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Abstract

Gaussian mixture models (GMMs) are fundamental to machine learning due to
their flexibility as approximating densities. However, uncertainty quantification
of GMMs remains a challenge as differential entropy lacks a closed form. This
paper explores polynomial approximations, specifically Taylor and Legendre, to
the GMM entropy from a theoretical and practical perspective. We provide new
analysis of a widely used approach due to Huber et al. (2008) and show that
the series diverges under simple conditions. Motivated by this divergence we
provide a novel Taylor series that is provably convergent to the true entropy of
any GMM. We demonstrate a method for selecting a center such that the series
converges from below, providing a lower bound on GMM entropy. Furthermore, we
demonstrate that orthogonal polynomial series result in more accurate polynomial
approximations. Experimental validation supports our theoretical results while
showing that our method is comparable in computation to Huber et al. We also
show that in application, the use of these polynomial approximations, such as
in Nonparametric Variational Inference, rely on the convergence of the methods
in computing accurate approximations. This work contributes useful analysis
to existing methods while introducing novel approximations supported by firm
theoretical guarantees.

1 Introduction

Entropy is a natural measure of uncertainty and is fundamental to many information-theoretic quanti-
ties such as mutual information (MI) and Kullback-Leibler (KL) divergence [8]. As a result, entropy
plays a key role in many problems of ML including model interpretation [7], feature selection [6],
and representation learning [27]. It is often used in the data acquisition process as in active learn-
ing [25, 26], Bayesian optimal experimental design [17, 5, 3], and Bayesian optimization [13]. Yet,
despite its important role entropy is difficult to calculate in general.

One such case is the Gaussian mixture model (GMM), where entropy lacks a closed form and is the
focus of this paper. GMMs are fundamental to machine learning and statistics due to their property as
universal density approximators [18]. However, the lack of a closed-form entropy requires approxima-
tion, often via Monte Carlo expectation. Such stochastic estimates can be undesirable as computation
becomes coupled with sample size and a deterministic approach is often preferred. Simple determinis-
tic bounds can be calculated via Jensen’s inequality or Gaussian moment matching [14]. Such bounds
are often too loose to be useful, leading to other options such as variational approximations [21, 10]
and neural network-based approximation [2]. Yet, these deterministic estimators do not allow a
straightforward tradeoff of computation and accuracy as in the Monte Carlo setting.

Polynomial series approximations are both deterministic and provide a mechanism for computation-
accuracy tradeoff by varying the polynomial degree. In this paper we focus on three such polynomial
approximations of the GMM entropy. We begin with the widely used approximation of Huber et
al. (2008). While this approximation yields good empirical accuracy in many settings, a proof of
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convergence is lacking. In this work we show that the Huber et al. approximation in fact does
not converge in general, and we provide a divergence criterion (Theorem 3.1). In response to the
divergent behavior, we propose two alternative polynomial approximations, a Taylor and Legendre
series approximation of GMM entropy that are provably convergent. We establish in Theorem 4.2
and Theorem 4.5 that each series converges everywhere under conditions on the center point or
interval, respectively. In Theorem 4.4 we provide a simple mechanism for choosing a value to ensure
that these series converge everywhere. We additionally establish, in Theorem 4.3, that our Taylor
approximation is a convergent lower bound on the true entropy for any finite poynomial order.

The complexity of both Huber et al. and our proposed methods have similar computation largely
driven by polynomial order. To address this we propose an approximation that estimates the higher-
order terms by fitting a polynomial regression. This approach requires the evaluation of only three
consecutive polynomial orders to approximate higher order series. In this way we can obtain more
accurate estimates without the computational overhead of evaluating higher order polynomial terms.

We conclude with an empirical comparison of all polynomial approximations that produce the diver-
gent behavior of the Huber et al. approximation while our propsed methods maintain convergence.
We also compare accuracy and compuation time for each method accross a varaitey of dimensions,
number of GMM components, and polynomial orders. Finally, we show an application of our methods
in Nonparametric Variational Inference [11] where the guarantees of convergence play a large role in
the accuracy of posterior approximation via GMM:s.

2 Preliminaries

We briefly introduce required notation and concepts, beginning with a definition of the Gaussian
mixture entropy. We will highlight the challenges that preclude efficient computation of entropy. We
conclude by defining notation that will be used for discussion of polynomial approximations.

2.1 Gaussian Mixture Entropy

The differential entropy of a continuous-valued random vector 2 € R? with a probability density
function p(z) is given by,

H(p(x)) = - / p(z) log p(x)dz = E[— log p(x)]. ()

The differential entropy is in [—00, co] for continuous random variables. It is a measure of uncertainty
in the random variable in the sense that its minimum is achieved when there is no uncertainty in the
random vector, i.e., a Dirac delta, and approaches the maximum as the density becomes uniformly
distributed.

Gaussian mixtures are ubiquitous in statistics and machine learning due to their property as universal
density approximators [18]. However, despite this flexibility, the entropy of a Gaussian mixture
requires computing the expectation of the log-sum operator, which lacks a closed form. Many
approximations and bounds are used in practice. A simple upper bound is given by the entropy of a
single Gaussian with the same mean and covariance as the mixture [14], and a lower bound can be
obtained by Jensen’s inequality. Though efficient, these bounds are very loose in practice, leading
to more accurate methods being used, such as various Monte Carlo approximations, deterministic
sampling [12], and numerous variational bounds and approximations [21, 10].

2.2 Taylor Polynomials
In this paper we explore entropy approximation using Taylor polynomials. The n!"-order Taylor
polynomial of a function f(x) with evaluation point ¢ is given by,

. f(n)
Tme(z) = fT(C)(x — o), 2)
i=0 ’

where f(")(c) denotes the n™ derivative of f evaluated at point c. The Taylor series has a region
of convergence which determines the range of x-values where the series accurately represents the
original function. It depends on the behavior of the function and its derivatives at the expansion
point. Analyzing the region of convergence is crucial for ensuring the validity of the Taylor series
approximation. Various convergence tests, such as the ratio test, help determine the x-values where
the Taylor series provides an accurate approximation.



2.3 Orthogonal Polynomials

Taylor series are versatile approximations, however predominately behave well near the center point
chosen. We ideally would like an approximation that performs well across a range of values. To
achieve this, we consider series approximation via orthogonal polynomials. A set of orthogonal
polynomials on the range [a, b] is an infinite sequence of polynomials Py(z), Pi(x), ... where P, (x)
is an ' degree polynomial and for any pair of polynomials satisfies

(Pi(z / P(x x)dr = ¢;0;5 3)

where J;; is the Kronecker delta function and ¢; is some constant. Orthogonal polynomials can be
used to approximate a function, f(x), on their interval, [a, b], by finding the projection of f(x) onto
each polynomial in the series P;(x).

