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Input nonlinearities can shape beyond-pairwise correlations and improve information transmission
by neural populations
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While recent recordings from neural populations show beyond-pairwise, or higher-order, correlations (HOC),
we have little understanding of how HOC arise from network interactions and of how they impact encoded
information. Here, we show that input nonlinearities imply HOC in spin-glass-type statistical models. We then
discuss one such model with parametrized pairwise- and higher-order interactions, revealing conditions under
which beyond-pairwise interactions increase the mutual information between a given stimulus type and the
population responses. For jointly Gaussian stimuli, coding performance is improved by shaping output HOC
only when neural firing rates are constrained to be low. For stimuli with skewed probability distributions (like
natural image luminances), performance improves for all firing rates. Our work suggests surprising connections
between nonlinear integration of neural inputs, stimulus statistics, and normative theories of population coding.
Moreover, it suggests that the inclusion of beyond-pairwise interactions could improve the performance of
Boltzmann machines for machine learning and signal processing applications.
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I. INTRODUCTION

The number of neurons for which activities can be simul-
taneously recorded is rapidly increasing [1]. We thus have
an advancing understanding of the statistics of population
activities, like the relative frequencies of coactive neural
pairs, triplets, etc. In particular, much work has investigated
the distributions of simultaneously recorded retinal ganglion
cell “words” (patterns of binary neural activities). For some
population sizes and stimuli, these distributions are well fit
by pairwise maximum entropy (ME) models [2—4], while in
other cases beyond-pairwise interactions are evident in the data
and models incorporating higher-order correlations (HOC) are
needed [5,6]. Cortical studies yield similar observations [7-9].

How do these correlations affect population coding? Much
work has investigated how pairwise correlations impact a
population’s ability to transmit information [10-19]. In par-
ticular, Ref. [14] identifies optimal pairwise interactions that
maximize encoded information in a setting very similar to
that we will study below. Coding studies of higher-order
correlations (HOC) are limited, but empirical work shows that,
in some cases, including HOC allows a decoder to recover
the stimulus presented to a neural population three times
faster than a decoder with access only to pairwise statistics
[5]. Intriguingly, other work [7] shows that HOC reduce the
mutual information (MI) between the stimuli and resultant
population responses. A recent theoretical investigation [20]
outlines principles by which higher-order correlations can
impact the discriminability of pairs of nearby stimuli. There,
second-order response statistics (pairwise correlations) were
held fixed at identical values for each stimulus, and the
authors showed how triplet correlations could make population
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responses more discriminable by skewing the distributions of
population responses to the two stimuli away from each other.

This prior work is intriguing, but begs several questions.
How do HOC impact population coding of multiple stimuli,
or continuous families of stimuli—and not just the stimulus
pairs of [20]? What network mechanisms can generate the
underlying HOC? Here, we address both of these questions,
identifying when HOC may improve coding performance
and how those performance gains come about. Aside from
its relevance for neurobiology, our study suggests that in-
corporating higher-order interaction terms may improve the
performance of Boltzmann machines (including deep belief
networks), which are promising algorithms for machine
learning applications [21,22].

II. RESULTS

A. Encoding model

We generalize the approach of Tkacik er al. [14], and
model the activity of a population of neurons by a triplet-wise
ME distribution. Within this model, the stimuli affect neural
responses via bias terms h; = hi + h? [Fig. 1(a)]. Here, h; is
the bias to neuron i, 4! is the stimulus-independent bias, and h?
is the stimulus-dependent bias. As discussed below, the stimuli
can be interpreted as additive inputs in a linear-nonlinear neural
model, and we define the stimulus distribution by the joint
distribution over A7 [14].

Once the biases are specified, the neural activities {o}
(o; € {0,1} is the silent versus spiking state of neuron i) are
distributed as

p(alh)

1 =
= ECXP ,3 h -0+ Z JijUin —+ Z Vijko—io—jo—k

i<j i<j<k
(1)
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FIG. 1. (Color online) Encoding model. (a) Each model neuron
has abias &; (blue) determined by external stimuli. Recurrent pairwise
(Jij,red) and triplet (¥;, green) interactions further modify the output
statistics. Illustrative schematic shown for N = 3 neurons; models
can have arbitrary N. (b) The firing rate (spiking probability) of
each neuron varies sigmoidally with the strength of its input (x; =
hi + 30, Jijoj + 20 s ViikOj01); see text. The steepness of
the sigmoid depends on .

Here, B specifies the distribution’s width, defining neu-
ral reliability [14,23] analogous to the inverse tem-
perature of an Ising spin-glass model. The parame-
ters J;; and y;jx describe the pairwise interactions and
triplet intera(itions, respectively. The partition function Z =
e explBh -G + 3, Jijoioj + 3, Vijkoiojox)] s
the normalizing constant that ensures that all probabilities
sum to 1. This distribution is the one that specifies the means,
covariances, and 3-pt correlations of the activity distribution,
while making the fewest possible assumptions about the
distribution overall [2,3,24-26]. Later, we will optimize over
the interaction parameters (and thus the moments of the
response distribution), for different stimulus distributions. In
so doing, we will identify conditions under which triplet
interactions improve stimulus encoding.

As emphasized by [14], this parametrization of p(c |fz) can
be interpreted as a static nonlinear input-output neural model,
within a network with symmetrical connections between units.
Consider the probability of one neuron firing (having o; = 1),
conditioned on the states of the other neurons and the biases:

p(o; = 1{oji}.h)

=g ,3 hi+ZJij0j+ Z VijkO jOk , (2)

J#i J<kijhti

where g(Bx;) = (1+ e Pl is a sigmoidal function
[Fig. 1(b)]. To obtain Eq. (2) from Eq. (1), consider the
conditional probability distribution p(o;|{c j;g,-},ﬁ), where o;
can take on one of two values: either 0 or 1. The exponential
“Boltzmann factors” for each of the two states, obtained
by using o; =0 or 1 in Eq. (1), while keeping everything
else fixed, are explB(}; . 0h; + 3 ; 4. wsi JikOjOk +
2 j<ketsjkizi Vikiojokon)] and - explBlhi 43, Jijoj +
D jakjijri YViikOiok) + BQUjLi0ihy + X jaei k0
Ok + D _korjkisi Yiki0j0x01)] Tespectively. Summing these
two Boltzmann factors, we get the conditional partition
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function, and dividing the appropriate Boltzmann factor by
this conditional partition function, we obtain Eq. (2).

The firing probability in one discrete time bin is akin to
the mean firing rate. Since firing rates that vary sigmoidally
with synaptic input are commonly encountered [27-29], we
interpret the argument (x;) of the sigmoid as the input to
a linear-nonlinear model neuron. With no beyond-pairwise
interactions (y;jx = 0), the bias h; and recurrent inputs to
the neuron {J;;o;} add; the sigmoidal function of that sum
determines the firing rate. If y;;; > 0, then when neurons j and
k are coactive, the recurrent input to neuron i is J;; + Jix +
Yijk» which is larger than the sum of the contributions observed
when only one recurrent input is active at a time (J;;+ Jix);
these inputs combine superlinearly. Conversely, for y;jx < 0,
they combine sublinearly. Thus the way that synaptic inputs
combine maps onto triplet interactions in statistical models
of population activity, shaping beyond-pairwise correlations.
If the recurrent input to neuron i is an arbitrary function of
the activities of the other neurons, x; = h; + f({0jx}), triplet
interactions come from the first nonlinear terms in the series
expansion of f(-) (see Appendix A).

We note that, in this mechanistic interpretation of our
probability model, both the recurrent connections J;;, and the
super- or sublinear integration (given by y;;¢) are symmetrical
in their indices. While this symmetry is physically realizable
in neuronal networks, it is not the most general possible
configuration. We will later return to possible biophysical
mechanisms behind such nonlinearities. We further note that,
in our model, these “recurrent” interactions are instantaneous,
which is not true for physical neurons. Studies of the present
mechanism for HOC in recurrent dynamical models, as in
Ref. [30], are an intriguing area for future work. Finally, we
note that, in addition to recurrent coupling, interaction terms
can also come from common noise inputs to multiple neurons
[30-32], and that, in this case, the interactions are likely to be
symmetrical, as in Eq. (1).

