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1 Introduction

The notion of entropy of a probability measure, as proposed by Shannon [13],
is of primary importance in many application fields, e.g., information theory,
operations research, classification, data mining, etc.

It was therefore natural to investigate about the entropy of capacities
[1] (also called fuzzy measures [14], non-additive measures [3]), since they
are a generalization of probability measures. After a first attempt by Yager
[16], Marichal and Roubens [12, 11] proposed a definition having suitable
properties, and which can be considered as the generalization of the Shan-
non entropy. Another attempt was also done by Dukhovny [4], in a different
spirit. All these works considered finite universal sets, and the power set as
underlying set system. In a previous paper [8], we proposed a definition of
entropy able to work with capacities defined on set systems which are not
necessarily the whole power set, but satisfy a regularity condition. Our defi-
nition encompasses the one of Marichal and Roubens, and also encompasses
the Shannon entropy. Our entropy can be applied to capacities on lattices
as well.

An important question about entropy is to find suitable axiomatizations,
where axioms are enough understandable or natural. There exist many of
them for the classical Shannon entropy (see, e.g., [5]). For capacities, to the
best of our knowledge, there exists only the work of Kojadinovic et al. [9].
Their axiomatization is however rather complicated, due to the presence of
a recursive axiom, whose meaning is hard to grasp.

Our aim in this paper is to present a new axiomatization which is more
understandable in our general framework where the set system is not neces-
sarily the whole power set, but a subset of it. Our axiomatization is in the
spirit of the one proposed by Faddeev [6] for the Shannon entropy.

The paper is organized as follows. Section 2 introduces notations and
necessary materials about set systems. Then Section 3 presents capacities
on set systems and the definition of their entropy. The axiomatization of
entropy is given in Section 4, and proofs of the main theorems are given in
Section 5. Lastly, we give some final remarks on the suitability of regular set
systems as a fundamental concept, and some directions for future research
in Section 6.

2 Mathematical background

We begin by introducing some notations and definitions.

Throughout this paper, we consider a finite universal set N := {1,2,... n},
n > 2, and 2V denotes the power set of N. Let us consider N a subcollec-
tion of 2V which contains ) and N. Then we call (N,N) (or simply N if no
confusion occurs) a set system.

A set system endowed with inclusion is a particular case of a partially
ordered set (P, <), i.e., a set P endowed with a partial order (reflexive, an-
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tisymmetric and transitive) <, as for example (N, C).
Let A,B € N. We say that A is covered by B, and write A < B or
B>~ A/it AC Band A C C C B together with C' € N imply C = A.

Definition 1 (maximal chain of set system) LetN be a set system. We
call C' = (cg,¢1, ..., Cn) a maximal chain of N if C satisfies ) = ¢y < ¢ <
oo =<cp=N,c; eN,i=0,...,m.

We denote the set of all maximal chains of N by C(N).

Definition 2 (totally ordered set system) We say that (N,N) is a to-
tally ordered set system if for any A, B € N, either AC B or A2 B.

If (N,N) is a totally ordered set system, then |C(N)| = 1.

Definition 3 (regular set system [8]) We say that (N, N) is a regular set
system if for any C' € C(N), the length of C is n, i.e. |C| =n+ 1.

Equivalently, N is a regular set system if and only if |[A\ B| = 1 for any
A, B € N satisfying A >~ B.

3 Entropy of a capacity

Definition 4 (capacity on a set system) Let (N,N) be a set system. A
function v : N — [0,1] is a capacity on (N,N) if it satisfies v(0)) = 0,v(N) =
1 and, for any A, B € N,v(A) < v(B) whenever A C B.

Let v be a capacity on (N,N). For C := (co,c1,...,cm) € C(N), define
pv,C by
TR (A S
= (0ler) — vlco), v(e2) = v(er), -, (m) — V(em 1)),

Note that p* satisfies p!® > 0,7 =1,...,m, and Yo ¢ =1.
We introduce further concepts about capacities, which will be useful for
stating axioms.

Definition 5 (dual capacity) Let v be a capacity on (N,N). Then the
dual capacity of v is defined on N? := {A € 2V | A° € N} by v¥(A) =
1 —v(A°) for any A € N¢, where A°:= N \ A.

A Hasse diagram for N¢ is obtained by turning upside down a Hasse diagram

for N (cf. Fig. 1).