_y U@.P) o
o= ; <Pi(x),Pi(x)>Pz( ) @

Any appropriate choice of orthogonal polynomials can be used. One might be interested in consid-
ering the Chebyshev polynomials for their property of minimizing interpolation error or Legendre
polynomials for their versatility and ease of computation.

3 Convergence of Polynomial Approximations

To estimate the entropy H(p) = E,[—log(p(z))] using a polynomial approximation one may ap-
proximate either the log-density log(p(z)) or just the logarithm log(y). We will show that estimating
log(p(z)) has convergence issues and that it can be complicated to compute due to tensor arithmetic
in higher dimensions. Both of these issues will be addressed by simply approximating log(y) and
computing the exact p(x). All proofs are deferred to the Appendix for space.

3.1 Divergence of Huber et al. Approximation

We begin our exploration with a widely used approximation of the GMM entropy due to [15]. Let p(x)
be a GMM and the log-GMM h(x) = log(p(z)). Huber et al. provides a Taylor series approximation
of the GMM entropy given by,

log(p Z Z )(a:—uz) , ©)
=1 n=0

The series is M individual Taylor series evaluated at each component mean, p;. The equality in
Eqn. (5) only holds if the series converges, which we will show is not the case in general.

Theorem 3.1 (Divergence Criterion for Huber et al.). Let p(z) = Zf\il wN (x| pi, X;) and
consider the Taylor series presented in Eqn. (5). If any mean component, L;, satisfies the condition
p(ps) < Smax(p(x)), then the series diverges, otherwise it converges.

Theorem 3.1 provides us with the condition that Huber et al.’s approximation Eqn. (5) will diverge.
This means that the entropy approximation will be inaccurate for any GMM with any of its modes
less than half the probability of any other point, as illustrated in Fig. 1.

3.2 Taylor Series Approximation of the Logarithm

Motivated by the divergence of the previous Taylor series we propose a different approach that is
provably convergent. While Huber et al. perform a Taylor decomposition of the log-GMM PDF, our
approach decomposes only the log(y) function using a Taylor series of the function centered about
the point a. It is well-known that this series converges for values |y — a| < a [28] and is given by,

log(y) = log(a +Z ~ (6)

a
na”

Note the change of c to a as the Taylor series center. This change highlights the difference in function
domains. In particular, the former series is computed on values of the random vector x, whereas ours
is computed on the PDF y = p(x). Choosing any center @ > imax(p(z)) will ensure that the series
converges everywhere.
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Figure 1: Divergence of Huber et al. and convergence of our polynomial series approximation are plotted
for the Gaussian mixture, p(z) = 35N (z | —3,2) + .656N (z | 0,.2). In the left graph, the log-GMM is
plotted, which is what each series is defined for. The right plot is the exponential of the series so we can see
how each converge in the more familiar framework of a GMM. Notice that the Huber et al. is centered on the
first component mean p; = —3 and diverges around the mean of the second component p2 = 0 as supported
by Theorem 3.1 since the mode w1 is less than half the probability at the mode p2. Both of our methods are
convergent, the Taylor series is a bound (Theorem 4.3) while the Legendre series has a lower global error.

Lemma 3.2 (Convergent Taylor Series of Log). Ifa > $max(p(x)), then for all x

log(p(x)) = log(a +Z Z (Z)(—a)""fp(a:)’“ ()

k=0

The proof of Lemma 3.2 is a simple ratio test. The only assumption on p(z) is that it has a finite
maximum, which is true for any non-degenerate GMM with positive definite component covariances.
As a result, the Taylor series converges for all x regardless of the GMM form.

3.3 Legendre Series Approximation of the Logarithm
For the orthogonal polynomial approximation, we consider the Legendre polynomials, specifically

the shifted Legendre polynomials [4] which are orthogonal on [0, a],

n -1 n+k n k!
Po(y) = L,an(y) = Z W *
k=0

Lemma 3.3 (Convergent Legendre Series of Log). If a > max(p(z)), and consider the shifted
Legendre polynomials on the interval [0, a] in Eqn. (8). Then for x a.e.

N o 1) S ED 4 )N + 1) log(a) — 1) .
log(p(a:))—nZ:;)(Z H);o CEDICESYE Lioan(p(@)) )

®)

Again, all that is assumed about this approximation is that the max of a GMM can be bounded, so
this approximation converges for all GMMs regardless of structure.

4 GMM Entropy Approximations

Having established multiple polynomial approximations in Sec. 3, we now consider applying them to
the definition of entropy for a GMM. We can directly substitute the series approximation into the
entropy definition, H (p(x)) = E, [—log(p(x))], and push the expectation through the summations.

4.1 Huber et al. Entropy approximation

Applying Huber et al.’s Taylor series approximation of the log(p(z)), we see the GMM entropy can
be approximated by,

h(n) i
sz > g, (o — o, (10)
n=0

where ¢;(z) = N (z | u;, ;) is shorthand for the i Gaussian component. The attractive feature of
Eqn. (10) is that it simplifies the expected value of a log-GMM to the n™ central moments of the 7™



component which, is exactly zero when n is odd and has a closed form when n is even. However,
Theorem 3.1 shows that this approximation is not guaranteed to converge, which is supported by

experimental results in Sec. 6. Furthermore, in higher dimensions, ("™ (y1;) = %a where
X7 e xd’

71+ -+ -+ ja = n which grows rapidly, is an n dimensional tensor. This is cumbersome to compute
and is difficult to deal with the tensor arithmetic required beyond a Hessian. In practice, this limits
Eqn. (10) to only second order approximations for random vectors.

4.2 Taylor Series Entropy Approximation

Having established the convergent Taylor series of the logarithm in Lemma 3.2, we can apply the
approximation and push the expectation through the summations. This reduces the computation of the
entropy to computing [E,, [p(x)*] for all k& < n where n is the order of the polynomial approximation.

Lemma 4.1 (Closed form expectation of powers of GMMs). Let p(z) = Zf\il wN (x|, 3;) be a
GMM and k be a non-negative integer. Then

7 k S N (0], 5i) 17 e
wef= 5 (o) 2 (S oeiomz0m) - a

Jitt+im=k i=1 t=1
where ¥ = (Z;l + th\il jtz;l)—l and 1 = E(Z;l,ui + th\il thglut).

While Eqn. (11) may seem complicated at first glance, it is straightforward to compute. All terms
are Gaussian densities, polynomial functions, and binomial coefficients. Lemma 4.1 is defined for
E,[p(z)"] but an analogous definition holds for E,[g(z)*] allowing us to apply all the following
results not only to entropy, but cross-entropy, KL and MI of GMMs. This is not the focus of this
paper, however a discussion can be found in A.4 for completeness. Using Lemma 3.2 and Eqn. (11),
we can obtain the following approximation,

15 (0(0) = —og(a) - - L2 S () car s oo (12)

k=0

To ensure the expected value can be pushed through the infinite sum of the series, we check that our
finite order entropy approximation does still converge to the true entropy.