B. When do HOC improve coding? Analytical results

Having motivated our probability model, we ask when
triplet interactions improve coding. To do this, we use
the framework introduced by Tkacik et al. [14] to study
population coding with pairwise interactions. For a given
stimulus distribution and parameter set {ﬁ,{h?},{]ij},{yijk}},
we compute the mutual information (MI) between stimuli hs
and the responses o':

I1G3h%) == p@)loglp(3)] + / dh’ p(h*)
{5}

x Y p(&|H*) logl p(G|h)]. 3)

(o}

The first term is the response entropy, and the second term is
(minus) the mean entropy of the response conditioned on the
stimulus (noise entropy).

We will first discuss analytical results, obtained in the
limit of weak stimulus dependence of the neural responses—
corresponding to small S—for arbitrary {{h?},{Jij},{yijk}}.
We will then show numerical results indicating that our
qualitative findings persist over a range of stimulus-coupling
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strengths. The analytical calculations are quite tedious, and
so we describe them briefly here, and show all the details in

J
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Appendix B. For the analytical investigation, we rewrite our
probability distribution as

—_ N
P@IR) = —exp | eht -G+ B 10+ Jyoio;+ ) vipoiojor | |. “

i<j i<j<k

where € parametrizes the strength of the stimulus dependence of the neuronal responses [33]. We then expand the MI [Eq. (3)]

in powers of €. This expansion yields

2 .
16579 ="5 | S () vare) + S (hhS Jeov(oi,00) | + € Z%(1+2M%—3M,»)(h?)+ > cov(oi.0))(1= 2k} h )

2 | & —
i i#]

i i#]

1
+€' | D 3T+ 2w — 3 hikhe) |+ O, 5)

i)tk

where i = IE‘_":[O',"/’;Y = 6], JT,']' = IE[O'Z‘O'J'V’;‘Y = 6], Tijk =
E[oia_,-ok|/{'~f = 6], angled brackets denote expectations over
the stimulus distribution, and cov(o;,0;) = 7;; — u;p; and
var(o;) = m;; — ul.z are moments of the spontaneous activity
distribution (obtained when no stimulus is present, and thus
hi = OVi).

The form of Eq. (5) emphasizes that the MI depends
on the relationships between the moments of the stimulus
distribution, and the moments of the response distribution in
a very specific way. In particular, it is the moments of the
spontaneous activity distribution (obtained when no stimulus
is present, and thus h] = OVi) that determine the MI. This
effect arises because the Boltzmann factors (the exponentials
in the numerator of) Eq. (4) factorize into a stimulus-dependent
part exp(eh® - ¢), and a stimulus-independent part. In the case
where the stimulus is set to zero, the stimulus-dependent part
is unity, and one obtains the Boltzmann factors for the sponta-
neous activity distribution. Thus the Boltzmann factors consist
of a stimulus-dependent term multiplied by the Boltzmann
factors for the spontaneous activity distribution. Consequently,
the moments of the spontaneous activity distribution determine
the statistical interactions of the encoding model, and thus
the MI. Our analytical expansion exploits this multiplicative
structure to obtain Eq. (5).

Because Eq. (5) yields the MI as a function of moments
of the spontaneous activity distribution—and the interaction
terms in Eqgs. (1) and (4) determine those moments—we can
use Eq. (5) to understand the conditions under which different
interactions will improve MI.

Our first observation is that, in the case of stimulus
distributions that are symmetric about their mean (like, for
example, Gaussian distributions), the odd moments vanish,
and thus so do the O(€?) terms in Eq. (5). In this case, at
least up to O(e*), the MI depends only on the first and second
moments of the response distribution. Consequently, in this
case, adjusting the HOC (by having y # 0) will not impact
the MI [at least up to 0(e*)]. Because the inclusion of HOC
lowers the response entropy—which can reduce the MI—we
conjecture that the optimal population code in this case will
have no HOC. This conjecture is supported by our numerical
investigation [below, Figs. 3(a) and 3(c)].

A second prediction is that, for this case of symmetric stim-
ulus distributions, the best MI is obtained when the pairwise
interactions between neurons—which determine the signs
of cov(o;,0;) in Eq. (5)—have the same signs as the corre-
lations between their stimulus-dependent gains (h;h%). This
finding is consistent with the numerical results obtained
by [14], in the case of small g (which, in their work,
parametrizes both the strength of the stimulus coupling and
of the interactions between cells). We note that, because our
analytical expansion [Eq. (5)] holds only in the limit of small
B, we cannot use this expansion to understand the numerical
results that [14] obtained in the limit of large S.

In the case of skewed stimulus distributions, the O(e?)
terms in Eq. (5) are nonzero, and thus changes to the HOC—by
adjusting the third-order interaction y—can increase the MI:
this is confirmed by the numerical results shown in Figs. 3(b),
3(d), and 3(f) (below). Unfortunately it is not straightforward
to determine the optimal sign of y from Eq. (5) in the case
of unskewed stimulus distributions, because triplet moments
in the response distribution will be simultaneously determined
by the J and y. However, Eq. (5) does allow us to understand
how HOC might impact coding in large neural populations: in a
population of N neurons, there are O(N?) of the cubic terms in
Eq. (5) (that depend on HOC), but only O(N?) of the quadratic
terms (that do not depend on the HOC). Consequently, in
the limit of large N, the HOC could have a large impact on
the MI.

C. When do HOC improve coding? Numerical results

Our analytical investigation identified situations—of
skewed stimulus distributions—in which we expect HOC
to enhance the population code. To verify this finding (and
investigate the extent to which it applies to stronger stimulus-
coupling regimes than could be considered by our series
expansion), we numerically seek the h?, Jij,and y;; in Eq. (1)
that maximize the MI [Eq. (3)]. We repeat this optimization for
different values of 8 and thus different strengths of stimulus
coupling: note that, in Eq. (1), 8 multiplies the stimulus, and
thus it sets the strength of the stimulus coupling.
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To simplify our numerical investigation, we consider
homogeneous parameter values: 19 = h°, J;; = J, and y;jx =
yVi,j,k. For consistency with this, we use permutation-
symmetric stimulus distributions. However, for any given
stimulus example i, the conditional response distribution will
not necessarily be permutation symmetric. For a given set
of model parameters, we numerically compute the MI using
Monte Carlo methods, and we optimize over the parameters
using gradient ascent (see Appendix C).

As a control, to see if and when the HOC really do lead
to better MI than could be obtained by a model with no
higher-order correlations, we also optimize MI over 4° and J
while imposing the constraint y = 0, the triplet forbidden case.
In this case, the conditional response distribution becomes
the pairwise maximum entropy model, which is the situation
considered by [14] (here, with homogeneous parameters).
Comparing the maximum attainable MI with triplet interac-
tions allowed or forbidden, we ascertain when, and how much,
their presence improves coding. This is related to third-order
connected information [24], where one fits both second- and
third-order ME models to the stimulus-conditioned response
distributions and compares the resulting MI. In the case
of [24] (and in the recent work of [20]), the second-order
moments are held fixed as the third-order moments are varied,
whereas we separately optimize the interaction parameters
controlling those moments in the two cases. Because we
separately optimize the second- and third-order models, we
obtain more conservative estimates of how MI increases due
to the third-order interactions than did [20].

We note that, when triplet interactions are allowed, the
optimum can still occur for y = 0. In this case the maximal
MI will be equal for networks allowing and forbidding triplet
interactions. Thus, because the triplet-allowed model space
is a superset of the triplet-forbidden one, it will never be
the case that the optimized triplet-allowed network performs
worse than the optimized triplet-forbidden one.

