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Abstract

In analysis of multi-component complex systems, such as neural systems, identifying
groups of units that share similar functionality will aid understanding of the underlying struc-
tures of the system. To find such a grouping, it is useful to evaluate to what extent the units
of the system are separable. Separability or inseparability can be evaluated by quantifying
how much information would be lost if the system were partitioned into subsystems, and

the interactions between the subsystems were hypothetically removed. A system of two
independent subsystems are completely separable without any loss of information while a
system of strongly interacted subsystems cannot be separated without a large loss of infor-
mation. Among all the possible partitions of a system, the partition that minimizes the loss of
information, called the Minimum Information Partition (MIP), can be considered as the opti-
mal partition for characterizing the underlying structures of the system. Although the MIP
would reveal novel characteristics of the neural system, an exhaustive search for the MIP is
numerically intractable due to the combinatorial explosion of possible partitions. Here, we
propose a computationally efficient search to precisely identify the MIP among all possible
partitions by exploiting the submodularity of the measure of information loss, when the mea-
sure of information loss is submodular. Submodularity is a mathematical property of set
functions which is analogous to convexity in continuous functions. Mutual information is one
such submodular information loss function, and is a natural choice for measuring the degree
of statistical dependence between paired sets of random variables. By using mutual infor-
mation as a loss function, we show that the search for MIP can be performed in a practical
order of computational time for a reasonably large system (N= 100 ~ 1000). We also dem-
onstrate that MIP search allows for the detection of underlying global structures in a network
of nonlinear oscillators.

1 Introduction

The brain can be envisaged as a multi-component dynamical system, in which each of individ-
ual components interact with each other. One of the goals of system neuroscience is to identify
a group of neural units (neurons, brain area, and so on) that share similar functionality [1-4].
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(a) Minimum Information (b) Non MIP

Approaches to identify such functional groups can be classified as “external” or “internal”.
In the external approach, responses to external stimuli are measured under the assumption
that a group of neurons share similar functionality if their responses are similar. A vast major-
ity of studies in neuroscience have indeed used the external approach, by associating the neural
function with an external input to identify groups of neurons or brain areas with similar func-
tionality [5].

On the other hand, the internal approach measures internal interactions between neural
units under the assumption that neurons with similar functionality are connected with each
other. The attempts to measure internal interactions have rapidly grown following recent
advancements in simultaneous recording techniques [6-8]. It is undoubtedly important to elu-
cidate how neurons or brain areas interact with each other in order to understand various
brain computations.

IIT states that the prerequisite for consciousness is integration of information realized by
the internal interactions of neurons in the brain. IIT proposes to quantify the degree of infor-
mation integration by an information theoretic measure, “integrated information” and
hypothesizes that integrated information should be related to the level of consciousness.

In this study, we consider the problem of finding functional groups of neural units using
the criterion of “minimal information loss”. Here, “information loss” refers to the amount of
information loss caused by splitting a system into parts, which can be quantified by the mutual
information between groups. For example, consider the system consisting of 4 neurons shown
in Fig 1(a). The two neurons on each of the left and right sides are connected with each other
but do not connect with those on the opposite side. The natural inclination is to partition the
system into left (orange) and right (blue) subsystems, as shown in Fig 1(a). This critical parti-
tion can be identified by searching for the partition where information loss is minimal, i.e.,
mutual information between the two parts is minimal. In fact, if a system is partitioned with
MIP as in the example system, information loss (mutual information between the subsystems)
is 0 because there are no connections between the left (orange) and the right (blue) subsystems.
If the system is partitioned in a different way than MIP, as shown in Fig 1(b), information loss
is non-zero because there are connections between the top (orange) and the bottom (blue)
subsystems. This is not the optimal grouping of the system from the viewpoint of information
loss.

The concept of the partition with minimal information loss originated from Integrated
Information Theory (IIT) [9-11] and the partition with minimal information loss is called
“Minimum Information Partition (MIP)”. In IIT, information loss is quantified by integrated

partition (MIP)
1

1

Integrated information=0  Integrated information > 0

Fig 1. (a) Minimum information partition (MIP). (b) Another possible partition, which differs from the MIP. (c) MIP in a general
network where there is no clear-cut partition.

https://doi.org/10.1371/journal.pone.0201126.g001
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information [9-11], which is different from the mutual information we use in this study.
Although the measure of information loss is different, we use the same technical term “MIP”
in this study as well because the underlying concept is the same.