Theorem 4.2 (Convergence of HY, ,(p(x))). Let p(z) = M wiN (2|, 2) be a GMM and
choose a Taylor center such that a > Lmax(p(x)). Then, for flﬁa(p(x)) defined in Eqn. (12)

lim HY ,(p(x)) = H(p(x)) (13)

Having established convergence of our estimator, it remains to provide a method for selecting a
Taylor center that meets the convergence criterion @ > imax(p(z)). In fact, we show in Theorem 4.3
that selecting a looser condition a > max(p(z)) ensures convergence from below, thus yielding a
lower bound on the true entropy.

Theorem 4.3 (Taylor Series is Lower Bound of Entropy). Let p(x) = Zi\il wiN (x|p;, ;) and
a > max(p(x)). Then, for all finite N,

HE (p(x)) < H(p(x)) (14)

We have now established that the Taylor center chosen as a > max(p(z)) is both convergent and
yields a lower bound. In fact, it is easy to find such a point by upper bounding the maximum of a
GMM as given in Theorem 4.4.

Theorem 4.4 (Upper bound on maximum of a GMM). Let p(x) = Zgl wiN (z|pi, 2i), then

M
max(p(z)) < a= Zwi ‘27TEZ'|_% (15)

In our experience choosing a center closer to the convergence criterion a > imax(p(z)) yields

2
slightly more accurate estimates, but not significantly so.



4.3 Legendre Entropy Approximation

Now, starting with the convergent Legendre approximation considered in Lemma 3.3 and Eqn. (11),
we can obtain the following approximation,

(=D" 7 (n+ ) +1)log(a) — 1)
(n =G +1)H)?
Again, we verify that taking the expectation of our series does not effect convergence.

Theorem 4.5 (Convergence of Efﬁ,ya(p(x))). Let p(z) = Zf\il w;N(z|p;, 2;) be a GMM and
choose an interval such that a > max(p(x)). Then for ﬁ]%,a(p(a:)) defined in Egn. (16)

lim HE ,(p(x)) = H(p(x)) (17)

N—o0

N n

Hf o(p(2)) = =) (2n+1))

n=0 §=0

Lio.aln (Ep[p(2)*]) (16)

Now having established converge criterion for the Legendre series approximation, we need to choose
an upper point of the interval for the Legendre series. We need to choose ¢ > max(p(z)) which is
satisfied by the same a found in Lemma 4.4.

4.4 Approximation of Taylor Series Limit

Computing the series in Eqn. (12) for higher orders can be computationally prohibitive. In particular,
thesum . .. _ isover M integers summing to n, whichis O((n + M — 1)!). In this section,
we provide an approximation that avoids explicit computation of this sum for higher orders. We
employ a method (similar to Richardson extrapolation [22]) that is based on a polynomial fit of the
convergence rate for the lower bound property discussed in Theorem 4.3. From Taylor’s theorem,
we know that a function can be represented as f = T, + R,,, where T, is the nt? order Taylor
polynomial and R,, = O(a™) is the remainder. Rewriting this in terms of the Taylor polynomial, we

observe that T,, = —R,, + f = Sa™ + 1. We take 8 < 0 to represent the negative scale factor in
front of the remainder, and 0 < a < 1 to model the decay of the remainder.
Hy o (p(x) = B-a" +1) (18)

We require three consecutive orders of our Taylor series approximation, HZ  (p(z)), HT +1.a(0()),

n,a

and flg +2.4(p()), to solve for the three unknown parameters:

qY (p(z)) =B a" +17
ﬁg+1,a(p(z)) =g-a" 41
HE o (p(z) =B - a2 41,

Since 0 < a < 1, lim,,_, o, fa™ = 0, indicating that we aim to solve for 77 as our approximation of
the limit of the Taylor series entropy.

_ (FIJT\LLG(Z?(JC)) - Hfrfz,a(p(x)))Q
HE (p(x)) — 2HE | ,(p(x)) + HE _, ,(p())

HE (p(x) =n = HY_, ,(p(x)) (19)

This approach assumes that the Taylor series converges according to Eqn. (18), which is not the case
in general. Identifying the exact rate of convergence is a topic of future work. Nevertheless, this
simple approximation has shown higher accuracy in practice with negligible additional computation,
as demonstrated in the experiments of Sec. 6. With a slight abuse of terminology, we refer to this
approach as the Taylor limit. We do not apply this method to the Legendre approximation (Eqn. (16))
as it doesn’t maintain a lower bound during its convergence. Although equivalent methods have
been considered to model potential oscillation convergence, in practice, we do not find an increase in
accuracy.

5 Related Work

Numerous approximation methods exist in the literature for estimating entropy and related information
measures, such as mutual information and Kullback-Leibler divergence, in the context of Gaussian
Mixture Models (GMMs). Monte Carlo estimation, deterministic bounds using Jensen’s inequality,
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Figure 2: Scalar GMM example is plotted on the left. The variance of a component of a two component GMM is
varied between o3 € (0, 1] as in theory according to Theorem 3.1, the example will be divergent where o3 < .46
and convergent above. We plot the fourth order of each method and see that Huber et al.’s approximation does
diverge where the theory predicts. Two dimensional GMM with five components is consider on the right. Here
the mean of a single component is shifted from us = [—3, —3]% to us = [3, 3]. We consider the third order
approximation of each method and see that Huber et al. is poorly behaved. In both examples, we see that our
Taylor method is a lower bound (Theorem 4.3), the Taylor limit provides higher accuracy, and Our Legendre
method is a highly accurate approximate.

best-fit moment matched Gaussians, and numerical integral approximations based on the unscented
transform have been explored [16, 14, 15]. This paper focuses on the Taylor approximation by Huber
et al., an alternative Taylor approximation is proposed by Sebastiani [24], which assumes a shared
covariance matrix among GMM components in the high variance setting. However, neither Huber
et al. or Sebastiani provide theoretical analysis or convergence guarantees offered in our present
work. An analysis conducted by Ru et al. [23] explores the efficiency of Huber et al.’s method and
demonstrates that deterministic quadrature methods can be equally fast and accurate in a single
dimension, however quadrature methods scale poorly with dimension, at O(N?) where N is the
number of quadrature points per dimension and D is the dimension of the problem.

Variational approximations and bounds are also widely explored for estimating entropy and mutual
information (MI). Much of this work is motivated by the use of Gibbs’ inequality, which leads to
bounds on entropy and MI [1]. Later work explored similar techniques for upper and lower bounds
on MI [21, 10]. More recent work uses artificial neural networks (ANNs) as function approximators
for a variety of information-theoretic measures based on differential entropy. The MI neural estimator
(MINE) uses such an approach for representation learning via the information bottleneck [2] based on
the Donsker-Varadhan (DV) lower bound on KL [9]. Related methods use ANNs for optimizing the
convex conjugate representation of Nguyen et al. [20]. McAllester and Stratos [19] show that many of
these distribution-free approaches based on ANN approximation rely on Monte Carlo approximations
that have poor bias-variance characteristics which they provide their own Difference of Entropies
(DoE) estimator that achieves the theoretical limit on estimator confidence.