We begin with the case of jointly Gaussian stimuli
[Fig. 2(a)] of varying levels of correlation p. Recall that our
analytical results [Eq. (5), above] suggest that, in this case, it
is only the second-order moments of the response distribution
that affect the MI, and that we conjectured based on this
that HOC confer no coding benefit. This is borne out by our
numerical analysis [Figs. 3(a) and 3(c), N = 10 neurons]: even
when triplet interactions are allowed, the optimal encoder has
y = 0 [Fig. 4(a)]. Here, the stimulus distribution is symmetric
about the mean, and the optimal encoder is on-off symmetric
with (o) =0.5. That symmetry—with neurons being in
either the “spiking” (1) or “nonspiking” state (0) with equal
probability—maximizes response entropy. When the stimuli
are drawn from discrete binary distributions with equal prob-
abilities for the two states, we also find that triplet interactions
confer no coding advantage (data not shown). These observa-
tions support our analytical finding that, for unskewed stimulus
distributions, with on-off symmetric response distributions,
triplet interactions are not useful for coding. Moreover, these
numerical results hold over a range of B values, and thus a
large range of stimulus-coupling strengths (and not just the
weak ones considered in our analytical calculation).

To seek situations when triplet interactions might be ben-
eficial to the population code, we break the on-off symmetry.
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FIG. 2. (Color online) Stimuli considered in this work. (a)
Marginal histogram of one stimulus, 4], for the jointly Gaussian
ensemble. (b) One of the natural luminance images used in this work,
from the database of Tkacik et al. [36]. The marginal histogram of
pixel values for this set of images (normalized to have zero mean
and unit variance) is skewed (c). To generate our naturalistic stimulus
ensemble, we randomly draw dectuplets of pixel values with spacing d
pixels by placing the template (d) at a random location on a randomly
chosen image, and setting stimulus values /] to match the pixel values
falling under each square. To maintain permutation symmetry of our
stimulus ensemble, we permute which square corresponds to which
stimulus index i for each draw. The marginals [(a),(c)] are the same
for all stimulus indices i.

No. of Occurrences No. of Occurrences

lo

01 2s3 4 5 6
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We do this in two different ways, the first of which is to
consider skewed stimulus distributions. The case of skewed
stimulus distributions is potentially important because the
distribution of membrane potentials (neuronal inputs) in rat
auditory cortical neurons is skewed [34], as are the spike-count
distributions in dichotomized Gaussian models of neural
population activity [31]. Moreover, naturalistic stimuli (like
pixel values in real-world images) have skewed distributions
[Figs. 2(b) and 2(c)]. Consequently, the inputs to real biological
neurons—either from external stimuli, or from other neurons
within the brain—may show nonzero skew [35]. We use as
stimuli calibrated luminance images from the database of
Tkacik et al. [36].

It is worth noting that images of natural scenes (as one
might collect with a digital camera in, say, a forest) have
statistical properties that differ markedly from purely random
white-noise images. Much theoretical and empirical work
has investigated these properties [37—43]. Of particular note
are the rich correlation structure, and the power-law power
spectra: natural images have autocorrelation functions (Fourier
transform of the power spectra) that decrease with distance
[39], in a manner that is surprisingly independent of the
occlusion property of objects in those images [42,43]. By
drawing groups of pixels (Fig. 2) with variable spacing d,
we vary the level of correlation between stimulus values.
Since luminance (or photon count) is non-negative, but can
be arbitrarily large, this distribution is skewed [Fig. 2(c)].

For the natural image luminance stimuli, we find that triplet
interactions indeed confer a coding advantage. For N = 10
cells, this is a 5%—-10% improvement in MI compared to the
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FIG. 3. (Color online) Triplet interactions can improve encoding
of stimuli. Panels (a),(c),(e) show results for Gaussian-distributed
stimuli, whereas panels (b),(d),(f) are for natural image pixel stimuli,
which have skewed distributions. (a) For jointly Gaussian stimuli
with pairwise correlation coefficients of 0.95 (dashed lines) or 0
(solid lines), encoders with triplet interactions allowed (green) or
forbidden (red, y = 0) have the same coding performance, which
increases with neural reliability 8. (b) For natural image stimuli with
pixel spacings of d = 32 (solid lines) or d = 2 (dashed lines), the
triplet-allowed encoder (green) performs better. The shaded regions
(similar in thickness to the lines) around the lines in panels (a),(b)
show the standard deviation of the mean MI over five repeats of
the optimization procedure with different sets of random stimuli.
(¢),(d) To summarize how performance gains vary with correlation
level, we plot the ratio of the MI for the optimal triplet-allowed
networks (M I5) to the one for triplet-forbidden networks (M I, y =
0) as a function of B. The darkest curve corresponds to the largest
correlation [p = 0.95 for the Gaussian (c) and d = 2 for the natural
image stimuli (d)], the lightest curve corresponds to the smallest
correlation (p = 0 for the Gaussian and d = 32 for the natural image
stimuli), and intermediate shades correspond to intermediate levels
of correlation. (e),(f) For 8 = 1.5, we similarly plot the performance
ratio as a function of mean firing rate for Gaussian (e) and natural
image (f) stimuli, in cases with constrained firing rates (see text). In
order to make a fair comparison, we estimate the MI of the triplet-
allowed and triplet-forbidden networks at the same firing rate (see
Appendix C for details). N = 10 neurons for all cases.

optimized purely pairwise encoder [Figs. 3(b) and 3(d)]. The
advantage is largest for close-by sampled pixels (small d), and
atrelatively low values of § (i.e., relatively unreliable neurons).
Natural images have rich beyond-pairwise statistics [38]. Is
that why triplet interactions improve encoding for natural
image stimuli? No: repeating these optimization experiments

PHYSICAL REVIEW E 92, 062707 (2015)

FIG. 4. (Color online) Triplet interactions, when they are bene-
ficial, sparsify the neural representation of stimuli. (a) For jointly
Gaussian stimuli (o = 0.95) and no firing rate constraint, optimal
encoders have no triplet interaction (y, green). At low B, these
optimal encoders have pairwise interactions (J, red) that enhance
the input correlations, whereas at high B they oppose them [14].
The optimal biases 4° (blue) cancel the effective mean-field bias
from pairwise interactions, h.g = (N — 1)J (o). (b) For the natural
image pixel stimuli (d = 2), the optimal encoders have negative triplet
interactions (when triplet interactions are allowed: solid lines) for
all f—the encoder parameters do not change sign. When triplet
interactions are forbidden (dashed lines), the magnitudes of the
pairwise interaction and bias are smaller, and do change sign with
increasing B. The solid horizontal line (at zero) is to guide the eye.
The shaded regions (similar in thickness to the lines) around the lines
in panels (a),(b) show the standard deviation of the mean parameter
values over five repeats of the optimization procedure with different
sets of random stimuli. For other levels of stimulus correlation, we
find qualitatively similar results (not shown). A comparison of the
response distributions of the optimal encoders for the natural image
pixel stimuli (d = 2) with triplet interactions allowed (c) or forbidden
[(d), y = 0] shows that the triplet interactions sparsify the responses
by reducing the probability of the state in which all neurons are
active.

using linear mixtures of variables from skewed Pearson-system
marginal distributions as stimuli, we also observed that triplet
interactions improved coding (data not shown). These results
support our analytical findings that, in the case of skewed
stimulus distributions, triplet interactions can improve coding
performance.

While our analytical results focused on the statistics of the
stimulus distribution, one can also break the on-off symmetry
of our problem by restricting the firing rates (FR’s) of the
neurons in our networks. Thus far, they have been allowed to
take arbitrary values. Empirically, however, neurons are seen
to fire infrequently [2,5,9,44,45], with mean FR’s of a few Hz:
for 10-20 ms time bins [2,5,9] this yields (o) ~ 0.01-0.1. To
incorporate this constraint, we maximized a Lagrange function
L = MI — A{o) that disfavors high FR’s [14,46], similar to
the notion of sparse coding [46-50]. By varying A, we alter
the mean FR of the optimal network [14]. We ask how the
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MI for these optimal networks varies as a function of their
mean FR for networks with triplet interactions either allowed
or forbidden. For these investigations, we restricted ourselves
to g =1.5.

