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Abstract Let Q be an arbitrary set, equipped with an algebra A C 29 and let
f : B(A) — R be a functional defined on the set B(A) of bounded measurable
functions x : 2 — R. We provide necessary and sufficient conditions for a submodu-
lar functional f to be representable as a Choquet integral. From standard properties of
the Choquet integral the functional f should be positively homogeneous and constant
additive. Our first result shows that these two properties, together with submodularity,
characterize a subadditive Choquet integral, when 2 is finite. In the general case, f is
a subadditive Choquet integral if and only if it satisfies the three previous properties,
together with sup-norm continuity. This result provides another characterization of
subadditive Choquet integrals different from the seminal paper by Schmeidler (Proc
Am Math Soc 97(2):255-261, 1986) that relies on comonotonic additivity.

Mathematics Subject Classification 28A12 - 91B06

1 Introduction

Let Q be a set, equipped with an algebra A C 2% of subsets of €2, let B(A) be the
set of bounded measurable functions x : 2 — R, and denote by 1g the constant
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function on 2 equal to 1. The goal of this paper is to provide necessary and sufficient
conditions for f : B(A) — R to be a subadditive Choquet functional, the class of
functionals in which Choquet [4] was the most interested, that is, f is subadditive,
ie., f(x+y) < f(x)+ f(y) for all x,y in B(A) such that x + y € B(A), and,
there exists some set function v : A — R satisfying v(J) = 0 such that for all
x € B(A), f(x) is the Choquet integral of x with respect to v. Interestingly, posi-
tive homogeneity and constant additivity (i.e., f(x + t1lg) = f(x) + tf (1) for all
t > 0, all x € B(A)) are the two basic properties enjoyed by Choquet functionals.
Moreover, a Choquet functional is subadditive if and only if it is submodular, that is,
fxvy)+ f(xAy) < f(x)+ f(y) forall x, y in B(A), where the lattice operations
on B(A) are defined for its point-wise order. Our first result (Theorem 2.1) shows that
the properties of positive homogeneity and constant additivity, together with submod-
ularity characterize subadditive Choquet integrals, when €2 is finite. Our second result
(Theorem 2.2) shows that sup-norm continuity of the functional needs merely to be
added to the three previous properties to get the characterization in the general case.

Our results provide another characterization of subadditive Choquet integrals, dif-
ferent from the seminal one by Schmeidler [12] that relies on comonotonic additivity,1
a fundamental property satisfied by the Choquet integral, as proved by Dellacherie [5].
Assuming that f is monotonic, then f is a subadditive Choquet functional if and only if
f is subadditive and comonotonic additive (Schmeidler [12]) and also, from our result,
if and only if it is positively homogeneous, constant additivity, and submodular. The
proof of our result is direct without invoking comonotonic additivity. Moreover, the
monotonicity assumption is not assumed in our characterization results.

We now show the relationship with the literature dealing with an old conjecture by
Choquet [4] who claimed that on certain lattice cones, every positively homogeneous
and submodular functional is subadditive, a result that was known since Choquet
when f is twice continuously differentiable (see Huber [7]). This conjecture has been
recently proved in full generality by Konig [8] for the positive cone R, endowed with
the point-wise order and by Marinacci and Montrucchio [10] in the case of hyper-
Archimedean Riesz spaces, thus allowing orders on the space other than the point-wise
one. In [10], they also provide another result showing that continuous, constant additive
and submodular functionals are also subadditive when they are defined on R} , or on
R”, and more generally on a hyper-Archimedean Riesz space. Our main result is more
specific in terms of the space B(A) we consider, but more precise in its conclusion,
namely a submodular functional f : B(A) — Ris a subadditive Choquet functional if
and only if it is additionally assumed to be positively homogeneous, constant additive,
and sup-norm continuous (unless €2 is finite).

We recall some notations used throughout the paper. Let €2 be an arbitrary set, we
let R be the vector space of functions x : & — R. Then ]RE denotes the set of
non-negative functions x > 0, that is, x(w) > 0 for all ® € 2 and we define the
point-wise order x > x’ by x(w) > x’(w) for all w € Q. The lattice operations A and
Vv are defined by (x A y)(w) := min{x(w), y(w)}, (x V y)(w) := max{x(w), y(®)}
for all w € 2. We denote by 14 the indicator (or characteristic) function of a subset

! The functional f is said to be comonotonic additive if f(x + y) = f(x) + f(y) for all x, y in B(A)
such that x +y € B(A) and (x(0) — x (")) (y(®) — y(@')) > 0 for all w, ' in Q.
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Choquet representability of submodular functions 617

A C Q,ie, 14(w) = 1ifw € A, and 14(w) = 0 otherwise, and, by convention,
15 = 0. We will consider successively the two following cases (i) € is finite,> and
(ii) Q is a set equipped with an algebra A C 2% of subsets of 2, hence in particular
a measurable space space when A is a o-algebra.