6 Experiments

We consider two experiments, a synthetic GMM section where we look at divergence of Huber et
al. approximation (Eqn. (10)) and convergence of our three methods, our Taylor (Eqn. (12)), Taylor
limit (Eqn. (19)), and our Legendre (Eqn. (16)). Furthermore, we give comparisons of accuracy and
computation time across a variety of setting of approximation order, number of GMM components,
and dimension for all methods. We then show our how our methods can be applied in practice to
Nonparametric Variational Inference [11] where the convergence guarantees of the estimators has a
noticeable accuracy improvement on their algorithm.

6.1 Synthetic Multivariate GMM

To highlight the theoretical properties, such as convergence, divergence, accuracy, and lower-bound
of methods as discussed in Sec. 4, we will consider some synthetic GMMs. We create two GMMs
similar to the example published in [15] (original experiment recreated in A.5). We consider a single
and multi-dimensional dimensional case that satisfy the divergence criterion in Theorem 3.1. We also
look at a time and accuracy analysis versus dimension, components, and polynomial order.
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Figure 3: Dimension (left) of a two-component GMM varies from zero to fifty, for the second order of each
method. Our methods show comparable accuracy and computation time to Huber, regardless of dimension.
Number of components (middle) in a two-dimensional GMM is considered for the second order approximation
of all methods. Huber et al. and our Legendre approximations are nearly equivalent in accuracy, while the Taylor
series and Taylor limit serve as lower bounds. Computation time for all our methods is identical and comparable
to Huber et al., deviating only at high numbers of components. Order (right) of each approximation is varied
for a three-dimensional, two-component GMM. Huber et al. is plotted up to order three, as higher orders are
restrictive due to tensor arithmetic and Taylor limit starts at order two as it requires three consecutive terms.

Scalar GMM In this experiment, we consider a scalar GMM as fourth order and above cannot
be easily computed in higher dimensions for Huber et al. due to tensor arithmetic. We use a simple
two-component GMM with parameters w; = 0.35, we = 0.65, 1 = —2, uo = —1, a% = 2, and
o3 € (0,1]. We are changing the variance of the second Gaussian, o3, in the range (0, 1] because
the condition for divergence in Theorem 3.1 (p(z = 1) < 3p(z = po)) is satisfied approximately
when 03 < 0.46 meaning this experiment should have regions of both convergence and divergence
for Huber et al. approximation. Fig. 2 (left) shows the fourth order approximations of all methods.
We see that the Huber et al. approximations diverges as expected in the range where 05 < .46. Our
Taylor method remains convergent and accurate for all values while maintaining a lower bound.
Again, our limit method gains us some accuracy and still manages to be lower bound. In this case,
we see that the Legendre approximation is a near perfect fit for the entropy.

Multivariate GMM To demonstrate that divergence is not limited to single dimension or higher
orders, we consider a five-component, two-dimensional GMM with the parameters w; = .2 Vi,
H1 = [05 O]T’ M2 = [3a 2]T’ M3 = [17 _'S]T’ Ha = [257 1'5]T7 M5 = C[lv 1]T for ¢ € [_37 3]’
Y1 = 28I, ¥y = 3I, and X3 = ¥y = ¥5 = 2I, where I, is the two dimensional identity
matrix. This examples shifts the mean of the fifth component to show that simply the location of
components can make the Huber et al. approximation behave poorly. Fig. 2 (right) shows the third
order approximation of each method. We see that Huber et al. is clearly not well behaved in this case
even with low order approximation. Furthermore, we continue to see a lower bound by our Taylor
method, an increased accuracy from out limit method, and that the Legendre approximation is very
close to the true entropy.

6.1.1 Computation Time

In this experiment we empirically analyze the computation time of each method as a function of
Gaussian dimension, number of Gaussian components, and the order of each polynomial approxima-
tion. The baseline of each method will be compared to the Monte Carlo estimation of entropy using

L = 1000 samples {z; }jL:1 ~ p. The Monte Carlo estimator is given by H = 1 > (= logp(z;)).

Dimension In Fig. 3 (left), we evaluate the accuracy and computation time for 30 two-component
GMMs per dimension in the range of [1, 50]. Comparing second order approximations of all methods
against the Monte Carlo estimator, our polynomial approximations demonstrate similar accuracy and



nearly identical computation time. The results are comparable to Huber, indicating that our methods
preserve accuracy and computation efficiency while providing convergence guarantees.

GMM Components In Fig. 3 (middle), accuracy and computation time are presented for 30
two-dimensional GMMs with varying numbers of components (from 1 to 20) using second order
approximations. Legendre and Huber methods show slightly higher accuracy compared to our
Taylor approximation and Taylor limit. Notice, Huber’s standard deviation also increases with more
components, due to the increased likelihood of satisfying the divergence condition in Theorem 3.1.
Computation time remains similar for all methods, but is more prohibitive for higher components.

Polynomial Order Fig. 3 (right) shows as the order of the polynomial approximation increases for
two-component GMMs in three dimensions. Legendre and Huber methods show higher accuracy
compared to Taylor approximation and Taylor limit. Huber is limited to order 3 due to Tensor
arithmetic, while Taylor limit starts at order 2 as it requires multiple orders. Computation times are
similar across all methods. Notice no accuracy is gained from zero to first order and from second to
third order in Huber’s approximation due to relying on odd moments of Gaussians which are zero.

6.2 Nonparametric Variational Inference

Consider a target density p(x, D) with latent variables 2 and observations D. The NPV approach [11]
optimizes the evidence lower bound (ELBO), log p(z, D) > max, Hy(p(x, D)) — He(q(x)) = L(q)
w.r.t. an m-component GMM variational distribution ¢(z) = & >, N'(z|u;, 0214). The GMM

entropy lacks a closed-form so NPV applies Jensen’s lower bound as an approximation, H ,}7 (g(x)).
The cross entropy also lacks a closed-form, so NPV approximates this term using the analogous
Huber et al. Taylor approximation. Specifically, NPV expands the log density around the means of

each GMM component as, "
V21 n .
Z Z VWi, (@ - ) = B 0) @0

However, Eqn. (20) is subject to the dlvergence criterion of Theorem 3.1 if 2p(u;) < max(p(x)).
By replacing the entropy terms with our convergent series approximations we observe significant
improvements in accuracy.

