A Geometric Approach
to Complexity

Nihat Ay
Eckehard Olbrich
Nils Bertschinger
Juergen Jost

SFI WORKING PAPER: 2011-08-039

SFI Working Papers contain accounts of scientific work of the author(s) and do not necessarily represent the
views of the Santa Fe Institute. We accept papers intended for publication in peer-reviewed journals or
proceedings volumes, but not papers that have already appeared in print. Except for papers by our external
faculty, papers must be based on work done at SFI, inspired by an invited visit to or collaboration at SFI, or
funded by an SFI grant.

©NOTICE: This working paper is included by permission of the contributing author(s) as a means to ensure
timely distribution of the scholarly and technical work on a non-commercial basis. Copyright and all rights
therein are maintained by the author(s). It is understood that all persons copying this information will
adhere to the terms and constraints invoked by each author's copyright. These works may be reposted only
with the explicit permission of the copyright holder.

www.santafe.edu

SANTA FE INSTITUTE




A Geometric Approach to Complexity

Nihat Ay"2, Eckehard Olbrich!, Nils Bertschinger!, Jiirgen Jost!2

{nay, bertschi, jost, olbrich}@mis.mpg.de

I'Max Planck Institute for Mathematics in the Sciences
Inselstrasse 22, 04103 Leipzig, Germany

2Santa Fe Institute
1399 Hyde Park Road, Santa Fe, New Mexico 87501, USA

Abstract: We develop a geometric approach to complexity based on the principle that complexity
requires interactions at different scales of description. Complex systems are more than the sum
of their parts of any size, and not just more than the sum of their elements. Using information
geometry, we therefore analyze the decomposition of a system in terms of an interaction hierarchy.
In mathematical terms, we present a theory of complexity measures for finite random fields using
the geometric framework of hierarchies of exponential families. Within our framework, previously
proposed complexity measures find their natural place and gain a new interpretation.
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Lead paragraph: Various complexity measures for composite systems have been pro-
posed. Each of them has its own conceptual and theoretical justification. It is desirable
to have a framework for the systematic comparison of such complexity measures that
can provide a unified view with corresponding analytical results. Some results within
this line of research are known, for examples in the context of statistical complexity
and excess entropy. We develop a geometric approach to complexity which allows us
to extend this line of research. We believe that this approach is very natural and rich,
and we demonstrate its utility in this regard by deriving analytical results related to
the complexity measure proposed by Tononi, Sporns, and Edelman, and also to ex-
cess entropy. Both complexity measures are well-known and turned out to be natural
and useful. Therefore, the possibility of discussing them from a unified perspective in
terms of our formalism appears very promising and is subject of our ongoing research.

1. INTRODUCTION

The most famous quote about complex systems is attributed to Aristotle and says ‘The whole is
more than the sum of its parts’.! Complex systems are systems where the collective behavior of
their parts entails emergence of properties that can hardly, if not at all, be inferred from properties
of the parts. In this article we draw a geometric picture that allows us to approach a formalization
of this concept. Building on previous work [2, 8, 4, 28], we propose information geometry [1] as one
instance of this approach.

ln fact, this is an abbreviation of a longer reasoning of Aristotle in his Metaphysics, Vol.VII, 1041b.
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There is quite a number of formal approaches to complexity, and currently there is no unifying
theory that incorporates all of them. On the other hand, at an intuitive level, they arise from a
few ideas and most approaches are based on at least one of the following three conceptual lines,
which assume complexity to be the? ...

(1) ... minimal effort that one has to make, or minimal resources that one has to use, in order
to describe or generate an object. Examples are: algorithmic complexity (Kolmogorov [25];
Chaitin [11]; Solomonoff [36]), computational complexities [21, 31], entropy or entropy rate
(Shannon [33]; Kolmogorov [26, 27]; Sinai [34]).

(2) ... minimal effort that one has to make, or minimal resources that one has to use, in order
to describe or generate regularities or structure of an object. Examples are: Kolmogorov
minimal sufficient statistics and related notions (see [27]), stochastic complexity (Rissanen
[32]), effective complexity (Gell-Mann and Lloyd [17], [18], [5], [6]), statistical complexity
(Crutchfield and Young [13]; Shalizi and Crutchfield [35]), excess entropy (Grassberger [19];
Shalizi and Crutchfield [35]; Bialek, Nemenman, and Tishby [10]).

(3) ... the extent to which an object, as a whole, is more than the sum of its parts. The extent
to which the whole cannot be understood by analysis of the system parts alone, but only
by taking into account their interactions.

The third conceptual line is commonly assumed to be fundamental. However, only a few attempts
have been made towards a formalization of this property. One approach that goes in that direction
is due to Tononi, Sporns, and Edelman [37] and provides a complexity measure which we refer to
as TSE-complexity. A more explicit attempt to formalize the third concept has been made in [3]
using information geometry. In this article we extend this line of research and relate it to other
known approaches. The information-geometric framework provides us with a new view on the
TSE-complexity and allows us to relate this complexity measure to a larger class (Section 3.1).
At the same time the information-geometric perspective yields a new interpretation of the excess
entropy (Section 3.2).

