always assumed to be a closed subset
of RP.

Let Epi fn(-,w) denote the epi-graph of f,(-,w). Under our measurability condi-
tions the multifunction Epi f,, has a measurable graph.

We denote the set of all compact subsets of R? by CP and the a-neighborhood of
X by Uy X = {z € R?| ylg)f( d(z,y) < a}. By U,X we denote the closure of U, X.

The lower semicontinuous approximation a.s. and the epi-upper approximation
a.s. possess an helpful equivalent description which enables their extension ‘in prob-
ability’ sense. For that purpose we establish two auxiliary sets.

Definition 3.11. For a couple of functions £, g| RP x  — R we abbreviate

Die(f, g, Xw) == (cloEpif(-,w)ﬂ[U%XxR]) \U€<Epig(-,w)ﬂ[X><R]), (3.16)
He(f, 9, Xsw) = (cloEpig(,w) N[X x R]) \ U:Epi f(:,w). (3.17)

Briefly, the set D, .(f, g, X;w) contains each cluster point of the epi-graph of f
with argument in U 1 X, but with distance at least € from the epi-graph of g restricted
to X. The set H(f,g, X;w) contains each cluster point of the epi-graph of g with
argument in X, but with distance at least € from the epi-graph of f.

To avoid any misunderstanding, let us note that “limsup”, “liminf” and “lim”
for sets are used in the sense of Kuratowski. The limits in the set-theoretical sense
will be denoted by “Limsup”, “Liminf” and “Lim”.

Theorem 3.1. Let fo(-,w) be Ls.c. on X for almost all w. Then

(Fa 222 £o) (3.18)
Vzo € X Y(zn)nen with z, — o :
limsup (Epi fn(-,w) N [U1 X X R]) C
o |Plw: 13t =1, (3.20)
C (Epi fo(,w) N[X x R])
i ifn(s Ui X xR]) C
& [Plw: h?H;l';Efp (cloBpi fu( ) N U3 X R = 1) , (3.21)
C (Epi fo(-,w) N[X x R])

& |Ve>0 VKeCP': lim P U {w:Dse(fm, fo, Xw)NK#0} 0= 0

= +o00 m>n
Y

(3.22)
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Proof. The equivalence between (3.18) and (3.19) follows by (3.3), (3.5) and
(3.7).
Assuming X to be a closed set we obtain

Epi EL.fo(-, w)N[X xR] = limsup Epi f,(-, w)N [U+X x R]
n—+4oo
=400
= limsup cloEpi fu(-, w)N [U%X x R] Vwe N
n— +oo
l— 4o

and, consequently, (3.19) & (3.20) & (3.21).
To prove the equivalence of (3.21) and (3.22) we make use of the corollary 4.11(b)
and Theorem 4.10(b’) in [18]. These two relations are giving a chain of equivalences

=400

(lim sup G C Go) =S (VE >0: nl_{rp (Gri \ UeGyp) = (0)

& (VeeQuVreQrtiVreQy: 3ne3leVn>ngVi>lo : (G \ U.Go)NU{z} =0)

provided Gn;. Go are closed subsets of RP*!. The symbols QP*! and Q; denote
the rational numbers of RP*! and R, , respectively.

The sets cloEpi fn(-, w)N [U—%X x R] are closed by definition and the set
Epi fo(.,w) N [X x R] is closed a.s. since fy is l.s.c. on the closed set X.

Thus, we have

(3.21) &

P  Vee Q4 Ve QP! Vre Q4 : 3ng(w) Jlo(w) _
< ( “: Vn > no(w) VI > lo(w) : Die(fny fo, X;w)NU{z} =0 } - >
o <P {UJ : I e€eQ4 3z € Qp+l Ir € Q4 : Vno(w) Vlo(u)l_ } _ 0)

In > no(w) N> lo(w): Die(fn, fo,X;w)NU{z} #0

& (P{} U U U N U {w: DI,E(fn,fo,X;w)ﬂUr{x}#@}ZO).