Intriguingly, for jointly Gaussian stimuli triplet interactions
improve coding performance at sufficiently low firing rates
[Fig. 3(e)]. The improvement is larger for stronger stimulus
correlations. This effect is somewhat surprising because our
analytical results [Eq. (5)] show that, up to O(e®), MI is not
increased by the inclusion of HOC when the stimulus distri-
bution is unskewed. We thus ascertain that the results in Fig. 3
(e) arise at higher-order terms in the series expansion. The
key intuition is that, when the encoding problem is sufficiently
symmetric (i.e., the stimulus distribution is symmetric about
the mean and no firing rate constraint prevents the response
distribution from being on-off symmetric), the best encoders
have no triplet interactions.

For natural image pixel stimuli (with skewed distributions),
restricting firing rates lead to further benefits of triplet inter-
actions, over and above those already seen with unconstrained
firing rates. In particular, for low firing rates the benefits of
triplet interactions can be as large as 15%—-20% [Fig. 3(f)].

The results shown herein are for networks of N = 10
neurons. This is as large as we can consider while being able to
numerically optimize our MI function with reasonable speed
(see Appendix C for methods). However, we emphasize that
our analytical results [Eq. (5)] hold for arbitrary N, and in fact
suggest the effect of higher-order interactions on MI may grow
with population size (see discussion of analytic calculations
above).

D. How do HOC improve coding?

To understand how the HOC improve the population code,
we investigated the parameters of the optimized models: the
J, h°, and y that maximized the MI in different cases.

For skewed natural image pixel stimuli, the nega-
tive (y < 0) triplet interactions we observed at optimality
[Fig. 4(b)]sparsify neural responses by reducing the frequency
of multispike synchrony in which many neurons fire simulta-
neously. This sparsifying role of triplet interactions agrees
with experimental findings [9] and mechanistic modeling
[30,31,51]. Importantly, y < O is optimal even in the absence
of a FR constraint, pointing to a richer role in shaping response
distributions.

Following [14], we first note that (at least at small 8
when y = 0, and for all 8 when y # 0) the optimal encoders
have positive J [Figs. 4(a) and 4(b)]. Thus pairwise network
interactions reinforce the positive correlations already present
in the stimulus, which [14] interpret as an error-reducing
property: responses tend to be constrained to a smaller set
of possibilities. This effect can be beneficial only up to
a point: for very large positive J, neurons would all fire
synchronously regardless of the stimulus, sharply reducing
response entropy. There is therefore a trade-off between the
desiderata of error reduction (J reinforces correlations) and
high response entropy (J opposes correlations).

Triplet interactions impact the tradeoff in a novel way: y <
0 combats multispike synchrony, so that response entropy can
be maintained even with J reinforcing stimulus correlations
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[52]. Triplet interactions are more suited than pairwise ones
at specifically suppressing multispike states, in line with the
observation that y <0 and J > 0 at optimality, and not
vice versa (see Appendix D). The response distributions of
optimal encoders with triplets allowed [Fig. 4(c)] or forbidden
[Fig. 4(d)] support this notion: even with no constraints on the
FR, the triplet-allowed network makes less use of the state in
which all neurons are active. Moreover, with triplet interactions
forbidden, the optimal encoders have smaller J [Fig. 4(b)], also
consistent with the interpretation above. Finally, we observed
y < 0 to be optimal when we constrained the firing rates as
well (data not shown).

Allowing nonzero triplet interactions yields optimized
network parameters J and y that do not change sign as B is
varied. This stands in contrast to the case of y = 0, for which
the encoder parameters change sign as § is varied (Fig. 4): at
low B, they reinforce the stimulus correlations, while at high
B, they oppose them. This behavior is dictated by the trade-off
between noise and response entropies described above [14].

III. DISCUSSION AND CONCLUSIONS

We have shown that, in the case of skewed stimulus
distributions, or of low neural firing rates, neural population
coding efficacy can be enhanced by third-order correlations
between neurons.

A. What about fourth-order and higher interactions?

While we have herein restricted ourselves to third-order
interactions, the same methods would apply equally well to
higher-order models [with fourth- or fifth-, or higher-order
terms in the exponential in Eq. (1)]. This naturally begs the
question: “What order is high enough?” In other words, what is
the highest order of interactions that one must consider in order
to understand information transmission in neural systems?
Evidence from available experiments seems to suggest an
encouraging answer. For recordings of ~100 cells from retina
being stimulated with naturalistic movies [5] it appears that,
even at fourth order, the number of nonzero interactions is quite
small, and by sixth order, there are none. Recordings from
somatosensory cortex [7] also suggest that the order of needed
interactions will be much smaller than the recorded number of
neurons. To summarize, the type of approach used in this paper
could be extended to higher orders, and available experiments
suggest that such a venture will have a well-defined stopping
point: once we understand how interactions up to order five or
six affect coding, we could be largely done.

B. Potential biophysical origins of beyond-pairwise interactions

In our model, higher-order interactions can arise from
the nonlinear combination of recurrent inputs. Neurobiology
provides several processes which can affect such nonlinear
combinations. Even for passive single-compartment neurons
(no dendrites), inputs can combine sublinearly, as follows.
Synaptic inputs open ion channels, moving the membrane
potential towards that ion’s reversal potential [53]. Opening
subsequent channels creates less current as there is less
driving force pushing ions through the channel [54]. Dendrites
have additional properties that yield nonlinearities [54-57].

062707-6



INPUT NONLINEARITIES CAN SHAPE BEYOND- ...

This allows flexible higher-order interactions: both super- and
sublinear dendritic summation are observed when two inputs
impinge on the same dendritic branch [58], while inputs
to separate branches combine linearly. For strong dendritic
inputs, the observed integration properties are sublinear [58],
corresponding to negative triplet interactions, similar to what
we observed (Fig. 4) for optimal coding.

We emphasize that, in our probability model, the nonlinear
integration is symmetric for the cell triplets [Eq. (1)]. In other
words, if neuron i superlinearly combines the inputs from
neurons j and k, then neuron j superlinearly combines the
inputs from cells i and k, etc. While this is a highly constrained
case, it is physically realizable. At the same time, the nonlinear
statistical interactions in our probability model can also arise
from common noise inputs to multiple neurons [30-32]. In that
case, the interactions will naturally be somewhat symmetrical.

We note that caution is warranted when making mechanistic
interpretations of statistical parameters observed in neural
data. Pairwise interactions in those data do not necessarily
reflect synaptic couplings, as there may be common input to
both neurons from unobserved cells that are the cause of the
correlation. Similar remarks apply to higher-order interactions,
which can also be driven by “hidden” (unobserved) cells
[59], spike-generating nonlinearities [30,31,51], and other
mechanisms [24,30].

C. Implications for machine learning and computer vision

In both the mammalian visual system, and in Boltzmann-
type computer vision algorithms [21,22], continuous-valued
pixel intensities are encoded into binary. These codewords
describe the states of all computational units in the system,
each of which are either “on” or “off” at any given moment.
This binarization naturally leads to a loss of information about
the image, potentially hindering these systems’ abilities to
perform the hard computational task of object recognition.
Herein, we investigated the features that can minimize the
information loss in binary image processing systems. Our
results indicate that pairwise and beyond-pairwise statistical
interactions between computational units can improve the
performance of Boltzmann-type image encoders, like deep
belief networks [21]. In other words, we identify and begin to
explain an information-theoretic role for recurrent interactions
within such network layers. At the same time, these higher-
order interactions might be difficult to optimize (i.e., to find
suitable learning rules).