2. A GEOMETRIC APPROACH TO COMPLEXITY

2.1. The General Idea. In this article we develop a geometric formalization of the idea that in
a complex system the whole is more than the sum of its parts. We start with a few very general
arguments sketching the geometric picture. However, in this sketch the formal objects are not
introduced explicitly. We will specify this approach within the framework of information geometry
in Section 2.2.

Assume that we have given a set S of systems to which we want to assign a complexity measure.
This set can in principle refer to any of the above-mentioned levels of description. In order to
study the complexity of a system s € S we have to compare it with the sum of its parts. This
requires that we have a notion of system parts. The specification of the parts of a given system is
a fundamental problem in systems theory. In various approaches one considers all partitions (or
coverings) that are optimal in a sense that is appropriate within the given context. We do not
explicitly address this problem here but consider several choices of system parts. Each collection
of system parts that is assigned to a given system s may be an element of a set D that formally
differs from S. We interpret the corresponding assignment D : & — D as a reduced description of
the system in terms of its parts. Having the parts D(s) of a system s, we have to reconstruct s,

2Note that the reference to particular theories is by no means complete.
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that is take the “sum of the parts”, in order to obtain a system that can be compared with the
original system. The corresponding construction map is denoted by C: D — S. The composition

P(s) := (CoD)(s)

then corresponds to the sum of parts of the system s, and we can compare s with P(s). If these two
systems coincide, then we would say that the whole equals the sum of its parts and therefore does
not display any complexity. We refer to these systems as non-complex systems and denote their set
by N, that is "= {s € S : P(s) = s}. Note that the utility of this idea within complexity theory
strongly depends on the concrete specification of the maps D and C. As mentioned above, the
right definition of D incorporates the identification of system parts which is already a fundamental
problem. Furthermore, one can think of specifications of D and C that do not reflect common
intuitions of complexity.

The above representation of non-complex systems is implicit, and we now derive an explicit one.
Obviously, we have

N C im(P) = {P(s) : se S}

With the following natural assumption, we even have equality, which provides an explicit represne-
tation of non-complex systems as the image of the map P. We assume that the construction of a
system from a set of parts in terms of C does not generate any additional structure. More formally,

(DoC)(s') = &  forall s €D.
This implies
P> = (CoD)o(CoD)
= Co(DoC)oD
= CoD
= P.

Thus, the above assumption implies that P is idempotent and we can interpret it as a projection.
This yields the explicit representation of the set N of non-complex systems as the image of P.

FiGure 1. Illustration of the projection P that assigns to each system s the sum
of its parts, the system P(s). The image of this projection constitutes the set of
non-complex systems.

In order to have a quantitative theory of complexity one needs a deviation measure d: S x S — R
which allows us to measure the deviation of the system s from P(s), the sum of its parts. We
3



assume d(s,s’) > 0, and d(s,s’) = 0 if and only if s = s’. In order to ensure compatibility with P,
one has to further assume that d satisfies
(1) C(s) = d(s,P(s)) = inf d(s,s').

s'eN
Obviously, the complexity C(s) of a system s vanishes if and only if the system s is an element of
the set N of non-complex systems.

2.2. The Information-Geometric Approach.

2.2.1. A specification via the maximum entropy method. In this section we want to link the general
geometric idea of Section 2.1 to a particular formal setting. In order to have a notion of parts
of a system, we assume that the system consists of a finite node set V' and that each node v can
be in finitely many states 2,. We model the whole system by a probability measure p on the
corresponding product configuration set 2y = [[,cy, Z». The parts are given by marginals py
where A is taken from a set 21 of subsets of V. For convenience, we will assume that 21 satisfies the
conditions of the following definition.

Definition 2.1. We call a subset 2 of the power set 2 a simplicial complex if it satisfies

(1) Upeq A=V, and
(2) AcA, BCA = Beq.

¢

The decomposition of a probability measure p into parts, corresponding to D in Section 2.1, is given
by the map p — (pa)aecsa, which assigns to p the family of the marginals. The reconstruction of
the system as a whole from this information is naturally given by the maximum entropy estimate
of p, which serves as the map C in Section 2.1. To be more precise, we consider the Shannon
entropy, assigned to a random variable X which assumes values x in a finite set .2". Denoting the
distribution of X by p, it is defined as

(2) Hy(X) = = > p(x)logy p(x).

ze€X

Given a family pa, A € 2, of marginals, by M we denote the set of probability measures ¢ on Zy
that have the same marginals, that is ¢4 = pa, A € 2. From the strict concavity of the Shannon
entropy (2) as a function of p, it follows that there is a unique probability measure p* € M with
maximal entropy. This corresponds to P(p), and it is obvious that in this particular case P? = P. If
the original system coincides with its maximum entropy estimate p* = P(p) then p is nothing but
the “sum of its parts” and is interpreted as a non-complex system, that is, p is an element of the
set NV in Section 2.1. What does this set look like in the context of maximum entropy estimation?
This is simply the image of the map P, that is, all the maximum entropy distributions with given
marginals on the A € 2, which is known as the closure of a hierarchical model. In the next Section
2.2.2, we will describe this set of non-complex systems in more detail.