Definition 6 (permutation of v) Let 7 be a permutation on N. Then the
permutation of v by 7 is defined on w(N) := {m(A) € 2V | A € N} by
mov(A) :=v(r"(A)).
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{1,2} {2,3} {1,3} {2,3}
{Q% {1}\/{3}
0 0
N N

Figure 1: Dual set system

Example 7 We show an example of a permutation of a set system. Let
N = {1,2,3} and N := {0,{1},{3},{1,2},{1,3},{2,3}, N} and let 7 =

(; § i’) Then, for instance 7 o v({2,3}) := v(771({2,3})) = v({1,2}) (cf.
Fig. 2). For the maximal chain C := (0, {2},{2,3}, N) € C(x(N)), 7~ }(C) =

(r=1 (@), 7= ({2}), 771 ({2,3}), 771 (NV)) = (0, {1}, {1,2}, N) € E(N).

N N

{1,2} {1,3} {2,3} {2,3} {2,1} {3,1}

{1}\/{3} {2}\/{1}
0 0
N m(N)

Figure 2: Permutation of set system

As it is usual for functions, we denote the restriction of v to some regular
set system N’ C N by v|y, i.e., v|n(A) :=v(A) for any A € N'.

Let us consider a chain of length 2 as a set system, denoted by 2 (e.g.
{0,{1},{1,2}}), and a capacity v? on it. We denote by the triplet (0,u, 1),
0 < u < 1, the values of v? along the chain.

Definition 8 (embedding of v?) Let v be a capacity on a totally ordered
reqular set system (N,N), where N := {cy,...,c,} such that ¢;_1 < ¢;, i =
1,...,n, and let v* := (0,u,1) be a capacity on 2. Then for ¢;, € N, v is
called the embedding of v? into v at ¢, and defined on the totally ordered
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reqular set system (N N%) by

v(cg—1) +u- (v(cek) — v(ck-1)), if A=cl,
v*(A) =< v(c), if A=¢;for j <k (3.1)
orA:cg’forjzk

with {Zk} = ¢ \ Cp_1, N% = {1,...,Z'k_l,i;,ig,ik+1,...,n} with Z;c #* Z'/k/,
(V' {Zk}) N it =0, ¢ o= (e \in) Uiy, ¢f = (¢ \ i) U{dg, i} for
Jg=k,...,n, and N :={co, ..., Cho1,Cls Cp, Clts1, - - Cp }-

Example 9 Let us take N := {1,2,3}, N := {0,1,12,123} and ¢, = 12
(“12” stands for {1,2}, etc.). Then i; = 2, which is replaced by 2’ and 2”.
We obtain

2 ={1,2,2" 3}
={0,1,12,12'2",12'2"3}

M%D v(1)

v?(12) = v(1) +u- (v(12) — v(1))

v'?(122") = v(12)

v'?(12'2"3) = v(123).

We turn now to the definition of the entropy. We first recall the classical
definition of Shannon.

Definition 10 (Shannon Entropy) Let p = (p1,...,pn) be a probability
measure on N. Then the Shannon entropy of p is defined by

(S) HS(p) = HS(pla"'apn = szlogpza

where log denoting the base 2 logarithm, and by convention 0log( := 0.

Definition 11 (entropy of a capacity on a set system [8]) Let v be a
capacity on a reqular set system (N,N). The entropy of v is defined by

(HG) Hyg(v) := TSR] Z Hs(p"©).
Cee(N)

We recall the definition of Dukhovny [4] for capacities defined on the
power set, which we extend to our framework. We call it minimum entropy.

Definition 12 Let v be a capacity on a regular set system (N,N). The
minimum entropy of v is defined by

O : v,C
(D) Hp(v) = Crenel(rjl\f)Hs(p ).
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As it is clear from its definition, Hp is not differentiable.

Before entering the axiomatization part, a remark on the domain of en-
tropy functions is in order. For mathematical rigor, one should define the
Shannon entropy relatively to the cardinality of the universe, hence when
necessary we will use the notation HE, with |N| =: n. More precisely, let A,
be the set of all probability measures on N = {1,...,n} and algebra 2. Hg
is a function defined on A :=J7, A, to [0,00), and HY is its restriction to
A,

Accordingly, we do the same for our definition, up to the fact that Hyg
depends not only on N but also on the set system N. As it will become
clear hereafter, in fact only the number of maximal chains matters. But
since in the axiomatization part, this cannot be known in advance, we let as
superindex the set system N , and also the cardinality n of the universe, the

latter only for clarity since this can be known from the set system: Hﬁg or

H™N. We denote by A, x the set of all capacities defined on (N, N), and the
domain of Hug is A :== U~y Un on v Ann-

4 Axiomatization of the entropy of capacities

First, we recall Faddeev’s axiomatization, which will serve as a basis for our
axiomatization. In what follows, H" is a function from A, to [0, c0).

