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Abstract

We develop EigenVI, an eigenvalue-based approach for black-box variational infer-
ence (BBVI). EigenVI constructs its variational approximations from orthogonal
function expansions. For distributions over R”, the lowest order term in these
expansions provides a Gaussian variational approximation, while higher-order
terms provide a systematic way to model non-Gaussianity. These approximations
are flexible enough to model complex distributions (multimodal, asymmetric), but
they are simple enough that one can calculate their low-order moments and draw
samples from them. EigenVI can also model other types of random variables (e.g.,
nonnegative, bounded) by constructing variational approximations from different
families of orthogonal functions. Within these families, EigenVI computes the
variational approximation that best matches the score function of the target distri-
bution by minimizing a stochastic estimate of the Fisher divergence. Notably, this
optimization reduces to solving a minimum eigenvalue problem, so that EigenVI
effectively sidesteps the iterative gradient-based optimizations that are required
for many other BBVI algorithms. (Gradient-based methods can be sensitive to
learning rates, termination criteria, and other tunable hyperparameters.) We use
EigenVI to approximate a variety of target distributions, including a benchmark
suite of Bayesian models from posteriordb. On these distributions, we find that
EigenVI is more accurate than existing methods for Gaussian BBVI.

1 Introduction

Probabilistic modeling is a cornerstone of modern data analysis, uncertainty quantification, and
decision making. A key challenge of probabilistic inference is computing a target distribution of
interest; for instance, in Bayesian modeling, the goal is to compute a posterior distribution, which is
often intractable. Variational inference (VI) [5, 21, 45] is a popular method for scalable probabilistic
inference that has worked across a range of applications. The idea behind VI is to approximate the
target distribution by the closest member of some tractable family.

One major focus of research is to develop black-box algorithms for variational inference [6, 15,
23,27, 32, 37, 40, 44, 46]. Algorithms for black-box variational inference (BBVI) can be used to
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approximate any target distribution that is differentiable and computable up to some multiplicative
(normalizing) constant; as such, they are extremely flexible. These algorithms have been widely
implemented in popular probabilistic programming languages, and they are part of the modern
toolbox for practitioners in computational statistics and data analysis [1, 4, 7, 13, 43].

Traditionally, the variational approximations in BBVI are optimized by minimizing the Kullback-
Leibler (KL) divergence between the variational family and the target (equivalently, maximizing the
ELBO). This strategy is powerful and scalable, but it relies on stochastic gradient descent (SGD),
which can be difficult to tune [10, 11, 51]. These difficulties can be acute even for Gaussian variational
approximations [27, 40], particularly if these approximations employ full covariance matrices.

More recently, researchers have proposed algorithms for Gaussian BBVI that do not require the use
of SGD [6, 37]. Instead of minimizing the KL divergence, these methods aim to match the scores, or
the gradients of the log densities, between the variational distribution and the target density. These
methods exploit the special form of Gaussian distributions to derive closed-form proximal point
updates for score-matching. These updates are as inexpensive as SGD, but not as brittle. They show
that score-based BBVI can be applied in an elegant way to Gaussian variational families.

In this paper, we show that score-based BBVI also yields simple, closed-form updates for a much
broader family of variational approximations. Specifically, we propose a new class of variational
families constructed from orthogonal function expansions and inspired by solutions to the Schrodinger
equation in quantum mechanics. These families are expressive enough to parameterize a wide range
of target distributions; at the same time, the distributions in these families are sufficiently tractable
that one can calculate low-order moments and draw samples from them. In this paper, we mostly
use orthogonal function expansions to construct distributions supported on R?; in this case, the
lowest-order term in the expansion is sufficient to model Gaussian behavior, while higher-order terms
account for increasing amounts of non-Gaussianity. More generally, we also show how different basis
sets of orthogonal functions can be used to construct variational families over other spaces.

To optimize over a variational family from this class, we minimize an estimate of the Fisher divergence,
which measures the scores of the variational distribution against those of the target distribution. We
show that this optimization reduces to a minimum eigenvalue problem, thus avoiding the need for
gradient-based methods. For this reason, we call our approach EigenVI.

We study EigenVI with a variational family constructed from weighted Hermite polynomials. We
first demonstrate the expressiveness of this family on a variety of multimodal, asymmetric, and heavy-
tailed distributions. We then use EigenVI to approximate a diverse collection of non-Gaussian target
distributions from posteriordb [35], a benchmark suite of Bayesian hierarchical models. On these
problems, EigenVI provides more accurate posterior approximations than leading implementations
of Gaussian BBVI based on KL minimization and score-matching.

The organization of this paper is as follows. In Section 2 we introduce the variational families that
arise from orthgonal function expansions, and we show how score-matching in these families reduces
to an eigenvalue problem. In Section 3 we review the literature related to EigenVI. In Section 4, we
evaluate EigenVI on a variety of synthetic and real-data targets. Finally, in Section 5, we discuss
limitations and future work.

2 Score-based variational inference with orthogonal function expansions

In this section we use orthogonal function expansions to develop new variational families for ap-
proximate probabilistic inference. In Section 2.1, we review the basic properties of these expansions.
In Section 2.2, we introduce a score-based divergence for VI with these families; notably, for this
divergence, the optimization for VI reduces to an eigenvalue problem. Finally in Section 2.3, we
consider how to use these variational approximations for unstandardized distributions; in these
settings we must carefully manage the trade-off between expressiveness and computational cost.

2.1 Orthogonal function expansions

Let Z C RP denote the support of the target distribution p. Suppose that there exists a complete set of
orthonormal basis functions {¢y(2)}7° | on this set. By complete, we mean that any sufficiently well-
behaved function f : Z — R can be approximated, to arbitrary accuracy, by a particular weighted



Table 1: Examples of orthogonal function expansions in one dimension. The basis functions in the
table are not normalized, but they can be rescaled so that their squares integrate to one.

support orthogonal family basis functions ¢y (-)

z €[-1,1] Legendre polynomials {1, 2,322 —1,52°~32,...}
z=¢€%¢c St Fourier basis {1, cos0,sin b, cos 20,sin 20, ...}
z € [0, 00) weighted Laguerre polynomials e~ 52{1, 1—2,22—42+2,...}
zeR weighted Hermite polynomials e~ T {1, z, (22 —1), (2*—32),...}

sum of these basis functions, and by orthonormal, we mean that the basis functions satisfy
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where the integral is over Z. Define the K'"-order variational family Q to be the set containing all
distributions of the form

K 2 K
q(z) = (Z ak(bk(z)) where Za% =1, )
k=1 k=1

and where o, € Rfor k = 1,..., K are the parameters of the family Q. In words, Q contains
all distributions that can be obtained by taking weighted sums of the first K basis functions and then
squaring the result.

Eq. 2 involves a squaring operation, a sum-of-squares constraint, and a weighted sum. The squaring
operation ensures that the density functions in Qx are nonnegative (i.e., with ¢(z) >0 for all z € Z),
while the sum-of-squares constraint ensures that they are normalized:
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The weighted sum in Eq. 2 bears a superficial similarity to a mixture model, but note that neither the
basis functions ¢ (z) nor the weights « in Eq. 2 are constrained to be nonnegative. Distributions
of this form arise naturally in physics from the quantum-mechanical wave functions that satisfy
Schrodinger’s equation [16]. In that setting, though, it is typical to consider complex-valued weights
and basis functions, whereas here we only consider real-valued ones.

The simplest examples of orthogonal function expansions arise in one dimension. For example,
functions on the interval [—1, 1] can be represented as weighted sums of Legendre polynomials,
while functions on the unit circle can be represented by Fourier series of sines and cosines; see
Table 1. Distributions on unbounded intervals can also be represented in this way. On the real line,
for example, we may consider approximations of the form in Eq. 2 where

1 1
drii(2) = (V2rkt) 7 (e73) 7 Hy(e), @)
and Hy,(z) are the probabilist’s Hermite polynomials given by
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Note how the lowest-order basis function ¢ (z) in this family gives rise (upon squaring) to a Gaussian

distribution with zero mean and unit variance.