As mentioned in Section 2.1, in order to quantify complexity, we need a deviation measure that is

compatible with the projection P, here the maximum entropy estimation. Information geometry

suggests to use the relative entropy, also called KL-divergence. For two given probability measures
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p and ¢, it is defined as follows:

Dipllq) = { Yoc pl@)logy §i, if supp(p) € supp(q)

s , otherwise.

The following version of the consistency property (1) follows from general results of information
geometry [7]:

D(p|[P(p)) = qei{nqu(P)D(pHQ)-

2.2.2. Interaction Spaces and Hierarchical Models. In this section we describe the image of the
maximum entropy projection. According to our interpretation, this consists of those systems that
do not display any structure in addition to the one given by the parts.

For every subset A C V, the configurations on A are given by the Cartesian product
Xy = H 2.

vEA
Note that in the case where A is the empty set, the product space consists of the empty sequence
g, that is 2p = {e}. We have the natural projections

Xa: Zv — Za, (Z0) ey (Tv)pea-

Given a distribution p, the X 4 become random variables and we denote the X 4-image of p by pa,
which is the A-marginal of p.

We decompose z € 2y as x = (4, 71\ 4) With x4 € Z4, v\ 4 € Zy\ 4, and define T, to be the
subspace of functions that do not depend on the configurations xy 4:

Ti = {fER™ : flza,mna) = f@a,2i4)
for all 74 € Za, and all 4, 7}, 4 € %V\A}.

This is called the space of A-interactions. Clearly, this space has dimension [[, . 4 |Z|. The vector
space of pure A-interactions is defined as

f 4 = TaN ﬂ T BJ'
BCA
Here, the orthogonal complements are taken with respect to the canonical scalar product (f, g) =
; z) g(z) in R?V. The definition of pure interaction spaces will be used for the derivation
€Ly

of the dimension formulas (3) and (4) and will play no further role in this paper. One has the
following orthogonal decomposition of spaces of A-interactions into pure interactions:

I, = P 5.
BCA

The symbol “@” denotes the direct sum of orthogonal vector spaces, and therefore Z4 is the
smallest subspace of 2 ®v that contains all the Zg, B C A. This implies

dim(Zs) = > dim (fB),
BCA
5



and with the Mobius inversion formula we obtain
dim(Zs) = Y ()M 12 = [T (2 -1).

BCA vEB vEA

Given a simplicial complex 2, we consider the sum
I Y- B
Aet Ae
which has dimension
(3) dim(Za) = > [[(2 D).
AcAveA

In the simple example of binary nodes, that is |Z,| = 2 for all v, we get || as dimension. We
define a hierarchical model as

Eyq = : fEIQ(} C P(Zv),

_ e

Za: ef(x)
where P(Zv) denotes the set of strictly positive probability measures on Zy. It is a subset of
R#V and carries the naturally induced topology. Throughout the paper, the topological closure of
a set & C R?V will be denoted by £.

The dimension of &£y is one less than the dimension of Zgy:

(4) dim(&x) = > JJ(2-1).

AedA ye A
AZD

Here, we have used the convention [] ., fo =1if A =0.

Example 2.2. Of particular interest are the simplicial complexes that are controlled by the
maximal interaction order within the system:
k
v
A= <z> k=1,2,...,N=|V|
1=0

Here, (‘l/) denotes the set subsets of V' that have [ elements. The corresponding hierarchical models
E®) consist of strictly positive distributions that can be described by interactions up to order k

and have dimension
(N
; ®)Y\ —
dim (5 ) 12_1 <l>

*

It is well known within information geometry that the closure of a hierarchical model £y coincides
with the image of the maximum entropy projection P described in Section 2.2.1. Furthermore, the
maximum entropy estimate coincides with the unique probability measure mg(p) in the topological
closure of &y satisfying

(5) D(p||ma(p)) = qiengfm D(pllg) = D(p|l &),
and we have
(6) D(p|lma(p)) = Hpyp)(Xv) — Hp(Xy).

(See for instance the general treatment [14].) Following our general geometric approach, the devia-

tion D(p || Ex) from Ey is interpreted as a complexity measure. For the exponential families £*) of
6



Example 2.2 this divergence quantifies the extent to which p cannot be explained in terms of interac-
tions of maximal order k. Stated differently, it quantifies the extent to which the whole is more than
the sum of its parts of size k. For k = 1, we refer to the quantity D(p || EM) as multi-information.
In order to define multi-information more generally, consider a partition { = {Aj,..., A,} of the
node set V and the corresponding simplicial complex A = ;- 24i In this special case, the
measure D(p|| Ey) can be calculated explicitly, and we have the following entropic representation:

I(Xay;..5Xa,) == D@l &)

> H(Xa)—H(Xa,.., Xa,)
In the next section we study the maximization of D(- || Eg).