(F1) f(z) := H?*(p,1 — p) is continuous on 0 < p < 1, and there exists
po € [0, 1] such that f(py) > 0.

(F2) For any permutation 7 on N,
Hn(pfr(l)7 s 7p7r(n)) = Hn(pla cee 7pn)'
(F3) Ifp,=q+rq>0,7r>0,then

Hn+1(p17 ce apn—laQar) = Hn(plv cee apn) +an2(Q/pn7'r/pn)

Theorem 13 (Faddeev’s axiomatization of the Shannon entropy [6])
Under the condition H*(1/2,1/2) = 1, H" = HE for all n > 2 holds if and
only if (F1), (F2) and (F3) hold.

We introduce five axioms for the entropy of capacities. In what follows,
H™N is a function from A,y to [0, 00).

(HG1) (continuity) The function f(u) := H?*2(0,u,1) is continuous on
[0, 1], and there exists ug € [0,1] such that f(ug) > 0.

(HG2) (dual invariance)  For any capacity (0,u,1) on 2,
H*2(0,u,1) = H**(0,1 — u, 1).

6
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(HG3) (increase by embedding) Let v be a capacity on a totally ordered
reqular set system (N,N), with n > 2. Then for any ¢, € N and any v? :=
(0,u, 1), the entropy of v is

H" N (%) = H™N(v) + (v(cx) — v(cp-1)) - H**(0,u,1). (4.1)

(HG4) (convexity) Let (N,N) with n > 2, (N,Ny),..., and (N,Ny) be
regular set systems on N, satisfying C(N) = C(N1)U---UC(Ny), and C(N;)N
C(N;) =0, for alli # j. Then there exist unique oy, ..., o €]0, 1] satisfying
Zle ar = 1 such that for any capacity v on (N,N),

H”’N(v) = ay H™™M (V|ny) + -+ akH”’Nk(v]Nk).

(HG5) (permutation invariance) Let v be a capacity on a regular set system
N with n > 2. Then for any permutation m on N satisfying m(N) = N, it
holds that

H™N(v) = H™N(7 o v).

Theorem 14 Under the condition H**(0,3,1) =1, H™N = HEY forn > 2
and any reqular set system N on N, if and only if (HG1), (HG2), (HG3),
(HG4) and (HG5) hold.

(See proof in Section 5)

For additive capacities on 2V, Hyc is equal to the Shannon entropy Hs.
We discuss in detail the above axioms, in the light of Faddeev’s axioms.

o continuity
We have f(u) = HZ2(0,u,1) = HZ(p©»DC) = HZ(u,1 — u), where
C := (0,{1},{1,2}). Therefore (HG1) corresponds to (F1).

e dual invariance
More generally, even where v is defined on a regular set system which is
not necessarily 2, Hyg(v) is dual invariant.

Proposition 15 (dual invariance) For any capacity v on a regular set
system, Hug(v?) = Hug(v) holds.

Proof Let v be a capacity on N. For any a € N, (a®)® = a, hence the dual
mapping is a bijection from N to N¢. Then, C := (cy,...,c,) € C(N) if and
only if C% := (c&, ..., c5) € C(N?), since ¢; < ¢;y1 implies ¢f > £, ;. Hence
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|C(N)| = |@(N?)|. In addition, we have for any C' € C(N),
Hg(p"©) = Z hlv(e;) — v(ciz1)]
= S~ vl ) — (- v(e)]

— Zh[vd(c;il) —v?(c§)]
= HS(]?Ud’Cd)’

where h(z) := —xlogx. Therefore

1 J
Hya(v?) = ——— Hs(p’ C
ka(v%) Ie(Nd)|C€%d) s

1 d
RCEIPE

Ceel(N)
= HH(;(U). L]

The Shannon entropy of a probability measure satisfies dual invariance,
since a probability measure and its dual measure are identical.

e increase by embedding

Let v be a capacity on a totally ordered regular set system N = {C :=
{co,c1,...,¢n}}, where ¢;_1 < ¢;, © = 0,...,n, and consider the embedding
of v? := (0,u, 1) into v at ¢,. Then

Hyg(v) = Hs(p*™"),

[ / /! /! /! 3 /. - -/ /.
where C" := (Co, ..., Cho1, Chy Cpy Cly1s - - - » Cny)s With ¢} = (¢ \ i) U}, ] =

(c; \ k) U{i}, 3}, 7 =F,...,n (see Def. 7). And by (F3), we have
Hs(p"™“") = Hs(p") + (v(cx) — v(cx-1)) - Hs(u, 1 — u)
which can be rewritten as
Hyg(v™*) = Hug(v) + (v(er) — v(cx_1)) - Hug(v?).