Although the theoretical idea of MIP is attractive to the fields of neuroscience as well as to
network science in general, it has been difficult to apply it to the analysis of large systems. In a
general case in which there is no obvious clear-cut partition (Fig 1(c)), an exhaustive search for
the MIP would take an exceptionally large computational time which increases exponentially
with the number of units. This computational difficulty has hindered the use of MIP-based
characterization of a system.

In this study, we show that the computational cost of searching for the MIP can be reduced
to the polynomial order of the system size by exploiting the submodularity of mutual informa-
tion. We utilize one of the submodular optimization, the Queyranne’s algorithm [12], and
show that the exponentially large computational time is drastically reduced to O(N®), where N
is the number of units, when we only consider bi-partitions. We also extend the framework of
the Queyranne’s algorithm to general k-partition and show that the computational cost is
reduced to O(N**Y). The algorithm proposed in this study is an exact search for the MIP,
unlike previous studies which found only the approximate MIP [13, 14]. This algorithm makes
it feasible to find MIP-based functional groups in real neural data such as multi-unit record-
ings, EEG, ECoG, etc., which typically consist of ~ 100 channels.

In the review process of this paper, we found a previous study [15] that proposed the essen-
tially same algorithm as the present study, i.e., Queyranne’s algorithm for bi-partition of
mutual information. Compared with the previous study, this paper offers the following techni-
cal and conceptual advancement. As the technical advancement, we do not only propose the
polynomial algorithm for bi-partition but also that for the exact minimal k-partition when
k > 2, unlike an approximated algorithm proposed in the previous study. As the conceptual
advancement, this is the first study to explicitly state the connection of Queyranne’s algorithm
with the concept of MIP proposed in IIT and offer the possibility of utilizing Queyranne’s algo-
rithm for the application of IIT.

The paper is organized as follows. In the Section 2, we formulate the search for the MIP,
and show that mutual information is one of the submodular functions, and that we can treat it
as a measure of information loss for a bi-partition. In Section 3, we report on numerical case
studies which demonstrate the computational time of this MIP search for analysis of a system-
wise correlation and also demonstrate its use for analysis of a nonlinear system. In Section 4,
we discuss the potential use of the submodular search for other measures which are not exactly
submodular.

2 Methods
2.1 Submodular function

For a ground set X = {x,,...,x,} of N elements and any pair of subsets X, Y € 2%, ifa set
function f : 2"+ holds the inequality

fX)+f(Y) 2 fXUY) +f(XNY), (1)

we call it submodular (See [16] for a review of submodularity). Equivalently, for XC Y C Z
and z € Z\ Y, a submodular set function fholds

fXUz) - f(X) = f(Y Uz) = f(Y). (2)

If —f(X) is submodular, we call it supermodular.
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Submodularity in discrete functions can be considered as an analogue of convexity in con-
tinuous functions. Intuitively, Eq (1) means that in some sense the sum of two components
scores higher than the whole. Eq (2) means when something new is added to a smaller set, it
has a larger increase in the function than adding it to a larger set. Also, the reader will be able
to have the intuitive idea behind these inequalities by considering the special case, when the
equality holds for modular function, that is both submodular and supermodular. For example,
the cardinality of a set f{iX) = |X| is modular, and holds equality for both Eqs (1) and (2).

It is easy to find the equivalence between the inequality Eqs (1) and (2): Apply Eq (1) to
X' =XUzand Ysuchthat XC YC Zand z € Z\ Y, and we have Eq (2). For converse, assume
XCYCZandze Z\Y,and apply Eq (2) to a series of paired sets, X, := X and Y, := Y, and
X=X, 1Uz;and Y;:=Y; Uz forevery0 <i<|Z\Y|and z, 25, ... € Z\ Y. Then, we have
Eq (1) by summing up these series of inequalities.

It has been shown that the minimization of submodular functions can be solved in polyno-
mial order of computational time, circumventing the combinatorial explosion. In this study,
we utilize submodular optimization to find the partition with minimal information loss (Mini-
mum Information Partition (MIP)).