2.2.3. The maximization of complexity. We now wish to discuss whether the maximization of
D(- || Ey) should be considered as a good approach for finding systems of maximal complexity.
We shall state a result about restrictions on the structure of maximizers of this functional. Inter-
preting this result in a positive way leads us to the conclusion that the rules can be revealed that
underly complex systems and thereby allow for understanding and controlling complexity. However,
we then also have to face the somewhat paradoxical fact that the most complex systems, according
to this criterion, are in a certain sense rather simple. More precisely, they have a strongly restricted
support set, as shown in the following basic result that follows from general results [2], [28], [29]:

Proposition 2.3. Let 2 be a simplicial complez, and let p be a mazimizer of D(-|| Ey). Then

(7) supp(p)| < dim(&x) +1 = ) ]2 - 1).

AeAveA
Furthermore,
Ta(p)(z)
x’ Esupp(p) Fg[(p) (ml)

: x € supp(p).

p(z) = 5

Stated informally, this result shows that the maximizers of complexity have a reduced support
and that they coincide with their projection, interpreted as non-complex systems, on this support.
For binary nodes, the support reduction is quite strong. In that case, the inequality (7) becomes
Isupp(p)| < |2|. Figure 2 illustrates these simplicity aspects of the maximizers of complexity.

The above-mentioned simplicity aspects of complex systems become more explicit in the particular
context of the hierarchical models £*) introduced in Example 2.2. We ask the following question:

Which order m of interaction is sufficient for generating all distributions that (locally) mazimize
the deviation from being the sum of parts of size k?

For k = 1, this question has been addressed in [4]. It turns out that, if the cardinalities |2,
v € V, satisfy a particular combinatorial condition, the interaction order m = 2 is sufficient for
generating the global maximizers of the multi-information. More precisely, if p is a global maximizer
of the multi-information then p is contained in the closure of £2). These are the probability
measures that can be completely described in terms of pairwise interactions, and they include the
probability measures corresponding to complete synchronization. In the case of two binary nodes,
the maximizers are the measures p; := % (5(070) + 5(171)) and p_ := % (5(170) + 5(071)) in Figure 2.
Note, however, that in this low-dimensional case the closure of £2) coincides with the whole simplex
7



d(1,1)

3 (00,0 +60,1))

d(1,0)
5 (61,00 +000,1))

d(0,1)

FIGURE 2. The three-dimensional simplex and its two-dimensional subfamily of
product distributions. The extreme points of the simplex are the Dirac measures
O(zy)» T,y € {0,1}. The maximization of the distance from the family of product
distributions leads to distributions with support cardinality two. In addition, the
maximizers have a very simple structure.

of probability measures on {0,1} x {0,1}. Therefore, being contained in the closure of £ is a
property of all probability measures and not special at all. The situation changes with three binary
nodes, where the dimension of the simplex P({0,1}?) is seven and the dimension of £(?) is six.
For general k, the above question can be addressed using the following result [22]:

(8) supp(p)| <5, m >logy(s+1) =  pe&m.

According to Proposition 2.3 the maximizers of D(- || £®*)) have support of size smaller than or
equal to Zf:o (le) If m > log, (1 + Zf:o (]2[)) then, according to (8), all these maximizers will be

in the closure of £(™). For example, if we have one thousand binary nodes, that is NV = 1000, and
maximize the multi-information D(- || €M) then interaction of order ten is sufficient for generating
all distributions with locally maximal multi-information. This means that a system of size one
thousand with (locally) maximal deviation from the sum of its elements (parts of size one) is not
more than the sum of its parts of size ten. In view of our understanding of complexity as the extent
to which the system is more than the sum of its parts of any size, it appears inconsistent to consider
these maximizers of multi-information as complex. One would assume that complexity is reflected
in terms of interactions up to the highest order (see reference [24], which analyzes coupled map
lattices and cellular automata from this perspective). Trying to resolve this apparent inconsistency
by maximizing the distance D(- || £€?)) from the larger exponential family £(2) instead of maximizing
the multi-information D(-|| €M) does not lead very far. We can repeat the argument and observe
that interaction of order nineteen is now sufficient for generating all the corresponding maximizers:
A system of size one thousand with maximal deviation from the sum of its parts of size two is not
more than the sum of its parts of size nineteen.

In this paper, we propose a way to address this inconsistency and draw connections to other
approaches to complexity. We discuss two examples, the TSE complexity and excess entropy.

8



Consider a hierarchy of simplicial complexes
A C A C .o C Avg C Ay =27
and denote the projection g, on &y, by p*). Then the following equality holds:

N-1

(9) D(p||p" D™ || p®
k=1

We shall use the same notation p(*) for various hierarchies of simplicial complexes. Although being
clear from the given context, the particular meaning of these distributions will change throughout
the paper.