2 The main results
2.1 The finite case

When € is finite, a game is a set function v : 2% — R satisfying v(#)) = 0. Then
the Choquet integral (Choquet [4]) with respect to the game v is the functional
D : R® — R defined as follows. For x € R, whose set of values, {x(w) : w e
Q} = {x1,...xk}, is ordered decreasingly as x; > --- > x; > --- > xg we define
Ax = x 1 ({xx}) and

K-1

000) = D (k= X DU(ATU - U Ap) + 15 0(). @1
k=1

The functional 9 : R — R satisfies the following properties [direct from the
definition for the first three, see for example [9] Proposition 4.11 page 64]:

[Extension] v(14) = v(A) forall A C Q;

[Positive Homogeneity] 0(tx) = t0(x) forall r > 0, all x € R®;

[Constant Additivity] O(x + t1g) = 0(x) 4+ t0(1g) forall t > 0, all x € R®;
[Lipschitz] 3k € R, [0(x) — 0(y)| < k|lx — y|loo for all x, y in R®.

Moreover if v is a capacity, i.e., v(J) = 0 and v(A) < v(B) forall A € B C Q,
then

[Monotonicity] d(x) < 0(y) for all x, y in R% such that x < y.

The function f : R — R is said to be Choquet representable or a Choquet
functional if there exists a game v : 2% — R such that f(x) = 0(x) for all x € R®.
Note that the game v associated with a Choquet functional f is unique since v(A) =
v(14) = f(A) for all A C , from the Extension property of the Choquet integral.
Then f : R® — R is said to be a subadditive (resp. convex, submodular,...) Choquet
functional if it is subadditive (resp. convex, submodular,...) as a function and if f is
a Choquet functional.

From the above properties, every Choquet functional f : R® — R is positively
homogeneous and constant additive. Moreover, a Choquet functional is subadditive

2 When  is finite of cardinal n, we can identify RS with R, thus a function x : € — R can also be
viewed as the n-tuple x = (xy, ..., x,). The previously defined order is the coordinate-wise order of R" , i.e.,
x=x1,..,x0) <y=(1,-.., yn) inR" means x; < y; foreveryi = I, ..., n. The lattice operations A
and Vv are defined by x Ay := (min{xy, y1}), ..., min{x,, y5}), x Vy := (max{xq, y1}), ..., max{x,, yn}).
With the previous identification, for A C {1, ..., n}, 14 will now be the vector in R” such that x; = 1
ifi € A and x; = 0 otherwise. Thus we denote by 1; := 1y;) (resp. 1) the vector with all coordinates
equal to zero, but the i-th equal to 1 (resp. with all coordinates equal to 1) so that x = (x1,...,x,) =
x1p 4+ xp1y.
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618 A. Chateauneuf, B. Cornet

if and only if it is convex if and only if it is submodular. See, for example [9]. The
following theorem shows that the three properties of positive homogeneity, constant
additivity, and submodularity characterize the class of subadditive Choquet function-
als.

Theorem 2.1 Let 2 be a finite set, let f : R® — R, then the two following assertions
(i) and (ii) are equivalent:

(1) f satisfies the following three conditions:
[Positive Homogeneity] f(tx) =tf(x) forallt > 0, all x € Ri,
[Constant Additivity] f(x+1t1g) = f(x)+1f (1) forallt > 0, all x € R®?3
[Submodularity] f(x V y) + f(x Ay) < f(x) + f(y) forall x, y in R¢; *
(1) f is a Choquet functional that is subadditive on RL je.,
[Subadditivity] f(x +y) < f(x) + f(y) forall x, y in R%.

If f satisfies one of the above equivalent properties, then it is Lipschitzian.

The proof of Theorem 2.1 is given in Sect. 3.1.

Subadditive Choquet functionals is a class of functionals that has been extensively
studied. Connecting the previous theorem with fundamental results of this literature
provides additional properties satisfied by the class of positively homogeneous, con-
stant additive, and submodular functionals.