This is exactly (HG3).

The embedding of (0,u,1) at ¢; € N means that iy := ¢ \ cxg_1 € N is
splitted into ¢}, ;. In other words, i is the union of ¢ and i}. Hence (HG3)
means that for capacities on totally ordered regular set systems, if elements
of N are splitted, then the entropy increases according to (4.1).

e convezity
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This axiom says that the computation of the entropy follows the struc-
ture of the set system, whatever the capacity is. If the (regular) set system
can be splitted into several (regular) subsystems, provided all elements of N
are present in both, and that no redundancy occurs (no common maximal
chain), then the computation can also be splitted into these subsystems, each
corresponding to the entropy computed on a subsystem. It is important to
note that the way of splitting the computation does not depend on the ca-
pacity but only on the splitting, i.e., the «;’s are independent of the capacity.

e permutation tnvariance
(HG5) corresponds to (F2). Note that there are set systems such that no
permutation makes them invariant.

To finish this section, we consider a modification of our axiomatization
so as to recover the entropy defined by Dukhovny [4]. We modify (HG4) as
follows:

(HG4') Let (N,N), (N,Ny),..., (N,Ny) be reqular set systems satisfying
CN)=CNy)U---UCNyg). Then for any capacity v on N,

H”’N(U) = min {H"’Nl (V|ny ), - - - ,H”’N’“(vb\fk)} )

Theorem 16 Under the condition H*?(0,3,1) = 1, H™N = HN for all
n > 2 and all reqular set systems N on N holds if and only if (HG1), (HG2),
(HG3) and (HG4') hold.

(see proof in Sec. 5)

5 Proof of Theorems 14 and 16

Proof of Theorem 14 (necessity) We have HZ2(0,u,1) = —ulogu —
(1 — u)log(1l — u), hence obviously Hyg satisfies (HG1).

By Proposition 15, Hyg satisfies (HG2).

We show that Hyg satisfies (HG3). Let v be a capacity on N := {C :=
Coy -+, Cn} such that ¢;_1 < ¢;, i =1,...,n. Then the capacity v which is
embedding of (0,u,1) into v at ¢ is defined on N* = {C" := {¢g < -+ <
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Ch—1 = €, = Cp < -+ < ch}}, with notations of Def. 7. Then we have

HEE (o) = Ho(p™ )
k—1

= Z h[v™ (ci) = v*(ci-1)] + h[v™(c,) — v (cx-1)]

+h[v*(cl) — v (ch)] + Z h[v(cf) — v (ci_y)]
= ) hlv(e) = v(cia)]

itk

+(v(ex) — v(ck—1)) (h {

+h[v*(cf) — v* (ck-1)]
= Z hlv(ei) — v(ci-1)]

v (¢)) — v (ck-1) 1)

+(U(C/€) - U(Ck—l))HI?sz} (07 U(Ck) — v<ck71)
= Hgé\f(v) + (U(Ck) - U(Ck—l))HIQJé(O’ u, 1)’

where u = (v*(c},) — v*(ck—1))/(v(ck) — v(ck-1))-
We show that Hyg satisfies (HG4). We have, for set systems Ny, No, ..., N
satisfying conditions of (HG4):

v(cek) — v(cg-1) v(ck) — v(cg—1)

v (c)) — Uck(ck—l):| +h {Uck(ck) — Uck(cﬁc)})

Hid(v) = p"©)
Cee(N)
1
- |€(N)| Z Hg(pv’c)—f—"'_’_ Z Hél(pwc)
Cel(N1) CeC(Ng)
|C(NY)| 1
= H U‘Nl
[CN)[ [e(N Z i
Cee(N
]G(Nk 1
-+ H U\Nk
[CON)[ |C(N)| CE% 3
[COND)| |G(Nk)| AN
= ———Hy " (v|n, A ——HG (v,
e o) ey
1 k
+ -+ =1.
|C(N)] [C(N)]