2.2 Minimum Information Partition (MIP)

We analyze a system with N € N distinct components. Assume that each of the N components
is a random variable, and denote the random variable of the i components by x; for 1 <i < N.
Denote the set of indices N := {1,2,..., N} and the set of the N variables by V= {x,, .. ., xx}.
For the sake of simplicity, we consider bipartition of the whole system V for the explanatory
purpose. We will deal with a general k-partition in Section 2.5. V'is divided into two parts M
and M where M is a non-empty subset of the whole system V, M C V and M is the complement
of M,i.e, M = V \ M. Note that bipartition (V'\ M, M) of a fixed set V is uniquely determined
by specifying only one part, M, because the other part is determined as the complement of M.
Minimum Information Partition (MIP), Myp, is defined as the subset that minimizes the infor-
mation loss caused by partition, indicated by a non-empty subset M C V,

M,p(V) 1= arg minf(M), (3)

MCV.M#0

where f(M) is the information loss caused by a bipartition specified by the subset M. More
precisely, “MIP” defined in Eq 3 should be called “Minimum Information Bipartition (MIB)”
because only bi-partition is taken into consideration. However, as we will show in Section 2.5,
the proposed method is not restricted only to a bi-partition and can be extended to a general k-
partition. To simplify terminology, we only use the term “MIP” through out the paper even
when only bi-partition is considered.

The number of possible bi-partitions for the system size Nis 2" — 1, which grows expo-
nentially as a function of the system size N. Thus, for even a modestly large number N of vari-
ables (N ~ 40), exhaustively searching all bi-partitions is computationally intractable.

2.3 Information loss function

In this study, we use the mutual information between the two parts M and M as an informa-
tion loss function,
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where H(X) is the Shannon entropy [17, 18] of a random variable X,

H(X) := = P(x)log P(x).

x€X

As we will show in the next section, the mutual information is a submodular function. The
mutual information (Eq 5) is expressed as the KL-divergence between P(V) and the partitioned
probability distribution Q(V) = P(M)P(M) where the two parts M and M are forced to be
independent,

I(M; M) = Dy, (P(X)|[P(M)P(M)). (6)

The Kullback-Leibler divergence measures the difference between the probability distribu-
tions and can be interpreted as the information loss when Q(V) is used to approximate P(V)
[19]. Thus, the mutual information between M and M (Eq 6) can be interpreted as information
loss when the probability distribution P(V) is approximated with Q(V) under the assumption
that M and M are independent [11].

2.4 Submodularity of the loss functions

We will show that the mutual information (Eq 5) is submodular. To do so, we use the submo-
dularity of entropy. The entropy H(X) is submodular because for X C Y C Zandz€ Z\ Y,

H(XU{z}) —H(YU{z}) = —H(Y \ X | XU {z})
> -H(Y\X|X)
=—H(Y)+ H(X),

which satisfies the condition of submodularity (Eq 2).
By straightforward calculation, we can find that the following identity holds for the loss
function f(M) = I(M; M).

f(AUB) +f(ANB) — f(A) — f(B) = H(AUB) + H(A N B) — H(A) — H(B)

+H(AUB)+H(ANB)—H(A) — H(B). @)

Thus, from the submodularity of the entropy, the following inequality holds,
f(AUB) +f(ANB) —f(A) = f(B) <0, (8)

which shows that f(M) = I(M; M) is submodular.

2.5 MIP search algorithm

A submodular system (V, f) is said to be symmetric if f{iM) = f{V \ M) for any subset M C V. It
is easy to see that the mutual information is a symmetric submodular function from Eq 5.
When a submodular function is symmetric, the minimization of submodular function can be
solved more efficiently. Applying Queyranne’s algorithm [12] we can precisely identify the bi-
partition with the minimum information loss in computational time O(N?). See also S1 File for
more detail of the Queyranne’s algorithm.

We can extend the Queyranne’s algorithm for bi-partition to the exact search for a general
k-partition with minimal information loss although it is more computationally costly. In what
follows, we specifically explain 3-partition case for simplicity, but the argument is applicable to
any k-partition in a form of mathematical induction. See also S2 File for more detail of the
extension of the bi-partition algorithm.
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3 Numerical studies

To demonstrate this search for the bi-partition with the minimal loss of information, we report
here several case studies with artificial datasets. Throughout these case studies, we assume that
the data is distributed normally. Under this assumption, we obtain the simple closed form

f(M) =I(M; M) = log, |Z,| + log, |5 | — log, [Z], )

where Xy is the covariance matrix of the data, Z,,, X+; is the covariance matrix of the variables
in the subsets M and M, and || denotes the determinant of the matrix X. The computation of
|Zx| can be omitted because |Zx] is constant across every step in the search and has no effect
on the minimization of I(M; M).