D. Summary and conclusions

We have demonstrated that input nonlinearities can generate
beyond-pairwise interactions in spin-glass statistical models of
neural population activity, and observed that—under biolog-

J

p(G|hY) =

hs

PHYSICAL REVIEW E 92, 062707 (2015)

ically relevant conditions—these nonlinearities can improve
population coding. In particular, we find that the third-order
interactions can improve coding when the stimulus distribution
is skewed, and/or when the neurons are restricted to have
reasonably low firing rates. Normative theories might thus
predict differences in the summation properties of neurons
in networks that are evolved (or adapted) to encode different
types of stimuli, or in networks with different pressures to
regulate firing rates.
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APPENDIX A: TRIPLET INTERACTIONS ARISE FROM
THE FIRST NONLINEAR TERMS IN A SERIES
EXPANSION OF THE INPUT TO OUR MODEL NEURON

If we let the recurrent input to neuron i be an arbitrary
function of the activities of the other neurons, x; = h; +
f{ojxi}), triplet interactions arise from the first nonlin-
ear terms in the series expansion x; = h; + Zj#i ajjo; +
Zj;ﬁi b,‘jO'jZ + Zj,k;éi CijkO'jCTk + -, where aij,bij,cijk are
the series coefficients, and we have omitted the constant
in the expansion. Since o; € {0,1}, aj2 =0, and the bijojz
terms can be grouped with the a;;0; ones, this yields x; =
hi+ 3252 Jijoj + 2 ki VijkOjOk + -+ -, where Ji; = a;; +
bij and y;jk = cijk-

APPENDIX B: ANALYTIC CALCULATIONS OF MUTUAL
INFORMATION

This section is organized as follows: we first parametrize the
strength of the stimulus-coupling (¢) in the probability model.
Next, we rewrite the mutual information in a more convenient
form. Then, we exploit that rewrite to expand the MI in powers
of .

1. Problem (re)statement

We want to compute the mutual information (MI) between
neural responses &, where o; € {0,1} is the spiking or not
spiking of a neuron in a given time bin, and the stimuli hs. We
do this by writing down the conditional PDF, and computing
conditional and marginal entropies. Following the main paper
[Eqg. (4)], let’s write down the conditional PDF as

exp . B Z Jijoio; + Z Yijkoiojox | |, (B1)

ij ijk

where the pairwise and triplet interactions are given by J and y, and 8 describes the strength of those interactions. Note that
the diagonal elements of J can be thought of as the bias terms (h? in the main paper) for the neurons. As in Eq. (4) of the main

paper, parameter € describes the strength of the coupling between stimuli and neural responses. Z (l;é') is the conditional partition
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function,
Z(hs) = Zexp ehs -G + 8 Z Jijoioj + Z Yijkoiojoi | |- (B2)
{c} ijk
The mutual information can then be computed as
Kaﬁn=—}:mamgmﬁn+/dﬁp@02}ﬁmhbgmaﬁn (B3)

(G}

Note that these two terms look like log(p) averaged over
some distributions, which requires that we know the partition
function (i.e., the log[Z(h )] terms). Computing partition
functions is hard, since it requires a sum over all states,
and there are 2V states of a system with N neurons. The “o
method,” described below, gets around this difficulty.

2. “a method”
a. Rewriting the conditional PDF

Looking at the conditional PDF, we notice that
(ignoring for now the partition function), it factor-
izes into two parts. First, the stim-coupling part o =
exp [e(};f - 0)]. And, next, the “network interactions” part { =
exp [,3(2” Jijoioj + Zuk vijk0i0jox)]. Consider, for now,
the partition function when there is no stimulus present, so that
hs = 0. In that case, @ = 1, and the partition function becomes

Z JZJGIUI + Z Yijk0iO jOf

ijk
=>"v. (B4)

Call this “zero-stim” partition function Z,. We can then notice
that PDF of the spontaneous activity distribution (or zero-stim
distribution) is

Z(f;Y =O)=Zexp

pGIh =0) =

E ‘]l]GIG] + E Vijk0iOjOk

ijk

— exp

_ ¥
=7 (BS)

And, accordingly, the non-zero-field partition function is

Z(h*) =) exp | e(h® - 6)+

xp Z Jijoio; + Z YijkOiOj O

ij ijk
=D av
o

=Y aZypG|h* =0) = ZoEsaplel,  (B6)

{}

(

where Egapl[-] represents an expectation over the spontaneous
activity distribution (SAD). Finally, using this bit of notation,
we can rewrite our conditional PDF as

1
—o
Z(h%)
ay
ZoEsapla]
_apG|h = 0)
Esaplal]
This, on its own, doesn’t look like much of a simplification.
However, notice that we no longer have a conditional partition
function to evaluate. In its stead, we have the zero-field
partition function, and an expectation of o over the SAD.
The zero-field partition function will be the same for the

conditional and marginal distributions, and will thus cancel
when we compute mutual information (below).

pGIhs) =

(B7)

b. Simplifying the mutual information

We use another form for the mutual information, that is
equivalent to Eq. (B3), but a bit more convenient for our
purposes:

163 = [ i p(i) Y @1 logl (G 1)/ (@),
(o}
(B8)

To evaluate this, we need to know the marginal distribution
over responses, which is

m@=/ﬂﬁ@m@W>

= pG|h° = O)IE,;S[ (B9)

il
Esaplo]]’

where E[-] is an expectation over the stimulus distribution.
Using all of our above observations, we can rewrite the mutual
information as

13 h)

. o E . [o]
PG =0) log ( - )
% ]ESAD[a] El;‘ []ESAD[a]]

o Es), [o]
E~|E lo 54D , (B10)
" |: SAD|:ESAD[(X] * (E];‘[]ESAOZ)[U]]>j|:|
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where the factors of p(8|l;5 = 0) in the logarithm cancel be-
cause they appear in both the numerator and denominator of the
fraction, and the second line follows from the first because the
sum over all states reduces to an average over the spontaneous
activity distribution. We now observe that the problem of com-
puting mutual information, which previously required a hard
partition function calculation, has been reduced to computing
expectations of o = exp(e};S - o) over both the spontaneous
activity distribution, and over the stimulus distribution.

Finally, notige that, while we have used a specific functional
form for p(c|h*) in our calculations, theﬁsame logic applies
to any conditional PDF of the form p(c|h*) = a(h’,6)¥(5),
with the condition oz(};? = 0,0) # 0. Intuitively, the variability
in responses due to ¥ (o) is the same for all stimuli, so it
provides the same contribution to the marginal and conditional
entropies, and that contribution cancels when we compute
mutual information.

3. Analytically relating MI to moments of the stimulus and
response distributions

Our MI calculation reduced to Eq. (B10) expectations over
the SAD and the stimulus distribution. We know that we can
write out the exponentials, logarithms, and ratios as power
series in €/® - o, and the M1 is an average of those things over
the SAD and stimulus distributions. This means that we can
analytically write down the MI as a function of moments of the

J

PHYSICAL REVIEW E 92, 062707 (2015)

SAD and stimulus distributions. Let’s do that, but first break
up Eq. (B10) into a few easier-to-manage terms:

L. o Esaplo]
Io;h*)=E;|E lo $AD
7 ' |: SAD|:ESAD[O[] : <EET[ESAO;[<¥]]>:|:|

=E; |:ESAD [log (Ol)—ESAO; o] ]:|
—Ej;[log (Esaplel)]

a o
el 2] ]

(B11)

a. Dealing with the third term in the above equation

The first few terms are (relatively) simple, so let’s focus for
now on the third term (—73) in the above equation, with

o o
I;=E |:ESAD|:—]ESAD[05] log (Eh* [—ESAD[Q]}>]:|' (B12)

We’ll expand to third order in €, and thus restrict ourselves to
small €. In so doing, we will find that 75 = 0 + O(e*), and
hence that we can ignore it in the small € limit. To simplify
our notation, let s = ¢ - hs (the s is for “sum”), such that o =
exp(es). We first note that 73(0) = 0, because a(e = 0) = 1Vs,
and thus the ratio in the logarithm is unity. Since they will keep
coming up in our calculation, we’ll note straight away that

( ) _ SaEsapla] —aEsap[sa] _( o ) _9
Esaplal (Esaplal)? " 0e?\Esapla] ’
a_* 2a(Esaplal)’ — aEsapls’a]Esapla] — 2saEsaplsalEsapla] + 20(Esaplsal)” (B13)
SAD[“] ’
where we have defined Q2 for our convenience. Then,
3T3 62 32T3 63 33T3 4
T T5(0 — —_—— —— O(e%). Bl14
(€)= T5(0) + e 9|, T 6 e |, T O (B14)
To proceed further, we need to evaluate the derivatives in Eq. (B14):
aT. ! E — ok
g | Bgan| =2 (E};[ o D Eh;[“‘ saple] — SAD[sa]]
de Esap Esap Eg plal
o saEsapla] — aEgaplsa]
+E; |:IE [lo <IEI*[ ]) H (B15)
| sap| 8 B Esaplo] E%AD[a]

Conveniently, the first term in Eq. (B15) (above) vanishes. To see this, notice that (E [ﬁ])_1 and E

[Sa]ESAD[Ci]_a]ESAD[Sa] ]
Esaplel

are independent of hs, being already expectation values over s, If we change the order of our expectations over SAD and s,
then ﬁ and (E; [ﬁ])*l cancel. What remains is (again, swapping the order in which we compute expectations)

E- |:ESAD|:SOlESAD[Ol] - aIESAD[SOt]H —E; I:]ESAD[SW]ESAD[(I]

E??AD[O[]

=0.