Figure 1 shows how various multimodal distributions with one-dimensional support can be approxi-
mated by computing weighted sums of basis functions and squaring their result. We emphasize that
the more basis functions in the sum, the better the approximation.

Orthogonal function expansions in one dimension are also important because their Cartesian products
can be used to generate orthogonal function expansions in higher dimensions. For example, we can



K=1 == K=6 === target K=1 == K=7 K=1 = K=5
—— K=3 =— K=10 —— K=3 == K=11 ——— K=3 = K=7
» 0.5
0.5
0 o N
0 n 2 -3 0 3
(a) Legendre polynomial expansion (b) Fourier series expansion (c) Hermite polynomial expansion

Figure 1: Target probability distributions (black dashed curves) on the interval [—1, 1] (left), the unit
circle (middle), and the real line (right), and their approximations by orthogonal function expansions
from different families and of different orders; see Eq. 2 and Table 1.

approximate distributions over (say) R? by
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where (;j, € R now parametrize the family. Note that there are a total K K2 K3 parameters in the
above expansion, so that this method of Cartesian products does not scale well to high dimensions if
multiple basis functions are used per dimension. Note that the same strategy can also be used for
random variables of mixed type: for example, from Table 1, we can create a variational family of
distributions over R x [—1, 1] x [0, 0o) from the Cartesian product of orthogonal function expansions
involving Hermite, Legendre, and Laguerre polynomials.

As shown in Figure 1, the approximating distributions from K'"-order expansions can model the
presence of multiple modes as well as many types of asymmetry, and this expressiveness also extends
to higher dimensions. Nevertheless, it remains tractable to sample from these distributions and even
to calculate (analytically) their low-order moments, as we show in Appendices A and B.

For concreteness, consider the distribution over R? in Eq. 6. The marginal distribution q(z1) is

q(z1) = /Q(21722723) dzp dz3 = Z Zﬂijkﬂi/ﬂc ¢i(21)dir (21), N

it | jk

and from this expression, moments such as E[z;] and Var[z;] can be calculated by evaluating integrals
involving the elementary functions in Table 1. (In practice, these integrals are further simplified by
recursion relations that relate basis functions of different orders; we demonstrate how to compute the
first two moments for the normalized Hermite family in Eqs. B.19 and B.22.)

To generate samples {2}, each dimension is sampled as follows: we draw zgt) ~ ¢(z1) by comput-
ing the cumulative distribution function (CDF) of this marginal distribution and then numerically
inverting this CDF. Finally, extending these ideas, we can calculate higher-order moments and obtain
joint samples via the nested draws

ZY) Zét) Z:(,,t)

~q(z1), ~q(z2 | 21), ~ q(z3 |21, 22). (8)

The overall complexity of these procedures scales no worse than quadratically in the number of basis
functions in the expansion. These extensions are discussed further in Appendices A and B.

2.2 EigenVI

In variational inference, we posit a parameterized family of approximating distributions and then
compute the particular approximation in this family that is closest to a target distribution of interest.
Eq. 2 constructs a variational family Q - from the orthogonal functions {¢y(z) }_, whose variational
parameters are the weights {ak}kf.{zl. We now derive EigenVI, a method to find ¢ € Q that is close
to the target distribution p(z).



We first define the measure of closeness that we will minimize. EigenVI measures the quality of an
approximate density by the Fisher divergence [18],

P(q,p) = / IV loga(z) — Vlog p(2)|12 a(2)dz, ©)

where V log ¢(z) and V log p(z) are the score functions of the variational approximation and target,
respectively. Suppose that ¢ and p have the same support; then the Fisher divergence vanishes if and
only if the scores of ¢ and p are everywhere equal.

Though p is, by assumption, intractable to compute, in many applications it is possible to efficiently
compute the score V log p at any point z € Z. For example, in Bayesian models the score of the
target posterior is equal to the gradient of the log joint. This observation is the main motivation for
score-based methods in probabilistic modeling [6, 31, 37, 48].

Here we seek the g € Q that minimizes Z(q, p). But now a challenge arises: it is generally difficult
to evaluate the integral for Z(q, p) in Eq. 9, let alone to minimize it as a function of ¢. While it is
possible to sample from the distribution g, it is not straightforward to simultaneously sample from
q and optimize over the variational parameters {c }5_, in terms of which it is defined. Instead,
we construct an unbiased estimator of %(q, p) by importance sampling, which also decouples the
sampling distribution from the optimization. Let {z%, 22, ... 25} denote a batch of B samples drawn
from some proposal distribution 7 on Z. From these samples we can form the unbiased estimator

5 . (2
m(2?)

HVIogq(zb) - Vlogp(zb)Hz. (10)
b=1

This estimator should be accurate for appropriately broad proposal distributions and for sufficiently
large batch sizes. We can therefore attempt to minimize Eq. 10 in place of Eq. 9.

Now we show that the minimization of Eq. 10 over ¢ € Qg simplifies to a minimum eigenvalue
problem for the weights {ay } ;. To obtain the eigenvalue problem, we substitute the orthogonal
function expansion in Eq. 2 into Eq. 10 for the unbiased estimator of %(q, p). As an intermediate
step, we differentiate Eq. 2 to obtain the scores

2 Z Oszgf)k (Zb)
Viegq(zt) = ==k =" 22 7 (11
( ) Zk oy, (Zb)
Further substitution of the scores provides the key result behind our approach: the unbiased estimator
in Eq. 10 is a simple quadratic form in the weights o := [a1, ..., ax] " of the orthogonal function
expansion,
Zx(¢.p) = o' Ma, (12)
where the coefficients of the quadratic form are given by
B
1
M, = Z W [QVrj)j (zb) — oy (zb)Vlogp(zb)] . [2V¢>k(zb) — gbk(zb)Vlogp(zb)} . (13)
b=1

Note that the elements of the K x K symmetric matrix M capture all of the dependence on the batch
of samples {z°} {73:1, the scores of p and ¢ at these samples, and the choice of the family of orthogonal
functions. Next we minimize the quadratic form in Eq. 12 subject to the sum-of-squares constraint
Dok ai = 11in Eq. 2. In this way we obtain the eigenvalue problem [8]

min @w , }:min a"Ma| =: Amin(M), 14
qegk{ (¢p)| = min [ ] = Amin(M) (14)
where Apin (M) is the minimal eigenvalue of M, and the optimal weights are given (up to an arbitrary
sign) by its corresponding eigenvector; see Appendix C for a proof. EigenVI solves Eq. 14.

We note that the eigenvalue problem in EigenVI arises from the curious alignment of three particular
choices—namely, (i) the choice of variational family (based on orthogonal function expansions),
(i1) the choice of divergence (based on score-matching), and (iii) the choice of estimator for the
divergence (based on importance sampling). The simplicity of this eigenvalue problem stands in
contrast to the many heuristics of gradient-based optimizations—involving learning rates, terminating
criteria, and perhaps other algorithmic hyperparameters—that are typically required for ELBO-based



BBVI[10, 11]. But EigenVI is also not entirely free of heuristics; to compute the estimator in Eq. 10
we must also specify the proposal distribution 7 and the number of samples B; see Appendix D for a
discussion.

The size of the eigenvalue problem in EigenVI is equal to the number of basis functions K in the
orthogonal function expansion of Eq. 2. The eigenvalue problem also generalizes to orthogonal
function expansions that are formed from Cartesian products of one-dimensional families, but in this
case, if multiple basis functions are used per dimension, then the overall basis size grows exponentially
in the dimensionality. Thus, for example, the eigenvalue problem would be of size K K K3 for the
approximation in Eq. 6, as can be seen by “flattening” the tensor of weights £ in Eq. 6 into the vector
of weights o = vec(3) in Eq. 2. Finally, we note that EigenVI only needs to compute the minimal
eigenvector of M in Eq. 14, and therefore it can benefit from specialized routines that are much less
expensive than a full diagonalization.