€€Qy zeQrt! reQy no,lo€N "‘§"‘0
20
The multifunction w — Dy (fp, fo, X;w) is possessing measurable graphs since
the functions f, and fo are measurable. According to Proposition 8.4.4. in [6], the
set {w : Die(fn, fo, X;w)NU Az} # 0} belongs to A because we assume a complete
probability space. Therefore, we can prolong the chain of equivalences.

Vee Q) Vz e QP! VreQy:

© Jim PO U {w: D.,E(fm,fo,x;w)nﬁr{z}#0}} =0
& (3.22). O

Continuity of the function fo simplifies the statement (3.22).
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Proposition 3.1. Let fo(-, w) be continuous on X for almost all w. Then
I-a.s.

(fn‘_—")fo)
VK € CP .

Plw: : =1 (3.23)
l}gligf e 4 (yeg}}f{z}fn(y,w) - fo(w,w)> >0

=4

Proof. The formula (3.23) evidently implies the statement (3.19). We have to
show the reverse implication, only.

Let w € Q be fixed and such that fo(-,w) is u.s.c. on X and suppose that there are

€ > 0, K € C? and sequences (nk)ken, (Ik)ken, (Tk)ken, (Uk)ren with 2, € X N K,

Ye € Up{zi} and fn,(yx, w) — fo(zk, w) < —e. W.lo.g. we can assume that
k

zp — o € X N K. Since the function fo(-, w) is u.s.c. on X, we receive

lim inf fn, (yk, w) < liminf fo(zk, w) — € < limsup fo(zk, w) — € < fo(zo, W) — ¢
k—+o00 k—+o00 k—400

and, therefore, EL, fr(.,w)(zo) < fo(zo,w). a

Proposition 3.2. Let fo(-, w) be continuous at X for almost all w. Then

(fn _l—a‘i”)fo) <

(P {w :VK € C? liminf 1;1f (fn(z,w) = fo(z,w)) > 0} = 1) . (3.24)

Proof. We shall show that (3.19) is equivalent with (3.24).

i) Let w € Q be fixed and such that fo(-,w) is u.s.c. at X and suppose that there
are ¢ > 0, K € CP and sequences (ng)ken, (lk)keN, (Tk)reN with zj € U1 XNK
and fn, (Tk, w) — fo(zk, w) < —€. W.Lo.g. we can assume that zx — zo E XNK.
Since the function fo(-, w) is u.s.c. at X, we receive

liminf fp, (zk, w) < llmlnffg(:ck, w)—e< hmsupfo(zk, w)—¢ < folzo, w) —e¢.
k—+o00 k—+o00

ii) Now, suppose that fo(-, w) is L.s.c. at X for a fixed w € {2 and that there are
an o € X, a sequence (Tn)nen With £, = Zo, and an € > 0 such that

lim inf fn("vn) LU) < fO(an w) — €.
n—-+o00
Because the function fo(-, w) is l.s.c. at X we obtain

lim inf (fa(n, ) - fo(@n, w)) < liminf fo(zn, w)+lilﬁi‘£(’f0(xn, w))

n—r

< folzo, w) ¢ ~ liminf fo(zn, w) < —e.



&4 S. VOGEL AND P. LACHOUT

Consequently for A := U, {xo}, we re(‘eive mf (f,,(x w) = fo(z, w)) < —¢.

[m]

It is well-known that continuous convergence is equivalent to uniform convergence
on compact sets if the limit function is continuous [9], Propositions 3.1 and 3.2 reflect
this fact in our setting.

Theorem 3.2. Without any additional assumption

epi-u-a.s.

(f fo) ‘ (3.25)

Vzo €.X 3(rn)nen with z, = ¢ :
& | Pquw: limsup fn(zn, w) < fo(zo, w) (=1 (3.26)

n—+oo

{ liminf Epi fn(:, w) D Epi fo(-,w) N[X x IR{]} = 1> (3.27)

n-—+o00
n—+oc

~

n—+o0

< < { lim mf cloEpi fn(-, w) D cloEpi fo(,w)N[X x R]} = 1> (3.28)

Ve>0 VKeCP™' :  lim P{U{w:'HE(fn,fo,X;w)ﬂK;é(b}}:
m>on

(3.29)

Proof. The equivalence between (3.25) and (3.26) follows by (3.4), (3.6) and
(3.9).

