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A PROBABILISTIC STUDY OF NEURAL COMPLEXITY
J. BUZZI AND L. ZAMBOTTI

ABSTRACT. G. Edelman, O. Sporns, and G. Tononi have introduced the neural
complezity of a family of random variables, defining it as a specific average of
mutual information over subfamilies. We show that their choice of weights satisfies
two natural properties, namely exchangeability and additivity, and we call any
functional satisfying these two properties an intricacy. We classify all intricacies
in terms of probability laws on the unit interval and study the growth rate of
maximal intricacies when the size of the system goes to infinity. For systems of a
fixed size, we show that maximizers have small support and exchangeable systems
have small intricacy. In particular, maximizing intricacy leads to spontaneous
symmetry breaking and failure of uniqueness.

1. INTRODUCTION

1.1. A functional over random systems. Natural sciences have to deal with
"complex systems” in some obvious and not so obvious meanings. Such notions
first appeared in thermodynamics. Entropy is now recognized as the fundamental
measure of complexity in the sense of randomness and it is playing a key role as well
in information theory, probability and dynamics [[J]. Much more recently, subtler
forms of complexity have been considered in various physical problems [, B, [, [L1],
though there does not seem to be a single satisfactory measure yet.

Related questions also arise in biology. In their study of high-level neural net-
works, G. Edelman, O. Sporns and G. Tononi have argued that the relevant com-
plexity should be a combination of high integration and high differentiation. In [23]
they have introduced a quantitative measure of this kind of complexity under the
name of neural complezrity. As we shall see, this concept is strikingly general and
has interesting mathematical properties.

In the biological [T}, [3, [4, [4, [7. [], [9, U, B3, B4] and physical [, §] literature,
several authors have used numerical experiments based on Gaussian approximations
and simple examples to suggest that high values of this neural complexity are indeed
associated with non-trivial organization of the network, away both from complete
disorder (maximal entropy and independence of the neurons) and complete order
(zero entropy, i.e., complete determinacy).
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2 J. BUZZI AND L. ZAMBOTTI

The aim of this paper is to provide a mathematical foundation for the Edelman-
Sporns-Tononi complexity. Indeed, it turns out to belong to a natural class of func-
tionals: the averages of mutual informations satisfying exchangeability and weak-
additivity (see below and the Appendix for the needed facts of information theory).
The former property means that the functional is invariant under permutations of
the system. The latter that it is additive over independent systems. We call these
functionals intricacies and give a unified probabilistic representation of them.

One of the main thrusts of the above-mentioned work is to understand how sys-
tems with large neural complexity look like. From a mathematical point of view, this
translates into the study of the maximization of such functionals (under appropriate
constraints).

This maximization problem is interesting because of the trade-off between high
entropy and strong dependence which are both required for large mutual informa-
tion. Such frustration occurs in spin glass theory [BI] and leads to asymmetric
and non-unique maximizers. However, contrarily to that problem, our functional is
completely deterministic and the symmetry breaking (in the language of theoretical
physics) occurs in the maximization itself: we show that the maximizers are not ex-
changeable although the functional is. We also estimate the growth of the maximal
intricacy of finite systems with size going to infinity and the size of the support of
maximizers.

The computation of the exact growth rate of the intricacy as a function of the size
and the analysis of systems with almost maximal intricacies build on the techniques
of this paper, especially the probabilistic representation below, but require additional
ideas, so are deferred to another paper [f].

1.2. Intricacy. We recall that the entropy of a random variable X taking values in
a finite or countable space E is defined by

H(X) = - Z Px(x) log(Px(z)), Px(z) :=P(X =)

zel

Given two discrete random variables defined over the same probability space, the
mutual information between X and Y is

MI(X,Y) := H(X) + H(Y) — H(X,Y).

We refer to the appendix for a review of the main properties of the entropy and
the mutual information and to [{] and [[J for introductions to information theory
and to the various roles of entropy in mathematical physics, respectively. For now,
it suffices to recall that MI(X,Y) > 0 is equal to zero if and only if X and Y are
independent, and therefore MI(X,Y") is a measure of the dependence between X
and Y.

Edelman, Sporns and Tononi [PJ] consider systems formed by a finite family
X = (X})ies of random variables and define the following concept of complexity.

For any S C I, they divide the system in two families
Xg = (X;,i€9), Xge := (X;,1 € 59,
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where S¢ := I\S. Then they compute the mutual informations MI(Xg, Xgc) and
consider an average of these:

1 1
I(X) = i SZCI 0 MI(Xg, Xge), (1.1)

where |I] denotes the cardinality of I and (}) is the binomial coefficient. Note that
Z(X) is really a function of the law of X and not of its random values.

The above formula can be read as the expectation of the mutual information be-
tween a random subsystem Xg and its complement Xgc where one chooses uniformly
the size k € {0,..., ||} and then a subset S C I of size |S| = k.

In this paper we prove that 7 fits into a natural class of functionals, which we
call intricacies. We shall see that these functionals have very similar, though not
identical properties and admit a natural and technically very useful probabilistic
representation by means of a probability measure on [0, 1].

Notice that Z > 0 and Z = 0 if and only if the system is an independent family
(see Lemma B.g below). In particular, both complete order (a deterministic family
X) and total disorder (an independent family) imply that every mutual information
vanishes and therefore Z(X) = 0.

On the other hand, to make ([.]]) large, X must simultaneously display two differ-
ent behaviors: a non-trivial correlation between its subsytems and a large number of
internal degrees of freedom. This is the hallmark of complexity according to Edel-
man, Sporns and Tononi. The need to strike a balance between local independence
and global dependence makes such systems not so easy to build (see however Exam-
ple and Remark below for a simple case). This is the main point of our
work.

1.3. Intricacies. Throughout this paper, a system is a finite collection (X;);c; of
random variables, each X;, i € I, taking value in the same finite set, say {0, ...,d—1}
with d > 2 given. Without loss of generality, we suppose that I is a subset of the
positive integers or simply {1,..., N}. In this case it is convenient to write N for I.

We let X'(d, I') be the set of such systems and M(d, I') the set of the corresponding
laws, that is, all probability measures on {0, ...,d — 1}! for any finite subset I. We
often identify it with M(d, N) := M(d,{1,...,N}) for N = |I]. If X is such a
system with law p, we denote its entropy by H(X) = H(u). Of course, entropy is in
fact a (deterministic) function of the law p of X and not of the (random) values of
X.

Intricacies are functionals over such systems (more precisely: over their laws)
formalizing and generalizing the neural complexity ([-]]) of Edelman-Sporns-Tononi

22k

Definition 1.1. A system of coefficients is a family of numbers
ci=(ck: Icc N, Scl)

satisfying, for all I and all S C I:

>0, Y k=1, andcg =ch (1.2)
scrI



4 J. BUZZI AND L. ZAMBOTTI

where S¢ =1\ S. We denote the set of such systems by C(N*).
The corresponding mutual information functional is 7¢: X — R defined by:

T°(X) = e MI(Xg, Xge) .
Scl

By convention, MI (Xy, X;) = MI (X, Xy) = 0. If X € X(d,I) has law p, we
denote T¢(X) = Z¢(p). Z¢ is non-null if some coefficient ck with S & {0, I} is not
zero.

An intricacy s a mutual information functional satisfying:

(1) exchangeability (invariance by permutations): if I,J CC N* and ¢ :
I — J is a bijection, then I¢(X) = ZY) for any X = (Xi)ier, Y =
(Xo-1(5))jes

(2) weak additivity: Z¢(X,Y) = Z°X) + Z°(Y) for any two independent
systems (X;)ier, (Y;)jes-

Clearly, by (1), neural complexity is a mutual information functional with
I

cg = ﬁ (‘}‘), satisfying exchangeability. Weak additivity is less trivial and will

K
be deduced in Theorem [.F below. We remark that the factor (|| + 1) in the de-
nominator is not present in the original definition in [P but is necessary for weak

additivity and the normalization (.3) to hold.

1.4. Main results. Our first result is a characterization of systems of coefficients ¢
generating an intricacy, i.e. an exchangeable and weak additive mutual information
functional. These properties are equivalent to a probabilistic representation of c.

We say that a probability measure A on [0, 1] is symmetric if f[O,l] f(z) A(dz) =
f[o S (1 — z)\(dz) for all measurable and bounded functions f.

Theorem 1.2. Let ¢ € C(N*) be a system of coefficients and Z¢ the associated
mutual information functional.

(1) Z¢ is an intricacy, i.e. exchangeable and weakly additive, if and only if there
exists a symmetric probability measure A\. on [0, 1] such that

ol — /M 91— )18\ (dz), VS CI. (1.3)
In this case, if {W,,Y;,i € N*} is an independent family such that W. has
law \. and Y; is uniform on [0, 1], then
ck=P(ZNI=285), VICC N, VS cCl,
where Z is the random subset of N*
Z={ieN":Y,>W.}.