2.3 EigenVIin R”: the Hermite family and standardization

We now discuss the specific case of EigenVI for Z=R" with the Hermite-based variational family
in Eq. 4. For this case, we propose a transformation of the domain that serves to precondition or
standardize the target distribution before applying EigenVI. While this standardization is not required
to use EigenVI, it helps to reduce the number of basis functions needed to approximate the target,
leading to a more computationally efficient procedure. It also suggests natural default choices for the
proposal distribution 7 in Eq. 10.

Recall that the eigenvalue problem grows linearly in size with the number of basis functions. Before
applying EigenVI, our goal is therefore to transform the domain in a way that reduces the number of
basis functions needed for a good approximation. To meet this goal for distributions over R”, we
observe that the lowest-order basis function of the Hermite family in Eq. 4 yields (upon squaring) a
standard multivariate Gaussian, with zero mean and unit covariance. Intuitively, we might expect the
approximation of EigenVI to require fewer basis functions if the statistics of the target distribution
nearly match those of this lowest-order basis function. The goal of standardization is to achieve this
match, to whatever extent possible, by a suitable transformation of the underlying domain. Having
done so, EigenVI in R” can then be viewed as a systematic framework to model non-Gaussian effects
via a small number of higher-order terms in its orthogonal function expansion.

Concretely, we consider a linear transformation of the domain:

W=

Z=%"2(2—p), (15)
where 1 and Y are estimates of the mean and covariance obtained from some other algorithm (e.g., a
Laplace approximation, Gaussian variational inference, Monte Carlo, or domain-specific knowledge).
We then apply the EigenVI to fit a K th-order variational approximation §(Z) to the target distribution
p(Z) that is induced by this transformation; afterwards, we reverse the change-of-variables to obtain
the final approximation to p(z), i.e.,

qa(z) = q(2)|z| /2. (16)

Figure 2 shows why it is more difficult to approximate distributions that are badly centered or poorly
scaled. The left panel shows the effect of translating a standard Gaussian away from the origin and
shrinking its variance; note how a comparable approximation to the uncentered Gaussian now requires
a 16th-order expansion. On the other hand, after standardization, the target can be perfectly fitted by
the base distribution in the orthogonal family of reweighted Hermite polynomials. The right panel
shows the similar effect of translating the mixture distribution in Figure 1 (right panel); comparing
these panels, we see that twice as many basis functions (K =14 versus K =7) are required to provide
a comparable fit of the uncentered mixture.

Finally, we note another benefit of standardizing the target before fitting EigenVI; when the target has
nearly zero mean and unit covariance, it becomes simpler to identify natural choices for the proposal
distribution 7. Intuitively, in this case, we want a proposal distribution that has the same mean but
heavier tails than a standard Gaussian. In our experiments, we use two types of centered proposal
distributions—uniform and isotropic Gaussian—whose variances are greater than one.
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Figure 2: Higher-order expansions may be required to approximate target distributions (black) that
are not standardized. Left: approximation of a non-standardized Gaussian. Right: approximation of
the mixture distribution in Figure | after translating its largest modes away from the origin.

3 Related work

Several recent works have considered BBVI methods based on score-matching. These methods take
a particularly simple form for Gaussian variational families [6, 37]. The Fisher divergence [18] has
been previously studied as a divergence for variational inference [47]. Yu and Zhang [48] propose
minimizing a Fisher divergence for semi-implicit (non-Gaussian) variational families; the divergence
is minimized using gradient-based optimization. In another line of work, Zhang et al. [50] consider
variational families of energy-based models and derive a closed-form solution to minimize the Fisher
divergence in this setting.

More generally, there have many studies of VI with non-Gaussian variational families. One common
extension is to consider families of mixture models [14, 17, 36]; these are typically optimized via
ELBO maximization. BBVI algorithms have also been derived for more expressive variational
families of energy-based models [9, 22, 28, 29, 52, 53] and normalizing flows [3, 24, 25, 34, 39, 41].
However the performance of these models, especially the normalizing flows, is often sensitive to
the hyperparameters of the flow architecture and optimizer, as well as the parameters of the base
distribution [2, 11]. Other aspects of these variational approximations are also less straightforward;
for example, one cannot compute their low-order moments, and one cannot easily evaluate or draw
samples from the densities of energy-based models.

The variational approximation in EigenVI is based on the idea of squaring a weighted sum of basis
functions. Probability distributions of this form arise most famously in quantum mechanics [16].
This idea has also been used to model distributions in machine learning, though not quite in the way
proposed here. Novikov et al. [38] propose a tensor train-based model for density estimation, but they
do not consider orthogonal basis sets. Similarly, Loconte et al. [33] obtain distributions by squaring a
mixture model with negative weights, and they study this model in conjunction with probabilistic
circuits. By contrast in this work, we consider this idea in the context of variational inference, and
we focus specifically on the use of orthogonal function expansions, which have many simplifying
properties; additionally, the specific objective we optimize leads to a minimum eigenvalue problem.

4 Experiments

We evaluate EigenVI on 9 synthetic targets and 8 real data targets. In these experiments we use the
orthogonal family induced by normalized Hermite polynomials (see Table 1), whose lowest-order
expansion is Gaussian. Thus, this variational family can model non-Gaussian behavior with the
higher-order functions in its basis. We first study 2D synthetic targets and use them to demonstrate
the expressiveness of these higher-order expansions. Next, we experiment with target distributions
where we systematically vary the tail heaviness and amount of skew. Finally, we apply EigenVI to a
set of hierarchical Bayesian models from real-world applications and benchmark its performance
against other Gaussian BBVI algorithms.

4.1 2D synthetic targets

We first demonstrate how higher-order expansions of the variational family yield more accurate
approximations on a range of 2D non-Gaussian target distributions (Figure 3); see Appendix E.2
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Figure 3: 2D target functions (column 1): a 3-component Gaussian mixture distribution (row 1), a
funnel distribution (row 2), and a cross distribution (row 3). We report the KL(p; ¢) for the resulting
optimal variational distributions obtained using score-based VI with a Gaussian variational family
(column 2) and the EigenVI variational family (columns 3-5), where K = K K.

for details. We report an estimate of KL(p; ¢) above each variational approximation. The Gaussian
variational approximation is fit using batch and match VI [6], which minimizes a score-based
divergence. For EigenVI, the target distributions were not standardized before fitting EigenVI (we
compare the costs of the methods in Figure E.1), and the total number of basis functions is K = K3 K.

4.2 Non-Gaussianity: varying skew and tails in the sinh-arcsinh distribution

We now consider the sinh-arcsinh normal distribution [19, 20], which is induced by transforming a
multivariate Gaussian using parameters that control the amount of skew and the weight of the tails.
We construct several targets (D = 2, 5) of increasing amounts of non-Gaussianity in the skew or the
tails of the distribution, and we refer to these targets as slight skew and tails, more skew and tails, and
slight skew and heavier tails; see Appendix E.3 for details. In Figure 4a, we visualize the 2D targets
and the EigenVI fits along with their forward KLs. Before applying FigenVI, we standardize the
target using a mean and covariance estimated from batch and match VI [6]. In Figure 4b, we measure
the EigenVI forward KL under varying numbers of samples B and across increasing numbers of
basis functions, given by K = Hle K 4. We also present the forward KL resulting from batch and
match VI (BaM) and automatic differentiation VI (ADVI), which both use Gaussian variational
families and are run using the same budget in terms of number gradient evaluations. Next we consider
similar targets with D = 5, which are visualized in in Figure E.2, along with the resulting EigenVI
variational approximations. In Figure 4c, we observe greater differences in the number of importance
samples needed to lead to good approximations, especially as the number of basis functions increase.

4.3 Hierarchical modeling benchmarks from posteriordb

We now evaluate EigenVI on a set of hierarchical Bayesian models [7, 35, 42], which are summarized
in Table E.1. The goal is posterior inference: given data observations 1., the posterior of z is

p(z|z1:n) o< p(2)p(z1:8 | 2) =1 p(2), (17)
where p(z) is the prior and p(x1.n | z) denotes the likelihood.