We show that Hyg satisfies (HG5). For any C' = (co,c¢1,...,6m) €
C(r(N)), m(C) := (n(co), m(c1), ..., 7(cm)) € C(N), because for any A, B €
7(N), A < B implies 7(4) < n(B), and for any C;,C; € C(N),i # j,

10
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7(C;) # m(C;). Consequently, we have

n,m(N n(, TOU
Hig™M(mov) = et Y HE ™)

|e<vr(N>>| P

_ ( Z HS mov,m(

CGG
1 n(, v,C n,
CeC(N)

(sufficiency) The proof goes as follows. In part (i), we show that (HG)
holds for any totally ordered regular set system C, i.e., we show that H™¢ =
Hﬁg for any m» > 2. In part (ii), we extend the result to any regular set
system, i.e., H™N = H"é\f on A.

(i) We show by induction on n that for any v on a totally ordered regular
set system (N, C'), C being a maximal chain:

H™C(v) = Hyg = H§(p"°). (5.1)

First, we show the result for n = 2, using (HG1), (HG2) and (HG3),
in a way similar to the Faddeev’s axiomatization for the Shannon entropy.
Suppose that v® is a capacity on (N := {1,2,3},3 := {0,{1},{1,2},N})
and v3(1) := s5,03({1,2}) == s+ t,03(N) :=s+t+u=1,s,u > 0,t > 0.
We can regard v* as the embedding of v? = (0, £, 1) into v = (0,s,1) on
N :={0,{1},{1,2}} at {1,2} (putting i}, = 2,4} = 3 with notations of Def.
7). Then, by (HG3), we get

H*3(0®) = H*M(0,5,1)+ (1 - s)H*2(0,t/(1 - 5),1)
= H*X(0,5,1)+ (1= s)H*(0,(1—5—1)/(1—s5),1)

= H*M0,s,1)+ (1 - s)H>?(0,u/(1—s),1), (5.2)
where the second equality follows from (HG2) and s 4+t + u = 1. Similarly,
we can also regard v® as the embedding of v? = (0, -2 s5» 1) into v = (0, s+¢,1)

on N := {0, {1},{1,3}} at {1} (putting i}, = 1,7 = 2). This time, we obtain
by (HG3) and s+t +u =1,

H33W) = H>N(0,s+1t,1)+ (s+t)H>*2(0,s/(s +1),1)
= H>*(0,u,1) + (1 —u)H?*%(0,s/(1 —u),1). (5.3)
Hence (5.2) and (5.3) yield
H>M(0,5,1) + (1 — s)H*? (0,u/(1 — 5),1)
= H>™(0,u,1) + (1 —u)H*?(0,5/(1 — u),1).

Since regular set systems N, N” and 2 are isomorphic, putting f(s) := H*%(0, s, 1),
we obtain

fls) + (1 =s)f(u/(1=5)) = flu) + (1 —u)f(s/(1 —w)), (5.4)

11
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where the above expression is valid for any s,u € [0,1) satisfying s + u < 1.
If s=0,u >0, then

f0) + f(u) = f(u) + (1 —u)f(0),
hence we obtain
f(0) = H*2(0,0,1) = H*?(0,1,1) = 0.

Integrating both sides of (5.4) for u from 0 to 1 — s, where 0 < s < 1, we
obtain

(- 8)f(s) + (1 - 9)° / f(2)da (5.5)
= /O_Sf(x)d:c+32/ 3 f(2)d.

By (HG1), f(s) is continuous on [0, 1], hence all terms except the first one
of the left side of (5.5) are differentiable on 0 < s < 1, so that f(s) is also
differentiable on 0 < s < 1. Therefore differentiating (5.5) with respect to s,
we have

(1—s)f’(s)—f(s)—2(1—s)/o f(z)dx
= —f(1—3)+25/ x_sf(x)dx—@.

s

Since f(s) = f(1 —s),

(1—3s)f'(s) =2(1— s)/o f(x)dz + 23/ 3 f(2)dr — & (5.6)

S

By the same arguments as above, f’(s) is differentiable on 0 < s < 1,
then differentiating (5.6) by s, we have for 0 < s < 1,

Mgy = 2 1 x)dx
1) == [ f@an (57)