(2) A is uniquely determined by Z¢. Moreover Z¢ is non-null iff \.(]0,1[) > 0
and in this case ¢k > 0 for all coefficients with S C I, S ¢ {0, I}.
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(3) For the neural complexity (L)), we have

L1 / 5] 11-1s]
_— = (1 —x dx, VSCI,
T+1(0) ~ Joy (1—2)

i.e., A in this case is the Lebesque measure on [0, 1] and the neural complezity
1s indeed exchangeable and weakly additive, i.e. an intricacy.

We discuss other explicit examples in section 2 below.

Our next result concerns the maximal value of intricacies. As discussed above,
this is a subtle issue since large intricacy values require compromises. This can also
be seen in that intricacies are differences between entropies, see (B.3) and therefore
not concave.

The weak additivity of intricacies is the key to how they grow with the size of
the system. This property of neural complexity having been brought to the fore, we
obtain linear growth and convergence of the growth speed quite easily. The same
holds subject to an entropy condition, independently of the softness of the constraint
(measured below by the speed at which oy converges to 0).

Denote by Z¢(d, N) and Z¢(d, N,z), = € [0, 1], the supremum of Z¢(X) over all
X € X(d, N), respectively over all X € X(d, N) such that H(z) = N log d:

Zd, N) :=sup{Z°(p) : p € M(d, N)}, (1.4)

Z°(d, N,x) :=sup{Z°(p) : p € M(d,N), H(u) = xN logd}. (1.5)

Notice that if z = 0 or x = 1, then Z¢(d, N,z) = 0, since this corresponds to,
respectively, deterministic or independent systems, for which all mutual information
functionals vanish.

Theorem 1.3. Let Z¢ be a non-null intricacy and let d > 2 be some integer.
(1) The following limits exist for all x € [0, 1]
Zc(d, N Ze(d, N
Z°(d) :== 1111_{1010 %, Z°(d, x) == nh—>r20 %, (1.6)
and we have the bounds
<I(d,x) <I(d) - 1

1 — -
A=) ke < 200" S Togd =

(1.7)

where
o= 2 / y(1— y) Aldy) > 0, (18)
0.1]

and X\ is defined in Theorem [[.3.
(2) Let (n)n>1 be any sequence of non-negative numbers converging to zero and

x € [0,1]. Then
H(X)
_ 2l < ‘
Nlogd x'_éN}

1
Z°(d, x) = J\}IEIX,N sup {IC(X) : X € X(d,N),
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Remark 1.4.

1. By considering a set of independent, identically distributed (i.i.d. for short)
random variables on {0,...,d — 1}, it is easy to see that for any 0 < h < Nlogd,
there is X € X(d, N) such that H(X) = h and Z¢(X) = 0. Hence minimization of
intricacies is a trivial problem also under fixed entropy.

2. It follows that for any (z,y), 0 < x < 1 such that 0 < y < Z%d,z)/logd,
for any N large enough, there exists X € X(d,N) with H(X) = xNlogd and
Z°(X) = yNlogd. Observe, for instance, that Z¢ is continuous on the contractile
space M(d, N).

3. In the above theorem, the assumption that each variable X; takes values in a
set of cardinality d can be relaxed to H(X;) < logd. It can be shown that this does
not change Z¢(d) or Z¢(d, x).

Thus maximal intricacy grows linearly in the size of the system. What happens
if we restrict to smaller classes of systems, enjoying particular symmetries? Since
intricacies are exchangeable, their value does not change if we permute the variables
of a system. Therefore it is particularly natural to consider (finite) exchangeable
families.

We denote by EX(d, N) the set of random variables X € X(d, N) which are
exchangeable, i.e., for all permutations o of {1,..., N}, X = (X;,...,Xy) and
Xy = (Xo()s - - -, Xo(n)) have the same law.

Theorem 1.5. Let Z¢ be an intricacy.

(1) Ezxchangeable systems have small intricacies. More precisely

sup  I9(X) = o(N¥39), N — +oo,
X€EX(d,N)

for any € > 0. In particular

1 S
VIV el T =0
(2) For N large enough and fized d, mazimizers of X(d,N) > X — Z¢(X) are

neither unique nor exchangeable.

By the first assertion, exchangeability of the intricacies is not inherited by their
maximizers. Indeed, exchangeable systems are very far from maximizing, since the
maximum of Z¢ over EX(d, N) is o(/N?) for any p > 2/3 whereas the maximum of Z¢
over X (d, N) is proportional to N. This ”spontaneous symmetry breaking” again
suggests the complexity of the maximizers. We remark that numerical estimates
suggest that the intricacy of any X € EX(d, N) is in fact bounded by const log N.

The second assertion of Theorem [ follows from the first one: for N sufficiently
large, the maximal intricacy is not attained at an exchangeable law; therefore, by
permuting a system with maximal intricacy we obtain different laws, all with the
same maximal intricacy.

We finally turn to a property of exact maximizers, namely that their support is
concentrated on a small subset of all possible configuration:
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Theorem 1.6. Let Z¢ be a non-null intricacy. let d > 2. For N a large enough
integer, the following holds. For any X mazimizing Z¢ over X(d, N), law pu of X
has small support, i.e.

#{w € Agy : p({w}) =0} > const d™
for some const > 0.

1.5. Further questions. As noted above, the exact computation of the functions
Z¢(d) and Z¢(d, x) from Theorem in terms of their probabilistic representation
from Theorem will be the subject of [{] where we shall study systems with
intricacy close to the maximum.

Second, to apply intricacy one needs to compute it for systems of interests. It
might be possible to compute it exactly for some simple physical systems, like the
Ising model. A more ambitious goal would be to consider more complex models,
like spin glasses, to analyze the possible relation between intricacy and frustration
£,

A more general approach would be to get rigorous estimates from numerical ones
(see [BZ] for some rough computations). A naive approach results in an exponential
complexity and thus begs the question of more efficient algorithms, perhaps proba-
bilistic ones. A related question is the design of statistical estimators for intricacies.
These estimators should be able to decide many-variables correlations, which might
require a priori assumptions on the systems.

Third, one would to understand the intricacy from a dynamical point of view:
which physically reasonable processes (say with dynamics defined in terms of local
rules) can lead to high intricacy systems and at what speeds?

Fourthly, one could consider the natural generalization of intricacies, already pro-
posed in [BF] but not explored further, is given in terms of general partitions 7 of I:
if m={51,..., Sk} with U;S; = I and S; N'S; =0 for i # j, then we can set

MI(X,) .= H(Xg,) + - - - + H(Xs,) — H(X), X e X(d,1), (1.9)
and for some non-negative coefficients (¢, ),
TX) =) ex MI(X,), (1.10)

Most results of this paper extend to the case where the coefficients (¢,), have a
probabilistic representation in terms of the so-called Kingman paintbox construction
B, §2.3], see Remark B.4 below.

One might also be interested to extend the definition of intricacy to infinite (e.g.,
stationary) processes, continuous or structured systems, e.g., taking into account a
connectivity or dependence graph (such constraints have been considered in numer-
ical experiments performed by several authors [J, §, [§]).

Finally, our work leaves out the properties of exact maximizers for a given size.
As of now, we have no description of them except in very special cases (see Examples
2.9 and B.I( below) and we do not know how many there are, or even if they are
always in finite number. We do not have reasonably efficient ways to determine
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the maximizers which we expect to lack a simple description in light of the lack of
symmetry established in Theorem [.5.

1.6. Organization of the paper. In Sec. 2, we discuss the definition of intricacies,
giving some basic properties and examples. Sec. 3 proves Theorem [[.9, translating
the weak additivity of an intricacy into a property of its coefficients. As a by-
product, we obtain a probabilistic representation of all intricacies. We check that
neural complexity corresponds to the uniform law on [0,1]. In Sec. 4 we prove
Theorem [[.3 by showing the existence of the limits Z¢(d), Z¢(d, x). Finally, in Sec. 5
we prove Theorem [[. and, in Sec. 6, Theorem [[.§. An Appendix recalls some basic
facts from information theory for the convenience of the reader and to fix notations.

2. INTRICACIES

2.1. Definition. We begin by a discussion of the definition [[.1 above of intricacies.
As MI(Xs, Xge) = MI(Xge, Xg), the symmetry condition ck. = ¢ can always be
satisfied by replacing ci with %(cé + ck.) without changing the functional. Also
Yoscr ck = 1 is simply an irrelevant normalization when studying systems with a
given index set I.

The following mutual information functionals will be proved to be intricacies in
section fJ.