The above considerations imply that when the left hand side of (9) is maximized, only the first
few terms on the right hand side are dominant and remain positive. Therefore, instead of (9) we
consider a weighted sum with a weight vector a = (a(1),...,a(N — 1)) € RNV=1D and set:

N-1
(10) Calp) = a(k) D(p | p™)
k=1
N-1
(11) = B(k) D™ || p™®)
k=1
with G(k) := Zle a(i). As we have seen, the multi-information can be represented in this way

by setting a(1) := 1, and «a(k) := 0 for £ > 2, or, equivalently, (k) = 1 for all k. This makes
clear that our ansatz provides a general structure, in place of specifying a distinguished complexity
measure. If one wants to specify such a measure, one has to identify the correct weight vector «
by means of additional assumptions. Generating complex systems would then require forcing all
contributions D(p*+1) || pF)) to display a specific shape of behaviour as k increases. In order to
have at least positivity of these contributions for maximal C,, it appears reasonable to assume
that the sequence (k) is strictly increasing with k. This is the case if and only if all the a(k)
are positive. Clearly, multi-information does not satisfy this assumption. In the next section we
will introduce TSE complexity and excess entropy and show how they fit into our framework with
reasonable weight vectors.

3. COMPARISON WITH OTHER APPROACHES

3.1. TSE-Complexity. As we have already demonstrated in previous sections, although multi-
information perfectly fits into the concept of complexity as deviation of the whole from the sum
of its parts of size one, its maximization leads to distributions that do not appear very complex.
In particular, multi-information is maximized for distributions with complete synchrony of the
nodes’ states. Tononi, Sporns, and Edelman [37] introduced a measure of brain complexity which
incorporates multi-information as integration capacity of the underlying system. In addition to
this capacity they also require the differentiation capacity as necessary contribution to the system’s
complexity. The interplay between integration and differentiation then generates distributions of
more “complex” global configurations where distributions with total synchronization are identified
as simple. In order to introduce their complexity measure, consider for each 1 < k < N — 1 the
9



quantity

(12) clt) = Ip(Xl;...;XN)—k—N > L(Xie X))
(k) 1<i1 <<, <N
N
(13) = W > Hy(Xiy,.., X)) = Hy(X1,..., XN)
(k) 1<i1 < <ip <N
N
(14 = CH0) — H(N)
where we use the abbreviation
1
Hy(k) = = Y. Hy(X,...,X;,)

(k) 1< <<, <N

to denote the average entropy of subsets of size k. The TSE-complexity is then defined as a weighted
sum of the

=

-1
k k
ng ),
1

Cp =

B
Il

This corresponds to the general structure (10) with weights a(k) = %

The C’,(,k)’s quantify the deviation of the mean stochastic dependence of subsets of size k from
the total stochastic dependence. Therefore, at least conceptually, they correspond to the dis-
tances D(p || p(k)) where p(*) denotes the maximum entropy estimate that has the same k’th order

marginals as p. We will see in Corollary 3.5 that the CS“) are monotone as well. The following

theorem summarizes the main result of this section, further relating the C’;(,k) to the D(p || p™*)).

Theorem 3.1. Forallk, 1 <k < N, we have

D(p||p®) < cF).

This states that the Cék) can be considered as an upper estimate of those dependencies that can
not be described in terms of interactions up to order k. Theorem 3.1 follows from properties of the
average subset entropies. They are of interest in their own right and therefore we present them in
what follows. The proofs are given in the appendix. First, we show that the difference between
H,(k) and H,(k — 1) can be expressed as an average over conditional entropies. In what follows,
we will simplify notation and neglect the subscript p whenever it is appropriate.

Proposition 3.2.

1 1
(1) H(k)—H(k=1) = & e S HXi|Xi,... Xi,) = h(k).
i=1 \k—1/ 1<ij<-<ip_1<N
A i1

The next step is then to show that differences between the averaged conditional entropies h(k) and
h(k + 1) can be expressed as an average over conditional mutual informations.
10



Proposition 3.3.

1 1
hwy—mk+1):4ﬁﬁfj5 }: 7 }: I(Xi; X5\ Xays -0, Xip )
1<i,j<N \k—1/) 1<iy<<ip_1<N
7] AL i1

Since conditional mutual informations are positive, we can conclude that h(k + 1) < h(k), i.e. the
H(k) form a monotone and concave sequence as shown in Figure 3.

Cc®)

AH(k) + (N — k) h(k) — H(N)

H e H(N)

k

FIGURE 3. The average entropy of subsets of size k grows with k. C'®) can be
considered to be an estimate of the system entropy H(N) based on the assumption
of a linear grows through H (k).

Furthermore, H (k) can be expressed as the sum of differences

k
H(k) = h(i)
i=1
with the convention H(0) = 0. Using Proposition 3.3 again, we can prove the following

Lemma 3.4.
H(k) > kh(k) > kh(k+1).

This in turn allows to show that the terms of the TSE complexity are monotone.