Corollary 2.1 Let Q be a finite set, let f : R — R, and let v : 2% — R be defined
by v(A) := f(14) for A C Q. Then the following assertions are equivalent:

(1) f is positively homogeneous, constant additive, and submodular;
(ii) f is a subadditive Choquet functional;
@i1”) f is a convex Choquet functional;
(iii) f is a submodular Choquet functional;
(iv) f is a Choquet functional and v is submodular (or concave by Shapley [14])

v(AUB)4+v(ANB) <v(A)+v(B) forall A C Q,B C Q;
(v) v is submodular and f(x) = sup{x - : u € core (v)} forall x € R,
where core (v) 1= { € R® : n(A) < v(A) forall A € Q, and n(Q) = v(Q)}.
Proof The equivalence [(ii) <= (v)] is due to the seminal paper by Schmeidler

[12]. A general reference for the equivalence [(ii) < (ii') < (iii)) <
(iv) <= (v)]is Marinacci and Montrucchio [9] and Denneberg [6]. O

3 This is easily proved to be equivalent to f(x +t1g) = f(x) +tf(1g) forallr e R, all x € R, Also,
under positive homogeneity, constant additivity is equivalent to

fx+1g) = f(x) + f(1g) forall x € R®.
Indeed, f(x +11g) = f(t(x/t +1Q)) = tf(x/t + 1) = t(f(x/1) + fF(AQ)) = f(x) +1f(1g).

4 Under constant additivity, it is easily proved to be equivalent to f submodular on the whole space R,
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Choquet representability of submodular functions 619

We now deduce that every positively homogeneous, constant additive and submod-
ular functional is a polyhedral convex function, that is, it is the supremum of finitely
many affine functions; see Rockafellar [11].

Corollary 2.2 Let Q be a finite set, let f : R®* — R be a function that is positively

homogeneous, constant additive, and submodular, and let v : 2 — R be defined by
v(A) := f(14) for A C Q. Then

e f is a polyhedral convex function;
e 0f(0) = core (v).

Proof We first prove that f is a polyhedral convex function. Indeed, from Assertion
(v) of Theorem 2.1, one has f(x) = sup{x - i : u € core (v)} for all x. Thus f is the
support function of the set core (v), which is a polyhedral convex set, i.e., a convex
set defined by finitely many affine inequalities. Thus the function f is a polyhedral
convex function ([11] Corollary 19.2.1, page 174).

We now prove that df(0) = core (v). Indeed, since f is the support function of
core (v), which is nonempty convex compact, one gets ( [11] Theorem 13.1, page
112)

core (v) ={,bLeJRQ tx - u < f(x)forall x ERQ},

which is exactly df(0), since f(0) = 0 (from the positive homogeneity of f). O

2.2 The general case

When 2 is (possibly) infinite, more structure is needed on the space €2 and on the
functions x : 2 — R. The set © is now equipped with an algebra A € 2% (not
assumed to be a o -algebra), of subsets of 2, that is, A contains the whole set & and
is stable by union and complementation. Moreover every function x : 2 — R will be
assumed to be measurable, that is, x ! (1) € Aforevery interval I € R. We denote by
B(A) the set of bounded measurable functions x :  — R, thatis, x is measurable and
IX]loo := sup{|x(w)| : w € Q} < +00 and by By(A) the set of simple measurable
functions, i.e., measurable functions x : 2 — R whose set of values {x(w) : v € Q}
is finite. We let BT (A) := B(A) N Rf (resp. Bg’ (A) := By(A) N Rf) be the set of
non-negative bounded measurable functions (resp. non-negative simple measurable
functions). Clearly the finite case is a particular case of the measurable one, taking
A = 2% and every function x :  — R is measurable, bounded, and simple. We
recall that B(A) is a lattice for the point-wise order but may not be a vector space,
unless A is assumed to be a o -algebra (but By(.A) is always a vector space).

A game is now a set function v : A — R such that v() = 0 (and v is not assumed
to be a capacity, i.e., monotonic). Following Aumann and Shapley [2], the variation
norm of a game v is defined as follows:

K
[lv]| := sup [Z [v(Ar) —v(Ar_1)]| : (Ak)fzo finite chain in .A] ,
k=1
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620 A. Chateauneuf, B. Cornet

where, by finite chain (Ak)f:o in A, we mean that Ay € Aforallk =1,..., K and
B=A)C A C--- C Ag = Q2. We denote by:

bv(A) :={v: A—> R : v@) =0and |v] < 400},

the set of games having a finite variation norm. The variation norm is indeed a norm
on the space bv(A), which is a Banach space for this norm. Moreover, bv(.4) contains
the class of finite games, the class of capacities, i.e., monotone games, and also the
set ba(A) of bounded charges, i.e., additive games of bounded variation. For all these
properties we refer to [2].0