We compare EigenVI to 1) automatic differentation VI (ADVI) [27], which maximizes the ELBO over
a full-covariance Gaussian family (ADVI), 2) Gaussian score matching (GSM) [37], a score-based
BBVI approach with a full-covariance Gaussian family, and 3) batch and match VI (BaM) [6], which
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Figure 4: Sinh-arcsinh normal distribution synthetic target. Panel (a) shows the three targets we
consider in 2D, and their resulting EigenVT fit. Panel (b) shows measures KL(p; ¢) for D = 2, and
panel (c) shows KL(p; ¢) for D = 5; the z-axis shows the number of basis functions, K =[], Kq.

minimizes a regularized score-based divergence over a full-covariance Gaussian family. In these
examples, we standardize the target using either GSM or BaM before applying EigenVI.

In these models, we do not have access to the target distribution, p(z | 1. ), only the unnormalized
target p. Thus, we cannot evaluate an estimate of the forward KL. Instead, to evaluate the fidelity
of the fitted variational distributions, we compute the empirical Fisher divergence using reference
samples from the posterior obtained via Hamiltonian Monte Carlo (HMC):

S
1
3 2 IVlogp(=*) = Vioga(=")[*,  =* ~ plz] a1.). (8)
s=1

Note that this measure is not the objective that EigenVI minimizes; it is analogous to the forward KL
divergence, as the expectation is taken with respect to p. We report the results in Figure 5, computing
the Fisher divergence for EigenVI with increasing numbers of basis functions. We typically found
that with more basis functions, the scores becomes closer to that of the target.

Finally, we provide a qualitative comparison with real-NVP normalizing flows (NFs) [12], a flexible
variational family that is fit by minimizing the reverse KL. We found that after tuning the batch-size
and learning rate, NFs generally had a suitable fit. We visualize the posterior marginals for a subset
of dimensions from 8schools in the top three rows, comparing EigenVI, the NF, and BaM. Here,
we observe that the Gaussian struggles to fit the tails of this target distribution. On the other hand,
EigenVI provides a competitive fit to the normalizing flow. In Appendix E.4, we show the full corner
plot in Figure E.3 and marginals of the garch11 model in Figure E.4.

5 Discussion of limitations and future work

In this work, we introduced EigenVI, a new approach for score-based variational inference based on
orthgonal function expansions. The score-based objective for EigenVI is minimized by solving an
eigenvalue problem, and thus this framework provides an alternative to gradient-based methods for
BBVI. Importantly, many computations in EigenVI can be parallelized with respect to the batch of
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Figure 5: Results on posteriordb models. Top three rows: marginal distributions of the even
dimensions from 8-schools. Reference samples from HMC are outlined in gray, and the VI samples
are in green. Bottom two rows: evaluation of methods with the (forward) Fisher divergence. The
x-axis shows the number of basis functions, ' =] [, K4. Shaded regions represent standard errors
computed with respect to 5 random seeds.

samples, unlike in iterative methods. We applied EigenVI to many synthetic and real-world targets,
and these experiments show that EigenVI provides a principled way of improving upon Gaussian
variational families.

Many future directions remain. First, the approach described in this paper relies on importance
sampling, and thus it may benefit from more sophisticated methods for adaptive importance sam-
pling. Second, it may be useful to construct variational families from different orthogonal function
expansions. Our empirical study focused on the family built from normalized Hermite polynomials.
But this family may require a very high-order expansion to model highly non-Gaussian targets, and
such an expansion will be very expensive in high dimensions. Though this family was sufficient for
many of the targets we simulated, others will be crucial for modeling highly non-Gaussian targets.
Another direction is to develop variational families whose orthogonal function expansions scale more
favorably with the dimension, perhaps by incorporating low rank structure in the target’s covariance.
Finally, it would be interesting to explore iterative versions of EigenVI in which each iteration solves
a minimum eigenvalue problem on some subsample of data points. With such an approach, EigenVI
could potentially be applied to very large-scale problems in Bayesian inference.
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A Sampling from orthogonal function expansions

In this appendix we show how to sample from a density on R constructed from a Cartesian product
of orthogonal function expansions. Specifically, we assume that the density is of the form

K, Kp 2
(21,22, ..,2p) = (Z Y @klkz...knml(zl)mz(zz)'"¢kD(ZD)> : (A.D)
kp=1

kl =1
where {¢x(-)}72 | define a family of orthonormal functions on R and where the density is normalized
by requiring that
> Rikgekn = 1 (A2)
kiks..kp

To draw samples from this density, we describe a sequential procedure based on inverse transform
sampling. In particular, we obtain a sample z € R” by the sequence of draws

21~ q(21), (A.3)
23 ~ q(z2|21), (A4)
zp ~ q(zplz1, 22,...,2D-1)- (A.5)

This basic strategy can also be used to sample from distributions whose domains are Cartesian
products of different one-dimensional spaces.

In what follows, we first introduce a “core primitive” density, and we show how to sample efficiently
from its distribution. We then show how the sampling procedure in Eqs. A.3—-A.5 reduces to sampling
from this core primitive; a key component of this procedure is the property of orthogonality, which
helps facilitate the efficient computation of marginal distributions.

Core primitive

First we describe the core primitive that we will use for each of the draws in Eqs. A.3—A.5. To begin,
we observe the following: if S is any positive semidefinite matrix with trace(S) =1, then

K
p(&) = Skior(€)pe(€). (A.6)

k,e=1

defines a normalized density over R. In particular, since .S > 0, it follows that p(£) >0 for all £ €R,
and since trace(S) =1, it follows that

) K 00 K
/ p(&)de =Y Ské[ Gr(€)Pe(€) dE = > Spedp = trace(S) = 1. (A7)

- k=1 k=1
The core primitive that we need is an efficient procedure to sample from a normalized density of this
form. We will see later that all of the densities in Eqs. A.3—A.5 can be expressed in this form.

Inverse transform sampling

Since the density in Eq. A.6 is one-dimensional, we can obtain the draw we need by inverse transform
sampling. In particular, let C(&) denote the cumulative distribution function (CDF) associated with
Eq. A.6, which is given by

£
c(e) = / p(2) dz, (A8)

and let C~1(¢) denote the inverse CDF. Then at least in principle, we can draw a sample from p by
the two-step procedure
u ~ Uniform|0, 1], (A9)
€ =C"1(u). (A.10)
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Next we consider how to implement this procedure efficiently in practice, and in particular, how to
calculate the definite integral for the CDF in Eq. A.8. As shorthand, we define the doubly-indexed set
of real-valued functions

13
2u(©) = [ ool da (A11)

It follows from orthogonality that ®j;(4+00) = dx; and from the Cauchy-Schwartz inequality that
|Pre(§)| < 1forall £ € R. Our interest in these functions stems from the observation that

K
C) = > Seu(§) = trace[SP(E)], (A.12)

k=1

so that if we have already computed the functions ®¢(£), then we can use Eq. A.12 to compute the
CDF whose inverse we need in Eq. A.10. In practice, we can use numerical quadrature to pre-compute
Do (€) for many values along the real line and then solve Eq. A.10 quickly by interpolation; that is,
given u, we find ¢ satisfying trace[S®(&)] = u. The result is an unbiased sample drawn from the
density p(€) in Eq. A.6.

Sequential sampling

Finally we show that each draw in Eqgs. A.3—A.5 reduces to the problem described above. As in
Section 2.1, we work out the steps specifically for an example in D = 3, where we must draw the
samples z1 ~ ¢(z1), z2 ~ q(22]|2z1) and z3 ~ q(z3]21, 22). This example illustrates all the ideas
needed for the general case but with a minimum of indices.

