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THE VITALI TYPE THEOREM FOR THE CHOQUET
INTEGRAL

JUN KAWABE

ABSTRACT. The Vitali theorem for uniformly integrable functions is fundamental
in Lebesgue integration theory and contains other important convergence theo-
rems for the abstract Lebesgue integral. The purpose of the paper is to prove
Vitali type theorems for the Choquet integral and its symmetric and asymmetric
extensions with respect to a nonadditive measure. The bounded convergence the-
orem and the dominated convergence theorem for Choquet integrals are obtained
as their applications.

1. INTRODUCTION

The Vitali theorem for the abstract Lebesgue integral states that, for any finite
measure £ on a measurable space (X, .A) and any sequence { f,, }nen of A-measurable
functions converging in p-measure to an A-measurable function f, if {f,}nen is
uniformly yp-integrable, then f is p-integrable and [ < fadp — S  fdu. The Vitali
theorem is fundamental in Lebesgue integration theory and contains other important
convergence theorems such as the bounded convergence theorem and the dominated
convergence theorem.

Recently, nonadditive measure theory has been extensively studied with applica-
tions to decision theory under uncertainty, game theory, data mining, some economic
topics under Knightian uncertainty and others [3,5,11,12,16,18,19]. For a non-
additive measure, several types of nonlinear integrals have been proposed. Among
them, the Choquet integral [1,14] is typical and widely used in nonadditive measure
theory as well as its applications. The purpose of the paper is to formulate Vitali
type theorems for the Choquet integral and its symmetric and asymmetric exten-
sions with respect to a nonadditive measure and obtain the bounded convergence
theorem and the dominated convergence theorem as their applications.

The paper is organized as follows. In Section 2, we recall some basic properties of
nonadditive measures and Choquet integrals. In Section 3, we introduce the notion
of uniform integrability of functions that will be used when formulating our Vitali
type theorems for the Choquet integral. In Section 4, we give a primitive form of
the Vitali type theorem for the Choquet integral and its dual measure form. They
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are extended in Section 5 to symmetric and asymmetric Choquet integrals. In Sec-
tion 6, we obtain the bounded convergence theorem and the dominated convergence
theorem for Choquet integrals as applications of our Vitali type theorems.

2. PRELIMINARIES

In this paper, unless stated otherwise, X is a non-empty set and A is a field of
subsets of X. Let 2% denote the family of all subsets of X.

Let R and N denote the set of all real numbers and the set of all natural numbers.
Let R := RU{—00, oo} with usual total order. For any a,b € R, let a\Vb := max (a, b)
and a A b := min (a,b). For any functions f,g: X — R, let (fV g)(z) := f(z)V g(z)
and (f A g)(z) = f(z) A g(x) for every x € X. We adopt the usual conventions for
algebraic operations on R. We also adopt the convention (+00) -0 = 0 (+o00) = 0
and inf () = co. If a positive number ¢ may take oo, we explicitly write ¢ € (0, oo]
instead of the ambiguous expression ¢ > 0. In other words, ¢ > 0 always means
¢ € (0,00). This notational convention will be used for similar cases.

Let x4 denote the characteristic function of a set A, that is, ya(z) =1 if z €
A and ya(z) = 0 otherwise. A function f: X — R is called A-measurable if
{f>t}={re X: f(x) >t} € Aand {f >t} ={r € X: f(z) >t} € A
for every t € R. Any constant function and the characteristic function y4 of any
set A € A are A-measurable. If f and g are A-measurable and ¢ € R, then so
are f+ = fVO0, [T = <_f)\/07 |f’ = f\/(_f)7 cf, f+e (f_c)+7 IV,
and f A g. Note that f = fAc+ (f —¢)T. Let F(X) denote the set of all A-
measurable functions f: X — R. For every f € F(X), let ||f| := sup,ex |f(2)|-
Then || f|| < oo if and only if f is bounded. Let Fp(X) := {f € F(X): ||f|| < oo},
FHX) = {f € F(X): f >0}, and F (X) := {f € Fp(X): f > 0}. A simple

function is a function whose range space is a finite subset of R.

2.1. The nonadditive measure. A nonadditive measure on X is an extended real-
valued set function pu: A — [0, 00] such that p() = 0 and p(A) < u(B) whenever
A,B e Aand A C B. Tt is called finite if 4(X) < oo. This type of set function is
also called a monotone measure [18], a capacity [1], or a fuzzy measure [16] in the
literature.

Let M(X) denote the set of all nonadditive measures u: A — [0,00]. Let
Mp(X) :={p € M(X): u(X) < co}. For any p € Mp(X), its dual i € My(X) is
defined by

A(4) = p(X) — p(A%)
for every A € A, where A¢ denotes the complement of A. It is obvious that o = pu.
If p is finitely additive, then u = f.

Definition 2.1 ([18]). Let p € M(X).

(1) pis called subadditive if p(AU B) < u(A) + u(B) whenever A, B € A and
ANB=0.