We follow Marinacci and Montrucchio [9], to define the Choquet integral with
respect to the game v € bv(A), as follows. First when x € B(A), we let:

C 0 400
/ x(w) dv(w) ::/ [v(x>1) —v(RQ)] dt +/ v(x >1)dt, also denoted v(x)
Q 0

—00

where the integrals (with respect to the real variable ¢) are taken in the sense of
Riemann. The Riemann integrals are well defined and the definition of Choquet integral
coincides with the previous one for finite games. Moreover the functional v : B(A) —
R is Lipschitzian and this allows to extend the integral on the set:

B(A) = {x = lim x, : x € R® is bounded, for all n, x, € B(.A)},
n—oo

the closure of B(.A) in the Banach space of all bounded functions (endowed with the
sup norm). Then B(.A) is a Banach lattice (hence a vector space) containing B(.A),
which is not in general a vector space, B(A) is also the closure of By(A), the set of
simple measurable functions, and B(A) = B(A) whenever Ais a o -algebra. For this
construction and the properties listed above and below, we refer to [9].

[Extension] 0(14) = v(A) forall A € A,

[Positive Homogeneity] 0(tx) = t0(x) forallz > 0, all x € B(A);

[Constant Additivity] O(x + t1g) = d(x) +t0(1g) forall > 0, all x € B(A);
[Lipschitz] 3k € Ry, |[0(x) — d(y)| < k|lx — ylloo forall x, y in B(A).

We now provide an extension of the representation Theorem 2.1. The function
f : B(A) — R (resp. f : B(A) — R) is said to be Choquet representable or a
Choquet functional if there exists a game v € bv(A) such that f(x) = v(x) for all
x € B(A) (resp. x € B(A)). Again, the game v associated with a Choquet functional
f is unique since v(A) = v(14) = f(14) forall A € A, from the Extension property
of the Choquet integral. We stress the fact that if f is a Choquet functional then its
associated game v is of finite (bounded) variation, i.e., v € bv(.A) (since the Choquet

5 Indeed bv(A) contains the class of all finite games (i.e., €2 is finite) since there are finitely many finite
chains. Moreover, bv(A) contains all capacities v since, using the monotonicity of v, for all finite chains
A0, XK wap — vl = TE v — v(Ak_1) = v(@) — v(#) = v(Q). Consequently,
lv|l = v(2) < co. An additive game g is called a charge (or a signed charge) and we point out that the
total variation norm of a charge ||;t] is exactly the variation norm of the game © defined above.
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Choquet representability of submodular functions 621

integral has been defined only in this case). Then, as previously, f : R? — Rissaid to
be a subadditive (resp. convex, submodular,...) Choquet functional if it is subadditive
(resp. convex, submodular,...) as a function and if it is a Choquet functional.

Theorem 2.2 Let Q2 be a set equipped with an algebra A C 2%, let f : B(A) — R.
Then the following three assertions are equivalent:

(1) f satisfies the following four conditions:

[Positive homogeneity] f(tx) =tf(x) forallt > 0, all x € B+(.A)
Constant Additivity f(x +t1q) = f(x) +tf (1) forallt > 0, all x € B,(A),
Submodularity f(x Vy)+ f(x Ay) < f(x)+ f(y) forall x,y in B+(A)
[Continuity] f is sup-norm continuous on BT (A);

(1) f is a Choquet functional, and f is subadditive, i.e.

[Subadditivity] f(x+x") < f(x)+ f(x")forallx, x"in B(A), x+x" € B(A);

(i) f has a sup-norm continuous extension f : B(A) — R satisfying: f is a

subadditive Choquet functional on B(A).

Moreover;, if f satisfies one of the above equivalent assertions, then f and f are
Lipschitzian.

The proof of Theorem 2.2 is given in Sect. 3.2.

Remark 2.3 The above theorem contains an additional continuity assumption that
was not made in Theorem 2.1 when 2 is finite. Moreover the continuity assumption
cannot be dispensed with when €2 is not finite. Consider a linear functional f that is
not sup-norm continuous, then f is positively homogeneous, constant additive, and
submodular. But f cannot be a Choquet functional since Choquet functionals are
always Lipschitzian. O

In the general case, subadditive Choquet functionals have been extensively studied,
starting with the seminal paper by Schmeidler [12]. Connecting Theorem 2.2 with this
literature provides additional properties satisfied by the class of positively homoge-
neous, constant additive, submodular, and sup-norm continuous functionals. The next
result considers the case of functionals f : B(A) — R defined on the Banach lattice

B(A).

