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In this study, we propose a gradient-free statistical goodness-of-fit test for determining if a joint sample (x;, y;)
is drawn from p(y|x)z, for some density z, given a conditional distribution. This test is an alternative to
Kernel Conditional Stein Discrepancy, which require the computation of model derivatives and are therefore
impractical for complex statistical models. Our method, known as Gradient-Free Kernel Conditional Stein
Discrepancy, does not require the calculation of derivatives, this makes it a great tool for tackling difficult
problems such as evaluating the performance of generative models. It is able to detect convergence and
divergence with the same level of accuracy as the gradient-based method. We also discuss the application

of this test in importance sampling and compare its performance with two other conventional methods.

1. Introduction

The goodness-of-fit test is a statistical hypothesis test that deter-
mines how closely observed data matches expected data. Goodness-
of-Fit tests can assist identify whether or not two random samples are
drawn from the same distribution. Classical methods as in Kolmogorov
(1933), Smirnov (1948) entail comparing the models’ cumulative dis-
tribution functions or their likelihoods. However, recent statistical
and machine learning methods including graphical models (Koller &
Friedman, 2009) or deep generative models (Salakhutdinov, 2015),
intensely rely on complicated probabilistic models with difficult-to-
compute likelihoods or cumulative distribution functions. To tackle
this challenge, Gorham and Mackey (2015) introduced a measure that
determines the maximum discrepancy between the expectation over a
class of test functions and the empirical expectation of a given sample.
The class of test functions is chosen in such a way that applying
the Stein operator to them yields zero expectation over the target
distribution. The closed-form of integrals over the target distribution
is not required since the Stein operator merely requires the derivative
of the logarithm of the target distribution’s likelihood.

The implementation of the Stein operator on the Sobolev space,
which increases the complexity of the test function class, is a bar-
rier to adopting (Gorham & Mackey, 2015)’s approach. To deal with
this challenge, Chwialkowski, Strathmann, and Gretton (2016), Liu,
Lee, and Jordan (2016) introduced a likelihood-free method that is
applicable to high-dimensional distributions. Their work were inspired
by Oates et al. (2017) which was the first to investigate the use
of Stein’s identity in combination with kernel techniques to reduce
the variance of Monte Carlo integration. It did not, however, specify
the goodness-of-fit test. Chwialkowski et al. (2016), Liu et al. (2016)
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independently presented a nonparametric goodness-of-fit test as Kernel
Stein Discrepancy (KSD) in such a way that instead of using a class
of test functions in Sobolev space, they compute the Stein discrepancy
in a ball Reproducing Kernel Hilbert Space (RKHS) associated with a
positive definite kernel. For discrete distributions, (Yang, Liu, Rao, &
Neville, 2018), extended the kernel Stein discrepancy test in such a
way that can be used for the discrete domain. Jitkrittum, Kanagawa,
and Scholkopf (2020) proposed an extension of the KSD test called
the goodness-of-fit test of Kernel Conditional Stein Discrepancy (KCSD)
for conditional density models. They successfully implemented a kernel
operator on the conditional witness function.

It has been demonstrated that the proposed discrepancies are effec-
tive statistical tools with a wide range of applications like parameter
inference, and sampling (Barp, Briol, Duncan, Girolami, & Mackey,
2019; Chen et al., 2019; Chen, Mackey, Gorham, Briol, & Oates, 2018;
Fisher, Nolan, Graham, Prangle, & Oates, 2021; Hodgkinson, Salomone,
& Roosta, 2020; Liu & Lee, 2017; Matsubara et al., 2021; Riabiz et al.,
2022). In real-world situations, however, gradient information of the
target distribution is not always accessible. In some circumstances, the
gradient cannot be determined analytically since the target distribution
is only provided up to the normalization constant or as in other sce-
narios, computing the gradient could be too costly (Andrieu & Roberts,
20009; Filippone & Girolami, 2014).

To overcome this problem, Han and Liu (2018), Liu and Wang
(2016) proposed the Stein variational gradient descent by employ-
ing Gradient-Free Stein operators. Fisher, Oates, et al. (2022) also
introduced the Gradient-Free Kernel Stein Discrepancy (GF-KSD), a
computational method, that is the result of integrating gradient-free
Stein operators and reproducing kernels. The GF-KSD has been shown
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to be effective, but one drawback is that it only applies to models with
marginal density and it is not defined for the conditional density.

The objective of this present work is on developing a comprehensive
test statistic that is capable of detecting any divergence from the given
conditional density model in the null hypothesis. We deliver a nonpara-
metric, generalized gradient-free conditional goodness-of-fit test that in
the intermediary step, does not require a gradient computation and
density estimation. This test is an alternative to Kernel Conditional
Stein Discrepancy (KCSD), which requires the computation of model
derivatives and is therefore impractical for complex statistical models.
The main advantage of the proposed approach is that, unlike other
methods in conditional distributions, this approach does not require
gradients of the target distribution, which makes it more efficient and
cost-effective. In models where certain derivatives of the target distri-
bution are either prohibitively expensive or intractable, this proposed
method is useful. As a result, this approach can be used to address
challenging tasks such as evaluating the performance of generative
models and latent variable models.