Our choice of the normality assumption above comes from computational feasibility for
entropy or mutual information of high-dimensional joint variables. It is important to note
that, for high-dimensional joint variables, such as mutual information between 15 variables
and 15 other variables, the histogram-based empirical estimate would face two kinds of diffi-
culties. First, it is difficult to compute due to its large number of support space, and second,
the estimate for the high dimensional variable cannot avoid significant bias due to sample size
relatively small to its support space. Suppose that we estimate mutual information of 15 dimen-
sional variables, for instance, by the histogram-based approach with 10 equal-spaced bins for
each of its marginal variable. In this case, we need an exponentially large number of bins (i.e.,
10") for the joint variable of the 15. For this large number of bins, it is difficult to directly com-
pute the frequency, and the typical sample size (supposed to be < 10°) is too small to cover this
large combinatorial space of 10"°. Thus, histogram-based estimate of mutual information is
not of practical use for high-dimensional variables. Therefore, we employed the normal-based
estimate (Eq (9)). In the case study reported below, we will revisit this point and evaluate
whether the two independent estimates of mutual information, normal-based and histogram-
based one, match with each other in the bivariate case.

3.1 Study 1: Computational time

In the first case study, we compare the practical computational time of the submodular search
with that of the exhaustive search. We artificially generated a dataset consisting of 10,000
points normally distributed over N dimensional space for N=2, 3, .. ., 400. Each dimension is
treated as an element in the set. The exhaustive search is performed up to N = 16, but could
not run in a reasonable time for the dataset with N = 17 or larger due to limitations of the
computational resource. Up to N = 16, we confirmed that the submodular search found the
correct MIPs indicated by the exhaustive search.

Fig 2(a) shows the semi-logarithm plot of the computation time of the two searches.
The empirical computation time of the exhaustive search was closely along the line, log,
T'=0.891N — 12.304. This indicated that the exhaustive search took an exponentially large
computational time ~ O(2"), which fits with the number of possible bi-partitions. Fig 2(b)
shows exactly the same results as the double-logarithm plot. In this plot, the computational
time of the Queyranne’s search was closely along the line log, T'= 3.210 log, N — 18.722, which
indicated that the Queyranne’s search took cubic time = O(N°), as expected from the theory.
With N = 1000, the Queyranne’s search takes 9738 seconds of running time. The computa-
tional advantage of the Queyranne’s search over the exhaustive search is obviously substantial.
For example, even with a modest number of elements, say N = 40, the computational time of
the exhaustive search is estimated to be 1.07 x 10 sec ~ 123days while that of the Queyranne’s
search is only 1sec.
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Fig 2. (a) The semi-logarithm plot and (b) log-log plot of the computation time for the two searches.

https://doi.org/10.1371/journal.pone.0201126.g002
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3.2 Study 2: Toy example

As a demonstration of MIP search, we consider a set of 40 random variables with the correla-
tion matrix shown in Fig 3. There are two subsets, variables 1, 2, .. ., 20, and 21, 22, ... ., 40,
within each subset with positive correlations, while any other pairs of variables across the two
subsets shows nearly zero correlation. This simulated dataset is supposed to capture the situa-
tion visualized in Fig 1(a) and 1(b). If the MIP search is successful, it would find the bipartition
shown in Fig 1(a), in which each partitioned subset is either {1, 2} or {3, 4}.

The simulated correlation matrix is constructed as follows: We first generate two matrices
X,, X, € R"™* in which each of their elements is a normally distributed random value. For
i=1,2,1et US, V] = X, be the singular value decomposition of the matrix X;, and construct
another matrix Y;:= U; S{(Aly 20 + (1 — A)€x0.20), where A = 0.1, 15 is a k x k matrix with all
element being 1, and €4 is a k x k matrix with each element being a normally distributed
random value. The forty dimensional dataset analyzed is constructed by concatenating the
Y = (Y,,Y,) € R each of which is constructed in this way. By applying the MIP search,
the system is partitioned into the pair of Variables 1, 2, . . ., 20, and the rest, as expected (the
red line in Fig 3 indicates the found MIP for the dataset).