Corollary 2.3 Let 2 be a set equipped with an algebra A C 29 let f : B(A) — R,
and let v : A — R be defined by v(A) := f(1a) for A € A. Then the following
assertions are equivalent.

(i) f satisfies the following four conditions:

[Positive homogeneity] f(tx) = tf(x)for allt > 0,all x € B+(Q)
[ Constant Additivity] fx +irlg) = f(x) +tf(19)f0rallt > 0,allx € By(A),
[Submodularity] f(x vV y) + f(x Ay) < f(x)+ f(y) forall x, y in B+(.A)
[ Contmmty ] f is sup-norm continuous on B (A);

(i) f is a subadditive Choquet functional;

(i’) f is a convex Choquet functional;

(ili) f is a submodular Choquet functional;
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622 A. Chateauneuf, B. Cornet

(iv) f is a Choquet functional and v is submodular; i.e.,
V(AUB)4+v(ANB) <v(A)+v(B) forall A € A, B € A,

(v) v € bv(A) is submodular, and

f(x) =sup{x - u: pu € core (v)}forallx € B(A),

where core (v) := {u € ba(A) : w(A) < v(A) for allA € A u(Q) = v(Q)},
ba(A) denotes the vector space of all charges with finite (total) variation norm.

Moreover, if f satisfies one of the above equivalent assertions, then f is Lip-
schitzian.

The equivalence [(i) <= (ii)] is a direct consequence of Theorem 2.2, con-
sidering the restriction f of the functional f to B(A). For the other equivalences
[Gi) & (i) < (iii) <= (iv) <= (v)], we refer to Marinacci and
Montrucchio [9].

The next corollary replaces the previous continuity assumption by the monotonicity
of the functional f and the associated game v will then be a capacity.

Corollary 2.4 (Monotone) Let Q be a set equipped with an algebra A C 2%, let
f : B(A) — R, then the following two assertions are equivalent:

() f is positively homogeneous, constant additive, submodular on B(A),® and
[Monotone Increasing] f(x) < f(y) forall x, y in B(A) such that x < y;
(il) v is a capacity and f is a subadditive Choquet functional.

Proof The proof of [(i) == (ii)] is a direct consequence of Theorem 2.2 and the
fact that f is Lipschitzian whenever f is monotone increasing and constant additive.
Indeed, for all x, y in B(A) one has, x < y + ||lx — y|loolg. Since f is monotone
increasing and constant additive, one gets:

fO) = fy+Ix = yleole) = F) + X = ylloo f Ag).

Interchanging the role of x and y one gets f(y) < f(x)+ |y — x|loo f (1), hence

If ) = fWI = fA)llx = ylleo

Consequently, from Theorem 2.2, f is a subadditive Choquet functional. Since f
is monotone increasing, one then checks that v is monotonic, i.e., v(A) 1= f(14) <
fdp) :=v(B)forall A C B,A € A, B € A, that is, v is a capacity. The proof of
the converse [(ii) = (i)] relies on standard properties of the Choquet integral. O

We can now deduce the Riesz’ representation theorem for linear and sup-norm
continuous functions f, in the case of an algebra A (and the case of a o- algebra A
follows immediately since in this case B(A) = B(A)).

6 As in Condition (i) of Theorem 2.2.
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Choquet representability of submodular functions 623

Corollary 2.5 (Riesz) Let €2 be a set equipped with an algebra A C 29 et f -
B(A) — Randlet v : A — R be defined by v(A) := f(1,) for A € A. Then the

following two assertions are equivalent:

(1) f is linear and sup-norm continuous;
(ii) v € ba(A) and f(x) = fgx(a))dv(a))for all x € B(A).

Proof [(i) = (ii)]is adirect consequence of Corollary 2.3 since a linear functional
is positively homogeneous, constant additive, and modular (see Topkis [15]), hence
submodular.” Thus f is a Choquet functional. Then one checks that v is additive (i.e.,
a charge) since f is linear and v € ba(A) since v € bv(A) and v is additive.