(2) pis called autocontinuous from above if u(AUB,,) — p(A) whenever A € A,
B,eA(n=1,2,...)and pu(By,) — 0.

(3) p is called autocontinuous from below if pu(A\ By,) — u(A) whenever A € A,
B,eA(n=12,...)and u(B,) — 0.
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(4) pis called autocontinuous if it is autocontinuous from above and from below.

Every subadditive nonadditive measure is obviously autocontinuous. Every non-
additive measure p satisfying inf{u(A): A € A, A # (0} > 0 is also autocontinu-
ous [18, Theorem 6.5]. Moreover, every distorted measure p of the form

p(A) = p(m(4)), AecA,

where m is a finitely additive measure on A and ¢: [0, 00] — [0, 00] is an increasing
function with ¢(0) = 0, is autocontinuous if ¢ is continuous and strictly increasing
on a neighborhood of the origin (cf. [18, Theorem 6.15]).

The following example illustrates that the dual measure ji is not autocontinuous
even if y is autocontinuous.

Example 2.2. (1) Let X :=[0,1]. Let u: 2¥ — [0,1] be the nonadditive measure

defined by
1 if A#0,
A) =
#A) {o it A=0.

Then p is subadditive and hence autocontinuous. Its dual fi: 2% — [0,1] is given

by
1 ifA=X,
[(A) = .
0 fA#£X

and neither autocontinuous from above nor from below.

(2) Let X :=[0,1]. Let A be the o-field of all Lebesgue measurable subsets of
X and A the Lebesgue measure on (X, .A). Let pu: A — [0,2] be the nonadditive
measure defined by

AA) if A
““*:{3%() ﬁAi%

Then p is subadditive and hence autocontinuous. It dual i: A — [0, 2] is given by
_ 2 if A=2X,
fi(A) = .
AMA) ifA#X
and neither autocontinuous from above nor from below.
Nevertheless, i1 has the following form of the autocontinuity-like property.

Proposition 2.3. Let p € My(X).

(1) w is autocontinuous from above if and only if i(A\ By,) — a(A) whenever
AeA, B, e An=1,2,...), and u(B,) — 0.

(2) w is autocontinuous from below if and only if p(AU By,) — i(A) whenever
Aec A, B,e A(n=1,2,...), and u(B,) — 0.

Proof. The proof is elementary since fi(A\ B) = (X ) — p(A°UB) and p(AUB) =
w(X) — u(A°\ B) for every A, B € A. O

See [3,12,18] for further information on nonadditive measures.
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2.2. The Choquet integral. The Choquet integral [1] is a typical nonlinear inte-
gral and widely used in nonadditive measure theory.

Definition 2.4. Let (u, f) € M(X) x FT(X). The Choquet integral is defined by

Ch(u )= [ (s > th

where the integral of the right hand side is the Lebesgue integral.

If f e FH(X) and Ch(u, f) < oo, then f is called p-integrable. If f € F(X)
and Ch(py, |f]) < oo, then f is called p-absolutely integrable, which will be called
u-integrable for short without any confusion.

Remark 2.5. (1) In the definition of the Choquet integral, the p-distribution func-
tion pu({f > t}) can be replaced with p({f > t}) without any change.
(2) The Choquet integral is equal to the abstract Lebesgue integral if p is o-
additive and A is a o-field [15, Corollary 18]; see also [8, Propositions 8.1 and 8.2].
(3) In Section 5, other types of the integrability will be introduced for not neces-
sarily non-negative functions.

The following properties of the Choquet integral can be directly proved by its
definition and will be used later without mentioning explicitly.

Proposition 2.6. Let p € M(X), A€ A, and f,g,h € FT(X). Leta > 0 be a
constant.

(1) 0 < Ch(w, f) < |[fllp-w{f > 0}), where || f||, := inf{c > 0: p({f > c}) =

0}
(2) If f(z) < g(x) for every x € X, then Ch(u, f) < Ch(u,g).
(3) Ch(u,axa) = ap(A).
(4) Chisnaf) = aChy, f).
(5) Ch(u, f + a) = Ch(u, f) + ap(X).
(6) Assume that either f or g is p-integrable. If |f(z) — g(x)| < a for every

z € X, then [Ch(p, ) — Ch(p, g)| < ap(X).
The Choquet integral has the following useful inequality.

Proposition 2.7. For any p € M(X), f € F7(X), A€ A, and ¢ > 0, it holds
that

cu(AN{f>c}) < Ch(u, xaf)
< cu(AN{f > 0}) + Ch(p, Xangs>ep f)-

Proof. The first inequality follows from
Chipxaf) = [ nAN LS =
> [ uAn (s = e = cutan (s > o,
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while the second inequality follows from
o0

Ch(p, yaf) = /0 AN > it [T uan (s > o

C
o

< /O w(AN{f > 0})dt +/c p{Xangfsa f > t})dt

< cp(An{f > 0}) + Ch(u, xanf>cf)
and the proof is complete. O

Proposition 2.8. Let p € M(X) and f € F(X). If f is u-integrable, then the
following conditions hold.