The statements (3.26) and (3.27) are equivalent because of

Epi EL* f,.( ,w)ﬂ[X’xR]_—hmmeplfn , wN[X xR] VY, €N

Employing the corollary 4.11(a) in [18] and Theorem 4.10(b’) in [18] for G,
arbitrary subsets of RP*!, we receive the following chain of equlvalences

(liminf GnD GO) = (lim infcloG,, D clo Go)

n—+ac n—+o0o

& (Ve >0: lirf (cloGp \ Ueclo G,,) = (0)

& (Ve >0: HT (cloGo \ U.Gp) = 0)
& (Ve Q! VreQyq:3ng Va2 ng: (cloGo\UeGn)NU {z} =10).

Consequently, (3.27) < (3.28) < (3.29) follows by considerations similar to those
in the proof of Theorem 3.1. ]

Note that the equivalent characterization (3.26) implies that pointwise conver-
epi-u-a.s. f

gence a.8. of (fn)neN to fo at zo is sufficient for f, o)
Zo
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Under additional assumptions the lower. semicontinuous approximation a.s. and

the epi-upper approximation a.s. imply convergences of optimal values and optimal
solutions.

Theorem 3.3. Let {fn, n € No} be a family of functions f,| R? x @ = R and
A C RP be such that xnelg fo(z,w) = ¢ (fo(.,w)) for almost all w € Q.

If fn

epiuas fo then limsup ¢ (fr(.,w)) < ¢ (fo(.,w)) for almost all w € .

n—+o00

Proof. Let w € Q such that iIEIfAfo(.’L‘,w) = (fo(.,w)) and & > ¢ (fo(.,w)).
Then there is £ € A such that fo(Z,w) < é. Hence,

epi-u-a.s.

sup limsup mf fr(z,w) < fo(Z,w) < § since fn fo-
VEN (&) n—+oo TE
Consequently, limsup @ (fa()) < @ (fo(,©)). 0

n—-+4o00

Theorem 3.4." Let {f,, n € Ng} be a family of functions f,| R? x O — R.
Let a compact K € CP be such that

lim inf mf fa(z,w) > v (fo(.,w)) for almost all w € O

n—-400 z¢

If fn ]-%) fo then for almost all w € {2 we have

hmlnf‘p(fn( )) > (P(fo(-yw))'

n—-+o00

Proof. Let w € 2 such that liminf, e infzgr fn(z,w) > @ (fo(.,w)).

Assume § < ¢ (fo(.,w)).
Then for each z € K, we have a neighborhood V, € N(z) such that

. l-a.s.
liminf inf fn(y,w)>d since fn =255 fo.
n—4o00 yev, K

Of course, U, cx Vo O K. We assume K to be a compact and, therefore, there is a
finite subset I C K such that J,¢; Ve D K.

Thus,
liy f af fn(4r) 2 i Rminl B, Solwh0) >0
and, hence,
lim inf ¢ (fa(+w)) = liminfmin {ylglf{ fa(y,w), yig]f{ fn(y, w)}

v

min lim inf ylg< fn(y,w), lim inf ylg}f{ fa(y,w) > 6.

Consequently, liminf ¢ (fo (-, w)) = ¢ (fo(-w))- o
n—-+400 .
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Theorem 3.5. Let {fn, n € Ng} be a family of functions f,| R? x @ — R and

an| @ = R, n € Ny, limsupa, < ag a.s.
n—+o0o

Let a compact K € CP be such that

lim inf mf fulz,w) > ¢ (fo(.,w)) for almost all w € Q

n—+oo o

If f, 1-—:{5—) fo then for almost all w € 2 we have

liminf ¢ (fa(.,w)) > ¢ (fo(,w))

n—-+4o00

and if lim _’1_nf inf fn(z,w) > ao(w) then
n— OOI

lim excess(¥ (fn(.,w); an(W))¥ (fo(.,w); ao(w))) =0

n—+00

while ¥ (fn(.,w); an(w)) C K is a compact for all n € N large enough.