[((i) = (i)].If f is aChoquet functional with respect to v € ba(A), then itis linear
from standard properties of the Choquet integral. Moreover the Choquet functional f
is sup-norm continuous by Corollary 2.3. O

3 Proof of the theorems
3.1 Proof of Theorem 2.1

Hereafter, we provide the proof in a slightly more general framework than 2 finite,
since it will be needed in the next section for the proof of the general case. More
precisely, hereafter we assume that €2 is a set equipped with an algebra A C 2%, we
let f : Bo(A) — R, where By(A) denotes the set of simple measurable functions,
and the definition of the Choquet integral is given by the same formula (2.1) as in the
finite case. Clearly this framework extends the case of  finite, taking A = 2%, and
noticing that By(A) = R .

[(Gi) == (i)] Assume that f is a subadditive Choquet functional. By standard
properties of the Choquet integral, f is constant additive and positively homogeneous
on By(A). Moreover the Choquet functional f is subadditive on By(A) if and only
if it is submodular on By(A) (see [9]). Hence f is submodular, constant additive and
positively homogeneous on By(.A), which shows that it satisfies Condition (i). O
[() = (ii)] We assume that f : Bg(A) — R satisfies (i), we let x € By(A),
whose values {x1, ..., xg} are ranked in decreasing order x; > - -+ > x; > --- > xg,
and we recall that:

x=x11a, + -+ xxla, where Ay :={w € Q : x(w) =x¢} € A,

{A1, ..., Ak} defines a measurable partition of €2,

x =K v with yg == (% — xep)1a,0-0a, (K < K — 1), yg == x¢1g,

IS x dv = 3K oo — mer)v (A U+ U Ag) + x5 0(R) (by Definition (2.1)).

The equality f(x) = fg x dv will be proved in the following three steps and the
subadditivity of f in the fourth step.
Step 1. f(x) > [ x dv forall x > 0.

The proof of Step 1 is a consequence of the following two claims.

7 If f is additive, then the functional f is modular. Indeed, sincexVy+xAy = x+y: f(xVy)+f(xAy) =
faVvy+xAy) = f(x+y) = fx) + f(y) forall x, y in B(A).
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624 A. Chateauneuf, B. Cornet

Claim 1 f(y) = (xx — xe+DV(A1U---UAp) (k < K = 1), f(yg) = xxv(Q).
Indeed, fork = K, since xx > O[because x > 0] and f is positively homogeneous,
we get f(yg) := fxxlq) = xg f(1q) = xgv(2) [from the definition of v].
For k < K — 1 one has:

Fo) = (G = xk41)1a,0-04,)
= Xt — Xk+1) f (L a,u..ua,)[since f is pos. hom. and x; > xi41]
= (xx — Xk+1)V(A1 U - - - U Ap)[from the definition of v]. O

. c
Claim2 f(x) = /(34 y0) = Xisy fOw) = Jg x dv.
Indeed, we will prove hereafter the following inequality:

FO1+-+y)=>fOr1+ 4+ w1+ fOr) forallk =2, ..., K,
that immediately implies Claim 2 (by a simple induction argument) since
K
fx) = f(Zyk) = fOr+-+yk-)+ fOr) = ...
k=1

K
> fOr+ ) F FOD) o FOR) == D> f )
k=1

We now prove the above inequality, fixingk =2, ..., K. Welet xg4+1 :=0

° a:=y 4+ +y =0 —x2)1a +- -+ Ok — xkr1)1a,004
= (01 — x4, + -+ O — xep )14,

o b:=(xp —xpr1)1g >0,

recalling that x; > -+ > xg > 0 := xg 4 since x > 0. Moreover one gets:

® anb:= 1+ +y)A Gk — 1)1
= (1 = xee) 1, + -+ O — X)) 1a) A (i — XD 1
= (k= xk+0)1a; + oA O — X)) L4, = Ok — Xk1) 14,004, = Yk

e avb:=((x1 —xke)la, + 4 0k — xrD1a) V Ok — x4D1e
= (x1 = xp+0)1a; + 0+ Gkm1 — X)Ly + Gk — x4 1) 14,
+ ok — X+ 1A u-UAg
= (01 —x)la, + -+ 1 — x0) g, + Gk — xip )1
= y1+ -+ Y1 + (xx — xk+1)1[from the formula giving a at k — 1]
= Y+ e b

Consequently, using the submodularity and constant additivity of f we get:
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SO1+-+ )+ f(b) = fla) + f(b)
> f(a ADb)+ f(a Vv Db) [since f is submodular]
= fOw)+ fO1+ -+ yk—1 + b) [from above] where b := (xy — xx41)1q,
= f)+ f1+ -+ yk—1) + f(b) since f is constant additive.

Hence, f(y1 +---+y) = fO1+ -+ y—1) + fOn)- a

Step 2. [ x dv > f(x) forall x > 0.