(1) limesoo ({1 f] > c}) = 0.
(2) lime oo Ch(p, X713 1) = 0.
(3) f is p-absolutely continuous, that is, for any € > 0, there is § > 0 such that

Ch(u, xalf]) < & whenever A € A and u(A) < 9.
Proof. (1) By Proposition 2.7, for any ¢ > 0,

p({1f] > c}) <~ Ch(y ).

Since Ch(u, |f]) < oo, letting ¢ — 0 gives (1).

(2) Let {cp}nen be a sequence with ¢, > 0 and ¢, — co. Let ¢, (t) :== p({|f] >
cn Vi) (n=1,2,...) and p(t) := p({|f| > t}) for every ¢t € [0,00). Then, ¢,, and
@ are Lebesgue measurable and ¢, converges pointwise to 0. Since 0 < ¢, < @
and [ p(t)dt = Ch(y, |f]) < oo, by the dominated convergence theorem for the

Lebesgue integral,
oo

Jim Ch(p, Xy f>cqy|f]) = lim en(t)dt =0,

which implies (2).
(3) Let e > 0. By (2) there is co > 0 such that Ch(u, X{|f|>c}|f]) < €/2. Let
d:=¢/(2co) > 0. By Proposition 2.7, if u(A) < 4§, then
e €
Ch(p, xalf1) < con(A) + Chlp, xq e} fI) < 5 + 5 =
Thus f is p-absolutely continuous. O

3. UNIFORM INTEGRABILITY

The Vitali type theorem considered in this paper needs the uniform integrability
of a set of functions, which takes the same form as the case of the Lebesgue integral.

Definition 3.1. Let p € M(X) and F a non-empty subset of F(X).

(1) F is called uniformly p-integral bounded if sup ye  Ch(p, | f[) < oo.

(2) F is called uniformly p-absolutely continuous if, for any € > 0, there is 6 > 0
such that sup rcz Ch(u, xalf|) < & whenever A € A and pu(A) < 6.

(3) F is called uniformly p-integrable if it holds that

lim sup Ch(g, x{|>e}|f]) = 0.

Cc— 00 fE]:
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For a non-empty F C F(X)and a #0,let F* :={fT: fe F}, F ={f":f¢€
F}o |\ Fl = Alfl: f € F}, and aF = {af: f € F}. The following proposition
immediately follows from the definition of the uniform integrability.

Proposition 3.2. Let p € M(X) and F a non-empty subset of F(X). Let a # 0
be a constant. If F is uniformly p-integrable, then so are aF, F*, F~, and |F|.

Proposition 3.3. Let u € M(X). Every uniformly u-integral bounded subset F of
F(X) satisfies lime—oo sup ez p({|f| > c}) = 0.

Proof. For any ¢ > 0 and f € F, by Proposition 2.7, u({|f| > c}) < Ch(y, |f])/c,
so that

1
0 < sup u({|f| > c}) < —sup Ch(u, |f]).
feF C feF
Letting ¢ — oo gives the conclusion. O

Proposition 3.4. Let p € M(X). For a non-empty subset F of F(X), consider
the following two conditions:

(i) F is uniformly p-integral bounded and uniformly p-absolutely continuous.
(ii) F is uniformly p-integrable.
Then (i) implies (ii). Conversely, (ii) implies the uniform u-absolute continuity of
F. If p is finite, then (ii) also implies the uniform p-integral boundedness of F.

Proof. The proof goes along with the Lebesgue integral case and is given only for
convenience of readers; see [4, Theorem 10.3.5].

(i)=(ii): Let £ > 0. Since F is uniformly p-absolutely continuous, there is 6 > 0
such that

(3.1) sup Ch(u, xalf]) <e
feF

for any A € A with u(A) < 4. Since F is uniformly p-integral bounded, by Propo-
sition 3.3, there is ¢y > 0 such that

(3:2) sup p({[f| > co}) < 0.
feF

Let ¢ > ¢o. For each f € F, let Ay := {|f| > c¢}. Then by (3.2), u(Ay) < 4. Thus,
by (3.1), for any f € F,

Ch(p, xq171>¢3 [ 1) = Ch(p, xa,f]) <e,

which implies the uniform p-integrability of F.
Next we assume (ii). By Proposition 2.7, for any A € A and ¢ > 0,

(3.3) sup Ch(p, xalf|) < cu(A) + sup Ch(p, x{|fi>c} | f1)-
feFr feFr
Let € > 0. Since F is uniformly p-integrable, there is ¢y > 0 such that
€
A4 h —.
(3.4) ?220 (s X 41150} | 1) < 5
Let § :=¢/(2¢o) > 0 and take A € A with u(A) < §. Then, by (3.3) and (3.4),

9
sup Ch(p, x4l f1) < cop(A) + sup Ch(pr, X{ 503 | f]) < c0d + 5 =,
feF feF
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which implies the uniform p-absolute continuity of F.
Assume that p(X) < co. Since F is uniformly p-integrable, there is ¢ > 0 such
that

(3.5) sup Ch(p, X{|f>co3 | f]) < 1.
feF

Letting A = X and ¢ = ¢y in (3.3), by (3.5),

sup Ch(u, |f]) < cop(X) +1 < 0.
ferF

Thus F is uniformly p-integral bounded. U

Remark 3.5. (1) The above result gives a necessary and sufficient condition for
the uniform integrability for the Choquet integral and was proved in [2, Lemma 3.2]
in the case that u is subadditive.