Proof. The relation between optimal values follows from Theorem 3.4.

We have to consider the level sets, only.

Let w € Q such that liminf, ;o infogx fn(z,w) > ao(w) > ¢ (fo(.,w)).

Assume &y € R fulfilling liminf, 4o infzgx fn(z,w) > do > ao(w).

Then there is ng € N such that infzgx fn(z,w) > do for each n > ng.

Hence levels(fn(.,w),d) C K for each d§ € (ap(w), o), n > no.

Consequently for each n > ng, ¥ (fn(.,w); @n(w)) C K and is a compact being a
closed set by definition.

According to our agreement that excess(f, B) = excess(f,) = 0, we need only
treat the case an(w) > ¢ (fr(,w)) Vn € Nyie. ¥ (fn(.,w);an(w)) #0.
Let z, € ¥ (fn(.,w); an(w)) be such that

dp (zn, ¥ (fo(,w); ao(w))) > excess(¥ (fu(.,w); an(W))¥ (fo(,w);a0(w))) — 27

For n > ng, z, belongs in the compact K. Therefore, there is a convergent subse-
quence lim z,, =2.
k—+00

By the definition there are y, € RP such that

lim d,(yn,2,) =0 and limsup fn(yn,w) < ao(w).

n—+o0o n—+oo

Therefore, ag(w) > liminf f,, (yn, ,w) > fo(&,w) since f, I-a.s. fo.
k—+00 K ?
Thus, we conclude 11}111 excess¥ (fn(.,w); an(W))¥ (fo(.,w);ao(w)) = 0. O
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Theorem 3.6. Let {f,, n € No} be a family of functions f,|R? x 2 — R,
an |RP x 2 — R for n € Np and A C RP be such that a, > ¢ (fn) a.s. for each
n € Ny, limsupa, < ag a.s. and [, ., fo(z) = @ (fo(.,w)) for almost all w € Q.

n—+o00

Let a compact K € CP be such that

IT{I_I)l_{l—Ig zlélf{ fn(z,w) > @ (fo(.,w)) for almost all w € §, (3.30)
fa 22 fo and fo B (3.31)

Then for almost all w € Q2 we havé
liminf ¢ (fa(.,w)) = ¢ (fo(., w))
and if lrigirgg Jegk fn(z,w) > ao(w) then

lim excess(¥ (fn(.,w); an(w))¥ (fo(.,w);ao(w))) =0

n—+00

while ¥ (fn(.,w); an(w)) C K is a compact for all n € N large enough.
Proof. The statement is a direct combination of Theorems 3.3 and 3.6. [}

Let us note that Theorems 3.3,3.4,3.5 and 3.6 extend Proposition 7.30 and The-
orem 7.33 in [18]; for more general setting see Theorem 5.3.6 in [5].

4. CONVERGENCE IN PROBABILITY OF RANDOM FUNCTIONS

Now we shall consider one-sided approximations “in probability”. To avoid any
misunderstanding, let us repeat the note that “limsup”, “liminf” and “lim” for sets
are used in the sense of Kuratowski and the limits in the set-theoretical sense are
denoted by “Limsup”, “Liminf” and “Lim”.

Definition 4.1. The sequence (f,)nen is said to be
i) a lower semicontinuous approximation in probability to fo at X
(notation fj, iilb) fo) if

Ve >0 VK € C?*1: lim P{w: Dyc(fn, fo, X;w) N K # 0} =0,

=400

ii) an upper semicontinuous approximation in probability to fo at X
. - . 1-prob
(notation f ~E fo) if (—fu —=> —fo),

iii) an epi-upper approximation in probability to fo at X

. i~u-prob .
(notation f, —e-‘LXm—o——) fo) if

Ve >0 VK € CP*1: ETMP{W:Hs(fnaanX;w)nK5£0} =0.
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Continuous convergence or epi-convergence in probability can be defined com-
bining (i) and (ii) or (i) and (iii), respectively. The condition (3.22) and hence

epi-u-a.s.

fn —>H;'S' fo imply fn —-)l-p:’b fo as well as (3.29) and hence f, T’fo imply

e[;i—u—prob
fn—— fo.