Definition 2.1. The intricacy T of Edelman-Sporns-Tononi is defined by its
coefficients:

1 1
I
Cs = T 71T (2.1)
Il + 1 (\|s||)
For 0 < p < 1, the p-symmetric intricacy Z?(X) is:
1
k=5 (P10 = p)" 4 (1= )T

For p=1/2, this is the uniform intricacy ZU(X) with:
ch = 211,

It is not obvious that the three above mutual information functionals are weakly
additive, but this will follow easily from Lemma B.7 below. Proposition B.5 below
describes all intricacies.

Remark 2.2. The coefficients of the Edelman-Sporns-Tononi intricacy Z ensure
that subsystems of all sizes contribute significantly to the intricacy. This is in sharp
contrast to the p-symmetric coefficients for which subsystems of size far from p/N or
(1 — p)N give a vanishing contribution when N gets large.

Remark 2.3. The global 1/(|/]+ 1) factor in Z is not present in [BF], which did not
compare systems of different sizes. However it is required for weak additivity.
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2.2. Basic Properties. We prove some general and easy properties of intricacies.
Recall that X(d, N) is the set of Aypy-valued random variables, where Agny =
{0,...,d — 1}¥. We identify it with the standard simplex in R in the obvious
way.

Lemma 2.4. Let ¢ be a mutual information functional. For each d > 2 and
N >1,7Z¢: M(d,N) — R is continuous. In particular, the suprema Z¢(d, N) and
Z¢(d, N, x), introduced in (L.4) and ([LH), are achieved.

If ¢ 1s a non-null intricacy, then it is neither convex nor concave.

Proof. Continuity is obvious and existence of the maximum follows from the com-
pactness of the finite-dimensional simplex M(d, N). To disprove convexity and
concavity of non-null intricacies, we use the following examples. Pick [ with at
least two elements, say 1 and 2. Observe that K := Cﬁ} + cb} is positive by the
non-degeneracy of Z¢ (see Lemma B.§ below). Fix d > 2.

First, for i = 0,1, let p; over {0,...,d — 1} be defined by p;(i,4,0,...,0) = 1.

We have:
7 (L)‘g“l) > K- logd > = (“O);I ) _

Second, let vy be defined by 14(0,0,0,...,0) = 14(1,1,0,...,0) = 1/2 and 14 by
11(0,1,0,...,0) = 14(1,0,0,...,0) = 1/2. We have:

7 (VO—QFVl) :O<K~logd§I(V0);I(yl).

O

The following expression of an intricacy as a non-convex combination of the entropy
of subsystems is crucial to its understanding.

Lemma 2.5. For any intricacy Z¢ and X € X(d, N)

T¢(X) =2 (Z ck H(XS)> — H(X). (2.2)

ScI

Proof. The result readily follows from: MI(X,Y) = H(X) + H(Y) — H(X,Y), c§ =
che,and Y ogch = 1. O

We introduce the notation
MI(S) := MI(Xg, X1\s)
which will be used only when the understood dependence on X and I is clear.

Lemma 2.6. For any intricacy Z¢ and any system X € X(d, N)

N
0 < I°(X) < - logd.
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Proof. The inequalities follow from basic properties of the mutual information (see
the Appendix):

0 < MI(S) < min{H(Xg), H(Xgc)} <min{|S|, N —|S|}logd < glogd.
U

2.3. Simple examples. We give some examples of finite systems and compute their

intricacies both for illustrative purposes and for their use in some proofs below.
Let X; take values in {0,...,d — 1} for all i € I, a finite subset of N*. The first

two examples show that total order and total disorder make the intricacy vanish.

Example 2.7 (Total disorder). If the variables X; are independent then each mutual
information is zero and therefore: Z¢(X) = 0. O

Example 2.8 (Total order). If each X is a.s. equal to a constant ¢; in {0,...,d—1},
then, for any S # 0, H(Xg) = 0. Hence, Z(X) = 0. O

For N = 2,3, each mutual information can be maximized separately: there is no
frustration and it is easy to determine the maximizers of non-null intricacies.

Example 2.9 (Case N = 2). Let first N =2 and Z¢ be a non-null intricacy. Then
by Theorem [F ¢k = c& and therefore
T9(X) = (cgf} + cgf}) MI(X), Xo) = 2&2 MI(X1, X,), X € X(d,2),

and moreover ¢} > 0. Therefore the maximizers of Z¢ over X (d, 2) are the maximizers
of X — MI(X;, X5). By the discussion in subsection of the appendix, we have
that MI(X7, Xo) < min{H(X}),H(X3)}. Now, MI(X,Y) = H(X;) = H(X>) iff each
variable is a function of the other.

Therefore, the maximizers are exactly the following systems X = (Xj, X3). Xj is

a uniform r.v. over {0,...,d — 1} and the other is a deterministic function of the
first. Xy = o(X;) for a given permutation o of {0,...,d — 1}. In the case of the
neural complexity, maxxecx(az2) Z(X) = (logd)/3. O

Example 2.10 (Case N = 3). Let N = 3 and [ := {1,2,3}. By Theorem [[.2,

I M3 3
Cs = (g, ¢1 = ¢, and therefore

IC<X) == 20? (MI(Xl, X{273}) + MI(XQ, X{Lg}) + MI(Xg,X{LQ})) y

and moreover ¢; > 0. Here we simultaneously maximize each of these mutual

informations. The optimal choice is a system (X7, X5, X3) where every pair (X;, X;),
i # j, is uniform over {0, ...,d—1}?, and the third variable is a function of (X;, X;).
This is realized iff (X;, X3) is uniform over {0, ...,d—1}? and X3 = ¢(X;, X»), where
¢ is a (deterministic) map such that, for any i € {0,...,d—1}, ¢(i,-) and ¢(-, i) are
permutations of {0,...,d — 1}. For instance: ¢(z1,22) = 1 + 2 mod d. In the
case of the neural complexity, maxyecx (4,3 Z(X) = (logd)/2. O
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The maximizers of examples P.9 and P.I( are very special. For instance, they are
exchangeable, contrarily to the case of large N according to Theorem [[.§. For N = 4
and beyond it is no longer possible to separately maximize each mutual information
and we do not have an explicit description of the maximizers. We shall however see
that, as in the above examples, maximizers have small support, see Proposition [[.§.

Remark 2.11. Example has an interesting interpretation: for N = 3, a system
with large intricacy shows in a simple way a combination of differentiation and
integration, as it is expected in the biological literature, see the Introduction. Indeed,
any subsystem of two variables is independent (differentiation), while the whole
system is correlated (integration).

Another interesting case is that of a large system where one variable is free and
all others follow it deterministically.

Example 2.12 (A totally synchronized system). Let X; be a uniform {0,...,d—1}-
valued random variable. We define now (Xa,...,Xy) := ¢(X1), where ¢ is any
deterministic map from {0,...,d — 1} to {0,...,d — 1} =L, Then, for any S # 0,
H(Xs) = logd and, if additionally S¢ # 0, H(Xs|Xsc) = 0 so that each mutual
information MI(Xg, Xg¢) is logd if S ¢ {0, I'}. Hence,

IX)= > ch-logd=(1-cj—cj)logd. O
ScI\{0,I}

In the next example we build for every x €]0,1] a system X € X(d,2) with
entropy H(X) = xlog d? and positive intricacy.

Example 2.13 (A system with positive intricacy and arbitrary entropy). Let first
x €]0,1/2]. Let X; be {0,...,d — 1}-valued with H(X;) = 2zlogd. Such a vari-
able exists because entropy is continuous over the connected simplex of probability
measures on {0,...,d—1} and attains the values 0 over a Dirac mass and log d over
the uniform distribution. We define now X, := X; and X = (X3, X») € X(d,2).
Therefore H(X) = 2z logd = zlogd?, MI(X;, X,) = H(X;) = 2z logd and, arguing
as in Lemma P9

T°(X) = 2¢2 MI(X1, X5) = 4a ¢} logd > 0.
Let now = €]1/2,1[. Let (Y1,Y2, B) be an independent triple such that Y; is
uniform over {0,...,d — 1} and B is Bernoulli with parameter p € [0, 1] and set
Xy :=Y1, Xy = 1(g=o) Y1 + L(p=1) Y5, X = (X1, Xy).

Then both X; and X, are uniform on {0,...,d—1}. On the other hand, it is easy to
see that H(X), as a function of p € [0, 1], interpolates continuously between log d and
2logd. Thus, for every z €]1/2,1] there is a p € [0,1] such that H(X) = zlog d>.
In this case MI(Xy, X3) = 2(1 — z) logd and we obtain

T6(X) = 2¢3 MI(X;, X5) = 4(1 — x) ¢} logd > 0. O

Intricacy can indeed reach over X'(d, N) the order N of Lemma [.§, as the next
example shows.
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Example 2.14 (Systems with uniform intricacy proportional to N). Let us fix
d > 2. For N > 2, we are going to build a system (X;);er, I = {1,..., N}, over
the alphabet {0,...,d* — 1} for which ZV(X)/N converges to (logd?)/4; later, in
Example B.I0, we shall generalize this to an arbitrary intricacy.