(2) When u(X) = oo, the uniform p-integral boundednes does not follow from
the uniform p-integrability; in particular, for each f € F(X), Ch(y,|f]) < oo does
not follow from lim. oo Ch(ps, X{|f|>c3|f]) = 0. In fact, let X := R, A the o-field
of all Lebesgue measurable subsets of R, and A the Lebesgue measure on R. For
each n € N, define the A-measurable function f,(z) := 1 for every x € R. Then
{fn}nen is obviously uniformly A-integrable, but is not uniformly A-integral bounded
since Ch(\,|fn]) = oo for all n € N. For this reason, the concept of the uniform
integrability is more interesting for finite measures.

4. THE VITALI TYPE THEOREMS

In this section we formulate a primitive form of the Vitali type theorem and its
dual measure form for the Choquet integral. Let (X,.4) be a measurable space, that
is, X is a non-empty set and A is a o-field of subsets of X. Let Fy(X) denote the set
of all A-measurable functions f: X — R and let Fif (X) := {f € Fo(X): f > 0}.
Let € M(X). We say that a sequence {f,}nen C Fo(X) converges in p-measure
to a function f € Fo(X) and write f, - f if p({|fn — f| > €}) = 0 for every
e > 0. Obviously, if f, = f, then |f,| == |f], fi7 +> fT, and f; - f~. The
following proposition can be proved in a similar way to [10, Theorem 3.1].

Proposition 4.1. Let (X, A) be a measurable space and pn € M(X). The following
conditions are equivalent.

(1) p is autocontinuous.

(il) p({fn > t}) = u({f > t}) t-a.e. for any sequence {fn}tnen C Fo(X) con-
verging in p-measure to f € Fo(X).

(iil) u({fn < t}) = p({f < t}) t-a.e. for any sequence {fn}nen C Fo(X) con-
verging in p-measure to f € Fo(X).

Remark 4.2. In the above proposition, “t-a.e.” may be replaced with “except at
most countably many values of t” or “for every continuity point of the function

u({f > ) in (ii) and p({f < #}) in (iii).”

Proposition 4.3. Let (X,.A) be a measurable space and j € M(X). Let { fn}nen C
Fo(X) be a sequence converging in p-measure to f € Fo(X). Assume that p is
autocontinuous.
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(1) If { fn}nen is uniformly p-integral bounded, then f is u-integrable.
(2) If p is finite and {fn}nen is uniformly f-integral bounded, then f is fi-
integrable.

Proof. (1) Since |fn| - | f], by Proposition 4.1, u({|fn| > t}) — p({|f] > t}) t-a.e.
Then by the Fatou lemma for the Lebesgue integral,

Ch(y, |f]) = /0 w({1f] > t})dt
< liminf / T {1l > )t
n—oo 0
< sup Ch(js, | fu]) < ov.
neN

(2) It can be proved in the same way as (1) since p({|fn| > t}) — n({|f] > t})
t-a.e. by Proposition 4.1. O

Remark 4.4. Example 2.2 shows that i is not necessarily autocontinuous even if
u is autocontinuous. Therefore, in the above proposition, (1) does not imply (2).

Now we introduce a primitive from of the Vitali type theorem for the Choquet
integral.

Theorem 4.5. Let (X, .A) be a measurable space and p € My(X). The following
conditions are equivalent:

(i) p is autocontinuous.

(ii) For any sequence { fn}nen C Fo (X) converging in p-measure to f € Fq (X),
if {fn}nen is uniformly p-integrable, then f, and f are all u-integrable and
Ch(u, fn) = Ch(u, f).

Proof. (1)=-(ii): The uniform p-integrability of { f,, }nen implies

(41) lim SUII\)I Ch(/JJ, X{fn>c}fn) = 07

c—00 ne

and by Proposition 3.4, { f,, }nen is uniformly p-integral bounded, in particular, each
fn is p-integrable. Therefore by Proposition 4.3, f is also u-integrable, and hence
by Proposition 2.8,

(4.2) Jim Ch(p, x{f>1.f) = 0.
Let € > 0. By (4.1) and (4.2), there is ¢y > 0 such that

(4.3) Sup Ch(p, X{f>eotfn) < €
ne

(44) Ch(ﬂ? X{f>co}f) <é.
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Let g := f Acy and gy, := fn A cg for each n € N. Then, g, g, € Fy (X) and they
are p-integrable. Moreover,

Chy, f) = /0 U u{ > dt+ / Tl > )t

€o

= [ utta > at+ [ utts > 0 (s>

&)

= [Tt > a7 gt >
0

co

< Ch(p, g) + Ch(p, X{f>eor f);
and thus by (4.4),

(4.5) |Ch(p, f) — Ch(p, g)| <e.
In the same way, by (4.3),
(4.6) |Ch(p, fn) = Ch(p, gn)l <& (n=1,2,...).