The following lemma gives further insight into the relation between the approxi-
mations almost surely and in probability. It offers the possibility to derive stability
assertions 'in probability’ from the a.s. case.

Lemma 4.1. Let fo(-, w) be l.s.c. on X for almost all w. Then

( Each subsequence of (f,)nen contains

l-a.s = (f _->l-prob f )
a subsequence (fn, )ken With fn, T} fo. nTx ok

Proof. Suppose that (f,)nen fails to be a lower semicontinuous approximation
in probability to fo on X. Hence there aree > 0, K € CP*!, a > 0 and subsequences
(fn)ngﬂlc]\h (ln)neﬂla nETw ln = oo with

neN

P{w: Dl",e(fn,fo,X;W)ﬁKyé@} > o VREN

Consequently, P ¢ Limsup {w : Dj¢(fn,, fo, X;w)NK # 0} 3 > a, for each sub-
k— 400
l—=+oo

sequence (ng)ren C N and, thus, the sequence (f,),cy cannot contain a subse-

. l-a.s.
quence (fn, Jken With fp, %} fo. 0

Assuming a bit stronger condition than lower semicontinuous approximation in
‘probability, we are able to prove the reverse statement.

Lemma 4.2. Let fo(-, w) be l.s.c. on X for almost all w. If there is [y € N such
that Ve >0 VK € CPt!: ET P{w : Dy e(fn, fo, X;w)N K # 0} =0 then

I-a.s.

Each subsequence of (f,)nen contains
a subsequence (fp, )ken With fp, —X——)fo. :

Proof. Consider a subsequence (fn),cqcn Of (fa)nen-
For every k€N we find an fix € N such that, for each n > 7, neN,

P{w: Dy g (fr fo, X30) N TR {0} #0} < .

Let ny = 7i; and ng := max{nx_; + 1, 7ix}. Let us denote N := {n;,ny,...}.

For fixed € > 0 and K € CP*!, we obtain

S P {w : Dig e (fn for X;0) N K # 0} < 00,
k=1
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since
W s Digye(For f0, X30) N K # 0} € {w: Dyy 3 (Fne, fo, X50) N T {0} # 0}

for each k sufficiently large.
That, by the Borel-Cantelli-Lemma, implies

P {Limsup{w : Dig e (frgs fo, X;w) N K # @}} =0.

k—+o00

Consequently, Ve > 0 VK € CP+1:
0= lim P{ U {w : Dig,e (fn;» fo, X;w) N K # (Z)}}

k—+o00 >k

= i P :Dse 'm> fo, X;
Jdn Y U Dl o X1 )
s>1g

u—v+oo.n€N o
1400 m2n, meN

> lim P U {w:’Ds,s(fmafO’X;w)nK#w}}'

That means fp, l_%) fo- 0O
Unfortunately, in general, the reverse to Lemma 4.1 fails.

Example. Let p =1, X = {0} and 4,4, n,v € N be such random events that
P{An.} =27" ApyNAnw = 0 whenever v # w, |J7%5 A,,, = Q and the collections
{An,v,v € N}, n € N are independent. Consider random l.s.c. functions

-1 ift>1weA

n,vy
. A .
0 otherwise, orn€N

fo=0 and fu(t,w)= {

Hence taking w € A, ,, we receive

Epi fa(-, @) N [U3 X x ]
1 1 1 1
- <_7’ max{v,l}) x [0, +00) U [ma.x{v,l}’ 7) x[1,+00),
Ue(Epi fo(, w)N[X X R]) = U({0} x [0, +00)).