Consider the joint distribution given by

K, Ky Ks
q(z1,22,28) = [ DD D Biji $i21)b5(22) br(23) where Y 87, =1.  (A.13)
i=1 j=1 k=1 ijk

From this joint distribution, we can compute marginal distributions by integrating out subsets of
variables, and each integration over R gives rise to a contraction of indices, as in Eq. 7, due to the
property of orthogonality. In particular, expanding the square in Eq. A.13, we can write this joint
distribution as

Ks K1 K

G(z1,20,28) = D | YD Bigk Bujw 6i(21) 6w (21)05(22) 00 (22) | br(23)bn(23),

kk'=1 |4,i'=17,j'=1
(A.14)
and we can then contract the index &’ when integrating over z3, since f Ok (23)Prr (23)dzs = ki

In this way we find that the marginal distributions are

Ko K, Ks

gz, 22) = Y | DD BirBuindi(z1)dr (1) | ¢5(22)5 (22), (A.15)

G'=1 |i,i'=1k=1

K, | K, Ks

a(z0) = Y DD BigrBirk | di(z1)¢i (21). (A.16)

ii'=1 | j=1k=1
Now note from the brackets in Eq. A.16 that this marginal distribution is already in the quadratic
form of Eq. A.6 with coefficients

Ky Ks

Si(il’) = Z Z BijkBirjk- (A.17)

j=1k=1

From this first quadratic form, we can therefore use inverse transform sampling to obtain a draw
z1 ~ q(z1).
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Next we consider how to sample from the conditional ¢(22|21) = ¢q(21, 22)/q(21). Again, from the
brackets in Eq. A.15, we see that this conditional distribution is also in the quadratic form of Eq. A.6
with coefficients

s — Zfﬁﬁ SRS BignBi i (1) dir (1)
3’ q(z1)

From this second quadratic form, we can therefore use inverse transform sampling to obtain a draw
zo ~ q(z2]z1). Finally, we consider how to sample from q(z3|z1, 22) = q(z1, 22, 23)/q(z1, 22).
From Eq. A.14, we see that this conditional distribution is also in the quadratic form of Eq. A.6 with
coefficients

. (A.18)

K K
o) _ =1 2 jr=1 BianBye i(21) 0 (21)6(22)65 (22) 9
kk' — (A.19)
Q(Zlv 22)
From this third quadratic form, we can therefore use inverse transform sampling to obtain a draw
z3 ~ q(z3|21, z2). Finally, from the sums in Eq. A.19, we see that the overall cost of this procedure
is O(K2K3K3%), or quadratic in the total number of basis functions.

B Calculation of moments

In this appendix we show how to calculate the low-order moments of a density constructed from the
Cartesian product of orthogonal function expansions. In particular, we assume that the density is
over R” and of the form

K1 Kp 2
Q(Zla 2250 v ey ZD) = (Z T Z ak1k2~--kD¢k1 (21)¢k2 (22) t d)kD (ZD)> ’ (B.1)

k1=1 kp=1

where {¢y(-)}32 , are orthogonal functions on R and where the coefficients are properly normalized
so that the density integrates to one. For such a density, we show that the calculation of first and
second-order moments boils down to evaluating one-dimensional integrals of the form

#ij:/ $i(2)9;(2) 2 dz, (B.2)

Vij :/_ 0i(2)0;(2) 22 dz. (B.3)

We also show how to evaluate these integrals specifically for the orthogonal family of weighted
Hermite polynomials.

First we consider how to calculate moments such as E,[2]], where p € {1, 2}, and without loss of
generality we focus on calculating E,[2}]. We start from the joint distribution in Eq. B.1 and proceed
by marginalizing over the variables (22, 23, . . ., zp ). Exploiting orthogonality, we find that

E,[2V] = /q(zl7 29y...,2p) 2y dz1dzy ... dzp, (B.4)
K1 Kp 2
=/<Z ey aklkg...kD¢k1(Zl)¢k2(22)"'(ka(ZD)) zydzdzy ... dzp, (B.5)
ki1=1 kp=1
K [ Ko Kp

Z Z Z Oéklkz...kDak;kQ...kD] /¢k1(zl)¢k;(zl)zfd21- (B.6)

ki,ki=1 Lka=1  kp=1

We can rewrite this expression more compactly as a quadratic form over integrals of the form in
Eqgs. B.2-B.3. To this end, we define the coefficients

K Kp
Aij = Z Z Qiky...kp Vjks.. .kp» (B.7)

ko=1 kp=1
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which simply encapsulate the bracketed term in Eq. B.6. Note that there are K7 of these coefficients,
each of which can be computed in O(K3 K5 ... Kp). With this shorthand, we can write

K,

Eq[z1] = Z Agjpg, (B.8)
ij=1
K

]Eq[zf] = Z Aijvij, (B.9)
i,j=1

where f1;; and v;; are the integrals defined in Eqs. B.2-B.3. Thus the problem has been reduced to a
weighted sum of one-dimensional integrals.

A similar calculation gives the result we need for correlations. Again, without loss of generality, we
focus on calculating E, 21 22]. Analogous to Eq. B.7, we define the tensor of coefficients

K3 Kp

Bijre = E E Qikks..kp Qjlks.. k> (B.10)
ks=1 kp=1

which arises from marginalizing over the variables (z3, 24, ...,2p). There are K?K2 of these
coefficients, each of which can be computed in O(K3K}, ... Kp). With this shorthand, we can write

K Ko

Ey[z122] = Z Z Bijketiijpike- (B.11)

i,j=1k=1
where 11;; is again the integral defined in Eq. B.2). Thus the problem has been reduced to a weighted
sum of (the product of) one-dimensional integrals.

Finally, we show how to evaluate the integrals in Eqs. B.2-B.3 for the specific case of orthogonal
function expansions with weighted Hermite polynomials; similar computations apply in the case of
Legendre polynomials. Recall in this case that

1

Srr1(z) = (Mk!)_% ()" Hyl2), (B.12)

where Hy(2) are the probabilist’s Hermite polynomials given by

2 db e
— ke -7
Hi(2) = (-1 = [e } (B.13)

To evaluate the integrals for this particular family, we can exploit the following recursions that are
satisfied by Hermite polynomials:

Hiy1(2) = zHi(2) — Hy(2), (B.14)
Hi(2) = kHy_1(2). (B.15)

Eliminating the derivatives H},(z) in Eqs. B.14-B.15, we see that 2H},(2) = Hy41(2) + kHy—1(2).
We can then substitute Eq. B.12 to obtain a recursion for the orthogonal basis functions themselves:

201(2) = VEdry1(2) + VE—1¢p_1(2). (B.16)

With the above recursion, we can now read off these integrals from the property of orthogonality. For
example, starting from Eq. B.2, we find that

Hij :/ ¢i(2)p;(2) 2 dz, (B.17)
= [ o) [Vibsn() + VimTo5(2)] da, B.18)
=i j41\/J + 0ij—1Vi, (B.19)
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where ;5 is the Kronecker delta function. Next we consider the integral in Eq. B.3, which involves a
power of z2 in the integrand. In this case we can make repeated use of the recursion:

vij = /jo 0i(2)0;(2) 2% dz, (B.20)
— [ Vi) + VimToa@)] [Vier@) +Vi-16()] ds @21

—0o0
= 0ij [\/54- Y% (i—l)(j—l)] + 0ic1i+1Vi(G+1) 4 G141V i(i+1). (B.22)
Note that the matrices in Eq. B.19 and Eq. B.22 can be computed for whatever size is required by the
orthogonal basis function expansion in Eq. B.1. Once these matrices are computed, it is a simple
matter of substitution' to compute the moments E,[21], E,[27], and E,[2;22] from Eqgs. B.8-B.9

and Eq. B.11. Finally, we can compute other low-order moments (such as E,[z5] or E,[2327]) by an
appropriate permutation of indices.

C Eigenvalue problem

In this appendix we show in detail how the optimization for EigenVI reduces to a minimum eigenvalue
problem. In particular we prove the following.

Lemma C.1. Let {¢(2)}72, be an orthogonal function expansion, and let ¢ € Q  be the variational
approximation parameterized by

K 2
q(z) = [Z awk(Z)] : (C.1)
k=1

where the weights satisfy Zszl a2 = 1, thus ensuring that the distribution is normalized. Suppose
furthermore that ¢ is chosen to minimize the empirical estimate of the Fisher divergence given, as in
eq. (10), by

5 _ < Q(Zb) b by (12
D(a,p) = Zﬂ(zb) |[V1ogq(z") — Viegp(z")||".
b=1

Then the optimal variational approximation ¢ in this family can be computed by solving the minimum
eigenvalue problem

min {.@W(q,p)} = min o' Ma =: Ayin(M), (C2)
qE€EQK |a|l=1
where M is given in Eq. 13 and o = [y, ..., ax]| € R, The optimal weights « are given (up to an

arbitrary sign) by the corresponding eigenvector of this minimal eigenvalue.