Let h be an A-measurable simple function such that 0 < h(z) < ¢ and |h(z) —
g(z)| < e for every x € X. Then h is p-integrable and

(4.7) |Ch(p, g) — Ch(p, h)| < ep(X).

Let By, := {|gn—h| > 2¢} for each n € N. Since |g,(x) —g(z)| < |fn(z) — f(x)] for
every € X, f, —— f implies g, — g. Moreover, since |h(x) —g(z)| < e for every
x € X, {|lgn — h| > 2e} C {|gn — g| > ¢}, which yields u(B,) — 0. It is easy to see
that the family {{h > t}: t € R} consists of finitely many sets, say, A1, Az, ..., Amn,

the autocontinuity of p implies u(Ag \ By) — u(Ag) for each k = 1,2,...,m. Thus,
there is n; € N such that for any n € N, if n > ny, then

(4.8) pAR) < p(A\Ba) + = (k=1,2,.,m).

Take ¢ € R arbitrarily. Then {h > t} = Ay, for some ko (1 < kg < m) and
{h >t} \ By, C {gn >t —2¢e} for every n € N. Therefore, if n > ny, then by (4.8),
for any t € R,

€
(4.9) p{h > 1}) < p{gn >t = 2e}) + .
Since p(Ag U By) — p(Ag) for each k= 1,2,...,m, in the same way as the above
argument, there is no € N such that for any n € N, if n > no, then for any ¢ € R,

(4.10) ul{on > t+22)) < pl{h> 1) +

Let ng :=n1 Vng and fix n € N with n > ng. Then by (4.9),

Ch(uh) = [ uth > ))at
< /0 {u({gn S -2 + ;}dt

< Ch(p, gn + 2¢) + ¢,
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so that

(4.11) Ch(u, h) < Ch(u,gn) + 2ep(X) + €.
In the same way, by (4.10),

(4.12) Ch(u,h) > Ch(p, gn) — 2ep(X) — €.
Therefore, by (4.11) and (4.12),

(4.13) |Ch(p, gn) — Ch(p, h)| < 2ep(X) +e.
Moreover, by (4.5) and (4.7),

(4.14) (Ch(p, f) — Ch(p, b)| < & + ep(X)
and by (4.6) and (4.13),

(4.15) |Ch(p, frn) — Ch(p, h)| < 2e 4+ 2ep(X).
Eventually, by (4.14) and (4.15),

(4.16) |Ch(p, frn) — Ch(p, )| < 3e + 3ep(X).

Letting n — oo in (4.16) gives
0 < limsup [Ch(g, fu) — Ch(j, f)] < 3= (1 + u(X)).

n—o0
Since € > 0 is arbitrary, it holds that Ch(y, f,,) — Ch(y, f).
(il)=(1): Let A, B, € A (n =1,2,...) and assume that u(B,) — 0. Let f, :=

XAup, and f := xa. Then, f,, f € ]:(;F(X), In L f, and {fn}nen is uniformly
p-integrable. Therefore, it holds that

M(A U Bn) = Ch(:uv fn) - Ch(,u> f) = M(A)a

which implies the autocontinuity of u from above. The autocontinuity of p from
below can be proved similarly. O

By the help of Proposition 2.3, the dual measure form of the above Vitali type
theorem can be proved in a similar way to Theorem 4.5.

Theorem 4.6. Let (X, A) be a measurable space and pn € My(X). The following
conditions are equivalent:

(i) p is autocontinuous.

(ii) For any sequence { fn}nen C Fy (X) converging in p-measure to f € Fi (X),
if {fn}tnen is uniformly p-integrable, then f, and f are all i-integrable and
Ch{fi, fn) — Ch(p, ).

Remark 4.7. (1) Note that in the above dual measure form the convergence
Ch(g, fn) — Ch(g, f) can be obtained if we assume that p itself is autocontinu-
ous and f,, - f instead of f.

(2) By Example 2.2 the dual f is not necessarily autocontinuous even if yu is auto-
continuous, so that Theorem 4.6 is not an immediate consequence of Theorem 4.5.



THE VITALI TYPE THEOREM 359

Let £ > 1 be a constant. A nonadditive measure p is called k-subadditive if
w(AU B) < u(A) + ku(B) whenever A, B € A and AN B = () [12, Definition 11.9].
For instance, every subadditive nonadditive measure is 1-subadditive. This mea-
sure is a special case of k-triangular set functions that were investigated by many
mathematicians in the context of the Brooks-Jewett type theorem and Dieudonné
type theorems; see Section 11 of [12]. Every k-subadditive nonadditive measure is
autocontinuous. Moreover, if p is finite and k-subadditive, then g < ku, so that
the uniform fi-integrability follows from the uniform p-integrability and, in partic-
ular, the f-integrability follows from the p-integrability. Consequently, we have the
following corollary to Theorems 4.5 and 4.6.