With this simplification, we have

T3 a saEgapla] — aEgsplsa]
=K 1 Er|— | |Ex >
e S’”’[Og< ! [ESAD[a]D ”[ EZ,plal H

- ]ESAD[‘X]ESAD[SQ]}
E%AD[a]
(B16)

B17)
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which is zero when evaluated at € = 0, due to the ratio of «’s in the logarithm. There is thus no first-order contribution to 75. We
now require the second (and eventually third) derivative in our Taylor series:

3T,

o
52‘=E&w[bgc%{E;$EiDEﬁ“”}+“

-1 E E 5 (B18)
¢ =Esap (E,; |:—ot :|> (IE,; I:Sa SAD[az] — SAD[SO{]1|> .
Esaple] Es,ple]
As with the first derivative, when we evaluate this at € = 0, the term with the logarithm vanishes, leaving
3T
B, ¢
€7 le=0 e=0
2
=Esap[(Ejls] — E;[Esanls]])’]
02T 2 2
o | = Esan[(Bils))] = (Byupils)” (B19)
e=0

The second derivative was messy to calculate [Eq. (B18)], and now we require the third derivative, which is even worse. We’ll
save ourselves a bit of effort by noting that the term that contains a logarithm will vanish when evaluated at € = 0, and so we

won’t compute it at all. With that in mind,

83T3 o
— =K I E+| =—— | |Es| —
de3 SAD[Og< h‘[]ESAD[‘X]D " [36

+1ESAD[<E,;[ES;‘WD_](E,;[

where €2 and ¢ are as defined in Egs. (B13), (B18), and

a¢ _ 3 o -1
de 2ESAD|:<EM[ESAD[(X]]> (E
o )
—E E-| ——— E
SAD[( " [ESAD[(I]D (

Putting all of these pieces together, we observe that

I

saEsapla] — aEgaplsa] ) i
|:S01ESAD[0£] - aESAD[Sa]})E?f[Q]
E%AD[O‘]
[SGESAD[(Y] - WIESAD[S“]]>3 (B21)
Efaple] ’

33Ty _ o Q2 o - saEgapla]—aEsaplsa]

o - saEsaplal — aEsaplsa] T\’
—E Er| —— Ex ,
SAD|:( g |:ESAD[01]:|) < " [ E2,pla] :|>

where (again) €2 is as defined in Eq. (B13). Let’s now evaluate
this ate = 0:

33T
de3

= 3IESAD[(]EEJ [s]— ESAD,ES [S])Eh's [Qle:O]]
e=0

_]ESAD[(E}ZY[S] _ESADJ;Y[S])3]' (B23)

This looks pretty hairy, but we’ll note that all of our terms
are multiplied by either E;(s) or Eg,p ;i(s). These will
vanish for zero-mean stimulus distributions. Since one can
compensate for nonzero mean along any stimulus distribution
by changing the bias for the corresponding neuron [the
diagonal elements J;; in Eq. (B2)], then WLOG we can assume

(B22)
(
the stimuli are zero mean. This means that
Eqls] =E; [Z h,»a,-:|
= Z Ej; [hi]o;
= O‘lv’8. (B24)

Thus the third-order term vanishes. Looking back at
Eq. (B19), one can similarly note that the second-order term
vanishes, and (at least up to third order in €), T3 vanishes.
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b. Looking back at the other terms in our MI formula

Noting (from above) that we can ignore 73 up to third order
in €, we find that

1G;h) = B []ESAD [log (a)ESAam:H

—Eji[log (Esaplal)] + O(?),

where we must now evaluate the two terms in Eq. (B25) in
order to proceed. Using the fact that « = exp(es), and calling
these terms 77 and 7>,

o
T, =Er|E — ||,
! hA|: SAD[GSESAD[W]H

T2 = E,;[log (]ESAD[Ol])].

(B25)

(B26)

¢. Expanding the first term, Ty

We’ll start by expanding the 7} term up to third order in €,
but first note that it already has a factor of € in front of it [from
the log(«)], so we will need do a second-order Taylor series of
T\ = Ty /e, and just multiply that whole thing by €. Thus

Ti(e) = €[ Ti(e)]
62 82T1
o 2 0€?

» aT,
=¢€|Ti(e=0)+e—
Jde

] + O(e™h).

(B27)

e=0

The zeroth-order term in the expansion vanishes [T, (e =
0)=Eg, p.sls1=0] for the same reason our 73 vanished
[Eq. (B25)]. Again, we require derivatives to proceed, and
[Eq. (B13)]

AT,

h _ g i SSOlESAD[Ol] —aEsaplsal
9c T “saDp

(Esaplal)’®

Evaluating this at ¢ = 0, we observe that

]. (B28)

AT

9e = Egapisls(s — EsaplsD]

e=0
= Egup.in[s°] — Ef[(Esapls])’],

(B29)

which does not necessarily vanish for zero-mean stimulus
distributions. Carrying on to get the second derivative,

92T,

P Egap i [s€2],

(B30)

where Q [Eq. (B13)] has made a reappearance. Evaluating 2
for ¢ = 0, we find that
32T

52 = Egyp i [$(s*~Esapls’] — 2sEsapls]

e=0

+2(]ESAD[S])2)]
=Egqp i [s°] - Egupjn [SESAD[SZ]]
- 2ESAD,;ZY [SZESAD[S]]

+2E 4 p i[5 (Esanls1)’]. (B31)
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Thus, combining Eqs. (B27), (B29), and (B31), 77 [Eq.
(B26)] is

Ty = € (Egup i [5*] — Ej[(Esap[sD?])
3

+ %(ESAD,;F [s°] — Egup i [SESAD[sz]]
—2Eg4p i [s"Esanlsl] + 2Eg,p i [sEsanls)?]).

(B32)

So, the first term in our MI function has been reduced to mo-
ments of the stimulus and spontaneous activity distributions,
which we will later simplify.

d. Expanding the second term, T,

Let’s go over our second term now [7; in Eq. (B26)]:

Ty(e) = Ej[log (Esaplel)]

oT
=T(0) +e——
de

+ 0(eh).

62 82T2
—o 2 0e?