The proposed method can detect convergence and divergence with
the same level of accuracy as the gradient-based method. For the practi-
cal part, the application of this test in importance sampling is checked,
and its performance is compared with two other conventional methods.
In conditional goodness-of-fit testing, the Gradient-Free Kernel Condi-
tional Stein Discrepancy (GF-KCSD, discussed in Section 2.2), general-
izes the kernel conditional Stein discrepancy (KCSD) (Jitkrittum et al.,
2020) and the Gradient-free kernel Stein discrepancy (GF-KSD) (Fisher
et al., 2022).

Paper outline Section 2 contains two parts, the first part presents
the background method for the kernel Stein Discrepancy, KSD, and
the second part defines our proposed method, GF-KCSD, and all its
essential properties, in Section 3 we provide experiments using GF-
KCSD. Section 4 contains the application of this method in importance
sampling and the conclusion of the paper is discussed in Section 5.

2. Background methods

Comparing distributions with discrepancy measures is a key com-
ponent of statistical and machine learning models. For the purpose of
proposing our new test statistics; the Gradient Free Kernel Conditional
Stein Discrepancy (GF-KCSD), the fundamental materials are provided
in the first part of this section. It explains the Kernel Stein Discrepancy
(KSD) test by Chwialkowski et al. (2016), Liu et al. (2016), which is
the base well-known goodness-of-fit test we will discuss in Section 2.1.
In Section 2.2, we introduce a goodness-of-fit test using GF-KCSD to
show the efficacy of GF-KCSD in distinguishing distributions. The GF-
KCSD is an extension of both the Kernel Conditional Stein Discrepancy
from Jitkrittum et al. (2020) and the Gradient-Free Kernel Stein Dis-
crepancy from Fisher et al. (2022). This technique is specifically used
to evaluate conditional distributions without the use of gradients.

2.1. Kernel Stein Discrepancy (KSD)

A significant part of machine learning and statistical modeling
involves the use of discrepancy measures to compare different distri-
butions. These measures allow us to quantitatively assess the similarity
or difference between two or more distributions, and they play a
crucial role in many common statistical techniques such as hypothe-
sis testing, model selection, and goodness-of-fit testing. One conven-
tional approach for finding this measure in probability theory is Stein’s
method (Stein, 1972). The primary idea underlying Stein’s method is
to utilize a Stein operator instead of the characteristic function that is
generally used to demonstrate distributional convergence.

Consider two probability distributions P and I supported on an
open subset or any convex set X C RP,(D € N), and their con-
tinuous differentiable densities, p(x) and z(x). Under suitable bound-
ary conditions, we can define an integrable score function, s,(x) =
V, log p(x), (Oates, Girolami, & Chopin, 2017), which corresponds to
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the gradient of the log-likelihood with regard to the input (Hyvirinen &
Dayan, 2005), rather than the commonly defined score function which
is the gradient of the log-likelihood with respect to the parameter. For
any test function g € GP, g : X — RP, the Langevin Stein operator of
differentiable functions is defined as:

T80 = 5,007 gx) + Vg(x) €))

where 7,g(x) € RP. In this case, these functions are vector-valued func-
tions for convenience and it is going to output a scalar-valued function
that is always going to be mean-zero under the target distribution.
Stein’s method shows how to yield expectation zero test functions for
distributions that are known up to a normalization constant. Apply-
ing the Stein operator 7, on the test functions, meets regularity and
boundary conditions (Gorham & Mackey, 2015, Proposition 1) such
that:

Ey.,[T,g()] =0 @)

Eq. (2), known as Stein’s identity, is used to construct Stein discrep-
ancies which are a type of Integral Probability Metric (IPM) that do
not require explicit integration under P. This can make the Stein
discrepancies more amenable to estimate, since expectations are often
easier to compute than integrals. The Stein discrepancy, as described in
the work of Gorham and Mackey (2015), Liu et al. (2016), is as follows:

Sy, T O) = subjg) p <t Exer Tp8%) — By, Tp8(%) &)

The Stein discrepancy thus emphasizes the score difference between
p and z. To make it easier to compute and analyze, Chwialkowski
et al. (2016), Gorham and Mackey (2017), Liu et al. (2016), Oates
et al. (2017), have applied the use of Reproducing Kernel Hilbert
Spaces (RKHS, Berlinet & Thomas-Agnan, 2011) to the Stein discrep-
ancy, resulting in the Kernelized Stein Discrepancy. The Kernelized
Stein Discrepancy limits the test functions g to be in an RKHS ¢P,
associated with a positive definite kernel k : R? x RP — R, and their
norms ||gllop are jointly bounded by one. Under the condition that
the kernel k is C,-universal (Sriperumbudur, Fukumizu, & Lanckriet,
2011), as long as E,_, ||V, log p(x) — V, log 7z(x)||§ < o0, based on the
theorem 2.2 in Chwialkowski, Ramdas, Sejdinovic, and Gretton (2015),
S, (%, T,,6) =0 if and only if p = x.