Corollary 4.8. Let (X, .A) be a measurable space and i € My(X). Assume that p is
k-subadditive for some k > 1 (in particular, p is subadditive). If { fn}nen C Fo (X)
is a uniformly p-integrable sequence converging in p-measure to f € fgr(X), then
fn and f are all p-integrable and fi-integrable. Moreover, it holds that Ch(u, f,) —

Ch(p, f) and Ch(g, fn) = Ch(p, f).

Example 4.9. Let X := [0,2]. Let A be the o-field of all Lebesgue subsets of
X and A the Lebesgue measure on (X,A). Let p: A — [0,3] be the nonadditive
measure defined by

(4) = A(A) if AM(A) < 1,
T 2MA) -1 if A(A) > 1.
Then, p is 2-subadditive.

5. EXTENSION TO SYMMETRIC AND ASYMMETRIC INTEGRALS

In this section, we extend the Vitali type theorem and its dual measure form to
symmetric and asymmetric Choquet integrals.

Definition 5.1. The symmetric Choquet integral is defined by
Chs(/,l,’ f) = Ch(:ua f+) - Ch(lu’? f_)
for every (u, f) € D, where
D* = {(1, f) € M(X) x F(X): Ch(g, f*) < 0 or Chip, f~) < o0}
and the asymmetric Choquet integral is defined by
Ch®(u, f) := Ch(u, f7) — Ch(j, f7)
for every (u, f) € D*, where
D= {(1, f) € My(X) x F(X): Ch(u, f+) < 00 or Ch(@i, f~) < oc}.

If (1, f) € D® and |Ch®(u, f)| < oo, then f is called symmetrically u-integrable.
Similarly, if (u, f) € D* and |Ch®(u, f)| < oo, then f is called asymmetrically -
integrable. Recall that f is p-integrable if (u, f) € M(X) x F(X) and Ch(y, |f]) <
oo. For any (u, f) € M(X) x F(X), if f is p-integrable, then so are f* and f~, but
the converse statement does not hold in general. Moreover, f is not u-integrable
even if it is symmetrically and asymmetrically p-integrable.
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Example 5.2. Let X := (—1,0) U (0,1). Let u: 2% — [0,1] be the nonadditive
measure defined by

A) =
Hi4) 0 otherwise.

{1 if AN (—1,0)# 0 and AN (0,1) # 0,

Let f(z) := 1/z for every x € X. Then Ch(u, f") = Ch(u,f~) = 0, but
Ch(y, |f|) = co. Moreover, Ch®(u, f) = 0 and Ch*(u, f) = —1.

Obviously, if f is p-integrable, then f is symmetrically p-integrable and
|Ch®(u, )| < Ch(p, |f]), but this is not the case for the asymmetric p-integral.

Example 5.3. Let X := (0,1). Let u: 2X — [0,1] be the nonadditive measure

defined by
1 ifA=X,
u(A) == .
0 if A#X.

Let f(z) := —1/x for every z € X. Then Ch(y, |f|) =1 and Ch®(y, f) = —1, but
Cha(l%f) = —00.

By Proposition 3.2, the following Vitali type theorems for symmetric and asym-
metric Choquet integrals turn out to be immediate consequences of Theorems 4.5
and 4.6.

Theorem 5.4. Let (X, A) be a measurable space and p € My(X). Let {fn}nen C
Fo(X) be a sequence converging in p-measure to f € Fo(X). Assume that p is
autocontinuous.

(1) If {fn}nen is uniformly p-integrable, then f, and f are all symmetrically
p-integrable and Ch®(u, f,) — Ch®(u, f).

(2) If {fn}nen is uniformly fi-integrable, then f, and f are all symmetrically
fi-integrable and Ch*(f, f,) — Ch®(g, f).

Theorem 5.5. Let (X, A) be a measurable space and p € My(X). Let {fn}nen C
Fo(X) be a sequence converging in p-measure to f € Fo(X). Assume that p is
autocontinuous. If { fn}nen is simultaneously uniformly p-integrable and uniformly
pn-integrable, then f, and f are all asymmetrically p-integrable and asymmetrically
f-integrable. Moreover, it holds that Ch®(u, f,) — Ch®(u, f) and Ch*(g, fn) —

Ch* (L, f).

Corollary 5.6. Let (X, A) be a measurable space and € My(X). Assume
that w is k-subadditive for some k > 1. If {fu}nen C Fo(X) is a uniformly p-
integrable sequence converging in p-measure to f € Fo(X), then f, and f are all
symmetrically p-integrable, symmetrically ji-integrable, asymmetrically p-integrable,
and asymmetrically fi-integrable. Moreover, it holds that Ch®(u, f,) — Ch®(u, f),

Ch*(f, fn) = Ch*(L, f), Ch*(p, fn) = Ch(p, f), and Ch*(f, fn) — Ch*(f, f).