In our approach, we will highlight and address two problems with the NPV algorithm; the potential
divergence of H N ,(p(z)) and the poor estimation of the GMM entropy via H J(q(x)). To address

the potential divergence of H ]I\}’ .(p()), we will take motivation from the results found in [23] and
use a 2 point Gauss-Hermite quadrature method to approximate H,(p(x)). This method will be
a limiting factor in scaling the NPV algorithm in dimension, however it guarantees that the cross-
entropy approximation will not diverge. This alteration leads to a solution for the inconsistency of
the ELBO approximations. Then, Jensen’s inequality is a very poor approximation for entropy in
general, instead we will use the three methods we have introduced, our Taylor, Taylor limit, and our
Legendre, as the GMM entropy approximations for higher accuracy. Fig. 4 shows an approximation
of a two dimensional, three component mixture Student T distribution using a five component GMM
in the traditional NPV, our modified NPV algorithm with our Taylor and Legendre approximation.

The results, as seen in Fig. 5, highlight the accuracy of each method versus the number of components,
the order of our polynomial approximation, and the dimension of the GMM. In each experiment,
we are approximating a multivariate mixture T distribution, p(x). We randomize the parameters
of p(z) and the initialization parameters of the variational GMM, ¢(x), for optimization. The KL
is approximated using a 100000 Monte Carlo approximation after convergence of each algorithm.
We see that in all cases of components, order, and dimension, our method achieves significant
accuracy improvements. We see that we can use low order approximations to receive substantial
approximation improvement (Fig. 5 (middle)). We see all methods gain accuracy as number of
components increase (Fig. 5 (left)) however our methods see most of the accuracy improvements with
only a few components, whereas NPV has substantially worse approximations with low components.
Finally, we see we maintain a lower variance and KL than NPV with all our methods as the dimension
grows (Fig. 5 (right)). For further discussion of the experiment, see A.6.

7 Limitations

Our Taylor and Legendre methods ensure convergence and deliver comparable accuracy to that of
Huber et al. However, the computational complexity of these methods grows with the number of
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Figure 4: A three component mixture Student T distribution PDF (far-left) is approximated by a five component
GMM using traditional NPV (left), our algorithm using a 6** order Taylor polynomial (right), and Legendre
polynomial (far-right). We see that NPV both has issues with finding correct placement of means and sets the
variances of the GMM components to be too narrow. Our methods do a better job of assigning means and the
Legendre method seems to set the variances slightly better than our Taylor.
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Figure 5: The above figures show the accuracy of each method across varying components, orders, and
dimensions in approximating a multivariate mixture T distribution with a GMM. Our method consistently
improves accuracy significantly. Low order of the convergent estimators provide substantial approximation
improvement (middle). Most accuracy improvements are achieved with a small number of components, unlike
NPV (left) which continues to need higher number of components to see good accuracy return. The guaranteed
convergence of the approximation in higher dimensions seems to have a drastic improvement on accuracy ().

components, M, in the GMM, following an O((n + M — 1)!) time complexity, where n represents
the order of the approximating polynomial. This summation comprises only scalar terms and is
amenable to parallelization but may become prohibitively expensive for large M and n values.
Furthermore, our polynomial methods are specifically tailored to the entropy, Hy,(p(z)), and cross-
entropy, H,(¢q(x)), where both p(z) and ¢(z) are GMMs. In contrast, Huber et al.’s approximation
can be more readily extended to cross-entropy scenarios where g(x) pertains to any distribution
amenable to the construction of a second-order Taylor polynomial. This limitation hinders the broader
applicability of our approximation.

8 Discussion

We have provided novel theoretical analysis of the convergence for the widely used Huber et al. Taylor
approximation of GMM entropy and established that the series diverges under conditions on the
component means. We address this divergence by introducing multiple novel methods which provably
converge. We wish to emphasize that the Huber et al. approximation tends to yield accurate results
when it is convergent and the intention of this work is not to dissuade the use of this approximator.
Quite the contrary, this work encourages the use of either Huber et al. or our own estimator by
providing a solid theoretical foundation for both methods. We acknowledge that there are contexts in
which one method may be preferred over the other, for example when bounds are preferred, or when
convergence criteria are provably satisfied.

There are several areas that require further investigation. For example, one limitation of both methods
is that they scale poorly with polynomial order and number of components. In fact, Huber et al. cannot
easily be calculated for fourth order and above, due to tensor arithmetic. Our approximation works
well in practice, but is limited solely to GMM densities. Further work is necessary to efficiently apply
our convergent series to situations of cross-entropy’s that contain non-GMM distributions.
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A Appendix

A.1 Section 3 Proofs

Theorem 3.1 (Divergence Criterion for Huber et al.). Let p(x) = Z?; wN (x| iy X;) be a GMM
and consider the Taylor series presented by Huber et al. in Eqn. (5). If any mean component, |i;,
satisfies the condition p(p;) < $max(p(z)), then Huber et al.’s approximation diverges, otherwise it
converges.

Proof. Let f(y) = log(y), g(x) = p(z), and h(z) = f(g(x)) = log(p(z)). Huber et al. creates the
Taylor series in Eqn. (5) with N** order approximation

()
ZwThM, Zwlzh Mz)(ﬂc*m)", 1)

i=1 n=0

Let us consider just a single one of the Taylor series in Eqn. (21)

N R
Th Ny (2) = Z %(ﬁ — )", (22)
n=0 ’

By Theorem 3.4 in Lang!, the Taylor series of a composition of function is equivalent to the
composition of each components Taylor series, i.e., Th, v, (%) = Tt N,g(us) © Ty, N, () Where o is
the composition operation. Since p(z) is a GMM, is the sum of entire functlons and thus itself is
entire, meaning it’s Taylor series, T n.,,, (x), converges everywhere. We turn our attention to the
Taylor approximation of log, Tt g (,..)>

N
(_1)71—1 n
Ty N () () = log(p(1s) + otage @~ )™ (23)
n=1 Hi
We can look at the n'" term in the series, b,, = np(,);) - (y — p(p:))™, and use the ratio test to define
convergence.
. |bnta . (=" 1 ()"
lim =lim | ——————————(y — p(u; ”+7y p(u;))~"
n—00 n n—00 (n =+ 1)p(u7)n+1 ( ( )) (*1) ) ( ( ))

(=) np(pi)”  (y — p(ps)"™ !