Let Yi,..., Yy beiid. uniform {0, ...,d— 1}-valued random variables and define
X; =Y, +dYi fori=1,...,N —1, Xy := Yy. Note that X € X(d? N) and
H(X) = Nlogd = (N/2)logd?*. For S C I, set

AS = {k‘: 1,...,N—1 : 15(/{,‘) 7é ﬂs(k—l—l)},

US = {k‘zl,,N—l : 15(/{,‘) = 17&15(/{5%—1)}
Observe that H(Xg) = (|S| + |Us|) logd. Indeed, this is given by logd times the
minimal number of ¥; needed to define Xg; every k € S counts for one if k € S\ Ug,

for two if k € Ug; therefore we find |S| — |Us| + 2|Us| = |S| + |Us|. Moreover,
|Us| + |Usc| = |Ag|. Therefore

MI(S) = (|Us| + S| + |Use

+18° — N)logd = |Ag| logd.

Moreover we have a bijection:

Hence:
LX) =27") |Agl=2"Vx2 YA —2—N+1NZ_1 Ve
logd s - k
Scl AcC{l,..,N—1} k=0
N -1
— 2—N+1(N _ 1)2N—2 — T
Therefore for this X € X(d?, N):
N -1
TY(X) = 7 log(d?). O

The following example will be useful to show that an intricacy Z¢ determines its
coefficients ¢ € C(N*) in Lemma B3 below.

Example 2.15 (A system with a synchronized sub-system). We consider a system
of uniform variables, with a subset of equal ones and the remainder independent.
More precisely, let I CC N*, ) # K C I and fix ig € K. (X;)ie; € X(d,I) is the
system satisfying:

(i) the family Xgeyg,) is uniform on {0, ..., d — 1}tk

(ii)) X; = X,, foralli € K.
It follows that

H(Xs) = (|S\ K|+ Lisnxzn) logd
and therefore
MI(S) = (Lisniz0) + Lisenkso — 1) logd,

i.e. MI(S) = 0 unless S and S¢ both intersect K and then MI(S) = logd. Thus

I9(X) =logd Y ¢k Lopsnxrr), — H(X) = (K°[+1)logd. O
Scl
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3. WEAK ADDITIVITY, PROJECTIVITY AND REPRESENTATION

In this section we prove Theorem [.3, by studying the additivity of mutual infor-
mation functionals and characterizing it in terms of the coefficients. We establish a
probabilistic representation of all intricacies and check that the neural complexity
is indeed an intricacy. We conclude this section by some useful consequences of this
representation.

Throughout this section, X = (X;)ier and Y = (Y;);es, will be two systems
defined on the same probability space and we shall consider the joint family (X, Y) =
{X.,Y; : i e 1,7 € J}. (X,Y) is again a system and its index set is the disjoint
union [ LI J of I and J.

3.1. Projectivity and Additivity. We show that weak additivity and exchange-
ability can be read off the coefficients and that non-null intricacies are neither sub-
additive nor super-additive.

Proposition 3.1. Let Z¢ be a mutual information functional. Then

(1) I¢ is exchangeable if and only if ¢ depends only on |I| and |S|

(2) I¢ is weakly additive if and only if the coefficients are projective, i.e., satisfy
VICCN, VJCCN\I VSCI,  chk=> cih. (3.1)

TCJ
(8) Let Z¢ be an intricacy. Then, for non-necessarily independent systems X,Y,
we have: T¢(X,Y) > max{Z¢(X),Z°(Y)} and the approzimate additivity:
Z9(X) + Z°(Y) = Z°(X, V)| < MI(X, Y);
(4) Z¢ can fail to be super-additive or sub-additive.

To prove this proposition we shall need the following fact:

Lemma 3.2. Let d > 2 and I be a finite set. The data Z°(X) for X € X(d, J) for
all J CC I determine ¢ € C(1).

Proof. Using ck. = ¢k, we restrict ourselves to coefficients with |S| < [S¢|, i.e.,
|S| < |I]/2. Let us first consider a system (X;);e; € X(d,I) where all variables
are equal: X; = Xj for all 7,5 € I and X; is uniform on {0,...,d — 1}. Then
MI(S) := MI(Xg, Xgc) = 0 for S = () or S = I, otherwise MI(S) = logd. Hence,
using the normalization 1 = )¢ ck:

X
pﬁzzcg_ S h=df el
s 0CSCI
In particular, ¢f = ¢f = (1 — Z%(X)/logd)/2.

For each K C I, let X¥ be the system as in Example .15 Fix iy € K. Recall
that MI(S) := MI(Xg, Xsc) is 0if S D K or S¢ D K, and is log d otherwise. Assume
by induction that, for 1 < s < |I|/2, ¢k is determined for |S| < s (a trivial assertion
for s =1). Picking K C I with |K| = |I| —s > |I]|/2 > |K°| = s, we get:

e if | S| < s, we say nothing of MI(.S) but will use the inductive assumption;
o if S =K or S= K¢ then MI(S) = 0;
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o if s < |S| < |K|, S D K implies S = K, S C K¢ implies S = K¢ since
s = |K*°|. In all other cases: MI(S) = logd.

Therefore,
Ie(XF) Z ~HEXT)
logd S logd logd
H(XE)
—4 _
Z Z s logd log d
\S|<\I\/2 IS|=111/2
H(XE)
—42 Z ch+2 Z ck — 2(ck 4+ ko) — o d
|1S]<s s<[S[<|1]/2 IS|=111/2
(the sum over |S| = |I|/2 is non-zero only if |I| is even). Using > gck = 1 and

ck = ck., we get:

T(XN) | HX ,
—9 1) =4 1) —4cl ..
log d logd Z <logd ) g; (logd ) K

It follows that cf; = cl.. is determined for any K with |K| = s. This completes the
induction step and the proof of the lemma. O

Proof of Proposition [3.]. The characterization of exchangeability is a direct conse-
quence of Lemma B.3.

Let us prove the second point. We first check that weak additivity implies pro-
jectivity. For any X € X(d,I) with [ CC N* and J CC N*\ I, we have:

IX) =TI°(X, Z) = ) > ekl MI(Xs, Xge)

SclircJ

for Z = (Z;) ey with each Z; a.s. constant and therefore independent of X. Lemma
B.3 then implies that (B.]) holds. Moreover, ([A.G) yields the monotonicity claim of
point (2).

For the approximate additivity, we consider (A7) for any S C I, T C J:

MI((Xs, Y1), (Xge, Y7e)) = MI(Xg, Xge) + MI(Yr, Yre) £ MI(X,Y)
where +MI(X,Y") denotes a number belonging to [— MI(X,Y), MI(X,Y)]. The
projectivity now gives:
IX,Y) = > chlih MI(SUT)
SCI,TCJ
= Y i (MI(Xg, Xge) + MI(Yy, Yie) = MI(X,Y))
SCI,TCJ
=7°X)+Z°Y) £ MI(X,Y).

This is the approximate additivity of point (2). If X and Y are independent, then
MI(X,Y) = 0, proving the weak additivity.
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We finally give the counter-examples. For sub-additivity, it is enough to assume
the intricacy to be non-null and to consider X =Y a single random variable uniform
on {1,2} and compute:

T°(X) = Z°(Y) = 0 whereas Z°(X,Y) = 2c¢? log 2 > 0.
cI\_II CI\_II .
For super-additivity, we assume cé +cl < % + % Fer and take X =Y a collection
of N = |I| copies of the same variable uniform over {0,1}. Then MI(S) = log2
except if S € {0, I}, in which case MI(S) = 0. By example
I9X,Y) CINX) +I0Y)
log 2 B log 2 '

=1—c" =i <2(l—cj—cj)

O

3.2. Probabilistic representation of intricacies. In this section, we give the
probabilistic representation for intricacies. This will provide us with a way to esti-
mate the maximal value of intricacy for large systems in [f]. For notational conve-
nience, we consider intricacies over the positive integers N*.

We say that a random variable W over [0, 1] is symmetric if W and 1 — W have
the same law. A measure on [0, 1] is symmetric if it is the law of a symmetric random
variable.

Proposition 3.3. Let Z¢ be a mutual information functional defined by some system
of coefficients ¢ € C(N*) over some infinite index set, which we assume to be N* for
notational convenience.