The following example shows that the uniform p-integrability does not imply the
uniform ji-integrability even if both u and f are autocontinuous.

Example 5.7. Let X := (0,1). Let A be the o-field of all Lebesgue measurable
subsets of X and A the Lebesgue measure on (X,.A). Let u(A) := \(A4)? for every
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A € A. Then p is autocontinuous and its dual i given by fi(A4) = 2A(A4) — A(A)? for
every A € A is also autocontinuous. For each n € N, let f,,(z) := 1/(nx) for every
z € X. Then {fn}nen C Fy (X) is uniformly p-integrable and Ch(y, f,) = 2/n
for every n € N. However, Ch(fg, f,) = oo for every n € N, and hence by Propo-
sition 3.4, {fn}nen is not uniformly f-integrable. In particular, fi is p-integrable,
but is not pu-integrable.

Remark 5.8. A similar result to Theorem 5.5 was already given in [17, Theorem 7]
and [18, Theorem 11.11] for a equi-integrable sequence { f, } nen under the additional
assumption that p is continuous and f is p-integrable.

6. THE BOUNDED AND THE DOMINATED CONVERGENCE THEOREM

In this section we show that the bounded convergence theorem and the dominated
convergence theorem can be obtained as applications of our Vitali type theorems
established in Sections 4 and 5.

Definition 6.1. Let © € M(X). Let F be a non-empty subset of F(X) and
f e F(X).

(1) The function f is called p-essentially bounded if there is ¢ > 0 such that
p({f>c})=0and u({f > —c}) = u(X). The family F is called uniformly
p-essentially bounded if there is ¢ > 0 such that pu({f > ¢}) = 0 and
u({f > —c}) = p(X) for all f € F.

(2) The function f is called p-essentially symmetric bounded if there is ¢ > 0
such that p({f > ¢}) = p({f < —c}) = 0. The family F is called uniformly
p-essentially symmetric bounded if there is ¢ > 0 such that u({f > ¢}) =
p({f < —c})=0forall feF.

Remark 6.2. The notion of the p-essential symmetric boundedness in this paper
slightly differs from that of [7, Definition 2.1]. Both notions coincide if the functions
are non-negative or if p is weakly null-additive, that is, u(A U B) = 0 whenever
A,B € A and pu(A) = p(B) = 0. However, from now on we will distinguish
them and say that f is p-essentially absolute bounded if there is ¢ > 0 such that
w({|f] > ¢}) = 0, which was the definition of the p-essential boundedness in [7].

Let F,3(X) and F, s(X) denote the set of all f € F(X) that are p-essentially
bounded and p-essentially symmetric bounded, respectively. Obviously, the notion
of the u-essential boundedness and that of the u-essential symmetric boundedness
coincide for nonnegative functions. If y is finitely additive and u(X) < oo, then
Fup(X) = Fua(X). In general, both notions are independent of each other [9,
Example 2.5].

For any f € F(X), let

[flly:=inf{e > 0: p({f = c}) = 0 and p({f = —c}) = p(X)}.

Then f is p-essentially bounded if and only if ||f||, < co. It always holds that
Fp(X) C Fup(X) N Fua(X) and || f|, < [|f]|. Let us collect some basic properties
of essentially (symmetric) bounded functions, which can be proved directly from
Definition 6.1.
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Proposition 6.3. Let p € M(X). Let F be a non-empty subset of F(X) and
feF(X).

(1) f is p-essentially symmetric bounded if and only if f* and f~ are both
p-essentially bounded. Moreover, F is uniformly p-essentially symmetric
bounded if and only if F* and F~ are both uniformly p-essentially bounded.

(2) Assume that p is finite. Then f is u-essentially bounded if and only if f+
s p-essentially bounded and f~ is p-essentially bounded. Moreover, F is
uniformly p-essentially bounded if and only if F is uniformly u-essentially
bounded and F~ is uniformly fi-essentially bounded.

Proposition 6.4. Let p € M(X). Assume that F C F(X) is uniformly p-
essentially absolute bounded.
(1) Ifsupser p({[f] > 0}) < oo (in particular, u(X) < o), then F is uniformly
u-integral bounded.
(2) F is uniformly p-absolutely continuous.
(3) F is uniformly p-integrable.

Proof. (1) Since F is uniformly p-essentially absolute bounded, there is ¢y > 0 such
that p({|f] > co}) = 0 and hence

(6.1) Ch(p, yalf]) = /0 AN {If] > )

for every f € F and A € A. Therefore (1) follows from

sup Ch(p, [ f]) = Sup/ {11 > £))dt < cosup p({lf] > 0}) < o,
feF ferJo feF

(2) For any € > 0, let § :=¢/co > 0. If u(A) < 6, then (6.1) gives

co

Co
sup Ch(ys, alf]) = sup / W(AN{If] > 1))t < / p(A)dt < e,
feF ferFJo 0

which implies the uniform p-absolute continuity of F.