Corollary 3.5.
ck) < clk-1)

Another consequence of Propositions 3.2 and 3.3 is that the entropy Hp(k)(XV) of the maximum
entropy distribution can be bounded using the entropy of the marginals of size k:
Hyw (Xv) < Hp(k) + (N = k) hyp(k).
11



This also provides an upper bound for the distance

(16) Dp|p") = Hyum(Xv) — Hy(Xv)
as
(17) D(p|p™) < Hy(k) + (N — k) hy(k) — Hy(N).
Similarly, by (14), the factors of the TSE-complexity can be expressed as
N
O = S Hy(k) = Hy(N)
1

(18) = Hy(k) + (N — k) - Hp(k) — Hy(N).

k

We may therefore consider Cz(,k) as an approximation of D(p || p®)) that uses + H, (k) instead of hy,(k)
in order to extrapolate the system entropy from the entropy of marginals of size k as illustrated in
Figure 3. We have already shown in Lemma 3.4 that the estimate (18) is less precise than (17), i.e.
+H, (k) > hy(k), and thus obtain

D(p|p®) < ¢,

= “p
which proves Theorem 3.1.

3.2. Excess entropy. Similar to C(!) — the multi-information, which appears in the first sum-
mand of the TSE-complexity — also CN=1) which occurs in the last summand, is related to a
complexity measure of its own: The excess entropy for finite systems:

(19) Ep(Xv) = Hp(Xv) — ZHp(Xi|XV\i)'

eV
Here one subtracts from the uncertainty about the state of the whole system the remaining un-
certainties of the states of the elements given the state of the other elements. This complexity
measure was described as dual total correlation already in [20]. For a more detailed discussion of
its properties see [9, 30]. In the present context it is important that, by (14, 15), it can be expressed
as

E)(Xv) = NHy(N—1) = (N - 1)Hp(N)

N—
(N —1) N1,

Therefore it follows from Theorem 3.1 that the distance D(p || p =) provides a lower bound for
this complexity measure

(20) (N =1)D(p||pN V) < E,(Xv).

The term excess entropy is used more frequently in the context of stochastic processes [14]. In this
case the excess entropy is a very natural complexity measure because it measures the amount of
information that it nessecary to perform an optimal prediction. It is also known as effective measure
complexity [19] and as predictive information [10]. In a stochastic process X, the set of nodes V
exhibits a temporal order X1, Xo,..., Xp,..., and in what follows we assume that the distribution
of this sequence is invariant with respect to the shift map (z1,z2,...) — (z2,23,...). The uncer-
tainty of a single observation Xy is given by the marginal entropy H (X ). The uncertainty of this
observation when the past NV — 1 values are known is quantified by

hy = H(Xn|X1,...,XN-1)
12



with the limit, if it exists,

(21) heo = lim hy

|
N—oo
called the entropy rate of the process. The excess entropy of the process with the entropy rate he
is then
(22) E(X) = ]\}im (H(X1,...,XNn) — Nhy)

—00
It measures the nonextensive part of the entropy, i.e. the amount of entropy of each element that
exceeds the entropy rate. In what follows we shall derive a representation of the excess entropy
E(X) in terms of (10). This will be done in several steps. All corresponding proofs are provided
in the appendix.

For each N € N we consider the probability distribution p € P(2V) defined by

pN(x1,...,xN) = Prob{Xj; =x,..., Xy =2zn}, r1,...,N € X .
In the following we use the interval notation [r, s] = {r,r +1,...,s} and X}, g = x|, o for X, =z,
Xr41 = Zpy1, .., Xs = x5. We consider the family of simplicial complexes

An g1 = {[r,s] C[1,N] : s —r <k}, 0<kE<N-1.

The corresponding hierarchical models &y, ,, € P(Z N represent the Markov processes of order
k. As the following proposition shows, the maximum entropy projection coincides with the k-order
Markov approximation of the process X[; vy

Proposition 3.6. Let X1, Xs,..., Xy be random variables in a non-empty and finite state set
2 with joint probability vector p € P(ZN), and let p*) denote the mazimum entropy estimate of
p with respect to Ay x+1. Then

N—k
(23) p(k+1)(:z:1, cooxzny) = p(x1,. .., Teyt) H P(TpailTiy ooy Thrio1),
1=
N—k-1
(24) D|p*™) = > L(Xug Xeviser | Xjpsreri):
i=1

We have the following special cases of (23):

N
Py, ay) = [[p),

=1
PP (a1, xn) = pe1) plas|e) - plen|en-1),
pPM(ay,... zn) = p(x1,...,2N)

Proposition 3.7. In the situation of Proposition 3.6 we have
N—k
(25) D™V | p*)) = Z Ip(Xoqis Xi | X1 b4i-1]), 1<k<N-1L
i=1
If the process is stationary, the right hand side of (25) equals (N — k) Ip(X1; Xg11| Xj2.0))-
13



Given a stochastic process X = (Xj)reny with non-empty and finite state set 27, one has the
following alternative representation of the excess entropy [14]:

(26) B(X) = Y kI(X1; Xps | Xppp)-
k=1

We apply Proposition 3.7 to this representation and obtain

00 N-1
Ey(X) = Y kI(X1; Xpsa|Xpy) = J\}Enoozklp(XﬁXk—l-ﬂX[Z,k])
k=1 k=1
No1
= ]Vlgnoo m(N_k)Ip(Xl;Xk—l—l’X[Q,k])
k=1
No1
o LA (k1) [ ) (k)
im0 g Do e ®)
k=1
— B