(1) Z¢ is an intricacy, i.e., it is exchangeable and weakly additive, if and only
if there exists a symmetric random variable W, over [0, 1] with law \. such

that for all I CC N* and S C I

ey =E (WPl —w )1l = /mu oS (1 = 2)T=180 N (dx). (3.2)
(2) Formula (B.9) is equivalent to
ck=P(ZNI=29), VICCc N, vScl, (3.3)
where Z 1s the random subset of N*
Z={ieN":Y,>W.}, (3.4)

with (Y;)i>1 an i.i.d. sequence of uniform random variables on [0, 1], inde-
pendent of W..

(8) If Z¢ is an intricacy, then the law N\, of W, is uniquely determined by Z°.
Moreover for all X € X(d, I) independent of Z

TUX)=EMI(ZNT),  MI(S) := MI(Xg, Xps).

Remark 3.4. The definition (B-4) of the random set Z is a particular case of the
so-called Kingman paintbozr construction, see [, §2.3]. In this setting, it yields a
random exchangeable partition of N* into a subset Z and its complement, each with
asymptotic density a.s. equal to W, respectively 1 — W,.. Therefore it is natural
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to expect a similar probabilistic representation for coefficients (¢, ), of exchangeable
and weakly additive generalized functionals defined in ([.9) and ([.I0).

After the proof of the proposition we give the measures y, uY, P representing re-
spectively Z, TV and ZP. We start with the following

Lemma 3.5. Let C(N*) be the set of systems of coefficients of intricacies. Let
PS([0,1]) be the set of symmetric probability measures A on [0,1]. Then, the map
A — ¢ defined from PS([0,1]) to C(N*) according to (n:=|I|, k :=S|):

ch=c) = / (1 — )" % Ndx), VS Cc I CcC N7, (3.5)

15 a bijection.

Proof of Lemma [3.. We first show that for an exchangeable weakly additive Z¢,
there exists a probability measure A on [0, 1] such that

n

R = / 2"(1 — z)" A(dz), n>1k>0 (3.6)
[0,1]

i.e., the main claim of the Lemma, up to a convenient renumbering. We need the

following classical moment result, see e.g. [f, VIL3].

Lemma 3.6. Let (a,),>1 be a sequence of numbers in [0,1]. We define (Da), =
ap — apy1, n > 1. There exists a probability measure X\ on [0,1] such that a, =

[ 2" M(dzx) if and only if
(D*a),, >0, Vn>1, Vk > 1.
Moreover such A is unique.

Remark that, setting N = |I| and M = |J|, projectivity is equivalent to

- M
CQZZC%;N<€), V0<k<N. (3.7)
=0
For M =1 we obtain
g+t =cp, VO<k<N. (3.8)

Let us set m,, := ¢'. One proves easily by (B-§) and recurrence on £ that
(DFm),, = € 0,1, Vkn>1.

Therefore (m,,),>1 defines a unique measure A satisfying (B.4) for £ = 0. (B.g) for
general k follows by induction from:

Cz—l—k—l—l — Cz+k _ CZiIIH—l _ / [:L’n(l . I)k _ In+1(1 _ l’)k} d\
(0,1]

:/ 2"(1 — z)* )\,
[0,1]
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Thus A is the unique solution to the claim of the Lemma. This uniqueness together
with ¢} = ¢_,, implies that X is symmetric. Thus any intricacy defines a measure
as claimed.

We turn to the converse, considering a symmetric measure A on [0, 1] and defining
¢ by means of (BJ). The coefficients depending only on the cardinalities, Z°¢ is
trivially exchangeable. The symmetry of X yields immediately ¢} = ¢_,, and the
normalization condition is given by

ko< ) /OIZ< ) (1 =) *Adr) = 1,

i.e. ¢ € C(N*). To prove the projectivity of ¢, namely (B.7), we compute:

ZcmN < ) _ /[0 . [i (J‘j ) (1 — x)M—’f] (1 = 2N (dx)

£=0

n—=k’

= / (1 — 2)NPN(dx) = ¢ .
[0,1]
Thus (B7) and projectivity follow. The Lemma is proved. O

Proof of Proposition [3.3. First, let Z¢ be an intricacy. Lemma [B.J yields a symmetric
probability measure . on [0,1] satisfying (B.H). If W. be a random variable with
law \., then (B.9) is equivalent to (B.3).

Conversely, suppose that ¢ = (ck)scr has the form (@) for some probability P
defined by W,,Y},Ys, ... as in the statement. Obviously c5 > 0 and Y oscr k=1
ck = cL. follows from the symmetry of W,. Thus c is a system of coefficients.
Exchangeability of ¢ follows from exchangeability of the random variables 1(y,>w.),
i€ 1l. By (B:3) we know that

= dll E((l—Wc)”\S'WcS'):/ 21811 = )18\, (da).
o

Therefore, by Lemma B.5 the functional Z¢ is an intricacy.

Let now W,, Y1, Y5, ... be defined as in point 2 of the statement and Z defined by
(B4). Each i € N* belongs to the random set Z if and only if Y; > W,. Conditionally
on W,, the probability of {Y; > W.} is therefore 1 — W,. As the variables Y1, Y5, ...
are independent:

P(ZNI=S|W,) = (1-W)INIwlsl
Averaging over the values of W, we obtain

P(ZNI=S)=E ((1 _ WC)”\S‘ WJS‘)

and therefore (B-3) and (B-J) are equivalent. The last assertion follows from Lemma
B and from (B3). The Proposition is proved. O
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3.3. Examples of intricacies. We show that the Edelman-Sporns-Tononi neural
complexity ([J]) and the uniform and p-symmetric intricacies correspond to nat-
ural probability laws on [0,1]. In particular, they are weakly additive and really
intricacies:

Lemma 3.7. In the setting of Lemma [3.]

(1) If W.. is uniform on [0, 1] then Z¢ is the Edelman-Sporns-Tononi neural com-

plexity (CI).
(2) If W. is uniform on {p,1 — p} then Z¢ is the p-symmetric intricacy IP; in
the case p=1/2, W, = % a.s. yields the uniform intricacy ZY.

Proof. Let W, be uniform on [0, 1]. Then
P(ZNT={1,... k) =P(Zi = =Zy=1, Zjp1 == Zy =0)

:/ (1 — 2)NFdr = a(k, N — k).
[0.1]

We claim now that for all K > 1 and j >0
4 1
(k+1)---(k+75+1) (k;-|-j+1)(’“+])

a(k,j) =

i.e., the Edelman-Sporns-Tononi coefficient ckﬂ

Indeed for j = 0 this reduces to fo 2¥dx = 1/(k +1). To prove the general case,
one fixes k£ and uses recurrence on j. Indeed, suppose we have the result for j > 0.

Then
1 . 1 . 1 .
/ (1 — 2 da :/ (1 — 2y dm—/ (1~ 2) do
0 0 0

1 1 1
SR G CET G

If W, is uniform over {p, 1 — p} then
1 1 _ _
[ PO S+ ) = G6H )Y (),
0,1
which is the coefficient ¢} of Z?. O

3.4. Further properties. We deduce some useful facts from the above represen-
tation.

Lemma 3.8. The following are equivalent for an intricacy Z¢ with associated mea-
sure A. as in Lemma [7.3

(1) Z¢ is non-null, i.e. c¢i >0 for at least one choice of N >2 and 1 <k < N;
(2) ¢ >0 forall N>2and1 <k<N-—1;
(3) A(]0,1]) > 0.
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Proof. We have:
cj = / 27 (1 — x)" 7 \(dx)
[0,1]

with /(1 —2)"" zero exactly at x € {0,1} whenever 0 < j < n and strictly positive
on |0,1[. Thus (1) = (3) = (2) = (1). O

Lemma 3.9. If Z¢ is non-null, then Z¢(X) = 0 for a X € X(d,N) if and only if
X = (Xyq,...,Xn) is an independent family.

Proof. 1t is enough to show that: Z9(X) = 0 <= H(X) = >, ., H(X;). If Z¢ is
non-null and Z¢(X) = 0, then by Lemma B.§ we have MI(S) = 0 for all S C [ with
S ¢ {0,I}. Therefore H(X) = H(Xg) + H(Xsc) and an easy induction yields the
claim. .