= (=) (n+ Dp(pa)™ (y — ()™

= i [t ()

e " ‘y—p(m) ‘y—p(ui) _I
n—oo (n+1) | p(us) p(pi)

The ratio test states that the series converges if the limit, L, is strictly less than 1. However, setting
L =1 and some simple manipulation, we find

’y_p('u’) <1l = Jy—pw)l <plw) = y<2p(w) (24)

p(pi)

This only converges if all y < 2(p(p;). Consider the maximum, max(p(z)), if it satisfies this
condition, so will every other point, if it doesn’t satisfy this point, then the series is divergent by the
ratio test. So we have the convergent criterion max (p(z)) < 2p(u; ), or written in terms of divergence
criterion, we diverge if p(u;) < $max(p(z)). O

Lemma 3.2 (Convergent Taylor Series of Log). Ifa > $max(p(z)), then for all x

log(p(x)) = log(a +Z Z(Z)(a)”’“p(w)k (25)

k=0
"Lang, Serge. Complex Analysis. 4th ed. Sprlnger, 2013. ISBN 978-1-4757-3083-8.
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Proof. Consider the n” term in the sum

(~1)""

nan

by = (p(z) — a)"

The ratio test says if the limit of the absolute value of successive terms converges to a value strictly
less than one, then the series converges

. bn+1 . (_l)n n+1 na™ —n
nhjgo N _nhjgo W(P@) —a) W(?(ﬂﬁ) —a)
B N O L I OO
oo [(1)m7E (n+ Dant (p(z) —a)”
n

lim |————(p(z) —
Ay, Pl —a)

. |p@) —a|_|p@) —a]_,
n—oo (n+ 1) a a

We see that L < 1 Vz iff > imax(p(z)) in which case the series converges everywhere. O

Lemma 3.3 (Convergent Legendre Series of Log). If a > max(p(z)), and consider the n'" shifted
Legendre polynomial on the interval [0, a] in Eqn. (8). Then for x a.e.

S " ()" + (G + 1) log(a) — 1)
log(p(e)) = X (2n+1) G Loan®@) @6

Proof. Orthogonal polynomials can approximate any function a.e. that is continuous and square-

integrable (see Trefethen and Bau® and Gustafson®). In out case, Ly q],(y) live on Ly([0,a])

(referring to the second Lebesgue space on the interval [0, a]). This means all we have to show is that
. . . . . 2

log(y) lives in this domain which means |[log(y)||5 < oo

Mog(w)13 = [ " log(y)*dy = a((log(a) — 2)log(a) +2) < oo e

So we see that log(y) € L2([0, a]) and therefore it’s Legendre series is convergent.

For completeness, we now derive the Legendre series for log(y). We will appeal to Eqn. (8),

n 1)tk n+k
Lio,aln = D ko ((n)k)((k')’zy and (Ljo,a1,n(); Lio,a),n(y)) = 577 as found in [4]

(10g(y), Ljo,a.n(v))

thg

log(p(z)) P <L[O X n(y L[o,a],n(y)> L[O,a],n(p(x))
R B T e | R R ,
_TLZ_O a /0 1 g(y)kzzo (TL )( ) k dyL[O,a],n(p( ))
00 n n n+k n
=> 2 ; ! (( D) k),((k ;r ull /0 log(y)y"dyLo,a.n(p(x))
n=0 k=0
M4 1 = (1) k(nJrk)'akJrl ((k+1)log(a) — 1)
= Z g e 5 Lio,a1.n(p(2))
- D™ (n + k) ((k+1)log(a) — 1
- Z 21y e Fola o)
which we know is convergent from the above discussion O

*Trefethen, Lloyd N., and David Bau III. Numerical Linear Algebra. SIAM, 1997.
3Grant B. Gustafson Differential Equations and Linear Algebra. 1999-2022.
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A.2 Section 4 Proofs

Lemma 4.1 (Closed form expectation of powers of GMMs). Let p(z) = Zf\il wN (z|p, 3;) be a
GMM and k be a non-negative integer. Then

k M NO|ps, ) 1=
Ebe= Y ( R ) S ( TT(weN Ol w‘f«)) (28)
Jitet+im=k JiseenIM i=1 N(O‘/b Z) t=1
where Y = (Z + Zt LISy Y~Yand p = Z(Z;lui + Ziil G5 ).
Proof. We will prove this statement by directly expanding out each term
- L
]Ep[p(l")k} =E, <Z weN (2, Et))

t=1

| 2 () Tz

L1t +im=k
m m
= Z ( ) H wy )7 Zwl/./\/' x| i, i H () e, X¢))7* dx
G4t im=k Jisesdm t'=1 t=1

To combine the Gaussians under the integral, we appeal to the power of Gaussians (Lemma A.2.3)
and product of Gaussians (Lemma A.2.4)

- N ‘,LLt, It Et)

- Z (]17k7]m> H wt/ ]tl sz/'/\/ 33|/M: H
Jittim=k t'=1

—————dx
Pl |Jt(27TEt ], 1|1/2

k i Jf/ / (O‘,u/z’ z o (0|Ut7 It )
= . ‘ —t x|, $)da
2 (Jl,...,Jm> 11 |gt(27r2 )it— 1|1/ZZ OI/A, ) Nal, %)

14 tim=k =1

]\4 m
- 2 ) e (e oo
Jittim=k Jiseees Jm i=1 Ko t=1

where p = S(X7 p; + Et]‘il §¢57 1g) as defined from Lemma A.2.4. We see that we are left with
no integral and a closed form of the expectation of the powers of the GMM. O

Theorem 4.2 (Convergence of ]A{]E’a(p(x))). Let p(z) = Zi‘il wiN (z|pi, 2i) be a GMM and
choose a Taylor center such that a > Lmax(p(x)). Then, for Ffﬁ,a(p(:r)) defined in Egn. (12)

lim AY ,(p(x)) = H(p(x)) (29)

Proof. We start out with the definition of entropy and introduce in the approximation discussed in
Lemma 3.2

/szq’ ) log(p sz/% ) log(p(x))dx
- Zwl/ql <Zog + i %(p(w) - a)") dx



We now wish to swap the order of integration and of the infinite summation as shown in Lemma A.2.1

=— Z w (zog + Z / 2)(p(x) a)”dm)

= (tog(e) + % / (@) (o) - a)"dx)

nl

== 3w tog(a)+ 2 S () B [ <m>>’<])
=1 i=1 k=0

We can compute Eg, () [(p())"] using Lemma 4.1. The above term is equality for the Entropy,
simply truncating the inﬁnite summation gives a convergent approximation.

HY o(p sz (109 Z kzo (Z>(—a)”_kﬂ‘3qi<z> [(P(fff))k]) (30)
O

Theorem 4.3 (Taylor Series is Lower Bound of Entropy). Let p(z) = Zf\il wiN (z|p;, 3i) and
a > max(p(x)). Then, for all finite N

HE (p(x)) < H(p(x)) (31)

Proof. If a > max(p(z)), then we have the following lower bound

H(p(a)) =~ [ plo) g (o) = - / p(x) (logm) ) - a)”) dr
=— / <1og + Z S p<x>>”> dx

n=1

o0

—log(a) — /p(x) (Z n_ai (a — P(SC))"> dx
— log(a) + /p(iE) (Z %(a —p(x))"

3 e )
)

N

~log(@) + [ p(o) (Z o= o))"

n=1

since every term in the summation is positive due to a > p(x) Vz, then truncating the series only
removes positive terms, leaving us with a lower bound. O

Theorem 4.4 (Upper bound on maximum of a GMM). Let p(x) = Zf\il wiN (z|pi, 2i), then

M
max(p(z)) < a= Zwi \27TZZ»|7% (32)