Proof. The scores of ¢ in this variational family are given by

« Zb
Viog(:!) = 22T,

'With further bookkeeping, one can also exploit the sparsity of 11;; and v;; to derive more efficient calculations
of these moments.
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Substituting the above into the empirical divergence, we find that

Z2BEDY izb)) |V 1log ¢(z") — Vlog p(=")||”
b=1
B 2 2
(>k andn(2)) ’22k Vo (2) b
2 Sra() )
B 2
=S [P el - | o] vioes(:)
b=1 k k
o1 b b b ’
=> g Do [2Ver(2") — du(2")Viog p(2")]
b=1 k
=a'Ma,
where M is given in (13) and o = [y, ..., ax] € RE. Thus the optimal weights o are found by

minimizing the quadratic form " M« subject to the constraint o " o = 1. Equivalently, a solution
can be found by minimizing the Rayleigh quotient

v Mwv

- (C.3)

argmin

v
and setting o« = v/||v||. It then follows from the Rayleigh-Ritz theorem [8] for symmetric matrices
that « is the eigenvector corresponding to the minimal eigenvalue of M, and this proves the lemma.

O

D Practical considerations of EigenVI

D.1 EigenVI vs gradient-based BBVI

Recall that EigenVI has two hyperparameters: the number of basis functions K and the number of
importance samples B. We note there is an important difference between these two hyperparameters
and the learning rate in ADVI and other gradient-based methods. Here, as we use more basis functions
and more samples, the resulting fit is a better approximation. So, we can increase the number of
basis functions and importance samples until a budget is reached, or until the resulting variational
approximation is a sufficient fit. On the other hand, tuning the learning rate in gradient-based
optimization is much more sensitive because it cannot be too large or too small. If it is too large,
ADVI may diverge. If the learning rate is too small, it may take too long to converge in which case it
may exceed computational budgets.

Another fundamental difference in setting the number of basis functions as compared to the learning
rate or batch size of gradient based optimization is that once we have evaluated the score of the target
distribution for the samples, these same samples can be reused for solving the eigenvalue problem
with any choice of the number of basis functions, as these tasks are independent. By contrast, in
iterative BBVI, the optimization problem needs to be re-solved for every choice of hyperparameters,
and the samples from different runs cannot be mixed together.

Furthermore, solving the eigenvalue problem is fast, and scores can be computed in parallel. In our
implementation, we use off-the-shelf eigenvalue solvers, such as ARPACK [30] or Julia’s eigenvalue
decomposition function, eigen. In many problems with complicated targets, the main cost comes
from gradient evaluation and not the eigenvalue solver.

D.2 Choosing the number of samples B

Intuitively, if the target p is in the variational family Q (i.e., it can be represented using an order- K
expansion), then we should choose the number of samples B to roughly equal the number of basis
function K. If p is very different from O, we need more samples, and in our experiments, we use
a multiple of the number of basis functions (say of order 10). As discussed before, once we have
evaluated a set of scores, these can be reused to fit a larger number of basis functions.
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Figure E.1: We compare the number of score evaluations wallclock vs FKL divergence for the
target distributions in Figure 3: the Gaussian mixture (column 1), the funnel (column 2), and the
cross (column 3) distributions. The K used for EigenVI is reported in each figure legend, where
K = K K5. The black star denotes the number of gradient evaluations for the Gaussian method.

E Additional experiments and details

E.1 Computational resources

The experiments were run on a Linux workstation with a 32-core Intel(R) Xeon(R) w5-3435X
processor and with 503 GB of memory. Experiments were run on CPU. In the sinh-arcsinh and
posteriordb experiments, computations to construct the matrix M were parallelized over 28 threads.

E.2 2D synthetic targets
We considered the following synthetic 2D targets:

¢ 3-component Gaussian mixture:
p(2) = 04N (2| [-1,1]T,Z) + 0.3N (2| [1.1,1.1] 7, 0.51) + 0.3N (2 | [-1, —1] T, 0.51),

2 01
0.1 2|

 Funnel distribution with ¢2 = 1.2:

p(2) = N(21]0,0%)N (22 |0, exp(z1/2)).

where we define ¥ = [

¢ Cross distribution:

p(Z) = iN(Z | [OaQ]Tvzl) + %N(Z| [727O]T722) + %N(Z | [270}T722) + %N(z | [Ov 72]Ta E1)7

0.9
where ¥ = [O'lg ﬂ and Yo = {é 0 1%@,9]-

These experiments were conducted without standardization with a Gaussian VI estimate. The EigenVI
proposal distribution 7 used was a uniform([—9, 9]) distribution.

In Figure E.2, we run EigenVI for increasing numbers of importance samples B and report the
resulting forward KL divergence. The blue curves denote variational families with different K; =
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K, = K values used, i.e., 3, 6, and 10 (resulting in a total number of basis functions of 32,62,
and 10%). In the bottom row of the plot, we also show wall clock timings (computed without
parallelization) to show how the cost grows with the increase in the number of basis functions and
importance samples. The horizontal dotted line denotes the result from batch and match VI, which

fits a Gaussian via score matching; here a batch size of 16 was used and a learning rate of \; = ETL{'

The black star denotes the number of score evaluations used by the Gaussian VI method.

E.3 Sinh-arcsinh targets

The sinh-arcsinh normal distribution [19, 20] has parameters s € RP 7 € RP ¥ € S itis
induced by transforming a Gaussian Zy ~ N (0,X) to Z = S, -(Zp), where

Soir(2) 1= [Serirs(21)s s Seprp (2] T Seura(za) 1= sinh (L sinh™ (20) + 2 ) . (E.1)

Here s4 controls the amount of skew in the dth dimension, and 74 controls the tail weight in that
dimension. When sy =0 and 75 =1 in all dimensions d, the distribution is Gaussian.

The sinh-arcsinh normal distribution has the following density:

D
1
p(z;8,7,%) = [(2m)P|2]] -3 H { (1+23) %Td Csd,m(zd)}exp (—QSS,T(z)TE_lSSJ) ,

(E.2)
where we define the functions

Coara(za) == 1+ 82, . (2))7, (E.3)

and
Ss,7r4(24) = sinh(7y sinhfl(zd) —8d)s Ssr(2)=1[Ssy,m(21),--,Ssp.1p (ZD)]T. (E4)

We constructed 3 targets in 2 dimensions and 3 targets in 5 dimensions, each with varying amounts of
non-Gaussianity. The details of each target are below. In all experiments, EigenVI was applied with
standardization, where a Gaussian was fit using batch and match VI with a batch size of 16 and a
learning rate \; = ETDI.

For all experiments, we used a proposal distribution 7 that was uniform on [—5, 5]2.

2D sinh-arcsinh normal experiment For D = 2 (Figure 4b), we consider the slight skew and
tails target with parameters s = [0.2,0.2],7 = [1.1,1.1], the more skew and tails target with
s =1[0.2,0.5],7 = [1.1, 1.1], and the slight skew and heavier tails with s = [0.2,0.2], 7 = [1.4, 1.1].
Note that s = [0, 0], 7 = [1, 1] recovers the multivariate Gaussian. These three target are visualized
in Figure 4a.

5D sinh-archsinh normal experiment We constructed three targets P; (slight skew and tails), P
(more skew and tails), and Ps (slight skew and heavier tails) each with

22 03 0 0 03
03 22 0 0 0

=0 0 22 03 0]. (E.5)
0 0 03 22 0
03 0 0 0 22

The skew and tail weight parameters used were: s; = [0.,0.,0.2,0.2,0.2]; 77 = [1.,1.,1.,1.,1.1],
ss = [0.0,0.0,0.6,0.4,—0.5];» = [1.,1.,1.,1.,1.1], and s3 = [0.2,0.2,0.2,0.2,0.2];753 =
[1.1,1.1,1.,1.4,1. 6] See Figure E.2 for a visualization of the marginals of each target distribu-
tion. In the second row, we show examples of resulting EigenVI fit (visualized using samples from q)
from B = 20,000 and K = 10.
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Figure E.2: Targets (top) for the 5D sinh-arcsinh normal distribution example and EigenVI fits
(bottom) with the KL divergence in the figure title.