Example 3.10 (Systems with intricacy proportional to V). We generalize the result
of Example P19 from ZU to a non-null intricacy Z¢. Considering the same system
X as in Example P.14, we get by Proposition B.3

TX) s
logd SXC;CS|AS| =E (|Aznrl)
=N P(La(k) £ T (k4 1)) = (N — 1) P(1a(1) £ 12(2)).
k=1

By the probabilistic representation (B.2) through a random variable W, with law \.
on [0, 1],

ke :=P(1z(1) #1z(2)) = / 22(1 — x) A\.(dx) €]0,1/2]. (3.9)
[0,1]
Then we have obtained a system X € X(d?, N) such that
T¢(X) = % (N - 1)log d. O (3.10)

4. BOUNDS FOR MAXIMAL INTRICACIES

In this section we prove Theorem [.3. We recall the definition (B.9) for a non-null
intricacy Z°

Ke = 2/ 2(1 —z) A\(dr) = 2¢3 > 0. (4.1)
[0,1]

Recall that Z¢(d, N) and Z¢(d, N, z), defined in ([4) and ([[7]), denote the maximum
of Z¢ over M(d, N), respectively over { € M(d,N) : H(u) = 2N logd}. We are
going to show the following

Proposition 4.1. Let Z¢ be a non-null intricacy and d > 2. Then for all N > 2

Kelogd 1 Z¢(d,N) _logd
—— ) < < .
w1 T
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and for any x € [0, 1]

1) LN 1y (4.3)

1
[z A (1—2)] /@Clogd<1—N I 3
where k. > 0 is defined in ([L]).

Proof. The upper bound for Z¢(d, N)/N follows from Lemma P.f. We show now the
lower bound for Z¢(d, N,z)/N. Let z €]0,1[. In example we have constructed
a system X = (X1, Xy) € X(d,2) with
H(X) = xlogd? Z9X) =2k [z A (1 —x)]logd > 0.
Let now (Y%i41)i>0 an iid. family of copies of X; and set Y5( 1) := Y54 for all
i > 0. Then, for M > 1, Y = (Y})iz1,..om € X(d,2M) is the product of M
independent copies of (X7, Xs) and by weak additivity
IZ0Y) = MZI(X)=2M k. [z N\ (1 — x)] logd, H(Y) =2Mzlogd.
If Sisa {0, ...,d—1}-valued random variable independent of Y with H(Z) = xlogd,
then Z := (Y3,..., Yo, S) € X(d,2M + 1) satisfies by weak additivity
I9Z) =1, ..., Your) =2M k. [z A (1 — )] log d, H(Z) = (2M + 1)z logd.
Setting N = 2M, respectively N = 2M + 1, we obtain the upper bound for
Z¢(d, N,z)/N. Taking the supremum over x € [0, 1] in (f]), we obtain (7). O
4.1. Super-additivity. We are going to prove that the maps N +— Z¢(d, N) and
N — Z¢(d, N, x) are super-additive. By Lemma P-4, the suprema defining Z¢(d, N)
and Z¢(d, N, z) are maxima. The measures achieving the first supremum are called
mazimal intricacy measures.

Lemma 4.2. For any intricacy Z¢ and d > 2, the following limits exist. First,

ern oy I°(d,N) Z¢(d, N)
Z¢(d) = Nh_r)réo —N = Jsvuzli —x € 10, +o00[ (4.4)
and, for each x €10, 1],
c 1 Ic(d> N, ZL’) o Ic(d, N, ZL’)
I¢(d,x) = ]\}er(l)o — = zsvuz% — € 10, +o0l. (4.5)

Proof. We prove ([.3), (£4) being similar and simpler. Fix x €]0,1[. For each
N > 1, let ay :=Z°(d, N,x). We claim that this sequence is super-additive, i.e.,

aniyv > an + ap, VN M2>1.
Indeed, let X» and XM such that
T4(XYN) =T°d,N,z), H(XY)=2zNlogd,
I9(XMy = T°(d, M, z), H(XM)=2xMIlogd.
Assume that X~ and XM are independent. By weak-additivity
(XN, XMy = 79(XN) + 76(X M),
HXY, XM) = H(XY) + H(XM) = 2(N + M) logd.
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Thus,
an + ay =Z(d, N, z) + I°(d, M, z) = Z¢ (X)) + 7 (X ™)
=1 (XNvXM) < Ic(du N+ va) = QN+M-

Moreover, by Proposition [.1], we have supys; ay/N < (logd)/2. Therefore, by
Fekete’s Lemma ay/N — sup,,ay/M < (logd)/2 as N — +oo. Moreover, the
limit is positive by (E.3). O

4.2. Adjusting Entropy. To strengthen the previous result to obtain the second
assertion of Theorem [[.3, we must adjust the entropy without significantly changing
the intricacy.

Lemma 4.3. Let XU ... X" ¢ X(d,N). Let U be a random variable over
{1,...,7}, independent of {XM ... . X0} Let Y := XU) € X(d,N), ie., Y =
X® whenever U = u. Then:

0 < H(Ys) — ZIP’ (XM <logr, VSc{l,... N}, (4.6)

—logr <I¢(Y) — ZP(U —u) T(XW) < 2log - (4.7)

Proof. We first prove (.q4). By (A2),
H(Ys|U) < H(Ys) < H(Ys,U) = H(Ys|U) + H(U).
Now H(U) <logr. (E6) follows as:

H(Ys|U) = ZIP’ H(Ys|U=u) =Y P(U =u)H(X).
=1

(7)) follows 1mmed1ately, using (R.2) and ([L.6). O

Lemma 4.4. Let 0 < z < 1 and € > 0 and Z¢ be some non-null intricacy. Then
there exists 6g > 0 and Ny < oo with the following property for all 0 < § < dy and

N > Ny. For any X € X(d,N) such that H(X)d - SL” < 0, there exists Y € X(d, N)
satisfying:

H(Y) = 2N log d, IZ°(Y) — I°(X)| < eNlogd.
Proof. We fix dg = do(€, z) > 0 so small that:
do
min{l — z — dp,z — o }
and Ny = Ny(e, x,0p) so large that:
log 2
Nomin{l — z — §,z — 0} log d

Let N > Ny and X € X(d, N) be such that ‘ H(X) —:c‘ < 6 < 0g. There are

Nlogd
two similar cases, depending on whether H(X) is greater or less than xN logd.

<€/d

< €/4.
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We assume h := H(X)/Nlogd < x and shall explain at the end the necessary
modifications for the other case.

Let Z = (Z;,i=1,...,N) beiid. random variables, uniform over {0,...,d—1}.
We consider Y' € X(d, N) defined by

Yi=X Lu<i—t) + Z Lusi-v),

where U is a uniform random variable over [0, 1] independent of X and Z. Z¢(Y") =
7Z¢(X) and Z¢(Y'') = Z¢(Z) = 0. Hence, by the continuity of the intricacy, we get
that there is some 0 < ty < 1 such that H(Y') = zNlogd. Let us check that tg is
small.

By (E.9)
0 < H(Y') — (1 —¢)H(X) — tH(Z) = H(Y") — (1 — )hN logd — tN log d < log 2.
so that, for some a € [0, 1],

0<t_:c—h_ alog2 - ) <€
" 1-h NQOQ-h)logd ~1—-2-6 2

since 0 < &g. Thus, by (7)), setting Y := Y,
(V) = (1~ ) T°(X) — 1o T(2)| = [T(Y) — (1 — 1) T°(X)] < 2log2,
and therefore by (f.9)
IZ6(Y) — T(X)| < toZ(X) 4 21og 2 < % Nlogd + 2log 2.

Dividing by N logd > Nylogd we obtain the desired estimate.
For the case h > x, we use instead a system Z with constant variables, so that
H(Z) =0=17°Z) and a similar argument gives the result. O

4.3. Proof of Theorem [[.3. Assertion (1) is already established: see Proposition
[.1. Tt remains to complete the proof of the second assertion.

Let us set for 6 > 0
H(X
H(X) I‘S(g}_

7°(d, N, z,8) := sup {IC(X) . X € X(d,N), Nogd

We want to prove that
1
Z°d,x) = lim NIC(d, N,z,0n).

N—+o0
for any sequence dy > 0 converging to 0 as N — +oo. We first observe that ([[7)
gives that the limit exists and is equal to Z¢(d, z) if dy = 0, for all N > 1. Consider
now a general sequence of non-negative numbers ) converging to zero. Obviously,
Z°d,N,x,6y5) > Z¢(d, N, z,0), so that

1
liminf < (Z°(d, N, z,6x) = T°(d, N, ,0)) = 0.

Let us prove the reverse inequality for the limsup. Let € > 0. Let X~ € X(d, N)
realize Z°(d, N, z,0y). Let dp and Ny be as in Lemma [[.4. We may assume that
N > Ny and dy < &. It follows that there is some YV € X(d, N) with the entropy
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Nz logd such that Z¢(YY) > 7¢(XN) —eN. Hence, Z¢(d, N, x,0) > Z¢(d, N, z,0xn) —
eN. We obtain
1
linsup - (Z°(d, N, ,8,) — Z°(d, N, 2,0)) < c,
N—o0

Assertion (2) follows by letting € — 0. O

5. EXCHANGEABLE SYSTEMS

In this section we prove Theorem [[.7, namely we prove that exchangeable systems
have small intricacy. In particular, one cannot approach the maximal intricacy with
such systems.