Proof. We need to find an upper bound on max(p(z))

max(p(z)) =max <Zw1 (x| s, z)
M
<Zwlmax (z|pi, 24) :Zwi|2ﬂ2¢\7§
i=1
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We simply have bound the maximum of the combination by combining the maximum of every
component in the GMM. O

Theorem 4.5 (Convergence of ﬁﬁ,’a(p(x))). Let p(z) = Zi‘il wiN (z|pi, 2i) be a GMM and
choose an interval such that a > max(p(z)). Then for H’]%,,a(p(:r)) defined in Egn. (16)

Jim A5, (p(x)) = H(p(x)) (33)

Proof. We start out with the definition of entropy and introduce in the approximation discussed in

Lemma 3.3
/Z wzQz IOg Z W; / Ch IOg )d

M o0
_ ny (o <log(y),L[ ]n(y)> N
) ; Z/ql( );@[Oa] ®); Lio,a (y)>L[°’a]’”(p( )

__Zwlz [ oo (lo8(w): Lioal (y()>)>L[o,a],n<p<x>>dx

Oa], y) L[Oa n

We swapped the order of i 1ntegrat10n and of the infinite summation as shown in Lemma A.2.2. We
simplify computation that are recreated in Theorem 3.3

= IOg 0 ,al,m
1 1 L CL '"/ d
Z 5 (Lio,aln L[o alin Z v /q 0.0} (P(2))

n

“Z@” ) (—1)”“(n+j) ((G+1) log sz N el Gt ()k]

< (n = DNG+ 1)) ) IR
:_ZQH 3 L +J)'((J+1)10g(a)*1)z(*1)”% i o]
= (= DG+ 12 2k 2 ik

We can compute Ey, () [(p(x))*] using Lemma 4.1. Simply truncating the infinite summation gives
the approximation.
N n

. —1)" M (n 4+ UG + 1) log(a) — 1) D™ (n + k)!
HN*“(p(‘””:‘Z@”“) e CEriI(FE31) D P reer Zw’ o [ple)]

which limpy oo H ( (x)) = H(p(zx)) as the above series is exactly equal to the entropy. O

o

=0 J

Here, we address a few of the assumptions we made in the above derivations. We start with the ability
to swap the order of the integral and infinite sum for the Taylor series.

Lemma A.2.1 (Swapping Integral and Infinite Sum (Taylor)). Let a > fmax(p(x)), then
o (o)
(R n (=) n
3 s —ara =3 [ Coa @66 —ari

Proof. For simplicity of notation, let ¢ = sup ‘%‘ < 1 since a > lmax( (x)). We then appeal

to Fubini Tonelli theorem Which states that if [ Y| f,(z)|dz < coorif - [|f,(z)|dz < oo, then

/ L a@) (o) o)

QU
8
I
(]
3|
R
—~
8
~
7 N
=l
/\
\_/
|
8
N———
I

17



We know that >~°°, %L < oo because of the ratio test again

n+1

c n

n—+1c*

lim
n—oo

. n
= lim c=c<1
n—oon 4+ 1

So we see that Fubini-Tonelli holds so

/ Z %qi(x)(p(x) —a)"dz = Z / %Qi(@(p(ﬂﬁ) —a)"dz

‘We now consider the case for the Legendre series
Lemma A.2.2 (Swapping Integral and Infinite Sum (Legendre)). Let a > max(p(x)), then

/ ()3 AW Lo @) _p dff—Z / (o8 ®): Loasn W)y o)

0,
i1 <L[O,a],n(y)>L[O,a],n(y)> L[O al,n ) L[O,a],n(y)> (0.el

Lio,q],n (P(x))
<L[O,a],n(y)7L[O,a],'n(y)
orthonormal polynomials and then use Cauchy-Schwartz on the remaining term

Z / <10g L[O,a],n(y)>

( )v L[O,a],n(y

. qi(2)L{g,a),n (p(2))
B g <1 g L[O aln ( )> / <L[0,a],n (y)v L[O,a],n(y)>

<3 Nog@) || Lpan @I [ 6@)da
<3 osIPEon )l [ o

:ia (log(a) — 2)log(a )+2)<2 +1> /Narluu E;)dx

1

=a’((log(a) — 2) log(a) + 2) ; @17 =%

Proof. We again appeal to Fubini-Tonelli. We will use that

>’ < 1 asitis the

QZ dx

)>L[o,a],n(17($))

dzr

So we see that since the absolute value is finite, then Fubini-Tonelli applies and we can swap the
order of the integral and infinite summation. O

The next thing we show is the relations we used for powers of Gaussians.

Lemma A.2.3. Powers of a Gaussian
_1 1
N(z|p, 2)" = [n(2rS)" " 2N <x|u, nE)

Proof. We are going to do an inductive proof and rely on the well known relation of products of
Gaussians
N (z|a, A)N (z|b, B) = N (z|d, D)N (a|b, A + B)

Where D = (A1 + B—1)"tandd = D(A ta + B~'b).
Base Case: n = 2

N (@i, £)? =N (z|u, D)N (2|, %) (34)
1 _1 1

In this case, we get that D = (871 + ¥—1)"! = 1Y andd = {5(S 7'+ X7 1p) = p. We also
see that N (u|u, 2X0) is being evaluated at its maximum, which just leaves the scaling term out front
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of the exponential in the Gaussian, |27X|™ 2
1
Inductive step: Assume that N (|, )" = |n(27% "‘1‘ 2N (z|p, LX), then we wish to show

that N(z|u, £)" 1 = |(n + 1)(2rE)" |“N (elp 5=

B)" =N (2], B)"N(z|p, )

= ‘n(QWE)"_lré N <x|,u, iZ) N(z|u,X)

N(z|p,

n+1

_1 1
N e R S R

1
1|2 1
ot 2‘ N (xlu, 2)
n n—+1

—|(n+1)(27%)"| "2 (W’ ilz)

=|n(2rs)" "t ?

-1
Here, D = ((%E)_l—&—Z_l) = 2gYandd = 5% ((%Z)_lu—l—E_l/O = u. O

We finally show the product of Gaussians that we used. We keep the exact same notation used in the
derivation of the entropy Taylor series so the terms may be more easily identified.

Lemma A.2.4. Product of a Gaussians
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Proof. We will simply expand out the product of Gaussians, collect like terms, complete the square, and then
recollect exponentials into Gaussians evaluated at 0.
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Figure 6: Well-Behaved GMM example is plotted on the left. The entropy of a five-component, bivariate GMM

is plotted as a function of the location of the fifth component ps € [—3, 3]. We show the true entropy, the 31
order of Huber et al.’s approximation and our two methods, along with our approximate limit.

