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Abstract

Second-order maximum-entropy models have recently gained much interest for
describing the statistics of binary spike trains. Here, we extend this approach to
take continuous stimuli into account as well. By constraining the joint second-
order statistics, we obtain a joint Gaussian-Boltzmann distribution of continuous
stimuli and binary neural firing patterns, for which we also compute marginal
and conditional distributions. This model has the same computational complex-
ity as pure binary models and fitting it to data is a convex problem. We show
that the model can be seen as an extension to the classical spike-triggered av-
erage/covariance analysis and can be used as a non-linear method for extracting
features which a neural population is sensitive to. Further, by calculating the pos-
terior distribution of stimuli given an observed neural response, the model can be
used to decode stimuli and yields a natural spike-train metric. Therefore, extend-
ing the framework of maximum-entropy models to continuous variables allows us
to gain novel insights into the relationship between the firing patterns of neural
ensembles and the stimuli they are processing.

1 Introduction

Recent technical advances in systems neuroscience allow us to monitor the activity of increasingly
large neural ensembles simultaneously (e.g. [5, 21]). To understand how such ensembles process
sensory information and perform the complex computations underlying successful behavior requires
not only collecting massive amounts of data, but also the use of suitable statistical models for data
analysis. What degree of precision should be incorportated into such a model involves a trade-
off between the question of interest and mathematical tractability: Complex multi-compartmental
models [8] allow inference concerning the underlying biophysical processes, but their applicability
to neural populations is limited. The generalized linear model [15] on the other hand is tractable
even for large ensembles and provides a phenomenological description of the data.

Recently, several groups have used binary maximum entropy models incorporating pairwise corre-
lations to model neural activity in large populations of neurons on short time scales [19, 22, 7, 25].
These models have two important features: (1) Since they only require measuring the mean activity
of individual neurons and correlations in pairs of neurons, they can be estimated from moderate
amounts of data. (2) They seem to capture the essential structure of neural population activity at
these timescales even in networks of up to a hundred neurons [21]. Although the generality of these
findings have been subject to debate [3, 18], pairwise maximum-entropy and related models [12] are
an important tool for the description of neural population activity [23, 17].



To find features to which a neuron is sensitive spike-triggered average and spike-triggered covariance
are commonly used techniques [20, 16]. They correspond to fitting a Gaussian distribution to the
spike-triggered ensemble. If one has access to multi-neuron recordings, a straightforward extension
of this approach is to fit a different Gaussian distribution to each binary population pattern. In
statistics, the corresponding model is known as the location model [14, 10, 9]. To estimate this
model, one has to observe sufficient amounts of data for each population pattern. As the number of
possible binary patterns grows exponentially with the number of neurons, it is desirable to include
regularization constraints in order to make parameter estimation tractable.

Here, we extend the framework of pairwise maximum entropy modeling to a joint model for binary
and continuous variables. This allows us to analyze the functional connection structure in a neural
population at the same time as its relationship with further continuous signals of interest. In particu-
lar, this approach makes it possible to include a stimulus as a continuous variable into the framework
of maximum-entropy modeling. In this way, we can study the stimulus dependence of binary neural
population activity in a regularized framework in a rigorous way. In particular, we can use it to ex-
tract non-linear features in the stimulus that a population of neurons is sensitive to, while taking the
binary nature of spike trains into account. We discuss the relationship of the obtained features with
classical approaches such as spike-triggered average (STA) and spike-triggered covariance (STC).
In addition, we show how the model can be used to perform spike-by-spike decoding and yields a
natural spike-train metric [24, 2]. We start with a derivation of the model and a discussion of its
features.

2 Model

In this section we derive the maximum-entropy model for joint continuous and binary data with
second-order constraints and describe its basic properties. We write continuous variables x and
binary variables b. Having observed the joint mean g and joint covariance C, we want to find
a distribution pyr which achieves the maximal entropy under all distributions with these observed
moments. Since we model continuous and binary variables jointly, we define entropy to be a mixed
discrete entropy and differential entropy:
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Formally, we require py to satisfy the following constraints:
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where the expectations are taken over py. C,., Cpp and Cyy, are blocks in the observed covariance
matrix corresponding to the respective subsets of variables. This problem can be solved analytically
using the Lagrange formalism, which leads to a maximum entropy distribution of Boltzmann type:
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where A and A are chosen such that the resulting distribution fulfills the constraints in equation
(1), as we discuss below. Before we compute marginal and conditional distributions in this model,
we explore its basic properties. First, we note that the joint distribution can be factorized in the
following way:
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The conditional density pyg(x|b, A, A) is a Normal distribution, given by:
1
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Here, Ayo, Agp, Apz, A, are the blocks in A which correspond to x and b, respectively. While
the mean of this Normal distribution dependent on b, the covariance matrix is independent of the
specific binary state. The marginal probability pyz(b|A, A) is given by:

1 1
Z(A, N)pye(b|A, \) = exp <2bTA,,bb + bH,,) /exp <2XTAmx +x" (A + Ambb)> dx
1 T -1
(27T) 2 |_ .L-L| eXp Qb (Abb + Aa;b (_AJ.L) A‘.Lb) b (5)
T T -1 Ly —1
b7 (A + AL (<Aun) A ) + AT (<) A

To evaluate the maximum entropy distribution, we need to compute the partition function, which
follows from the previous equation by summing over b:
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Next, we compute the marginal distribution with respect to x. From equation (5) and (4), we find
that pye (x| A, A) is a mixture of Gaussians, where each Gaussian of equation (4) is weighted by the
corresponding pyg(b|A, A). While all mixture components have the same covariance, the different
weighting terms affect each component’s influence on the marginal covariance of x. Finally, we also
compute the conditional density pyg (b ), which is given by:
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Note, that the distribution of the binary variables given the continuous variables is again of Boltz-
mann type.

Parameter fitting To find suitable parameters for given data, we employ a maximum likelihood
approach [1, 11], where we find the optimal parameters via gradient descent:
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To calculate the moments over the model distribution py we make use of the above factorization:
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FIGURE 1: Illustration of different parameter settings. A:independent binary and continuous vari-
ables, B: correlations (0.4) between variables, C: changing mean of the binary variables (here:
0.7) corresponds to changing weightings of the Gaussians, correlations are 0.4. Blue lines indicate
p(z|b = 1) and green ones p(x|b = 0).

Hence, the only average we actually need to evaluate numerically is the one over the binary variables.
Unfortunately, we cannot directly set the parameters for the continuous part, as they depend on the
ones for the binary part. However, since the above equations can be evaluated analytically, the
difficult part is finding the parameters for the binary variables. In particular, if the number of binary
variables is large, calculating the partition function can become infeasible. To some extent, this can
be remedied by the use of specialized Monte-Carlo algorithms [4].

2.1 Example

In order to gain intuition into the properties of the model, we illustrate it in a simple one-dimensional
case. From equation (4) for the conditional mean of the continuous variables, we expect the distance
between the conditional means 1, to increase with increasing correlation between continuous and
binary variables increases. We see that this is indeed the case: While the conditional Gaussians
p(x/b = 1) and p(x|b = 0) are identical if  and b are uncorrelated (figure 1A), a correlation
between x and b shifts them away from the unconditional mean (figure 1B). Also, the weight
assigned to each of the two Gaussians can be changed. While in figures 1A and 1B b has a symmetric
mean of 0.5, a non-symmetric mean leads to an asymmetry in the weighting of each Gaussian
illustrated in figure 1C.

2.2 Comparison with other models for the joint modeling of binary and continous data

There are two models in the literature which model the joint distribution of continuous and binary
variables, which we will list in the following and compare them to the model derived in this paper.

Location model The location model (LM) [14, 10, 9] also uses the same factorization as above
p(x,b) = p(x|b)p(b). However, the distribution for the binary variables p(b) is not of Boltzmann
type but a general multinomial distribution and therefore has more degrees of freedom. The con-
ditional distribution p(x|b) is assumed to be Gaussian with moments (g, Xp,), which can both
depend on the conditional state b. Thus to fit the LM usually requires much more data to estimate
the moments for every possible binary state. The location model can also be seen as a maximum en-
tropy model in the sense, that it is the distribution with maximal entropy under all distribution with
the conditional moments. As fitting this model in its general form is prone to overfitting, various ad
hoc constraints have been proposed; see [9] for details.