Proposition 5.1. Let Z¢ be any mutual information functional and d > 2. Then
for all € > 0 there exists a constant C' = C(e,d) such that for all exchangeable
X € X(d,N)

I°(X) < CNite, N> 2. (5.1)
In particular

S (v _
VI el T =0

Proof. Fix ¢ > 0. Throughout the proof, we denote by C' constants which only
depend on d and ¢ and which may change value from line to line. Also k =
(k1, ..., ke) € N?, x := Lk and |k| := k; + --- + kg = n and the multinomial

coefficients and the entropy function are denoted by:

d
n n!
(k) Sl Rl M= _;x log .

We are going to use the following version of Stirling’s formula

n\" 1 1
=2 (—) G <Gy < —, > 1.
" ™mie) " i S S 1o "

Therefore, for all k € N such that [k| =n

where g(k,n) := exp(¢, — (, — -+ - — (k,) and therefore
exp(—d) < g(k,n) < exp(1).

In particular, as all non-zero z; satisfy z; > 1/n,

1 n

—1 —h
vtog (1) = 1)
Let X € EX(d,N). We set for 0 <n < N and k| =n

pmk = ]P)(Xl == Xk1 = 1, A ~an1+~~~+kd,1+l == Xn = d)

SC,logn'

(5.2)

n
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These (";ﬁlzl) numbers determine the law of any subsystem Xg of size |S| = n. It

is convenient to define also V; :=#{1 <j<n:X; =i} fori=0,...,d—1 and

o =P(Y;=k;, i=0,...,d—1) = <”)pn,k.

k
Since the vector (¢, k)k=n gives the law of the vector (Yi,...,Y;) we have in par-
ticular
Z Gnk = 1.
|k|=n

Second, we observe that for |[S| =n

H(Xs) 1 logn
_ = _—) <C . 5.3
2 2 0] <O (53)

Indeed
H(X 1 n, 1 n 1
(n s) - Z In.k log(T; = Z nk log (k) T Z .k 108 G x
|k|=n k |k|=n |k|=n
1 logn
== > auch(x) +Gn), (G| < =2,
|k|=n

where we use (B-3) and the fact that

=Y Guxlog gui = H(Y1, ..., Yy) < dlogn,
|k|=n

since the support of the random vector (Yi,...,Yy) has cardinality at most n<.
Third, we claim that, for € > 0, there exists a constant C' such that for all N and
all X € EX(d, N), for all n € [N, N] with N := [ N3+ + 1],

S Guach(x) = Y qvxh(X)| < C N7 (5.4)

[k|=n [K|=N

where X := LK (no relation with the random variable X). By (£3) and (E4) we
obtain for all n € [N, N] and |S| = n

‘H<Xs> H(X)

< CN-ste, 5.5
n N ‘_ ’ ( )

Let us show how (B.3) implies (B.]). Using H(Xg) <logd-|S|, > g ck =1, we get

D ek MI(S) <k xlogd- N =logd - N.
|S|<N Scl
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Using (23), exchangeability of X, 32 N (M) =1 and (BH), we estimate
3 NN
I°(X) <2 -logd- N +2 Z <n> ey H(Xq1,..my) — H(X)

n=N

N
<2y @) N <¥+CN‘%+5 — H(X) +CN.

Finally, using cﬁy (JZ) = C%_n ( Nzin) and Zivzo Cfmv (N) =1

n

N
T¢(X) < <2Zcff (]Z)ﬁ - 1) H(X)+CN x N"575 4 CN

n=0 N
< o (V) (2 N 1) H(X) + CNite = ONite
- ZC" n N_I— N a (X) + T '
n=0

and (p.J]) is proved.
We turn now to the proof of (£.4). We claim first that

N —n
Pk = Z PNK (K B k)' (5.6)
K|=N, K>k

Indeed, notice that
d

Pnx = an+1,k+éja VO0<n<N,V|kl=n,

j=1

where 67 := (87,...,0%) with 6/ = 1if i = j, 0 otherwise. This in particular yields
(B-Q) for N = n + 1. Moreover if |[K| =n+ 1 then

n+1 n
K )~ 2 \k_a) o

Then, arguing by induction on N > n

N —n d N —n
Pnk = Z PNk (K _ k) = Z ZpN-i-l,K—i-(Sj (K _ k)

K|=N, K>k K|=N, K>k j=1

d N —n
- Z PN+1,K/ Z <K/ —k — 5]) l(K—kZW)

|K/|=N+1 j=1

= PN+1 K K —k .

|K/|=N+1,K'>k

M-

J=1

We recall that g, = (Z) Pnk- Notice that it is enough to prove claim (f-4) in the

case qnx = Ok K, 1.€., DNk = (ljj)_l for k' = K and zero otherwise, if we find a
constant C' which does not depend on (NN, n,K). Indeed, the two expressions are
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linear and the average of CN~'/3*+¢ will remain of the same order. Thus, we need

to estimate: :
n N\ (N -—n
a(N.K,n,k) :== g, x = (k) X (K) <K B k)'

Let x := k/n € [0,1]¢, X := K/N € [0,1]¢ and v =: n/(N —n). Formula (£2)
implies that 1 loga(N,K,n,k) is equal to:
h(x) — (1+ v Ha(X) + v Th(X + (X — x)) +G(N,n),
= ()

where |G(N,n)| < k(log N)/n, for some k = k(d).
Let us now write for all (x,...,74_1) € [0,1]¢7! such that Yo <1

H(xq,...,xq1) == h(z1,...,2q), Tg:=1—21—...—241.
Observe that for i,7 <d —1
8H:log (@) O*H :_i_ll( N
81’2' X; ’ 81’181’] Zq T -

In particular the Hessian of H is negative—deﬁnite, since for all @ € R¥1\{0}

d—1 I 2 4 d—1
2 2
E Q" = —— E a; — —a; < — E a
“= ' ]al’i8$j Tq ‘ Z; ! - !
2,7=1 = =1

=1 =1

where we use the fact that x; < 1. Hence, h is concave and we obtain
v+1 v
v — h
hux(0) = T2 |0+

v+1
so that the maximum of ¢, x is 0 = ¢, x(X). The second order derivative estimate
gives:

v

h((14+v)X —vx) — h(X)} <0,

d,x(x) < —2||x — X||? where ||x|| :== /2% 4+ -+ + 22,
Combining with the bound |G(N,n)| < k(log N)/n above, we get, for all n < N:
a(N,K,n,k) < N* x e~ 20l=XI7,
Recall n > N = Ni+¢ and set 6 := N~3 and

W= sup Hh(X)—h(x)HgC(Slog%.

[[x—X]|<d

Finally, using h(x) < logd,
Z qn,kh’(x) - h(X> <w Z Adn.k + 2 lOgd Z dn.k
k|=n llx—X]|<o Ix—X|>d
< C&log% +Cnt N5 eV < Clog NYN~3 + CN"He 2V < ON-ate,

Then (p-4) and the proposition are proved. O
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6. SMALL SUPPORT

In this section we prove Theorem [.6, namely we show that exact maximizers
have small support. Numerical experiments suggest that this support has in fact
cardinality of order d"¥/2. We are able to prove the following weaker estimate. For
a fixed law p € M(d, N), we call forbidden configurations the elements of Ay x :=
{0,...,d — 1} with zero u-probability.

Proposition 6.1. Let Z¢(X) be a non-null intricacy. Let d = 2 and N large enough.
Let p € X(d, N) be a mazimizer of Z¢. The forbidden configurations are a lower-
bounded fraction of all configurations:

#{w € Mg+ p([w]) = 0} = c(d)|Aa,n],
for some ¢(d) > 0 independent of N.

Proof. 1f ¢ is non-null, then A.({0,1}) = 2A.({0}) < 1 and therefore A\.({0}) < 1/2.
However we can without loss of generality suppose that A\.({0}) = 0: indeed it is
enough to remark that
(1) the probability measure )\ = %1%
7° =0,
(2) the correspondence . +— Z¢ is linear and one-to-one,
(3) we can write A, = aXg + (1 — @)\, where
AC([av b] n ]07 1[)
Ac(0,1) 7
Therefore Z¢ = aZ° 4+ (1 — a)Z¢ = (1 — a)Z¢ and Z¢ has the same maximizers as
Z¢ but with A\ ({0}) =0
We fix some large integer z (how large will be explained below), N > z and d > 2
and we consider the intricacy Z¢ as a function defined on the simplex M(d, N) =
{(Po)weran € R > e,y Po = 1} A straightforward computation yields:

is associated with the null intricacy

a:=2\.({0}) < 1, Ae([a,b]) = Va <hb.