Table E.1: Summary of posteriordb models

Name Dimension Model description

kidscore 3 linear model with a Cauchy noise prior
sesame 3 linear model with uniform prior
gp_regr 3 Gaussian process regression with squared exponential kernel
garchil 4 generalized autoregressive conditional heteroscedastic model
logearn 4 log-log linear model with multiple predictors
arK-arkK 7 autoregressive model for time series

logmesquite 7 multiple predictors log-log model
8-schools 10 non-centered hierarchical model for 8-schools

E.4 Posteriordb experiments

We consider 8 real data targets from posteriordb, a suite of benchmark Bayesian models for
real data problems. In Table E.1, we summarize the models considered in the study. These target
distributions are non-Gaussian, typically with some skew or different tails. To access the log target
probability and their gradients, we used the BridgeStan library [42], which by default transforms the
target to be supported on R”.

For all experiments, we fixed the number of importance samples to be B = 40,000; to construct the
EigenVI matrix M, the computations were parallelized over the samples. These experiments were
repeated over 5 random seeds, and we report the mean and standard errors in Figure 5; for lower
dimensions, there was little variation between runs.

The target distributions were standardized using a Gaussian fit from score matching before applying
EigenVI. In most cases, the proposal distribution 7 was chosen to be uniform over [—6,6]”. For
the models 8-schools, which has a longer tail, we used a multivariate Gaussian proposal with zero
mean and a scaled diagonal covariance oI, with o = 32.

For the Gaussian score matching (GSM) method [37], we chose a batch size of 16 for all experiments.
We generally found the results were not too sensitive in comparison to other batch sizes of 4,8, and
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on garch11. Note that the Gaussian approximation over/underestimates the tails, while the more
expressive families fit the tails better.
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32. For the batch and match (BaM) method [6], we chose a batch size of 16. The learning rate was

fixed at Ay = ETDP which was a recommended schedule for non-Gaussian targets.

For all ELBO optimization methods (full covariance Gaussian family and normalizing flow fam-
ily), we used Adam to optimize the ELBO. We performed a grid search over the learning rate
0.01,0.02,0.05,0.1 and batch size B = 4, 8, 16, 32. For the normalizing flow model, we used a real
NVP [12] with 8 layers and 32 neurons. We found empirically that the computational of the scores
was unreliable [26, 49]; hence we do not show their Fisher divergence in Figure 5.

In Figure E.3 and Figure E.4, we show the corner plots that compare an EigenVI fit, a normalizing
flow fit, and a Gaussian fit (BaM). In each plot, we plot the samples from the variational distribution
against samples from Hamiltonian Monte Carlo. We observe that the two more expressive families
EigenVI and the normalizing flow are able to model the tails of the distribution better than the
Gaussian fit.

F Broader impacts

EigenVI adds to the literature on BBVI, which has been an important line of work for developing
automated, approximate Bayesian inference methods. In terms of positive societal impacts, Bayesian
models are used throughout the sciences and engineering, and advances in fast and automated
inference will aid in advances in these fields. In terms of negative societal impacts, advances in BBVI
could be used to train generative models with malicious or unintended uses.
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NeurlIPS Paper Checklist

1. Claims

Question: Do the main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope?

Answer: [Yes]

Justification: We describe propose EigenVI, a new eigenvalue-based approach for BBVI
based on score matching.

Guidelines:

* The answer NA means that the abstract and introduction do not include the claims
made in the paper.

* The abstract and/or introduction should clearly state the claims made, including the
contributions made in the paper and important assumptions and limitations. A No or
NA answer to this question will not be perceived well by the reviewers.

* The claims made should match theoretical and experimental results, and reflect how
much the results can be expected to generalize to other settings.

* It s fine to include aspirational goals as motivation as long as it is clear that these goals
are not attained by the paper.

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]

Justification: Limitations are discussed throughout the paper, and we summarize the main
limitations again in Section 5.

Guidelines:

* The answer NA means that the paper has no limitation while the answer No means that
the paper has limitations, but those are not discussed in the paper.

 The authors are encouraged to create a separate "Limitations" section in their paper.

* The paper should point out any strong assumptions and how robust the results are to
violations of these assumptions (e.g., independence assumptions, noiseless settings,
model well-specification, asymptotic approximations only holding locally). The authors
should reflect on how these assumptions might be violated in practice and what the
implications would be.

* The authors should reflect on the scope of the claims made, e.g., if the approach was
only tested on a few datasets or with a few runs. In general, empirical results often
depend on implicit assumptions, which should be articulated.

* The authors should reflect on the factors that influence the performance of the approach.
For example, a facial recognition algorithm may perform poorly when image resolution
is low or images are taken in low lighting. Or a speech-to-text system might not be
used reliably to provide closed captions for online lectures because it fails to handle
technical jargon.

* The authors should discuss the computational efficiency of the proposed algorithms
and how they scale with dataset size.

* If applicable, the authors should discuss possible limitations of their approach to
address problems of privacy and fairness.

* While the authors might fear that complete honesty about limitations might be used by
reviewers as grounds for rejection, a worse outcome might be that reviewers discover
limitations that aren’t acknowledged in the paper. The authors should use their best
judgment and recognize that individual actions in favor of transparency play an impor-
tant role in developing norms that preserve the integrity of the community. Reviewers
will be specifically instructed to not penalize honesty concerning limitations.

3. Theory Assumptions and Proofs

Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?
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Answer: [Yes]

Justification: We provide further derivations for moments, sampling, and the objective in the
appendix.

Guidelines:

» The answer NA means that the paper does not include theoretical results.

* All the theorems, formulas, and proofs in the paper should be numbered and cross-
referenced.

* All assumptions should be clearly stated or referenced in the statement of any theorems.

* The proofs can either appear in the main paper or the supplemental material, but if
they appear in the supplemental material, the authors are encouraged to provide a short
proof sketch to provide intuition.

¢ Inversely, any informal proof provided in the core of the paper should be complemented
by formal proofs provided in appendix or supplemental material.

* Theorems and Lemmas that the proof relies upon should be properly referenced.

4. Experimental Result Reproducibility

Question: Does the paper fully disclose all the information needed to reproduce the main ex-
perimental results of the paper to the extent that it affects the main claims and/or conclusions
of the paper (regardless of whether the code and data are provided or not)?

Answer: [Yes]

Justification: We have aimed to provide these details in the additional experiments section
in the appendix.

Guidelines:

» The answer NA means that the paper does not include experiments.
* If the paper includes experiments, a No answer to this question will not be perceived
well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.
If the contribution is a dataset and/or model, the authors should describe the steps taken
to make their results reproducible or verifiable.
Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture fully
might suffice, or if the contribution is a specific model and empirical evaluation, it may
be necessary to either make it possible for others to replicate the model with the same
dataset, or provide access to the model. In general. releasing code and data is often
one good way to accomplish this, but reproducibility can also be provided via detailed
instructions for how to replicate the results, access to a hosted model (e.g., in the case
of a large language model), releasing of a model checkpoint, or other means that are
appropriate to the research performed.

While NeurIPS does not require releasing code, the conference does require all submis-

sions to provide some reasonable avenue for reproducibility, which may depend on the

nature of the contribution. For example

(a) If the contribution is primarily a new algorithm, the paper should make it clear how
to reproduce that algorithm.

(b) If the contribution is primarily a new model architecture, the paper should describe
the architecture clearly and fully.

(c) If the contribution is a new model (e.g., a large language model), then there should
either be a way to access this model for reproducing the results or a way to reproduce
the model (e.g., with an open-source dataset or instructions for how to construct
the dataset).