5 10 15 20 25 30 35 40
Fig 3. A correlation matrix which reflects two subsets of variables {1, 2, .. ., 20} and {21, 22, . . ., 40}.

https://doi.org/10.1371/journal.pone.0201126.9003
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3.3 Study 3: Nonlinear dynamical systems

In Study 3, we demonstrate how MIP changes depending on underlying network structures.
For this purpose, we chose a nonlinear dynamical system in which multiple nonlinear compo-
nents are chained on a line. Specifically, we construct a series of variants of the Coupled Map
Lattice (CML) [20]. Kaneko [20] analyzed the CML in which each component is a logistic map
and interacts with the one or two other nearest components on a line, and showed the emer-
gence of multiple types of dynamics in the CML. In this model, each component is treated as a
nonlinear oscillator, and the degree of interaction between other oscillators can be manipu-
lated parametrically. By manipulating the degree of interaction, we can continuously change
the global structure of the CMLs from one coherent chain to two separable chains. We apply
the MIP search for the CMLs with different interaction parameters, and test whether the MIP
captures this underlying global structure of the network.

Specifically, the CML is defined as follows. Let us write the logistic map with a parameter a
by fu(x):=1- ax’. Let x;, € [0, 1] be a real number indicating the i variable at 1 time step for
i=1,2,..,N,t=0,1,...,T.Foreach i =1, .., N, the initial state of the variable x; is set to a
random number drawn from the uniform distribution on [0, 1]. For t > 0, we set the variables
with the lateral connection parameter € € [0, 1] by

X1 = (1- E)fa('xi‘t—l) + efu(xH—l,t—l)v
xN,t = (1 - E)fa(xi,t—l) + Ej;z(xi—lj—l)7

5o = (1= L) 45 () ) for 1<i<N.

According to the previous study [20], the defect turbulence pattern in the spatio-temporal
evolution in (x);, is observed with the parameter a = 1.8950 and € = 0.1. In this study, we addi-
tionally introduce the “connection” parameter between the variables i = 20, 21 among N = 30
variables (Fig 4(a)). Namely, with the connection parameter J, we redefine variables 19, 20, 21
and 22 by

xig, = (L= () + 5hs) + (1= O)ef, ()
S = (L= o)+ 5 (xi0,0) + 06, ()
S = (L= o)+ 50 ) + 06, ()
for = (L= )+ 50 ) + (1= O)efi ().

With the connection parameter § = 1/2, this model is identical to the original CML above,
and with 8 = 0, it is equivalent to the two independent CMLs of (xy, . . ., X50) and (xy, - . ., X39),
as it has no interaction between variable 20 and 21.

Given a sufficiently small connection parameter 0 < § < 1/2, we expect that the MIP would
separate the system into the subsets {1, 2, ..., 20} and {21, 22, . . ., 30}because the degree of the
interaction between units 20 and 21 is the smallest. On the other hand, if the system is fully con-
nected, which happens when & = 1/2, we expect that the MIP would separate the system into the
subsets {1, 2, ..., 15} and {16, 17, .. ., 30} (in the middle of 30 units), due to the symmetry of
connectivity on the line. The correlation matrices for different connection parameters & from 0
to 1/2 are shown in Fig 4. In each matrix of Fig 4(b), 4(c) and 4(d), the crossed white lines show
the expected separation between variables 20 and 21 at which the parameter ¢ is manipulated.

PLOS ONE | https://doi.org/10.1371/journal.pone.0201126  September 11,2018 9/14


https://doi.org/10.1371/journal.pone.0201126

@' PLOS | ONE

Fast and exact search for the partition with minimal information loss

20

25

30

l-¢ l-¢ l-¢ 1-¢ l-¢ l-¢ l-¢
¢ &2 ‘ &0 ‘ &l1-9) ‘ &2 ‘ &2 ‘
O=OaNOSO=D
&2 ) &1-9) &o %) c

(c) 6=0.25 (d) 5=0.5

0.5

20 20

-0.5

25 25

-1 30 -1 30 1

20 30

Fig 4. (a) The Coupled Map Lattice model with connection parameter & indicating the connectivity between variables 20 and 21.
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lines show the MIP typically found for each particular parameter.

https://doi.org/10.1371/journal.pone.0201126.9004

We found the block-wise correlation patterns in the matrix with § = 0, as expected (a typically
found partition is depicted in the black dotted line in Fig 4(b), 4(c) and 4(d)); similar but less
clear patterns with & = 0.25; and no clear block-wise patterns with § = 1/2.

To summarize, this case study confirmed our theoretical expectation that the MIP captures
the block-wise informational components; namely that the partition probability is a decreasing
function of the connection parameter J (Fig 5). This means that the MIP search detects the
weakest underlying connection between 20 and 21, and successfully separates it into the two
subsets, if the connections between 20 and 21 are weak.