(3) For any ¢ > ¢p and f € F, (6.1) gives Ch(u, x{s/>e}f]) < con({lf] > co})-
Since p({|f| > co}) = 0, Ch(y, X{|f;>c3|f]) = 0 and this implies the uniform u-
integrability of F. U

The following proposition provides a bridge from our Vitali type theorems to the
bounded convergence theorem and the dominated convergence theorem.

Proposition 6.5. Let p € M(X). Let F be a non-empty subset of F(X).

(1) Assume that F is uniformly p-essentially symmetric bounded. Then FT and
F~ are uniformly p-integrable.

(2) Assume that p is finite and F is uniformly u-essentially bounded. Then F+
s uniformly p-integrable, while F~ is uniformly fi-integrable.

(3) Assume that there is a p-integrable function g € FT(X) such that |f| < g
for every f € F. Then F is uniformly p-integrable.

(4) If supjer Ch(p, [f[P) < oo for some p > 1, then F is uniformly p-integrable.
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Proof. (1) and (2) follow from Propositions 6.3 and 6.4.

(3) For any ¢ > 0, supsecr Ch(p, X{|fj>1|f]) < Ch(p, x{g>c19)- Since g is -
integrable, by Proposition 2.8, F is uniformly p-integrable.

(4) For any ¢ > 0 and f € F,

Ch(pt X o 1) = /0 Tudlf > N ] > e
< /0 TP/ > e

= Ch(p, |f[P/"™),

so that sup se 7 Ch(p, xqif1>c3 | f]) < sup ez Ch(p, |[f|P)/cP~1. Letting ¢ — oo gives
the conclusion. O

The following bounded convergence theorem and the dominated convergence the-
orem for symmetric and asymmetric integrals follow from Propositions 6.5 and The-
orems 4.5, 4.6, 5.4 and 5.5.

Theorem 6.6. Let (X,.A) be a measurable space. Let p € My(X). Let {fn}nen C
Fo(X) be a sequence converging in p-measure to f € Fo(X). Assume that p is
autocontinuous.

(1) If { fu}nen is uniformly p-essentially symmetric bounded, then f, and f are
all symmetrically p-integrable and Ch®(u, f,) — Ch*(u, f).

(2) If {fn}nen is uniformly fi-essentially symmetric bounded, then f, and f are
all symmetrically p-integrable and Ch®(g, f,) — Ch*(q, f).

(3) If { fn}nen is uniformly p-essentially bounded, then f, and f are all asym-
metrically p-integrable and Ch®(u, fr) — Ch%(u, f).

(4) If { fn}nen is uniformly p-essentially bounded, then f, and f are all asym-
metrically p-integrable and Ch*(n, fr,) — Ch% (@, f).

Theorem 6.7. Let (X,.A) be a measurable space. Let p € My(X). Let {fn}tnen C

Fo(X) be a sequence converging in p-measure to f € Fo(X). Assume that p is
autocontinuous.

(1) If there is a p-integrable function g € FT(X) such that |f,| < g for every

n € N, then f, and f are all symmetrically p-integrable and Ch®(u, fr,) —

Ch*(u, f).

(2) If there is a fi-integrable function g € F1(X) such that |f,| < g for every
n € N, then f, and f are all symmetrically fi-integrable and Ch®(f, f,,) —
(5, f).

(3) If there is a simultaneously p-integrable and fi-integrable function g € FT(X)
such that |fn| < g for every n € N (in particular, there is a constant ¢ > 0
such that |fn| < ¢ for every n € N), then f, and f are all asymmetri-
cally p-integrable and asymmetrically p-integrable. Moreover, it holds that

Ch*(u, fn) — Ch*(u, f) and Ch®(a, f,) — Ch(a, f).
The last theorem follows from Corollary 4.8, Proposition 6.5, and Theorem 6.7.

Theorem 6.8. Let (X,.A) be a measurable space. Let 1 € My(X). Assume that p
is k-subadditive for some k > 1. Let {fn}nen C Fo(X) be a sequence converging in
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pu-measure to f € Fo(X). If { fu}nen is uniformly p-essentially symmetric bounded
or there is a u-integrable function g € FT(X) such that |f,| < g for every n € N,
then f, and f are all symmetrically p-integrable, symmetrically p-integrable, asym-
metrically p-integrable, and asymmetrically p-integrable. Moreover, it holds that
Ch*(p, fu) — CH*(p, f), CH(j1, fu) — CO*(, f), OB (p, f) — Ch%(p, ), and
B (i, fo) — CH (7, f).

Remark 6.9. (1) Theorem 6.6 (3) and its extension to Riesz space-valued non-
additive measures were already given in [10, Theorem 3.3] and [6, Theorem 3.1],
respectively.

(2) Several types of convergence theorems for the asymmetric Choquet integral
were given in [13] for various modes of convergence of bounded measurable functions.
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