Therefore, for each } <e <1and K € C?, K O [-1,1]? we have

+o00
{weQ:Dyye(w)NK #£0} = {w €EN:Dpy(w)yn[-1, 1]2 # @} = U Ap .
v=Il+1

Then,
+o0 1 1
PlweQ:Dye(w)NK #0} < — = —— 0.
2v 2l 19400

v=I+1
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I-prob
Therefore, f, —pX—> fo-

Let fn,, £ € N be a subsequence of our functions. Then for a fixed | € N,
I <e <1, the sets

+o0
{weQ:Dnpe@NK#0}= |J Anpw, KEN
v=Il+1

are independent with common positive probability. Hence according to the Borel-
Cantelli lemma,

P {Limsup {weN: Dy 1e(W)NK # (0}} =1

k—+o00

I-a.s.
Therefore, the convergence f,, ——;S—) fo cannot be true for any subsequence.

Lemma 4.3. Always, we have

(fn B2 fo) & (

epi-u-a.s.

Each subsequence of (f,)nen contains
a subsequence (fn, Jken With fn, fo

Proof.

. i-u-prob .
i) Let fn Sprpron, fo and consider a subsequence (f, g of (fn)nen-
X neENCN

For every k€N we find an i € N such that, for n > 7y neN,
P{w: Hy (fu, fo, X30) NTR{0} # 0} < .
Let ny =7y and ng = max{ng_1 + 1, fig}.
For £ > 0, K € CP*!, we obtain Y. P {w : He(fay, fo, X;w) N K # 0} < oo,
k=1
since {w : He(fny, fo, X;w) N K # 0} C {w: H 3. (frns fo, X30) N UL{0} #@} for
each k sufficiently large. That, by the Borel-Cantelli-Lemma, implies

P{Limsup{w : He(fn,,,fo,X;w)nKS‘é@}}

k—+o00

= lim P{U{U) : He(fn,afO’wa)nK#w}}:O’

k—
+o00 Sk

which is (3.29) and, therefore, f,, epi-;—a.s. fo.

ii) Suppose that (f,)nen fails to be an epi-upper approximation in probability to
fo on X. Hence there are e > 0, K € CP*!, a > 0 and subsequence (fn)nemen With

P{w: He(fn, fo, X;w)NK #0} >a Yn e N.
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Consequently,

P {Limsup{w : He(frrr Jo, X;w)NK # @}} >«
k—+o00

for each subsequence (ng)ren C N and, thus, the sequence ( fn)nefcn cannot con-

tain a subsequence (fn,)ken With fp, % fo- m]

Let us close the section with the relation between stability of stochastic optimiza-
tion problem and our concept of approximations in probability. For random variables
with values in the extended real line we define lower and upper approximation in
probability.

Definition 4.2. Let X,, n € No be a sequence of random variables with values in
R. We say that X, is a lower semicontinuous approximation in probability to X
whenever for each e > 0, € R

Jim P{X,<Xo-eXo€R}=0, lim P{X,<§Xo=+00}=0, (41)

and is an upper semicontinuous approximation in probability to X, whenever for
eache >0,6 €R

nHTooP {Xn>Xo—¢€,X0€ R} =0, nkTOOP {Xn>6,Xo=-00}=0. (4.2)
We will use the notation X, mb_} Xo and X, wa) Xo, respectively.
If both approximations take place in the same time we speak on convergence in

probability denoted by X, _brob, Xo.

. -prob 1-prob . .
Evidently, X, —223 Xo <= — X, ——=4 — X,,. Lower semicontinuous approx-

imation in probability can be equivalently described in several ways.

Lemma 4.4. Let X,, n € Ny be a sequence of random variables with values in R.
Then the following statements are equivalent

Xn I-prob X() (43)
= ET P{X,<6Xo>0+¢e}=0 V6€RVe>0 (4.4)
< lim P{X,<4§,Xo>0}=0 VSR (4.5)
n—+o0o
< lim P{[Xn,Xo—¢|NK#0}=0 Ve>0VK eC. (4.6)

n—+oo
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Proof.
iii) (4.3) implies (4.4) because

P{Xn<86,Xo>0+¢}=P{Xn<6<Xo—¢}

SP{Xn<X0—%,XOER}+P{Xn§5,X0=+oo}.