0Z¢
a—:—QZcélog Z Do | +1logp, —1
Pu ScI a=w(S]

where oo = w[S] iff a; = w; for all i € S. The second derivatives are:

°I° ck 1 0% ck
8—2 =2 275 +—, .0 =2 Z 5 ]-(wo:tm[S})v
Py Scl a=w(S] Pa Puw P OPwy Scr a=wol[S] Pa
for wy # wy.
Let p = (pu)wen, v be a maximizer of Z¢. We show that for each 3 € {0,...,d —
1}N—z’

Qp = {(a1,..., 0., B, .., By=z) €{0,...,d— 1} :a €{0,...,d— 1}*}

must contain at least one configuration forbidden by p. The claim will follow since
the cardinality of {0,...,d — 1}V=* is d /d*.
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We assume by contradiction the existence of some 3 € {0,...,d — 1}~* such
that no configuration in {23 is forbidden. Let wy € €23 be such that
Puwe = min{p, : w € Qz} > 0.
Let now wy € Qg \ {wo}, which exists since |23| > d > 2, so that p,, > p,, > 0. We
set for t €] —e,e[and 0 < € < p,,

Py +1, w=uw,
pf,; = Puy — t7 w = Wo,
DPuws w ¢ {(U(],(Ul}.
Then p' is still a probability measure for ¢ €] — ¢, ¢[, since p,, > p., > > 0.
Since p is a maximizer, then (t) := Z¢(p") < ¢(0) :=Z¢(p) for t €] — ¢, [. Then
B 821‘c 821'0 5 821‘c
8p3)0 apz)l 8pw08puJ1
1 1 cl cl
=—+—-2) Lupsuis) — :
Zae

Doy DPuwg Scl [wols Pa Zae[wl]s Da

0> ¢"(0)

where [w]s = {a:a =w mod [S]} is the equivalence class of w. Therefore

On the other hand, we have:
s 1 2] = a5
so that by Proposition B.J the left hand side of (£.]]) is equal to:

E (d-1Z{h--7) :/ Ae(dz) E (ﬁd—l(%@)) :/[ })\c(dI) <§+(1 —5’3)>Z

[0.1]

—x((on+ [

10,1]

T

Ao(de) (E (1 @)Z .

Since we have reduced above to the case A\.({0}) = 0, then the latter expression
tends to 0 as 2 — +o0, contradicting (B.1]). O

APPENDIX A. ENTROPY

In this Appendix, we recall needed facts from basic information theory. The main
object is the entropy functional which may be said to quantify the randomness of a
random variable.



NEURAL COMPLEXITY 29

Let X be a random variable taking values in a finite space E. We define the
entropy of X

==Y Px(x)log(Px(z)),  Px(x):=PX =),
zeE
where we adopt the convention
0-log(0) =0 - log(+00) = 0.
We recall that
0 <H(X) <log|FE|, (A.1)

More precisely, H(X) is minimal iff X is a constant, it is maximal iff X is uniform
over E. To prove ([A]), just notice that since ¢ > 0 and ¢(x) = 0 if and only if
x € {0,1}, and by strict convexity of z — ¢(x) = zlogz and Jensen’s inequality

log |[E| — H(X |E|ZPX ) | E| (log(Px (z)) + log | E)
|E|IEZESO (Px(x) |E]) > <‘E‘erEPX ‘E‘)_<P() 0,

with log |FE| — H(X) = 0 if and only if Px(z)|F| is constant in = € E.

If we have a FE-valued random variable X and a F-valued random variable Y
defined on the same probability space, with £ and F' finite, we can consider the
vector (X,Y) as a E/ X F-valued random variable The entropy of (X,Y) is then

H(X.Y) ZP(XY (z,y) log(Pxyv)(x,y), Pxy(z,y) =PX =zY =y).

T,y

This entropy H(X,Y') is a measure of the extent to which the "randomness of the
two variables is shared”. The following notions formalize this idea.

A.1. Condidional Entropy. The conditional entropy of X given Y is:
H(X|Y) :=H(X,Y) - H(Y).

We claim that
0<HX|Y)<H(X)<HX,)Y). (A.2)
Remark that Px(z) and Py (y), defined in the obvious way, are the marginals of

Pixyy(z,y), i.e
2= Pan(@y),  Pry) =3 Pxr(wy).
y X
In particular, Px(x) > Pix,y)(z,y) for all z,y. Therefore

P, T,y
X e e (T <0
Y
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which yields
H(X,Y) ZP(XY 2,y) log Pix.v)(z,y) ZPX log Py (x) = H(X),

ie. HX,Y) > H(X) and H(X|Y) > 0. Therefore
H(X,Y) > max{H(X),H(Y)}. (A.3)

Moreover H(X,Y) = H(X), i.e. H(Y|X) = 0, if and only if Pxy)(x,y) = Px(x)
whenever Pxyy(x,y) # 0, i.e. Y is a function of X. On the other hand,

H(X,Y) < H(X) + H(Y) (A4)

with equality, i.e., H(Y|X) = H(Y), if and only if X and Y are independent. This
shows that H(X | Y) < H(X) and completes the proof of (A.2). Formula (A.4) can
be shown by considering the Kullback-Leibler divergence or relative entropy:

Pxy)(z,
I:=Y" Pxy)(ry) log <#§§é))) '

Since log(+) is concave, by Jensen’s inequality
Px(z) Py (y
-1 <1 P, _ 1 Px( =
= log <x27y (X,Y)(xay) P( )(LU y ) 0g (Z X ) 0.

By strict concavity, I = 0 if and only if Pixy)(z,y) = Px(x) Py (y) for all z,y, i.e.,
whenever X and Y are independent.

By the above considerations, H(X | Y) € [0, H(X)] is a measure of the uncertainty
associated with X if Y is known. It is minimal iff X is a function of Y and it maximal
iff X and Y are independent.

A.2. Adding information decreases uncertainty. Let us consider three random
variables (X,Y, Z) — E x F' x G with E, F,G finite. Then we have that

H(X | (Y, 2)) < H(X|Y). (A.5)
Indeed, this is equivalent to

H(X,Y,Z)+ H(Y) <H(X,Y)+ H(Y, 2).
Consider the quantity

J = Z P(X,Y,Z)(x>y7z) lOg (

w7y7z

P(X,Y,Z)(xa Y, Z) Py(y) )
P(X,Y)(x> y) P(Y,Z)(yv Z) .

Since — log(+) is convex, by Jensen’s inequality

J > —log (Z P(Xy)(!)f,y;}%yz)P(xz)(y,Z)) — _log (Z P(X,y)(x,y)> —0,

€,y z,y

and the inequality follows.
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A.3. Mutual Information. Finally, we recall the notion of mutual information
between two random variables X and Y defined on the same probability space:

MI(X,Y) == H(X) + H(Y) — H(X,Y)
— H(X) - H(X|Y) = H(Y) - H(Y | X)

PX7Y xz,
- Z P, y) log (W;y(yy))) .

This quantity is a measure of the common randomness of X and Y. By (A3) and
(A4) we have MI(X,Y) € [0, min{H(X),H(Y)}]. MI(X,Y) is minimal (zero) iff
X, Y are independent and maximal, i.e. equal to min{H(X), H(Y")}, iff one variable
is a function of the other. o

Mutual information is non-decreasing. Let X, X', Y)Y’ X Y be random variables
such that X, X/, resp. Y, Y’ are (deterministic) functions of X, resp. Y. Then:

MI(X,Y) < MI(X,Y). (A.6)
Mutual information is almost additive:
IMI((X,Y), (X", Y")) = (MI(X, X') + MI(Y,Y"))| < MI(X,Y). (A7)

These properties follow from the properties of conditional entropy. First,
MI(X,Y) = H(X) + H(Y) - H(X,Y)
= H(X) 4+ H(X|X)+H(Y)+HY|Y) - HX,Y) - HX|X,Y) - H(Y|X,Y)
= MI(X,Y) + (H(X|X) — H(X|X,Y)) + (HY]Y) - H(Y|X,Y)).
(A-6) now follows from ([A.H). Second,
MI((X,Y), (X", Y") =H(X,Y)+HX"Y') - HX, X", YY)
=H(X)+H(Y)-MI(X,Y)+HX') + HY') — MI(X",Y)
— H(X, X") — H(Y,Y') + MI((X, X'), (Y, Y"))
=H(X)+H(X') - H(X, X") + H(Y) + H(Y") — H(Y,Y")
+ (MI((X, X"), (Y, Y") = MI(X,Y) — MI(X",Y"))
= MI(X, X') + MI(Y,Y") + (MI((X, X'), (Y, Y")) = MI(X,Y) — MI(X", Y")).
The nonnegativity of mutual information and ([A.g) yields
— min(MI(X,Y), MI(X',Y")) < MI((X,Y), (X, Y")) — (MI(X, X') + MI(Y,Y"))
< MI((X, X', (,Y")).

(BE7) follows.
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