Thus, we have finally obtained a representation of quantities Ey that have the structure (11) and

converge to the excess entropy. The corresponding weights G(k) = ﬁ are strictly increasing with

k. Note that in the context of time series, the projections pg\lf) are defined with respect to other

exponential families than in the previous section. The essential difference is that in the time series
context we have a complete order of the nodes so that we can define a simplicial complex in terms
of intervals of a paricular length, say length k. In the general case, where we do not have such
an ordering, we define the corresponding simplicial complex in terms of all subsets of size k. This
clearly generates a larger hierarchical model and therefore a smaller distance. Furthermore, the
special case of intervals allows us to compute the projections onto the hierarchical models and the
corresponding distances explicitly. It turns out that these distances are nothing but conditional
mutual informations [23]. Note that such explicit calculations are in general not possible.

4. CONCLUSIONS

Complexity is considered as emerging from interactions between elements, or, better and more
generally, parts of a system. When formalizing this in terms of information-theoretic quantities,
one is led to interactions of random variables. We have carried out such a formalization for finite
systems. In order to analyze interactions, we implement the idea of decomposing the stochastic
dependence among the parts of a given system. Such a decomposition needs to go beyond repre-
sentations of stochastic dependence in terms of marginal entropies (see (13) as an example). For
our more general analysis, information geometry provides the natural framework of hierarchies of
exponential families that makes an “orthogonal” decomposition of the underlying joint distribution
possible with respect to the interaction order ([1]). While well-known complexity measures such as
the TSE-complexity or the excess entropy are defined in terms of marginal entropies we propose
the following general family of complexity measures with free parameters a/(k):

N-1 N-1
Ca(p) == Y_ a(k)D(pllp™) = Y B(k) D™V | p*),
k=1 k=1

where §(k) = Zle (¢). This family reflects the “orthogonal” decomposition of the stochastic
dependence into contributions corresponding to a hierarchy of interactions among the constituents.

14



The ansatz C,, is very general and incorporates many known complexity measures as special cases.
We show that, in particular, the TSE complexity and the excess entropy can be captured by our
approach by appropriately choosing the weights. In the case of TSE complexity we identify the

weights (k) = % which correspond to G(k) = k(k;l). The excess entropy can be expressed with

weights [(k) = NL_,C In both cases, the sequence (k) increases with k. In contrast, the weights
of the multi-information have a “flat” shape: G(k) =1 for all k. We demonstrate the fact that this
shape leads to the somewhat paradoxical situation in which complex systems can be understood
in terms of their parts of a particular size that is not maximal. We argue that, in order to avoid
this situation, one needs to “strengthen” the higher order contributions by a sequence (k) that
increases with k. In this sense, the weights of the TSE complexity and the excess entropy lead to
reasonable complexity measures.

An interesting line for further research will be the identification of (other) rationales to choose the
weighting factors a(k) that could provide new insight- and useful complexity measures. In this
regard, complexity measures with weights that normalize the individual contributions to C, are
of particular interest. Furthermore, natural assumptions on the scaling properties of complexity
could lead to a structural determination of the weights. Related studies of TSE complexity and
excess entropy can be helpful in this context [30].
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5. APPENDIX: TECHNICAL PREREQUISITES AND PROOFS OF THE RESULTS

5.1. Maximum entropy estimation in hierarchical models.

Lemma 5.1. Let 2 be a simplicial complex and let p be a distribution in the closure of P(Zv)
(not necessarily positive). Then: If a distribution p* satisfies the following two conditions then it
s the maximum entropy estimate of p with respect to 2U:

(1) There exist functions ¢4 € Ta, A € 2, satisfying p*(x) = [[ qeq @a(z4), and
(2) for all A € A the A-marginal of p* coincides with the A-marginal of p, that is p*, = pa -

Proof. Let g be a probability measure that satisfies g4 = pa for all A € 2. We prove that the
entropy of p* is greater than or equal to the entropy of ¢ in three steps.
Step 1: supp(q) C supp(p*): Let « € supp(q). Then for all B € 2 one has

0 < q(z) < qp(zp) = pples) = > [] dalza) = ¢5(zs) > [ da(za)

T A T Aet
v\B Ac V\B ASB

and therefore ¢p(zp) > 0. This implies p*(z) > 0.
Step 2: 1t is easy to see that
(27) ga = p'4 forall Ae & q(f) = p*(f) for all f e Zy.

In Step 3 we apply (27) to a particular function in Zy. To this end, we define b4 € Ta by
pa(xa) :=11if pa(xa) =0 and pa(x4) := da(z4) otherwise and consider
(28) Z logy a4 € Ta.
Aed
Step 3:

Hpe(Xy) = — > p*(x)logyp(z)
zEsupp(p*)

= = Y p@) Y logy dalea)

xesupp(p*) Ae2l

= =) p'(@)> logyda(za)

AeA

= — Z q(x) Z logy da(z4) (application of (27) to the function (28))
x AeA

= - ¥ q(m)zlogzqu(xA)

zesupp(q) Ael

= — Y ql@)) logypa(za)  (Step 1)

xesupp(p*) Aed

= - Z q(x)logy p*(z) (cross entropy)
zEsupp(p*)
Hy(Xv).