Partially dichotomized Gaussian model Another simple possibility to obtain a joint distribution
of continuous and binary variables is to take multivariate (latent) Gaussian distribution for all vari-
ables and then dichotomize those components which should represent the binary variables. Thus, a
binary variable b, is set to 1 if the underlying Gaussian variables is greater than 0 and it is set to O if
the Gaussian variable is smaller than 0. This model is known as the partially dichotomized Gaussian
(PDG) [6]. Importantly the marginal distribution over the continuous variables is always Gaussian
and not a mixture as in our model. The reason for this is that all marginals of a Gaussian distribution
are again Gaussian.
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FIGURE 2: Illustration of the binary encoding with box-type tuning curves. A: shows the marginal
distribution over stimuli. The true underlying stimulus distribution is a uniform distribution over the
interval (—0.5,0.5) and is plotted in shaded gray. The mixture of Gaussian approximation of the
MaxEnt model is plotted in black. Each neuron has a tuning-curve, consisting of a superposition of
box-functions. B shows the tuning-curve of the first neuron. This is equivalent to the conditional
distribution, when conditioning on the first bit, which indicates if the stimulus is in the right part of
the interval. The tuning-curve is a superposition of 5 box-functions. The true tuning curve is plotted
in shaded gray whereas the MaxEnt approximation is plotted in black. C shows the tuning curve
of neuron with index 2. D: Covariance between continuous and binary variables as a function of
the index of the binary variables. This is the same as the STA for each neuron (see also equation
(10)). E shows the conditional distribution, when conditioning on both variables (0,2) to be one.
This corresponds to the product of the tuning-curves.

3 Applications

3.1 Spike triggering and feature extraction

Spike triggering is a common technique in order to find features which a single neuron is sensitive
to. The presented model can be seen as an extension in the following sense. Suppose that we
have observed samples (x™,b") " from a population responding to a stimulus. The spike triggered
average (STA) for a neuron ¢ is then defined as

np"
STAZ = Lnl = E[xbi]ri,

where r; = Z’J"Vbi = p(b; = 1) is the firing rate of the i-th neuron or fraction of ones within the
sample. Note, that the moment E[xb;] is one of the constraints we require for the maximum entropy
model and therefore the STA is included in the model.

(10)

In addition, the model has also similarities to spike-triggered covariance (STC) [20, 16]. STC de-
notes the distribution or, more precisely, the covariance of the stimuli that evoked a spiking response.
Usually, this covariance is then compared to the total covariance over the entire stimulus distribution.
In the joint maximum-entropy model, we have access to a similar distribution, namely the condi-
tional distribution p(x|b; = 1), which is a compact description of the spike-triggered distribution.
Note that p(x|b; = 1) can be highly non-Gaussian as all neurons j # 7 are marginalized out — this is
why the current model is an extension to spike triggering. Additionally, we can also trigger or con-
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FIGURE 3: Illustration of a spike-by-spike decoding scheme. The MaxEnt model was fit to data
from two deterministic integrate-and-fire models. The MaxEnt model can then be used for decoding
spikes generated by the two independent deterministic models. The two green arrows correspond the
weights of a two-pixel receptive field for each of the two neurons. The 2 dimensional stimulus was
drawn from two independent Gamma distributions. The resulting spike-trains were discretized in 5
time-bins, each 200 ms long. A spike-train to a particular stimulus (x' cross) is decoded. In A) the
marginal distribution of the continuous variables is shown. In B) the posterior, when conditioning
on the first temporal half of the response to that stimulus is shown. Finally in C) the conditional
distribution, when conditioning on the full observed binary pattern is plotted.

dition not on a single neuron but on any response pattern Bs of a sub-population S. The resulting
p(x|Bs) with Bs = {b : b; = B,Vi € S} is then also a mixture of Gaussians with 2" compo-
nents, where n is the number of unspecified neurons j ¢ S. As illustrated above (see figure 1B),
correlations between neurons and stimuli lead to a separation of the individual Gaussians. Hence,
stimulus correlations of other neurons j # 4 in the distribution p(x, b;;|b; = 1) would have the
same effect on the spike-triggered distribution of neuron ¢. Correlations within this distribution also
imply, that there are correlations between neuron j and neuron ¢. Thus, stimulus as well as noise
correlations cause deviations of the conditional p(x|Bs) from a single Gaussian. Therefore, the
full conditional distribution p(x|Bgs) in general contain more information about the features which
trigger this sub-population to evoke the specified response pattern, than the conditional mean, i.e.
the STA.