(d) We recognize that reproducibility may be tricky in some cases, in which case
authors are welcome to describe the particular way they provide for reproducibility.
In the case of closed-source models, it may be that access to the model is limited in
some way (e.g., to registered users), but it should be possible for other researchers
to have some path to reproducing or verifying the results.

5. Open access to data and code
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Question: Does the paper provide open access to the data and code, with sufficient instruc-
tions to faithfully reproduce the main experimental results, as described in supplemental
material?

Answer:

Justification: We provide a Julia implementation of EigenVI at https://github.com/
dicai/eigenVI and a demonstration on several examples.

Guidelines:

» The answer NA means that paper does not include experiments requiring code.

* Please see the NeurIPS code and data submission guidelines (https://nips.cc/
public/guides/CodeSubmissionPolicy) for more details.

* While we encourage the release of code and data, we understand that this might not be
possible, so “No” is an acceptable answer. Papers cannot be rejected simply for not
including code, unless this is central to the contribution (e.g., for a new open-source
benchmark).

* The instructions should contain the exact command and environment needed to run to
reproduce the results. See the NeurIPS code and data submission guidelines (https:
//nips.cc/public/guides/CodeSubmissionPolicy) for more details.

* The authors should provide instructions on data access and preparation, including how
to access the raw data, preprocessed data, intermediate data, and generated data, etc.

* The authors should provide scripts to reproduce all experimental results for the new
proposed method and baselines. If only a subset of experiments are reproducible, they
should state which ones are omitted from the script and why.

* At submission time, to preserve anonymity, the authors should release anonymized
versions (if applicable).

* Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLSs to data and code is permitted.
6. Experimental Setting/Details

Question: Does the paper specify all the training and test details (e.g., data splits, hyper-
parameters, how they were chosen, type of optimizer, etc.) necessary to understand the
results?

Answer: [Yes]
Justification: We provide additional experimental details in the appendix.
Guidelines:

* The answer NA means that the paper does not include experiments.

* The experimental setting should be presented in the core of the paper to a level of detail
that is necessary to appreciate the results and make sense of them.

 The full details can be provided either with the code, in appendix, or as supplemental
material.
7. Experiment Statistical Significance

Question: Does the paper report error bars suitably and correctly defined or other appropriate
information about the statistical significance of the experiments?

Answer: [Yes]

Justification: We report the standard errors as shaded regions around the mean over 5 random
seeds.

Guidelines:

* The answer NA means that the paper does not include experiments.

* The authors should answer "Yes" if the results are accompanied by error bars, confi-
dence intervals, or statistical significance tests, at least for the experiments that support
the main claims of the paper.

* The factors of variability that the error bars are capturing should be clearly stated (for
example, train/test split, initialization, random drawing of some parameter, or overall
run with given experimental conditions).
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8.

10.

* The method for calculating the error bars should be explained (closed form formula,
call to a library function, bootstrap, etc.)

* The assumptions made should be given (e.g., Normally distributed errors).

* It should be clear whether the error bar is the standard deviation or the standard error
of the mean.

e It is OK to report 1-sigma error bars, but one should state it. The authors should
preferably report a 2-sigma error bar than state that they have a 96% CI, if the hypothesis
of Normality of errors is not verified.

* For asymmetric distributions, the authors should be careful not to show in tables or
figures symmetric error bars that would yield results that are out of range (e.g. negative
error rates).

* If error bars are reported in tables or plots, The authors should explain in the text how
they were calculated and reference the corresponding figures or tables in the text.

Experiments Compute Resources

Question: For each experiment, does the paper provide sufficient information on the com-
puter resources (type of compute workers, memory, time of execution) needed to reproduce
the experiments?

Answer: [Yes]
Justification: We discuss experimental compute resources in the appendix.
Guidelines:

* The answer NA means that the paper does not include experiments.

* The paper should indicate the type of compute workers CPU or GPU, internal cluster,
or cloud provider, including relevant memory and storage.

* The paper should provide the amount of compute required for each of the individual
experimental runs as well as estimate the total compute.

* The paper should disclose whether the full research project required more compute
than the experiments reported in the paper (e.g., preliminary or failed experiments that
didn’t make it into the paper).

. Code Of Ethics

Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics https://neurips.cc/public/EthicsGuidelines?

Answer: [Yes]
Justification: Yes we conform to the code of ethics.
Guidelines:

¢ The answer NA means that the authors have not reviewed the NeurIPS Code of Ethics.

* If the authors answer No, they should explain the special circumstances that require a
deviation from the Code of Ethics.

* The authors should make sure to preserve anonymity (e.g., if there is a special consid-
eration due to laws or regulations in their jurisdiction).
Broader Impacts

Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?

Answer: [Yes]

Justification: We have a broader impacts section in the appendix.

Guidelines:

» The answer NA means that there is no societal impact of the work performed.

* If the authors answer NA or No, they should explain why their work has no societal
impact or why the paper does not address societal impact.

» Examples of negative societal impacts include potential malicious or unintended uses
(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact specific
groups), privacy considerations, and security considerations.
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11.

12.

* The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

* The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

* If there are negative societal impacts, the authors could also discuss possible mitigation
strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?

Answer: [NA]
Justification: We do not believe the paper poses such risks.
Guidelines:

» The answer NA means that the paper poses no such risks.

* Released models that have a high risk for misuse or dual-use should be released with
necessary safeguards to allow for controlled use of the model, for example by requiring
that users adhere to usage guidelines or restrictions to access the model or implementing
safety filters.

 Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.

* We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.

Licenses for existing assets

Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?

Answer: [Yes]
Justification: We cite the benchmark models we used.
Guidelines:

* The answer NA means that the paper does not use existing assets.
* The authors should cite the original paper that produced the code package or dataset.

 The authors should state which version of the asset is used and, if possible, include a
URL.

* The name of the license (e.g., CC-BY 4.0) should be included for each asset.

 For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.

 If assets are released, the license, copyright information, and terms of use in the
package should be provided. For popular datasets, paperswithcode.com/datasets
has curated licenses for some datasets. Their licensing guide can help determine the
license of a dataset.

* For existing datasets that are re-packaged, both the original license and the license of
the derived asset (if it has changed) should be provided.
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14.

15.

* If this information is not available online, the authors are encouraged to reach out to
the asset’s creators.

New Assets

Question: Are new assets introduced in the paper well documented and is the documentation
provided alongside the assets?

Answer: [NA]
Justification: We do not release new assets.
Guidelines:

» The answer NA means that the paper does not release new assets.

* Researchers should communicate the details of the dataset/code/model as part of their
submissions via structured templates. This includes details about training, license,
limitations, etc.

* The paper should discuss whether and how consent was obtained from people whose
asset is used.

* At submission time, remember to anonymize your assets (if applicable). You can either
create an anonymized URL or include an anonymized zip file.

Crowdsourcing and Research with Human Subjects

Question: For crowdsourcing experiments and research with human subjects, does the paper
include the full text of instructions given to participants and screenshots, if applicable, as
well as details about compensation (if any)?

Answer: [NA]
Justification: We do not perform research with human subjects.
Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research with

human subjects.

* Including this information in the supplemental material is fine, but if the main contribu-
tion of the paper involves human subjects, then as much detail as possible should be
included in the main paper.

* According to the NeurIPS Code of Ethics, workers involved in data collection, curation,
or other labor should be paid at least the minimum wage in the country of the data
collector.

Institutional Review Board (IRB) Approvals or Equivalent for Research with Human
Subjects

Question: Does the paper describe potential risks incurred by study participants, whether
such risks were disclosed to the subjects, and whether Institutional Review Board (IRB)
approvals (or an equivalent approval/review based on the requirements of your country or
institution) were obtained?

Answer: [NA]
Justification: There were no study participants used.
Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research with

human subjects.

* Depending on the country in which research is conducted, IRB approval (or equivalent)
may be required for any human subjects research. If you obtained IRB approval, you
should clearly state this in the paper.

* We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

* For initial submissions, do not include any information that would break anonymity (if
applicable), such as the institution conducting the review.
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