For the technical validity, we add some remark on normality assumption in the computa-
tion of mutual information (Eq (9)). Most of the individual variables in the CML were found
to be not exactly normally distributed, when the Kolmogorov-Smirnov test was performed on
it. As we employ the normal-based estimate of mutual information as a practical approxima-
tion (for the difficulty of estimating mutual information in high-dimensional joint variables,
see also the early discussion in Section 3), here we evaluate to what extent the normal-based
estimate agree with the histogram-based one for pairs of variables, rather than its exact nor-
mality. For each pair of two distinct variables in the CML with the parameter a = 1.8950 and
& = 1/2, we computed empirical mutual information by drawing 10” samples and construct
histogram with the bins of 1000 equal-space intervals from the minimum to the maximum of
the data. Then we compared the histogram-based estimate of mutual information with the
normal-based one computed by Eq (9) treating the variables as the multivariate normal
distribution. The correlation between the two types of estimates of mutual information com-
puted from 435 pairs of variables was very high (0.9552). The high correlation coefficients
between the two types of estimates suggest that the mutual information would be sufficiently
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approximated under the normality assumption although the whole shape of distribution is not
a normal distribution.

4 Discussion

In this paper, we proposed a fast and exact algorithm which finds the weakest link of a network
at which the network can be partitioned with the minimal information loss (MIP). Since
searching for the MIP has the problem of combinatorial explosion, we employed Queyranne’s
algorithm for a submodular function. We first showed that the mutual information is a sym-
metric submodular function. Then, we used it as an information loss function to which Queyr-
anne’s algorithm can be applied. Our numerical case studies demonstrate the utility of the
MIP search for a set of locally interacting nonlinear oscillators. This demonstration opens the
general use of the MIP search for system neuroscience as well as other fields.

The proposed method can be utilized in Integrated Information Theory (IIT). In IIT, infor-
mation loss is quantified by integrated information. To date, there are several variants of
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integrated information [9-11, 13, 21-24]. The mutual information was used as a measure of
integrated information in the earliest version of IIT [9], but different measures which take
account of dynamical aspects of a network were proposed in the later versions [10, 21]. To
apply the proposed method, we first need to assess whether the other measures of integrated
information are submodular or not. Even when the measures are not strictly submodular, the
proposed algorithm may provide a good approximation of the MIP. An important future work
is to assess the submodularity of the measures of integrated information, and also the goodness
of the proposed algorithm as an approximation.

Another important issue in IIT is normalization of integrated information. The normaliza-
tion factor was introduced in order to fairly compare different partitions that have different
information sharing capacities across the partition [25]. In the earlier versions of IIT [9, 10],
the MIP was defined as the partition where normalized integrated information is minimized.
In this study, we did not consider normalization because the normalized mutual information
is not submodular. For the application to IIT, it would be an interesting future work to assess
whether the proposed algorithm works as a good approximation even when the measures of
integrated information is normalized [26].

Supporting information

S1 File. Queyranne’s algorithm.
(PDF)
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(PDF)

Acknowledgments

We thank Ryota Kanai for his comments and discussions on earlier versions of this manu-
script. This work was partially supported by CREST, Japan Science and Technology Agency,
and by the JSPS KAKENHI Grant-in-Aid for Scientific Research on Innovative Areas JP
16H01609 and for Scientific Research B (Generative Research Fields) JP 15KT0013.

Author Contributions

Conceptualization: Shohei Hidaka, Masafumi Oizumi.
Formal analysis: Shohei Hidaka.

Funding acquisition: Shohei Hidaka.

Investigation: Shohei Hidaka.

Methodology: Shohei Hidaka.

Project administration: Shohei Hidaka.

Validation: Shohei Hidaka.

Visualization: Shohei Hidaka.

Writing - original draft: Shohei Hidaka.

Writing - review & editing: Shohei Hidaka, Masafumi Oizumi.