We demonstrate the capabilities of this approach by considering the following encoding. As stim-
ulus, we consider one continuous real valued variable that is drawn uniformly from the interval
[—0.5,0.5]. It is mapped to a binary population response in the following way. Each neuron 4 has a
square-wave tuning function:

b;(x) = O (sin (27 (i + 1)x)),

where © is the Heaviside function. In this way, the response of a neuron is set to 1 if its tuning-
function is positive and 0 otherwise. The first (index 0) neuron distinguishes the left and the right
part of the entire interval. The (¢ 4 1)st neuron distinguishes subsequently left from right in the sub-
intervals of the ith neuron. That is, the response of the second neuron is always 1, if the stimulus is
in the right part of the intervals [—0.5, 0] and [0, 0.5]. These tuning curves can also be thought of as
a mapping into a non-linear feature space in which the neuron acts linear again. Although the data-
generation process is not contained in our model class we were able to extract the tuning curves
as shown in figure 2. Note, that for this example neither the STA nor STC analysis alone would
provide any insight into the feature selectivity of the neurons, in particular for the neurons which
have multi-modal tuning curves (the ones with higher indexes in the above example). However, the
tuning curves could be reconstructed with any kind of density estimation, given the STA.

3.2 Spike-by-Spike decoding

Since we have a simple expression for the conditional distribution p(x|b, A, X) (see equation (4)),
we can use the model to analyze the decoding performance of a neural population. To illustrate
this, we sampled spike trains from two leaky integrate-and-fire neurons for 1 second and discretized
the resulting spike trains into 5 bins of 200 ms length each. Each trial, we used a constant two
dimensional stimulus, which was drawn from two independent Gamma distributions with shape
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FIGURE 4: Illustration of the conditional probability p(b|x) for the example in figure 3. In 4A,
for every binary pattern the corresponding probability is plotted for the given stimulus from figure
3, where the brightness of each square indicates its probability. For the given stimulus the actual
response pattern used for figure 3 is marked with a circle. Each pattern b is split into two halves by
the contributions of the two neurons (32 possible patterns for each neuron) and response patterns of
the first neuron are shown on the x-axis, while response patterns of the second neuron on the y-axis.
In 4B we plotted for each pattern b its probability under the two conditional distributions p(b|x")
and p(b|x*) against each other with x' = (0.85,0.72) and x* = (1.5, 1.5).

parameter o = 3 and scale parameter § = 0.3. For each LIF neuron, this two dimensional stimulus
was then projected onto the one-dimensional subspace spanned by its receptive field and used as
input current. Hence, there are 10 binary variables, 5 for each spike-train of the neurons and 2
continuous variables for the stimulus to be modeled. We draw 5 - 10° samples, calculated the second
order moments of the joint stimulus and response vectors and fitted our maximum entropy model
to these moments. The obtained distribution is shown in figure 3. In 3A, we show the marginal
distribution of the stimuli, which is a mixture of 2!° Gaussians. The receptive fields of the two
neurons are indicated by green arrows. To illustrate the decoding process, we sampled a stimulus
and corresponding response 7, from which we try to reconstruct the stimulus. In 3B, we show
the conditional distribution when conditioning on the first half of the response. Finally in 3C, the
complete posterior is shown when conditioned on the full response. From a-c, the posterior is more
and more concentrated around the true stimulus. Although there is no neural noise in the encoding
model, the reconstruction is not perfect. This is due to the regularization properties of the maximum
entropy approach.

3.3 Stimulus dependence of firing patterns

While previous studies on the structure of neuronal firing patterns in the retina have compared how
well second-order maximum entropy models fit the empirically observed distributions under differ-
ent stimulation conditions [19, 22], the stimulus has never been explicitly taken into account into
the model. In the proposed framework, we have access to p(b|x), so we can explicitly study how
the pattern distribution of a neural population depends on the stimulus. We illustrate this by con-
tinuing the example of figure 3. First, we show how the individual firing probabilities depend on z
(figure 4A). Note, that although the encoding process for the previous example was noiseless, that
is, for every given stimulus there is only one response pattern, the conditional distribution p(b|x)
is not a delta-function, but dispersed around the expected response. This is due to the second order
approximation to the encoding model. Further, as it turns out, that a spike in the next bin after a
spike is very unlikely under the model, which captures the property of the leaky integrator. Also, we
compare how p(b|x) changes for different values of x. This is illustrated in figure 4B.