Integrating (5.7) twice, we obtain for 0 < s <1,
f(s) = —slogs — (1 —s)log(l —s)
by f(0) =0 and f(1/2) = H*2(0,1/2,1) = 1. Therefore for any v? on 2,
H22(0%) = (™€) = HEA(?),
Suppose that (5.1) holds till n» and show that it still holds for n + 1. Let

v be a capacity on a maximal chain C := (cy,...,c,). Then by (HG3), we

12
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have, denoting by C’ the chain after embedding:
H”“’Cl(vck) = H™%() + (v(cy) — v(cr_1)) H*?(v?)
= HE(p") + (v(cr) — v(cx-1)) H*?(0,u, 1)

o(ce)
(v(c) — v(cp_1)) H22 (0, vtle) = vle). 1)
v(ck)

(c v(c) — v(ck-1)

+
= HZ(p"“) +
‘l'( (Ck

—v(ck-1))
H2 < “*(ck) — UC’C(Ck—l)’ v () — vﬂk(CZ))
vcg) —v(cg—1) ~ v(er) —v(ck—1)
= HP ™) = Hyd o (o)
by (3.1) and (F3), which means (5.1) holds for v, so that (HG) holds for
any capacities on totally ordered regular set systems. From now on, the

expression of the entropy on totally ordered regular set systems of size n will
be denoted by H™™.

(ii) We show that for a regular set system which is not totally ordered,
(HG) holds. 2% has n! maximal chains Cj,...,Cp. By (HG4), there exist

= Hg(p")

unique ac,, ..., a0, > 0, ac, + -+ a¢,, = 1, such that for any capacity v
on 2V it holds
n N n,n n,n
H"? (U) = aClH ’ (U|Cl) +ooet acn!H , (U|Cn!)‘ (58)

Let uy,...,u, > 0, and put Hg(u) := ulogu + (1 — u)log(l — u). First we
define a capacity v on 2V by

0, |4 <1,
v(A) =< u;, A={i},i=1,...,n,
1, |Al>1.

Then

H )= [ D ac | Hiw)+-+ [ Y ac | H (u,).
C>{1} C>{n}

For any permutation m on N and any chain C;, we have (1 0v)|c, = v|z-1(c;),
hence

H" (mov) = agH"™((mov)|e,) + -+ ac, H"™((mov)|c,)
= acH"(Vr-1cy) + -+ ac, H" (V]z1c,)

= Z ac Hg(uﬂ-—l(l)) + -+ Z (%% Hg(uﬂ-fl(n)).
C>{1} C>{n}

By (HG5), H™"2" (1) = H™2" (7 o v) holds for any permutation = on N, and
any uq,...,u, > 0, so that we obtain

ZOéC = = ZO[C Z%

C>{1} C>{n}
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Next we consider the set system Ny := {A € 2V|A C {1}, AD {1} or A =
{1}}, which is a regular set system and has (n—1)! maximal chains. Without
loss of generality, we assume C(N;) = {C4,...,Cp_1p} € C(2Y). Then by
(HG4), there exist unique f¢,, . . . B0ty >0, Bey + -+ Bey,_yy, = 1, such
that for any capacity v on 2V

H™N (U|N1) = ﬂc'lHn7n(v|C’1) +t ﬁc(nfl)!Hnyn(,U|C(nfl)!)' (5'9)

Since G(ZN) = G(Nl) U {C(n,1)1+1} J.---u {Cn!} and G(Nl) N {C(n,1)1+1} N
-+ N{Cu} =0, by applying (HG4) again, there exist 3, Bc,,_,,,.»- - > B
B+ Bciu_ryss + -+ Be,, such that for any capacity v on 2%

n N n n,n n,n
H™* (v) = BH™ (v|x,) + B0 H Wl _iyn) + -+ Be, H (v],,)-

Substituting (5.9) in the above and comparing with (5.8), we get in particular
ac, = g, fori=1,...,(n—1)\. Since C; 3 {1},i=1,...,(n— 1),

(n—1)! (n—1)! 1
Z ﬁﬁcl = Z ac; = Z ao = E?
=1 =1

C>{1}

which implies G = % Let us take v on 2V such that

0, |Al<2.
Vin,(A) =< u;, A={l,i},i=2,...n,
1, |Al>2.
Then
H™ (v]y,) = Y. Bo|H w4+ | D e | Hilu),
C3{1},{1,2} C3{1},{1,n}

and by (HG5), H™ Nt (v|,) = H»™ (1 0 (v|x,)) holds for any permutation
m on N satisfying 7(N7) = Ny (i.e., permutations on N \ {1}), so that we
obtain