PLOS ONE | https://doi.org/10.1371/journal.pone.0201126  September 11,2018 12/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0201126.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0201126.s002
https://doi.org/10.1371/journal.pone.0201126

@° PLOS | ONE

Fast and exact search for the partition with minimal information loss

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Humphries MD. Spike-train communities: finding groups of similar spike trains. Journal of Neurosci-
ence. 2011; 31(6):2321-2336. https://doi.org/10.1523/JNEUROSCI.2853-10.2011 PMID: 21307268

Lopes-dos Santos V, Ribeiro S, Tort ABL. Detecting cell assemblies in large neuronal populations. Jour-
nal of Neuroscience Methods. 2013; 220(2):149-166. https://doi.org/10.1016/j.jneumeth.2013.04.010
PMID: 23639919

Carrillo-Reid L, Yang W, Bando Y, Peterka DS, Yuste R. Imprinting and recalling cortical ensembles.
Science. 2016; 353(6300):691-694. https://doi.org/10.1126/science.aaf7560 PMID: 27516599

Romano SA, Pérez-Schuster V, Jouary A, Boulanger-Weill J, Candeo A, Pietri T, et al. An integrated
calcium imaging processing toolbox for the analysis of neuronal population dynamics. PLOS Compu-
tational Biology. 2017; 13(6):e1005526. https://doi.org/10.1371/journal.pcbi. 1005526 PMID:
28591182

Hubel DH, Wiesel TN. Receptive fields, binocular interaction and functional architecture in the cat’s
visual cortex. The Journal of Physiology. 1962; 160(1):106—154. https://doi.org/10.1113/jphysiol.1962.
sp006837 PMID: 14449617

Harris KD, Csicsvari J, Hirase H, Dragoi G, Buzsaki G. Organization of cell assemblies in the hippocam-
pus. Nature. 2003; 424(6948):552-556. https://doi.org/10.1038/nature01834 PMID: 12891358

Schneidman E, Berry MJ, Segev R, Bialek W. Weak pairwise correlations imply strongly correlated net-
work states in a neural population. Nature. 2006; 440(7087):1007—1012. https://doi.org/10.1038/
nature04701 PMID: 16625187

Stevenson IH, Kording KP. How advances in neural recording affect data analysis. Nature neurosci-
ence. 2011; 14(2):139-142. https://doi.org/10.1038/nn.2731 PMID: 21270781

Tononi G. An information integration theory of consciousness. BMC Neurosci. 2004; 5:42. https://doi.
org/10.1186/1471-2202-5-42 PMID: 15522121

Balduzzi D, Tononi G. Integrated information in discrete dynamical systems: motivation and theoretical
framework. PLoS Comput Biol. 2008; 4(6):e1000091. https://doi.org/10.1371/journal.pcbi.1000091
PMID: 18551165

Oizumi M, Tsuchiya N, Amari Si. Unified framework for information integration based on information
geometry. Proceedings of the National Academy of Sciences. 2016; 113(51):14817-14822. https://doi.
org/10.1073/pnas.1603583113

Queyranne M. Minimizing symmetric submodular functions. Mathematical Programming. 1998; 82(1-
2):3—-12. https://doi.org/10.1007/BF01585863

Tegmark M. Improved measures of integrated information. PLoS Computational Biology. 2016; 12(11):
€1005123. https://doi.org/10.1371/journal.pcbi.1005123 PMID: 27870846

Toker D, Sommer F. Moving Past the Minimum Information Partition: How To Quickly and Accurately
Calculate Integrated Information. arXiv preprint arXiv:160501096. 2016;.

Narasimhan M, Jojic N, Bilmes JA. Q-Clustering. In: Weiss Y, Schélkopf B, Platt JC, editors. Advances
in Neural Information Processing Systems 18. MIT Press; 2006. p. 979-986. Available from: http://
papers.nips.cc/paper/2760-g-clustering.pdf.

Iwata S. Submodular function minimization. Mathematical Programming. 2008; 112(1):45-64. https://
doi.org/10.1007/s10107-006-0084-2

Cover TM, Thomas JA. Elements of Information Theory. 99th ed. Wiley-Interscience; 1991. Available
from: http://www.amazon.com/exec/obidos/redirect?tag=citeulike07-20&path=ASIN/0471062596.

Shannon CE. A Mathematical Theory of Communication. The Bell System Technical Journal. 1948;
27:379-423, 623-656. https://doi.org/10.1002/j.1538-7305.1948.tb01338.x

Burnham KP, Anderson DR. Model selection and multimodel inference: a practical information-theoretic
approach. Springer Science & Business Media; 2003.