Recalling that x; > --- > xx > 0, we can rewrite the integral as

c
/ xdv=(x1—x2) f(1a)+ 02 —x3) fAa,ua)+ -+ — xp1) F(La uuag)

Q

+-+ (eg—1 — xk) fAau-vag_y) + xx f(1@)

= x1f(ay) +x2(f Aayua,) — f(14)))
4+ x(fAayueua) — FAaue0a )
4+t xk (@) = fFAauvag_,))

> f(xilay) + fleila, +x21a,) — f(x114)
+ooe+ flala + o+ xada) = fOala + o+ xe-la)
+ooo+ floday + o Fxglag) — fOola + -+ xk—1lag,)

= fx1la, + -+ xgla,) = f(x).

since, on the first hand, the above equalities are simply rewriting the definition of

fg x dv and f(x) respectively, and, on the other hand, the above inequality is a
consequence of the following two assertions that for k = 1:

x1f(1a,) = f(x114,)[since f is positively homogeneous and x1 > 0],
andandfork=2,..., K

x (f Aayu-va) — FAau-04a )
=xp(fAa 4+ 4140 — fAa +--+14,)
= fOqla, + - +xda) — fOxda, +-- -+ xela,_)[since x; > 0]
= f(a) — flanb)
> f(a Vv b)— f(b)[since f is submodular]
= flxala, + -+ xla) — fala, + -+ x—11a, ),

where above we have taken:

a .= xklAl +-~-+xk1Ak,b = xllAl =+ - +xk—11Ak—1
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and, recalling that x| > --- > x; > --- > xg > 0, we clearly have:
anb=xa 4+ +xly anda Vb =x114 4+ xcly,. O

Step 3. f(x) = [$ x dv forall x € R®.

Indeed, there exists t+ > 0 such that x + t1g > 0. Thus, fg(x + tlg) dv =
f(x +t1gq) from Steps 1 and 2. Consequently, from the constant additivity properties
of both f and the Choquet integral, we have

C C C
/ xdv+t/ 1o dUZ/ (x+tlg)dv=f(x+1tlg) = f(x)+tf(1g).
Q

Q Q

Thus [ x dv = f(x) since [ 1g dv = v(Q) := f(1g). o
Step 4. f is subadditive on R®.

From (i), the function f is submodular on R, which together with the constant
additivity of f (by (i)) implies that f is submodular on R®. But f is a Choquet
functional by Steps 1 and 2, and a Choquet functional is submodular on R® if and
only if it is subadditive on R (see [9]). Thus f is subadditive on R, o

3.2 Proof of Theorem 2.2

We first prove [(i) — (ii)]. Let f : B(A) — R satisfy Condition (i), we define
the game v : A — R by v(A) := f(1,) for A € A. The proof of (ii) will proceed in
several steps. The first step proves that v € bv(.A). The second step proves the equality
f(x) = 0(x) when x € By(A), i.e., x is a measurable simple function; this has been
mainly performed in the previous section (the finite case) and we only need to recall
that the two definitions of the Choquet integral used so far coincide when x € By(A).
The third step uses a standard approximation argument of x € B(A) by a sequence
of measurable simple functions (x™); since f(x") = v(x™) by Step 2, then going to
the limit when n — o0, gives the desired equality f(x) = 0(x), using the sup-norm
continuity of 9 (a property of the Choquet integral) and of f (by assumption).

Step 1 v € bv(A).

First, v is a bounded game since f isbounded on By := {x € BT(A) : || x|loo < 1}
the non-negative unit ball; indeed, since f is sup-norm continuous at 0, for every
& > 0 there exists @ > 0 such that ||x| < « implies | f(x)| < &; hence, for x €
By, a|f(x)] = |f(xx)| < e since f is positively homogeneous, thus | f(x)| < ¢/a.

Second, v is submodular since f is submodular; indeed,

v(AUB) +v(ANB) = f(laup) + f(Lanp)
= fAavip)+ fAaAlp) = f(1a) + f(1B) = v(A) + v(B).