iv) (4.4) implies (4.5) because

P{X,<6,X0>6} <P{Xn<6,Xo>0+e}+P{0<Xo<d+¢}.

v) Let K € C. Then there is some I € N such that K C [—I¢, I¢]. Hence,
P{[Xpn,Xo—€]NK # 0} < P{X, <Ie,Xo>-(I-1)e, X, < Xo—¢}

I—1
< Y P{Xa <Ig, Xn < Xo —€,ie < Xo < (i + 1)e} + P {Xp, < Ie, I < Xo}
i=—1
I
< Y P{X, <ie,ic < Xo} .
i=—1I

Consequently, (4.5) implies (4.6).

vi) For a, 8 € R, a < 8 we obtain
P{X, < Xo—¢,Xo€R} < P{Xo€R—[a,B)} + P{Xn < Xo — &, Xo € [, 8]}

< P{Xo € R— [, f]} + P{[Xn, Xo — €] N[a —¢,8] # 0},

and
P{X, < d,Xo =400} < P{[Xn, Xo]N{d} # 0}.

Therefore, (4.6) implies (4.3). o

Let us note that we can read “[X,(w),Xo(w) — €] = Dy (Xn,Xo, .;w)” and
“[Xo(w), Xn(w) — €] = He(Xn, Xo, .;w) = =Dy e(—Xn, —Xo, .;w) — €”. Therefore,
we did not introduce any epi-upper approximation in probability for a sequence of
random variables since that notion would coincide with the upper semicontinuous
approximation in probability.

Under additional assumptions the lower semicontinuous approximation in proba-
bility and the epi-upper approximation in probability imply a convergence of optimal
values and optimal solutions.
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Theorem 4.1. Let {fn, n € No} be a family of functions f,| RP x 2 — R and
AeCr. If

epi-u-prob

folz, .)=¢(fo) a.s.and f,

TzEA

fo (4.7)

then .
@ (fn) —= ¢ (fo) - (4.8)

Proof. Let § € R and € > 0. Then we have the inclusion

Wt 9 (alow) 2 64260 (fol.s w><6}n{ / folw,w) = (fo(.,w»}

C{w : V2 €RP fulz,w) > 6+2¢,3y € A fo(y,w) < 6}
C{w : He(Fn, fo, Asw) N (A x [6,5 +€]) # 0} .

Therefore, (4.7) implies (4.8) since A x [4,6 + €] is a compact. ]

Theorem 4.2. Let {f,, n € No} be a family of functions f,| R x  — R and
KecCr If

inf (e, ) 2 220 (fo) and fo 2 fo (4.9)

then
1- prob

@ (fn) — ¢ (fo) - (4.10)

Proof. Let 6 € R and € > 0. Then we have the inclusion

{w 0l ful@,w) <0,0 (o) > 5+ 25}

C{w : Iz €K fo(z,w) <4,Vy € K fo(y,w) >3+ 2}
c {w : Dl,s(fn;anK;w)n(Kx [6a6+€])¢0} VieN.

Therefore, (4.9) implies (4.10). a

Theorem 4.3. Let {fn, n € No} be a family of functions f.| R* x @ — R,
an| @ > R, n € Ny, limsupa, < ap a.s., and K € CP. If

n—-+o0o
Jim P {w : zigzl}“{fn(z,w) > max {¢ (fo(.,w)) ,ao(w)}} =1 (4.11)
and
AN (4.12)
then

0 (fn) ~2225 0 (fo) (4.13)
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and _prob,
excess(¥ (fn; an)¥ (fo; a0)) = (4.14)
while
nBToo P{w : ¥ (fn(,w);an(w)) C K is a compact} = 1. (4.15)
Proof.

i) The relation (4.13) follows from Theorem 4.2 since (4.11) and (4.12) imply
(4.9).

ii) Evidently, (4.11) implies (4.15).