3.4 Spike train metric

Oftentimes, it is desirable to measure distances between spike trains [24]. One problem, however, is
that not every spike might be of equal importance. That is, if a spike train differs only in one spike, it
might nevertheless represent a completely different stimulus. Therefore, Ahmadian [2] suggested to
measure the distance between spike trains as the difference of stimuli when reconstructed based on



the one or the other spike train seems. If the population is noisy, we want to measure the difference
of reconstructed stimuli on average. To this end, we need access to the posterior distribution, when
conditioning on a particular spike train or binary pattern. Using the maximum entropy model, we
can define the following spike-metric:

1 T
d(b',b%) = Dy, [pue(x[b")||pue(x|b?)] = 3 <(N:pb1 - Mm\w) Agy (Nx|b1 - Hmbz)> 1D

Here, Dy, denotes the Kullback-Leibler divergence between the posterior densities. Equation 11
is symmetric in b, however, in order to get a symmetric expression for other types of posterior
distributions, the Jensen-Shannon divergence might be used instead. As an example we consider
the induced metrics for the encoding model of figure 2. The metric induced by the square-wave
tuning functions of section 3.1 is relatively simple. When conditioning on a particular population
response, the conditional distribution p(x|b) is always a Gaussian with approximately the width of
the smallest wavelength. Flipping a neuron’s response within this pattern corresponds to shifting the
conditional distribution. Suppose we have observed a population response consisting of only ones.
This results in a Gaussian posterior distribution with mean in the middle of the rightmost interval

(0.5 — ﬁv 0.5). Now flipping the response of the “low-frequency” neuron, that is the one shown

in figure 2B, shifts the mean of the posterior to the middle of the sub-interval (—Tlﬂ, 0). Whereas
flipping the “high-frequency” neuron, the one which indicates left or right within the smallest possi-
ble sub-interval, corresponds to shifting the mean just by the amount of this smallest interval to the
left. Flipping the response of single neurons within this population can result in posterior distribu-
tion which look quite different in terms of the Kullback-Leibler divergence. In particular, there is an
ordering in terms of the frequency of the neurons with respect to the proposed metric.

4 Conclusion

We have presented a maximum-entropy model based on the joint second order statistics of contin-
uous valued variables and binary neural responses. This allows us to extend the maximum-entropy
approach [19] for analyzing neural data to incorporate other variables of interest such as continuous
valued stimuli. Alternatively, additional neurophysiological signals such as local field potentials
[13] can be taken into account to study their relation with the joint firing patterns of local neural
ensembles. We have demonstrated four applications of this approach: (1) It allows us to extract the
features a (sub-)population of neurons is sensitive to, (2) we can use it for spike-by-spike decoding,
(3) we can assess the impact of stimuli on the distribution of population patterns and (4) it yields a
natural spike-train metric.

We have shown that the joint maximum-entropy model can be learned in a convex fashion, although
high-dimensional binary patterns might require the use of efficient sampling techniques. Because
of the maximum-entropy approach the resulting distribution is well regularized and does not require
any ad-hoc restrictions or regularity assumptions as have been proposed for related models [9].
Analogous to a Boltzmann machine with hidden variables, it is possible to further add hidden binary
nodes to the model. This allows us to take higher-order correlations into account as well, although
we stay essentially in the second-order framework. Fortunately, the learning scheme for fitting the
modified model to observed data remains almost unchanged: The only difference is that the moments
have to be averaged over the non-observed binary variables as well. In this way, the model can also
be used as a clustering algorithm if we marginalize over all binary variables. The resulting mixture of
Gaussian model will consist of 2V components, where N is the number of hidden binary variables.
Unfortunately, convexity cannot be guaranteed if the model contains hidden nodes. In a similar
fashion, we could also add hidden continuous variables, for example to model unobserved common
inputs. In contrast to hidden binary nodes, this does not lead to an increased model complexity:
averaging over hidden continuous variables corresponds to integrating out each Gaussian within the
mixture, which results in another Gaussian. Also the restriction that all covariance matrices in the
mixture need to be the same still holds, because each Gaussian is integrated in the same way.
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