Yo Bo== Y 50=ni17 (5.10)

C3{1}{1,2} Co{1}{1,n}
which implies for i = 2,...,n,
1
>, o= Zﬂﬁo—m'
Co>{1},{1,i} Co>{1},{1,i}

Applying the same method for N; := {A € 2% | A € {i}, A 2 {i} or
A={i}},i=2,...,n,and

0, |Al<2,
VNi(A) = Uj, A:{Z,j},l#j,
1, |A| > 2,

14
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we obtain for every ¢ and j, ¢ # j,

1
Z Qo = Z 55(J:m-

C3{i}{i,j} Ca{i},{i,5}

Next, we consider the set system Ny :={A € 2X | A C {1}, A 2 {1,2}
or A= {1},{1,2}}, and we assume w.L.o.g. that C(Ny2) := {C1,...,Cn_ay}
Applying (HG4) twice, there exist unique positive ¢, ... s VCm—ay>
Vs VCn—sysrr -+ Vonrys Vo1 o F Vg = 1o and v + ¢,y 00 F
YC(n_ry = 1, such that for any capacity v on 2N it holds

H™™2(vly,,) = yo, H™™(vley) + - + v o H™™ (e, )
N1 (vln,) = yH™NL2 (VN o) + WC(WQ)!HH"’n(U|C(n72)!H) 4.
900 H " (le, -
Substituting the first equation into the second and comparing with (5.9), we

get in particular ¢, = y7¢,, hence ag, = Byye,, for i = 1,...,(n — 2)L
Taking a capacity v on 2 such that

O’ ’A‘ < 37
Vino(A) =19 w, A={1,2,i},i=3,...n,
]'7 |A‘ > 37
we have
I{n’NL2 (V|N1,2) = Z Yo Hg(u;),) + -+ Z Yo Hg(un)
C>{1},{1,2}, C>{1},{1,2},
{1,2,3} {1,2,n}

By (HG5), using 7 on N satisfying m(N72) = Ny 2 (i.e., the permutations on
N\ {1,2}), we obtain

Z Yo == Z %Znig’

C>{1},{1,2}, C>{1},{1,2},
{1,2,3} {1,2,n}
which implies for i = 3,...,n, and using (5.10), we have

1
>, ac= .
C>{1},{1,2}, n(n - 1)(” - 2)
{1,2,:}
Applying the same method for N;; := {A € oN | A C {i},A D {i,j} or
A ={i},{i,j}},i # j, we obtain for every 4,5,k satisfying ¢ # j,i # k,j # k,

> >, ap .
oo = abye = .
Co{i}.{i,5} c3{i},{i,5} n(n - 1)(n - 2)
{i,9,k} {i,5,k}

15
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Repeating a similar process up to N;, ;. , :={A €2V | AC {i1},A D
{il, e ,infl} or A= {il}, {il, ig}, ey {2'1, Cen ,Z.nfl}}, we ﬁnally obtain ago, =
L i=1,...,n! that is,

n!?

TLN 1 n,n
H™? (v) =~ > H™(vlo).

" cee(2N)

Consider a regular set system N C 2. We can write 2V as the union of

all its n! maximal chains:
2N = CLUCLU---UCy.
For commodity, let us call C, ..., Cy the chains which are not in N, hence
e ={Ci}u---u{C}u CN).
and
{Ci}n---n{C} N CN) = 0.
k+1

By (HG4), we can find unique positive ay, ..., ag, apy1 with > .7 a; = 1,
such that

H" (v) = ar H" (v]e,) + -+ + ™ (v]e,) + st H N (0]).

Similarly, it exists unique positive Bii1, ..., Bu with Z?;k, 41 Bi = 1, such
that
H™N(vlx) = B H™ (v]oy,,) + -+ BuH™ (v]c,)-

Substituting in the above leads to

H™ (v) = oy H™ (v]c,) + -+ + af H™ (v],)
+O‘;c+1Hn’1(v|Ck+1> +eet a;z!Hml(an:)v

with of = «; for i = 1,...,k, and o, = a1 0; for i = k+1,...,nl. We
have proved that of = af =--- =al, = %, for i = 1,...,n!. It follows that
% + agy1 = 1, hence

n!l —k C(N
= Tk [€00)
n!

n!
by definition of Cy.1,...,Ch. Now, agi15; = % fori=k+1,...,n! hence

B; = W, for i = k+1,...,nl. Finally we get

1 n!
Hn,N — anl )
() = regy 3 "0l

1 v,C
~epq] 2 M)

CeC(N)

using (5.1). O

16
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Proof of Theorem 16 (necessity) When v is a capacity on a totally
ordered regular set system, Hp(v) = Hpug(v) holds. Hence (D) implies
(HG1), (HG2) and (HG3) by Theorem 14.