iii) Let ¢ >0, A< B, ¢,4,B€R.
Then for all I € N we obtain

excess(¥ (fn(.,w); an(W))¥ (fol.,w); ao(w) + 2€)) > ¢,
Plw : A<ag(w) < B,an(w) < ap(w) +¢,
‘I, (fn(,w),an(w)) - Ka
< P{w: Di(fa fo, K;w)N(K x[A+e,B+e]) #0 }

The assumptions of the theorem are giving

lim P {w . iccsesig‘zj)f%(g‘:)aan(w))w (fo(.,(d);ao(W) + 26)) > &, } =0.

n—4-o00

Since €, A, B can be arbitrary chosen, we are receiving (4.14). |

Theorem 4.4. Let {f,, n € Ny} be a family of functions f,| R? x Q@ — IR,
an| 2 = R, n € Ny, limsupa, < ap a.s., and K,A € CP. If

n—-+o00

lim P {w : zlél[f{ fn(z,w) > max {¢ (fo(.,w)) ,ao(w)}} =1, (4.16)

n——+oo
/ fo(z,w) = ¢ (fo,w) for almost all w € Q, (4.17)
fo TR fo and fr = (4.18)
then .
© (fn) == ¢ (fo) (4.19)
and
excess(U (fn; o) ¥ (fo; a0)) 22 (4.20)
while
nErJPOOP{w : U (fn(,w);an(w)) C K is a compact} = 1. (4.21)

Proof. The statement is a direct combination of Theorems 4.1 and 4.3. O
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5. POINTWISE CONDITIONS

Verification of the lower semicontinuous approximation or/and the epi-upper ap-
proximation almost surely or in probability could be rather complex at first glance.
Fortunately in applications, we can often employ “pointwise approach” and the re-
sults from [27], section V. Let us repeat them in this special section.

Definition 5.1. Let zo € R? be fixed. By fn% fo we abbreviate the
To
following property:

Ve>0 3JU{xo} € C?: P{w : lgr_r}lirgmegx{fmo}fn(z,w) < fo(zo) — E} =0 (5.1) |

and f, %) fo stands for

P. 1 .o P
Ve >0 3U{zo}eC”: nBTooP {w : zegl{fmo}fn(:z:,w) < fo(zo) 6} =0. (5.2)
The additional letter “p” stands to point at pointwise approach.

Then we have the following relations, cf. Theorem 9 in [27].

Proposition 5.1. Let fy be l.s.c. on X. Then

i) (V2o € X« fo 225 fo) = (a5 fo)

i) (Voo € X : fr 250, ’*‘ "'°*’ fo) = (fa =525 fo).

The conditions (5.1) and (5.2) have the advantage to be “pointwise” conditions,

therefore, it will be sufficient to show that (5.1) and (5.2) are satisfied at each
29 € X in order to show that f, l_%) fo and f, lp—m> fo, respectively. Note,

however, that for instance the condition

Vzo € X V(zn) withzp, > 20: P {w : Egi’gfn(xmw) < fo(wo)} =0 (5.3)
is not sufficient for f, 1-_;;09_} fo, even if fy is continuous.

Exaxhple 5.1. Let p=1, Q@ =[0,1], A = o) the o-field of Borel subsets of
[0,1], X = [0,1], and P the Lebesgue measure on [0,1]. Suppose that
0 if z=w+1i

folz) =1 Vz€[0,1] and fo(z,w) = { 1 otherwise.



96 S. VOGEL AND P. LACHOUT

Then the condition 5.3 is satisfied, but
P {w: [Epi fa(w) \UyEpi fo( )] N[0, 1] x [0,1] #0} = 1~ —,
hence (fn)nen fails to be a lower semicontinuous approximation to fo. m]

Often in applications, the epi-upper approximation must be really checked for
a single point, only. For that, we can use a well known relation that pointwise
convergence implies the upper part of epi-convergence. Hence, Proposition 5.2 is
obvious. X

Proposition 5.2. If (z,)nen is a sequence with z,, = zo then
() (f(@n,) 22 fo(wo) ) = (faBP22fo ) ,

(@) () 22 fofa)) = (£ 220, ).
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