Since v is bounded and submodular (see [9] Theorem 38 Page 40), the core (v)
is nonempty and moreover, for any finite chain (Ak)fzo, ie., Ay € A for all k, and
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h=ApC---C A C--- C Ag = Q, there exists i € core (v) (and in particular
1 € ba(A) by definition of the core), such that (Ay) = v(Ay) for all k. Thus

K K
D (AR = oAl = D [1(Ar) — i(Ax-1))

k=1 k=1

K
= D 1A\ A= DI < e,
k=1

where | 1] is the variation norm of the (additive) game u € ba(A), i.e., of the (signed)
charge . From a standard result of measure theory (see for example [3], [1] Corollary
10.55, page 399), ||| < +ooif and only if the range of i is bounded, i.e., there exists
M e R, such that |1 (A)| < M forall A € A.3 Thus to show that v € bv(A), i.e., |v]
is finite, we only need to check that the range of u is bounded. Indeed, for all A € A,
recalling that v € core (v), there exists M’ € R such that

pn(A) <v(A) = f(1x) < M,
v(Q) — n(A) = u(Q) — n(A) = (A < v(A°) == f(lae) < M,

since f is bounded on the unit ball and ||14(lcc < 1, [[14c|lcc < 1. Consequently,

supe [ (A)| < max{M’, M’ — v(2)}, i.e., the range of  is bounded. O

Step 2 f(x) = v(x) for all x € By(A), i.e., for all x measurable simple function.
We have proved in the previous section that, for every simple function x : 2 — R

whose (finitely many) values {x1, ..., xg} are ranked in decreasing order x; > - -- >
X; > --+ > Xk, we have:
K—1
fO) =" (0 = xip)v(AL U+ U Ap) + xg0(Q).
k=1

But for a simple function x € By(A), the above sum coincides with the Choquet
integral w.r.t. v € bu(A), that is, one has ( [9] Proposition 22, page 22, [6])

K-1
00 = D (& — x4 DU(AT U -+ U Ap) + 1k ().
k=1
Thus f(x) = 0(x). O

Step 3 f(x) = 0(x) for every x € B(A).

Proof We recall that the set By(.A) of simple and measurable functions is sup-norm
dense in B(A), that is, for every x € B(A), there exists a sequence of measurable
simple functions x” : Q — R such that ||x" — x| o0 — 0 when n — oo.

8 Define ||| = [1l(R) := puT(2) + 1~ (Q), where T (A) := sup{u(B) : BC A, A€ A}, u™(Q) =
—inf{u(B) : BC A, A € A}for A € A. Then ||| = ||(£2) (see for example [3] Theorem 2.2.4 page
46, Theorem 4.1.2 page 86, [1] Corollary 10.53 page 397) and the result follows.

@ Springer



628 A. Chateauneuf, B. Cornet

Consequently, for every x € B(A), we have
|f) =0 = [f () = FODI+ &™) =DM+ [0(") — D)l

But | f(x") — 0(x")| = 0 by Step 2, and [0(x") — 0(x)| = 0 when n — 400
since 0 is Lipschitzian on B(A) when v € bv(A) [Marinacci and Montrucchio [9]
Proposition 24]. Moreover, | f (x) — f(x")] — 0 when n — 400 since f is sup-norm
continuous at x; it suffices to notice that f is continuous on BT (A) by assumption,
which together with constant additivity, implies that f is continuous on B(A).

Letting n — +o00 in the above inequality, at the limit we get f(x) = 0(x). O
[(ii)) = (ii")]. From (ii), f is a Choquet functional w.r.t. v € bv(A), hence
it is Lipschitzian [Marinacci and Montrucchio [9] Proposition 24]. Consequently,
f : B(A) — R has a sup-norm continuous extension f : B(A) — R since B(A)
is a Banach space. But, the Choquet integral © : B(A) — R has been defined as the
sup-norm continuous extension of 0 : B(A) — R. Since f = 0 on B(A) by (ii), we
deduce that f = 0 on B(A), thatis, f is a Choquet functional w.r.t. v € bv(A).

We end the proof by showing that f is subadditive. Indeed, let x, y in B(A) =
Bo(A), then f(x) = lim, f(x"), f(y) = lim, f(y") for some sequences (x"), (y")
in By(A) converging to x and y respectively. From the subadditivity of f on B(A)
(hence also on By(A)) by (ii), we have f(x" 4+ y*) < f(x") + f(y"). At the limit,
we get

fa+y) =lmfa" +y") <lim f(") +1im f(") = f@) +f0)- o

[(ii") = (i)]. The Choquet functional f : B(A) — R is subadditive if and only
if it is submodular (see Marinacci and Montrucchio [9]). Consequently, from (ii’),
the Choquet functional f : B(A) — R is positively homogeneous, constant additive,
submodular, and sup-norm continuous on ‘B(A). Thus, f, which is the restriction of
f on B(A), satisfies the properties of (). O
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