We show that (D) satisfies (HG4’). We have, with set systems Ny, ..., Ny
satisfying conditions of (HG4’),

n,N : n(, v,C
Hy™(v) = min Hs(p"")
= 1 i H» U,C7”'7 : Hr v,C
m{mm) ("), min H(p >}

— min {HS’M (01), ..., HYN (vk)}

with usual notations.
(sufficiency) When v is a capacity on a totally ordered regular set system,
Hp(v) = Hug(v) holds. Hence (HG1), (HG2) and (HG3) imply (D) by the
same way of the proof of Theorem 14.

Next, let v be a capacity on N which is regular and not totally ordered,
and write N as the union of all its maximal chains: N = C; U---UC). Then
by application of (HG4') we have

H"’N(v) = min{H"’Cl(v|Cl),...,H"’C’“(U\ck)}
= min {Hf (p"lov ™), ..., HI (p"ox %))}

_ : H» v,C
cmin Hs (p"7),

= HN(v). O

6 Applications and concluding remarks

We have proposed an axiomatization of the entropy of capacities defined on
regular set systems, in a spirit very close to the axiomatization of Faddeev for
the Shannon entropy. The key axiom which is additional is (HG4), binding
the computation of entropy to the structure of the set system.

Essentially, two comments are of interest here. The first one concerns
the nature of the 5 axioms we propose. Axioms (HG1), (HG3) and (HG5)
clearly correspond to the three axioms of Faddeev for the Shannon entropy.
Axiom (HG2) is necessary in our framework, but is implicit for the Shan-
non entropy. Put differently, (HG2) too is characteristic of Shannon entropy.
Hence, only axiom (HG4) is specific to our construction; it is able to deal with
the structure of the set system, provided it is regular. It is responsible for the
general form of the entropy, that is, a weighted average of classical Shannon
entropies along maximal chains. This suggests the following: as other en-
tropies have been proposed for probabilities, together with axiomatizations,
it would be possible to carry the present framework for axiomatizing these
other entropies, just replacing axioms (HG1), (HG2), (HG3) and (HG5) by
axioms which are specific to these entropies.

17
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Another comment concerns the usefulness of regular set systems. Would
it be possible to consider yet more general structures, i.e., set systems which
are not regular? Formally, Definition 11 can be applied to any set system,
since maximal chains are always defined, and thus probability distributions
p”C too. A fundamental problem is however that these chains need not
to be of the same length, whose direct consequence is that the probability
distribution would be undefined for some elements of N. For example, take
N = {0,{1},{1,2,3}}, which is totally ordered but not regular, and let v
be a capacity defined on N’. Computing the entropy of v by Definition 11
leads to:

H(v) = —v({1})logv({1}) — (v({1,2,3}) —v({1})) log(v({1, 2,3}) —v({1}))-

Clearly, the quantities v({1}), v({1,2,3}) — v({1}) cannot be considered as
the values of a probability distribution on N. Another troublesome fact is
the following. We know that classically the entropy takes its maximal value
when v is an additive uniform capacity, that is, which satisfies v(A) = | A|/n.
But for v on N, H(v) takes the maximal value when v({1}) = 1/2 which is
not the additive uniform capacity.

It seems then, as far as maximal chains are considered as fundamen-
tal ingredients, that regular set systems are the most general structure we
can consider. It is important to note that regular set systems encompass
many well-known ordered structures. This is studied in details in [10], and it
turns out that distributive lattices, set lattices, convex geometries and anti-
matroids are strictly included into regular set systems. The following simple
example shows that a regular set system is not necessarily a lattice: take N =

{1,2,3,4} and N := {0, {1}, {3}, {1,2}, {2, 3}, {1,4}, {3,4},{1,2,3},{1,3,4}, N'}.

Then, {1} and {3} have no supremum. Now, the case of lattices is obviously
a particular case of interest. We refer the reader to [8] where we have exam-
ined the application of our definition of entropy to the case where capacities
are defined on lattices (not necessarily set lattices).
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