Y
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5.2. Proofs of the main results of the paper.

Proof. (Proposition 3.2)

N
1 1
h(k) = NZ — > H(Xi| Xy, Xip )
=1 (k—l) 1<ig < <ip_1 <N
il
1 1
— NZ N > (H(Xi, Xy s Xig ) — H( Xy, X 1))
i=1 (k—l) 1<) <--<ip 1 <N
A i1
k
= Z H(X;, ..., X;,)
(k*l) 1< <<, <N
N —(k-1)
—NT Z H(Xil,...7Xik71)
(k‘*l) 1<ii <<t 1<N
1 1
= = Y., HXi,.... Xy) -5~ > H(Xiy, . Xi, )
(k) 1<i1<-<ip <N (k—l) 1<i1 < <ip—1<N
= H(k)—H(k-1).
|
Proof. (Proposition 3.3)
1 1
NV T P > (X4 X5 Xy, X))
1<ij<N (kfl) 1<iq < <ip_1 <N
i#] TN S S
1 1
= — > = > (H(Xi| Xy, Xipy) — HXGIXG, Xy Xa )
NN —1) 1<i,j <N (k;—l) 1<iq<-<if_1 <N 1 1
7] §JF] i1
1 N —k
— 72— H(X| X4y, X4, )
N—-2 Z (] 11> ) U—1
N 7 (N - 1)(k—1) 1<ig<-<ip_1 <N
[ R I
1 k
S ey o H(Xi| X, -, Xi,)
N (N_ 1) (115712) 1<i1<-§--;ik<N ' *
P01,y
= h(k)—h(k+1).
|
Proof. (Lemma 3.4)
k
H(k) = Y h(i) >k h(k) > k h(k+1).
=1
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Proof. (Corollary 3.5)

o) — k=1 — %H(k) ~H(N) = —H(k 1)+ H(N)
N 1
= < (H(k) ~H(k=1) = H(k - 1)>
N 1
= ?(h(k) - mH(k’ - 1))

< 0 since H(k—1) > (k—1) h(k).

Proof. (Proposition 3.6)

The distribution in (23) factorizes according to the set Ay j41. Therefore, according to Lemma 5.1
we have to prove that the A-marginal of the distribution in (23) coincides with the A-marginal of
pforall Ac™UAnjpqp1. Let s>k +1and r=s—k, thatis s —r = k.

N-Ek

Z Z (1, Tpy1) H P(ThrilTiy oo Thpio1)
N

T1ee0spr—1 Ts415---,T 1=2
s—k N—k
= > playaoen) [ p@erlwi, o weric) Y [T r@rsilzs .. 2epioa)
T1yeeesTr—1 =2 Ts41;-- XN 1=5—k+1

=1

s—k
= > (Zp(xl, e ,$k+1)> [ p@erilzi, .. 2ppizr)
i=2

L2y Tpr—1 xr1
s—k
= Y p@e ) [ ekl wki)
L2y Tpr—1 1=2
s—k
= Z p(2, - Thy1) P(Ths2l@2s - Thg) Hp($k+z‘|$i, ooy Thgio1)
L2y Tpr—1 1=3
s—k
= > (Zp(fﬂzau-,u’vmz)) || LG ETR
T3,y Tp—1 T2 =3
s—k
= > plas,. o) [[ Pz, o wpsicy)
L35y Tr—1 1=3

s—k
= | D prrs o wkprat) | [ p@rsili, - 2gicn)
i=r

Tr—1
= p(@r, s Tgr—1) P(Ts|Trs - Ty 1)
= p(zp,...,Ts).
Equation (24) is a direct implication of (23). |
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Proof. (Proposition 3.7)
D" | p™)

= D(p|p"*) - D@p|p*tV)
N—-k N—k—1

I (X710 Xeetil X1, pri-1)) + Ip(X1; Xega [ Xpopy) — Z Ip (X5 Xerit 1| X[ 1,544))

I
]

Il
2o
.
I
fa

1

N—k-1 N—k-1
= Ip(X11i41) Xeeir 1| Xjigo o)) + Ip(X1; Xer1[ X o py) — Z Ly (X115 Xbair 1] X (i1 o))
=1 =1
N—k-1
= { (Hp(Xk+i+1|X[i+2,k+i}) - Hp(Xk+i+1|X[1,k+i])>
i=1
- (Hp<Xk+i+1’X[i+l,k+i]) - Hp(Xk+i+l‘X[1,k+i])> } + Ip(X1; Xk X 2,0))
N—k-1
= Ip(Xkrivr; Xiva [ Xpgoprg) + Lp(Xa; X1 X[2.0)
i=1
N—k-1

Ip(Xpviv1; Xiv| X2 i)

!
NG

2

= Ip(Xtis Xl X1 hti-1)
i=1
= (N = k) L,(X1; X1 X2,) (if stationarity is assumed).
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