63 33T2
o 6 9¢€

e=0
(B33)

€

The zeroth-order term 7,(0) vanishes due to the log. Let’s
compute the derivatives one by one, starting with the first
derivative:

0T, [ESAD[SW]]' (B34)

e | Esapla]

When evaluated at € = 0, this derivative vanishes for zero-
mean stimulus distributions:

aT,

5e (B35)

=E;[Esapls]] =0,
e=0

where, in the second step, we swap the order in which we take
the averages, and recall Eq. (B24). Moving on to the second
derivative,

@ g IESAD[a]]ESADZ[SZ‘X] _EéAD[SOl] . (B36)
Esapla]

When evaluated at € = 0, we find that

32T,

? ZJEEJ[]ESAD[SZ] - (]ESAD[S])Z]'

e=0

(B37)
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Finally, we require the third derivative,
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FER

P T [—2ESAD[a]IESAD[sa](ESAD[a]lESAD[sza] — EéAD[sa])}
h.\‘

]EgAD[a]

YE- |:E§AD[0‘](_ESAD[SO‘]]ESAD[520[] + Esapla]Esaplsel)
hS

i| ) (B38)

E?AD[O‘]

which could be simplified, but will be easier to simplify once we evaluate it at € = 0:

3T
ﬁ =E; [Q(ESAD[S])3 = 3EsaplsIEsanls®] + Esapls’1]. (B39)
e=0
Assembling the pieces [Eqgs. (B33), (B35), (B37), and (B39)], we find that
e’ e’
T, = —E;[Esapls®] — (ESAD[S])Z] + —Eg; [2(]ESAD[5])3 —3EsaplsIEsapls®] + Esapls’]] + O(e").  (B40)

2 6

e. Assembling to terms in the MI

We can now take the individual terms we calculated [Eqgs. (B32) and (B40) for terms 7} and 7>], and assemble them to find

the MI [Eq. (B25)]

1@ 1) = (Egupinls®] — Epl(Esapls])?])

63

2
2 3

— %]EES[ESAD[SZ] - (]ESAD[S])Z] - %

Grouping the €? and € terms together,

(S}

167 = 5 (Egup 5] = B [(Esapls)?)
3
+ %(ESAD,I;Y [s°] — EES[(ESAD[S])S])

+6 (i [(Esanls))]
—Ej;:[Esapls’]Esapls]]) + O(e*). (B42)

f. Computing the relevant moments of the SAD and stimulus
distributions

To proceed, we need to compute the expectation values in
Eq. (B42). Let’s start with the €2 terms, and notice that

S2= E O'iO'jh,'hj
ij

= ZO’,‘]’li2 + Zo—io—jhihj’

i#]

(B43)

where we have used the fact that, for o; € {0,1}, aiz =
o;. Averaging these over the SAD, with Egaploi] = w,
Esaploioj] = m;; (the 7 is for “pair”), we see that

Esapls®l =Y wih? + Y mihih;.
i i#]

(B44)

Averaging this quantity over the stimulus distribution, recall-
ing that the stimuli are zero mean, and denoting the elements
of the covariance matrix by v;; = E[h;h;] (we can’t use

+ _(ESADJ?S [SB] - IESAD,ES [SESAD[SZ]] - 2ESADJF [SZIESAD[S]] + 2IESAD,I;S [S(]ESAD[S])Z])

E; [2(ESAD[S])3 —3EsaplsIEsapls®] + Esapls’]] + O(e*).  (B41)

(

o;j to denote covariance since that already describes the spin
states),

IESAD,}D‘ [s*] = Zﬂivii + Zﬂ[jVij. (B45)

i#]

Similarly, we can note that E}; [(ESAD[S])Z] =
Ep[X; uihi + 3, wipjhihjl. Carrying out the average
over the stim distribution, we find that

Epl(Esapls)’1 =Y pfvii + Y piptjvij.  (B46)
i i#]

Then, the €2 term in Eq. (B42) is

2
% Z,U«ivii + Z”ij”i.i - Z:U«iz‘)ii - Zﬂiﬂj"ij
i i

i#] i#]

2
€
=5 Zviiui(l — i) + Zvij(ﬂij — Wiltj)
i i#j
B47)

The first of these terms contains w;(1 — u;) = var(o;), and
the second one contains (77;; — u;u;) = cov(o;,0;), where
these moments (recall) are computed over the spontaneous
activity distribution, and thus cov(o;,0;) is best related to
the J;; terms in Eq. (B2), and var(o;) is best related to the
mean-determining bias term J;; in Eq. (B2). If we ignore the
higher-order terms in the MI [the third moments come in at
O(€%)], and restrict ourselves momentarily to O(e?), we notice
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that

1Gh) = — Z vi;var(o;) + Z v;jcov(o;,0;)
i#]

+ 0.

We now make our first observation, namely, that for
maximum MI, we require that v;; and cov(o;,0;) should have
the same sign (both positive or both negative). Since the
correlations in the SAD are controlled by (and have the same

(B48)

J

Egap i [s7] =
ijk

Zu,hg—i—‘“)

where we have used the fact that, for o; € {0,1}, 013 = 01.2

PHYSICAL REVIEW E 92, 062707 (2015)

sign as) J;;, we find that J;; should have the same sign as v;;
(the stimulus covariances), which agrees with our numerical
experiments, and those of Tkacik et al. We also notice that, to
maximize cov(o;,0;) and var(o; ), one should choose u; = 1/2,
which again agrees with our numerical experiments with
unskewed stimuli. If there are skewed stimuli, and thus the
third-order terms are to be considered, these conclusions may
no longer hold, so to make more progress, we must consider
the €3 terms in Eq. (B42).

As with the €2 terms, we will consider the €* terms one by
one, starting with

Egapii | Y 0iojochihjhy

Zn,jhzh + Z zjchihihy |,

i#] i#j#k

(B49)

= 0;, and defined 7;jx = Essplo;o;0x] (the T is for “triplet”) in going

from the first line to the second. Carrying out the average over the stimulus distribution, we observe that

Esap. i [s] = Z ik

i#]

A3 mylhh) +

> wijthihjh), (B50)

i#j#k

where we have used triangle brackets (-) to denote an expectation value over the stimulus distribution. Moving on to the next €*

term in Eq. (B42),

B [(Bsanls])’] = B | Y wippehihhy (BS1)
| ijk
= IEhj Z ,bl,%h3 +3 Z /lepl,jhlth + Z ,U«i/fbjllvkhihjhk
i#] i#)j#k
= Zﬂi W) +3Y  miug(hihy) 4+ D i alhihh).
i i ijk
We can assemble these two terms, to get the § term in Eq. (B42):

S (V= pud) (B +3> (i — wiws) (i) + Y (Tije — i) (hihjhy) (B52)

i#]

i#j#k

What remains is to compute the €3 term (with no factor of 1/3), and we’ll again do that term by term, noting that the first part
(E; [(Esap[sD?)) is already known [Eq. (B51)], leaving us to compute

E;;;[ESAD[SZ]ESAD[S]] =E; Zu,hz—f-Znuh ihj Zﬂkhk
i#j k
=E; Xz,bbzh2 + Z/,Liﬂjhizhj + ZZuimjhizhj + Z WiTwijhihhy
i#] i#] i)k
= Z“‘i h; + Zﬂiﬂj(h,‘zhj> + ZZﬂiﬂij(h,'zhj> + Z wirij(hihjh), (B53)
i i#] i#] ik
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where we have used Eq. (B44) for Eg4 p[s?], and the factor of 2 on the second line comes in because k could be either j or i. We
can assemble this with Eq. (B51) to get the €3 term (with no factor of 1 /3) in our MI formula:

ZM, (i = DY) + D B —
i#j

- Y e

DD i —
i#]

Mj— 27Tij)<hi2hj> +

pj —2cov(oi,o)hih;) —

Z (i — i) (hihjhy)
ik

Z urcov(oi,o;){hihjhy)
i#j#k

Assembling the pieces [above and Eqs. (B42), (B48), and (B52)], we observe that

2
o = €
I(o;h%) = — v;;var(o;) + v;icov(o;,o;)
2 J
i i#)

3
e DI

i#]

- Y el

i#]

D3> (s — i) hih) +

)+ > miipj — pj — 2covior,o))hih;)

Z (Tije — i) (hihjhy)
£k

— Y eov(o;.0)thih i) | + 0.
i#j#k

We can simplify this a bit further by grouping together the €* terms to yield

1GhY) =
i#]

1
+e’ Z 5(7""/" + 2t — 3puemip)hih phi) | + O(e").

i#j#k

Z v;;var(o;) + Z vjjcov(o;,o;) | + e Z

%(1 + 207 = 3) () + 3 cov(or,o)(1 — 2u)(?h )
i i#]