A.4 Extensions to Cross-Entropy

Our main results on GMM entropy approximation also extend to the cross-entropy between
different GMMs. We can instead consider H,(q(v)) = —E,)[log(q(z))] where p(z) =

Zij\i1 wiN (x|, 2 ) and ¢(z) = Zf\il wiN (x|, Z) The series representations of log(+) stay
unchanged however we must choose a center point that allows the series to converge with respect
to the inner GMM, ¢(x). This means Theorem 3.2, Theorem 3.3, Theorem 4.2, Theorem 4.3, and
Theorem 4.5 need to be reformulated so that a > max(q(x)) (or the respective a > fmax(q(z)). We
do not formally restate these theorems here for brevity. We instead provide a sketch of how the results
extend to the cross-entropy setting. Choosing the bounding a of the max found in Theorem 4.4 can
simply be altered so that

M
max(q(z) <a=Y @

%

_1
2

The analogous proofs will all hold in this case. The final alteration that needs to be made is to
Theorem 4.1. Again, following the exact same proof, just switching notation and being careful, one
can find that

M = M
El@)f = 3 (j ’fjA)Zm N O, 2:) HANomt, | e
1,...,M

N (0
g1t tig=k i=1 N (Ol B) t=1

~-1 =1 ~-1 1

where ¥ = (3, + XM 5% ) landp = (% [+ 0L, 5 fir). The result is the
same form, however has much more convoluted notation and hence dropped from the main paper as
an attempt to bring clarity to the methods being discuss without unnecessary notation.

A.5 Recreation of Huber et al Experiment

Here we reproduce the experiment of [15] of a five-component bivariate GMM with uniform weights

=02fori = 1,....5, u1 = [0,0]7, po = [3,2]7, us = [1,= 0.5]7 puy = [2.5,1.5]7,
ps = c- [1, 17, 3 = diag(0.16,1), X9 = diag(1,0.16), and X3 = ¥y = %5 = diag(0.5,0.5).
We vary the position of the fifth mean (u5) in the range [—3, 3]. Fig. 6 (left) reports the third order
Taylor approximations from both Taylor approximations, the Legendre approximation, as well as our
approximate limiting method.

Huber et al. is accurate in the well-behaved case, but does not have any convergence guarantees nor
is it a bound. Our proposed Taylor approximation sacrifices some accuracy, but is always a lower
bound (Theorem 4.3) and is convergent (Theorem 4.2). We also note that our naive limit method does
gain us substantial accuracy and is still a lower bound—though we have not proven the bound property
for this approximation. We notice that our Legendre approximation has comparable accuracy to
that of Huber et al. in this well behaved case but has the advantage that it is guaranteed to converge
(Theorem 4.5) and that we can compute higher order approximations that are difficult to define for
the Huber et al. approximation.
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Figure 7: The above figures show the accuracy and computation time of each method across varying components,
orders, and dimensions in approximating a multivariate mixture T distribution with a GMM. Our method
consistently improves accuracy significantly. Higher order approximations do not increase computation time
(bottom middle), and even low order approximations provide substantial improvement (top middle). Most
accuracy improvements are achieved with a small number of component, unlike NPV (top left) which continues
to need higher number of components to see good accuracy return. Our computation time increases with
dimension due to less salable cross-entropy approximation with Gauss-Hermite quadrature (bottom right)
however the guaranteed convergence of the approximation seems to have a drastic improvement on accuracy
(top right).

A.6 Nonparametric Variational Inference

Consider a target density p(x, D) with latent variables = and observations D. The NPV approach [11]
optimizes the evidence lower bound (ELBO),

logp(x) > max Hy(p(z,D)) — Hy(q(z)) = L(q) (37)

w.r.t. a m-component GMM variational distribution g(z) = + Y1 N'(z|u;,0214). The GMM
entropy lacks a closed-form so NPV applies Jensen’s lower bound as an approximation,

Hy(q(x)) = —Eq [log(q( szlog o [a(2)]) = H (a(x)) (38)

The cross entropy also lacks a closed-form, so NPV approximates this term using the analogous
Huber et al. Taylor approximation. Specifically, NPV expands the log density around the means of
each GMM component as,

M

2 O, N
Zwl Z v g )Eqi [(z — )"l = HN 4(p(2)) (39)

However, Eqn. (20) is subject to the divergence criterion of Theorem 3.1 if 2p(p;) < max(p(z)).
This approximation is often known as the multivariate delta method for moments. The authors use
these approximations of the entropy and cross entropy to create the following two approximation of
the ELBO.

L1(q) = H (p(x)) — H](q(x))  La2(q) = Hi',(p(x)) — H] (q(x)) (40)

Gershman et al. (2012) use the two approximations because optimizing ﬁfq (p(x)) with respect to
the mean components, p; requires computing a third order, multivariate derivative of log(p(x)) which
is computationally expensive. The authors iterate between optimizing the mean components, fi;,
using £1(q) and optimizing the variance components, o2, using £2(q) until the second approximate
appropriately converges §L2(q) < .0001.
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In our approach, we will highlight and address three problems with the NPV algorithm; the potential
divergence of H ﬁ 4(p()), the inconsistent ELBO approximations, and the poor estimation of the

GMM entropy via H;/(g(x)). To address the potential divergence of H ,(p(2)), we will take
motivation from the results found in [23] and use a 2 point Gauss-Hermite quadrature method
to approximate H,(p(z)). This method will be a limiting factor in scaling the NPV algorithm
in dimension, however it guarantees that the cross-entropy approximation will not diverge. This
alteration leads to a solution for the inconsistency of the ELBO approximations. Since the quadrature
method does not require any derivatives of log(p(z)) w.r.t. the mean components of the GMM,
we can now optimize the means and variances simultaneously on the same ELBO approximation.
Finally, Jensen’s inequality is a very poor approximation for entropy in general, instead we will use
the three methods we have introduced, Taylor, Taylor limit, and Legendre, as the GMM entropy
approximations for higher accuracy. Fig. 4 shows an approximation of a two dimensional, three
component mixture Student T distribution using a fiver component GMM in the traditional NPV,
using our Taylor approximation and our Legendre approximation.

The results, as seen in Fig. 5, highlight the accuracy and computation time of each method versus the
number of components used, the order of our polynomial approximation used, and the dimension of
the GMM. The accuracy is the same as seen in Section 6, the new information here is the computation
time of each method. We see that the order of the method has very little impact on the computation
time of our algorithm. We even see most of the accuracy improvement at around order 2 or 3 so
staying in a low order approximation seems advisable. We do see that the component does increase
our time by a bit compared to that of traditional NPV. The source of the computation time increase
in our methods comes from more iterations in the optimization. Each evaluation of the (ELBO)
approximator are near equivalent but since we are converging to a better optimum, this take more
iteration steps than NPV. Finally, we see that dimension does have a large impact on our method.
The source of this computation increase come from our Gauss-Hermite approximation of the cross
entropy. The number of quadrature points used 2 per dimension D, so we are computing with 27
points, which clearly scale poorly with dimension. We are seeking better ways of computing the
cross-entropy of a GMM with any non-GMM function that is both convergent and computationally
fast, however this was not the focus of the paper and no method was considered yet.
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