Kaneko K. Overview of coupled map lattices. Chaos: An Interdisciplinary Journal of Nonlinear Science.
1992; 2(3):279-282. https://doi.org/10.1063/1.165869

Oizumi M, Albantakis L, Tononi G. From the phenomenology to the mechanisms of consciousness:
integrated information theory 3.0. PLoS Comput Biol. 2014; 10(5):e1003588. https://doi.org/10.1371/
journal.pcbi.1003588 PMID: 24811198

Barrett AB, Seth AK. Practical measures of integrated information for time-series data. PLoS Comput
Biol. 2011; 7(1):e1001052. https://doi.org/10.1371/journal.pcbi. 1001052 PMID: 21283779

Ay N. Information geometry on complexity and stochastic interaction. Entropy. 2015; 17(4):2432—2458.
https://doi.org/10.3390/e17042432

PLOS ONE | https://doi.org/10.1371/journal.pone.0201126  September 11,2018 13/14


https://doi.org/10.1523/JNEUROSCI.2853-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21307268
https://doi.org/10.1016/j.jneumeth.2013.04.010
http://www.ncbi.nlm.nih.gov/pubmed/23639919
https://doi.org/10.1126/science.aaf7560
http://www.ncbi.nlm.nih.gov/pubmed/27516599
https://doi.org/10.1371/journal.pcbi.1005526
http://www.ncbi.nlm.nih.gov/pubmed/28591182
https://doi.org/10.1113/jphysiol.1962.sp006837
https://doi.org/10.1113/jphysiol.1962.sp006837
http://www.ncbi.nlm.nih.gov/pubmed/14449617
https://doi.org/10.1038/nature01834
http://www.ncbi.nlm.nih.gov/pubmed/12891358
https://doi.org/10.1038/nature04701
https://doi.org/10.1038/nature04701
http://www.ncbi.nlm.nih.gov/pubmed/16625187
https://doi.org/10.1038/nn.2731
http://www.ncbi.nlm.nih.gov/pubmed/21270781
https://doi.org/10.1186/1471-2202-5-42
https://doi.org/10.1186/1471-2202-5-42
http://www.ncbi.nlm.nih.gov/pubmed/15522121
https://doi.org/10.1371/journal.pcbi.1000091
http://www.ncbi.nlm.nih.gov/pubmed/18551165
https://doi.org/10.1073/pnas.1603583113
https://doi.org/10.1073/pnas.1603583113
https://doi.org/10.1007/BF01585863
https://doi.org/10.1371/journal.pcbi.1005123
http://www.ncbi.nlm.nih.gov/pubmed/27870846
http://papers.nips.cc/paper/2760-q-clustering.pdf
http://papers.nips.cc/paper/2760-q-clustering.pdf
https://doi.org/10.1007/s10107-006-0084-2
https://doi.org/10.1007/s10107-006-0084-2
http://www.amazon.com/exec/obidos/redirect?tag=citeulike07-20&path=ASIN/0471062596
https://doi.org/10.1002/j.1538-7305.1948.tb01338.x
https://doi.org/10.1063/1.165869
https://doi.org/10.1371/journal.pcbi.1003588
https://doi.org/10.1371/journal.pcbi.1003588
http://www.ncbi.nlm.nih.gov/pubmed/24811198
https://doi.org/10.1371/journal.pcbi.1001052
http://www.ncbi.nlm.nih.gov/pubmed/21283779
https://doi.org/10.3390/e17042432
https://doi.org/10.1371/journal.pone.0201126

o ®
@ : PLOS | ONE Fast and exact search for the partition with minimal information loss

24. OizumiM, Amari S, Yanagawa T, Fujii N, Tsuchiya N. Measuring integrated information from the decod-
ing perspective. PLoS Comput Biol. 2016; 12(1):e1004654. https://doi.org/10.1371/journal.pcbi.
1004654 PMID: 26796119

25. Tononi G. Information integration: its relevance to brain function and consciousness. Archives italiennes
de biologie. 2010; 148(3):299-322. PMID: 21175016

26. Kitazono J, Kanai R, Oizumi M. Efficient Algorithms for Searching the Minimum Information Partition in
Integrated Information Theory. Entropy. 2018; 20(3):173. https://doi.org/10.3390/e20030173

PLOS ONE | https://doi.org/10.1371/journal.pone.0201126  September 11,2018 14/14


https://doi.org/10.1371/journal.pcbi.1004654
https://doi.org/10.1371/journal.pcbi.1004654
http://www.ncbi.nlm.nih.gov/pubmed/26796119
http://www.ncbi.nlm.nih.gov/pubmed/21175016
https://doi.org/10.3390/e20030173
https://doi.org/10.1371/journal.pone.0201126