(B54)

Recall that t; = Eg4p(0i), mij = Esap(0i0;), Tijk = Esap(oiojor), vij = K (h;h;), angled brackets denote averages over the
stimulus ensemble, and cov(o;,0;) and var(o;) are moments of the spontaneous activity distribution. Cleaning up our notation to

match the main paper, we thus find that
S

S te)?

i i#]

1G:h%)=

1
+e Z §(Tijk + 2wy — 3y )(hihhy)
i%jk

APPENDIX C: NUMERICAL METHODS

1. Monte Carlo methods and optimization

The mutual information between the stimuli and responses,

1G;h) = = p(3)loglp(3)]
{5}

+ / di’ p() Y p(G1i) loglpG i), (C1)
(G}

involves the sum over all 2V possible population states, and
an integral over the stimulus distribution of another such sum.
This function is not analytically tractable for N = 10 (the
network size considered in this work) and/or for continuous
stimulus distributions. Instead, we use Monte Carlo methods to
compute the MI. In particular, we define the (un-normalized)

var(o',)+ Z h h cov(o,,cr,) +é

S B (14 208 = )+ Y oo — 2up (i)

| ¢ i#j
+ 0(eh). (B55)
[
frequency function
¢@G|h) =exp | Bl "G +h°) o
+J Zaicrj +y Z 0;0 0% (C2)

i<j i<j<k

This (log-polynomial) function can be very quickly evaluated,
and to compute the MI, we take a large number of stimuli s
from the appropriate distribution, and evaluate the frequencies
of each of the 2% states for each of the stimuli. We then divide
the frequencies for each state and stimulus by the sum of the
frequencies over all states for that stimulus, to get (normalized)
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conditional probabilities:
P(G|H) = ¢(&|h¥) / > 6GIh). (C3)
{c}

This normalizing operation can be done quickly using matrix
operations in MATLAB [60]. Note that, if one instead defined the
conditional probability for each state (instead of frequencies),
then one would need to evaluate the partition function (costly)
in the calculation of the probability of each of the 2V states.
Using the approach of first computing frequencies, we evaluate
the partition function only once for each stimulus value, saving
2N — 1 evaluations of the partition function for each stimulus
example. Given the conditional probabilities, we then compute
the conditional entropy (for each stimulus),

HG k) = = p@|h*)log[p( k)], (C4)
{5}

Averaging these values over the set of stimuli from our
distribution we get the noise entropy [Hpoise, Which is minus
the second term in Eq. (C1)]. Similarly, we can average the
conditional probabilities across all stimulus examples to get
the (marginal) response distribution

p@) = (p@|h). (C5)
Finally, we compute the entropy of the response distribution
Heeqp ==Y p(&)loglp(5)] (C6)

{c}

and subtract the noise entropy to get the MI: [ (5;}?‘?) =
Hresp - Hnoise~

Note that, since we are using Monte Carlo integration,
each evaluation of the MI function involves a (potentially)
different set of stimuli, and thus a potentially (slightly)
different result, even for identical network parameters. This
noise makes gradient-based optimization methods highly error
prone. We avoid this pitfall by using exactly the same set
of stimuli in subsequent calls to the MI function during the
optimization. This common random number approach makes
the MI a smooth function of our parameters, allowing us to
use gradient-based optimization techniques; see [61] for an
overview of optimization methods for noisy functions. For the
optimization itself, we use the open-source MINFUNC package
[62] from Mark Schmidt. We found that MINFUNC was much
faster and more reliable than the minimizers in the MATLAB
optimization toolbox.

In this paper, we have used ensembles of 1000 stimulus
examples in evaluating the MI function. We repeated the
optimization five times, with different sets of stimuli each
time, and found that the results were highly reproducible: the
standard deviation of the mean MI achieved over those five
trials is small [Figs. 3(a) and 3(b) of the main paper]—it is
comparable to, or in many cases less than, the linewidth on
the plots—as is the standard deviation of the mean parameter
values obtained at optimality [Figs. 4(a) and 4(b) of the main
paper].

The expressions herein (and in the main paper) do not
specify the base in which the logarithm is computed. For MI
values in bits, those logarithms are to base 2.

PHYSICAL REVIEW E 92, 062707 (2015)

2. Comparing optimal networks with constrained firing rates

When we use Lagrange multipliers for optimizing MI with
constrained firing rates (see main paper), the exact functional
relationship between Lagrange multiplier A and firing rate
is unknown: although higher Lagrange multipliers lead to
lower firing rates, we cannot easily specify what value of A is
needed to achieve a given firing rate. We use the same values
of the Lagrange multipliers when we optimize with triplet
interactions either allowed (TA), or forbidden (TF), resulting
in (slightly) different mean firing rates for the optimal TA
and TF networks. The reason for this difference is easy to
understand, as they have different MI values, and thus the
optimal trade-off between MI and firing rate in the Lagrange
function £L = M1 — X(o) will be slightly different.

We use linear interpolation to estimate the MI of the TF
network at the exact mean firing rate of the TA network: since
we have several points on the curve of MI versus mean firing
rate for the TF network, this interpolation is easy to implement.
Finally, we take the ratio of the MI value for the TA network
to the (interpolated) one for the TF network at the same firing
rate to create the data in Figs. 3(e) and 3(f).

APPENDIX D: TRIPLET INTERACTIONS ARE BETTER
THAN PAIRWISE ONES AT SUPPRESSING MULTISPIKE
STATES; HENCE THE OBSERVATION THAT y < 0 AND
J > 0 AT OPTIMALITY, AND NOT VICE VERSA

Consider the contribution C of the recurrent connections
to the log-polynomial probability distribution over network
states, C = J D200 Y X 0;0,0x. When this num-
ber is large, the state is favored, and vice versa. The first term
(J ) ;_;0i0)) is J times the number of active neural pairs,

which is O(e?), where « is the number of coactive neurons,
while the second term (y Zi<j<k 0;0;0%) is o).
Let us consider situations in which it is desirable for neurons
to act cooperatively, while not always firing synchronously.
If we choose positive J and (small) negative y—which
is what we observe at optimality: see Fig. 4(b) of the main

6
(@]
(/2]
c
iel
7
S
[0]
kS
=
3
S
(&)
[0]
o
Y 2 4 6 8 10

Number of active neurons o

FIG. 5. (Color online) Negative triplet interactions are better at
suppressing the all-on state than are negative pairwise interactions.
The plots here show the function C = Ja(e — 1)/2 + ya(a —
1)(¢ — 2)/6 for non-negative integer values of o € [0,10]. For J =
0.75 and y = —0.3 (upper, pink curve), the states with many coactive
neurons are suppressed by the recurrent interaction. For J = —0.75
and y = 0.3 (lower, brown curve), the opposite is true.
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paper—then neurons are encouraged to be coactive by the posi-
tive J: they cooperate. If one considers states with many spikes
(large o), however, we can see that the effects of the triplet
interaction, which are O(c?), can exceed the pairwise ones,
which are O(a?). In other words, C ~ JO(a?) + y O(a?) is
a unimodal function with a positive peak, such that for large
o, states are strongly suppressed, while for intermediate «,
they may be facilitated [Fig. 5: upper (pink) curve]. This acts
somewhat like negative feedback: for small «, the effects of J
(larger in magnitude than y) dominate, pushing the network
towards having coactive cells, while for large «, the effects of y
push the network away from having too many coactive cells.

PHYSICAL REVIEW E 92, 062707 (2015)

Thus the network produces cooperative responses but has a
diminished probability of having all of the neurons coactive.

Now consider the opposite situation, with negative J, and
positive y. In this case C is unimodal with a negative peak,
and the larger-« states are progressively more facilitated by
recurrent interactions [Fig. 5: lower (brown) curve]. This is
reminiscent of positive feedback, and leads to heavy usage of
the all-neurons-on state.

Of course, if we allow fourth-order terms in the probability
model, then one could have positive y, while still avoiding
epileptic levels of synchrony, by having negative fourth-order
interactions, for example.
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