Rewriting the KSD in a way that makes estimation straightforward
can be a useful technique for simplifying calculations and improving
the accuracy and efficiency of statistical analysis. Consider the kernel
k(x,x’) is in the Stein class of z. Define b,(x, x’) as follows:

0%k(x,x")
0x,0x] (€]
+ sZ(x)Vx,k(x,x') + V, k(x,x')Ts,(x)

D
by(%,x') = k(x,X)s] ()s,(x) + Y
i=1

where the Zfl | "zi(_i;'x",” = trace(V, s k(x,x’)). Subsequently, given a
sample {x,-}l'?=1 ~ T, the U-statistic (Serfling, 2009) and the V-Statistics
of the squared KSD are defined in Egs. (5) and (6), respectively.

U-statistics:

a 1
$w=%:3;%mw> (5)

V-statistics:
n
a 1
ﬁm=ﬁZme 6)
i=1

where n is the sample size. In Chwialkowski et al. (2016), Liu et al.
(2016), the authors successfully use the KSD’s U-statistics to evaluate
whether a given density model p is a proper model for a given sample
{xi},'-’zl ~T.

The KSD has several attractive properties, such as being a valid met-
ric in the space of probability distributions and being able to capture a
wide range of different types of discrepancies between distributions. It
has been used in a variety of applications, including density estimation,
hypothesis testing, and generative modeling.
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2.2. Gradient Free Kernel Conditional Stein Discrepancy (GF-KCSD)

The goal of this section is to propose the Gradient-Free Kernel
Conditional Stein Discrepancy (GF-KCSD) as a method for detecting
the divergence between two conditional density functions. In the first
part, we explain how to construct the Gradient-Free Stein Discrep-
ancy in Fisher et al. (2022) for the conditional density functions. All
the problem setting in the conditional part is similar to that intro-
duced in Jitkrittum et al. (2020). All densities, from this onwards, are
considered as conditional density functions.

Problem Design Let x € RPx and y € R be two random
vectors taking values in X x ¥ c RPx x RDy. Let P(RP) be a set
of probability distributions on R?. For ¢, ¢, € P(RP), take that q is
absolutely continuous with respect to g, (denoted by ¢ < ¢,) it means
that if for any measurable set A, gy(4) = 0 implies g(A) = 0. Let
p = pylx) € P(RP) be a target model for the conditional density
function of y|x. Given a joint sample Z, = {x.y,}_, o x,, from a
joint density z,, defined on X x ¥ we want to define the conditional
goodness-of-fit test. It should be noted that ., is only be seen in the
joint sample Z,, and according to the Bayes rule, the joint density
function is defined as z,,(x,y) = #(y|x)7,(x). Thus the hypothesis test
for conditional goodness-of-fit is then defined as follows:

Ty

Ty X
Hy @ pyy = Ty vs Hy @ py # Ty @

The null hypothesis means that for almost all x and for all y, the
target model p(y|x), is a proper model for the conditional density z(y|x).
However, the alternative hypothesis states that there exists a set in
X(S C X) such that

VXES, P 7 ()

The goodness-of-fit test in Eq. (7), is useful in a variety of machine
learning and statistical conditional models such as Bayesian classifier
models in discrete random vectors and regression models (both with
heteroscedasticity and homoscedasticity noises) in continuous random
vectors. Insofar as the score function (Vylog p(y[x)) is differentiable,
the target model distribution can be any nonlinear function such as a
neural network. In order to use the Stein discrepancy (with gradient or
gradient-free) we need to define the Stein operator. In our case, since
we want to work with conditional distributions, we need to explain
a bit about the reproducing kernels and some of their properties in
advance.

Reproducing kernels are widely used in machine learning and statis-
tics because they provide a natural way to define inner products
between data points. In machine learning and statistics, inner products
are often used to compare data points and measure the similarity
or dissimilarities between them. Reproducing kernels also provides a
framework for defining feature maps, which are important tools in deep
learning. The development of the new test statistic will require vector-
valued reproducing kernels. We provide a quick overview of this idea.
For advance details, please refer to Carmeli, De Vito, and Toigo (2006),
Carmeli, De Vito, Toigo, and Umanitd (2010), Sriperumbudur et al.
(2011), Szab6 and Sriperumbudur (2017). Let X be a nonempty set,
W be a real Hilbert space with the inner product (., .),y, and £L(W) be
the Banach space (a complete normed vector space) of bounded linear
operators on W. Bounded linear operators are linear transformations
that map elements of W to elements of W, and are bounded in the
sense that their operator norm is finite.

An operator-valued positive definite kernel (W-reproducing kernel)
is a function K : X XX — L(W) that satisfies certain conditions. In this
context, X is a set and L£(W) is the space of bounded linear operators
on a Hilbert space W. For each pair (x,y) € X x X, K(x,y) € L(W) is a
self-adjoint operator (an operator that is equal to its own adjoint), and
we have:

Z Z (K(xi,xj)w,-,wj, >W >0

i=1 j=1
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for every set of {x;}’_ c & and {w,}’_ c W and n € N. Let W¥ be
a vector space of all functions from X to W under the assumption that
X, W are Banach spaces. For each x € X and w € W, the linear operator
function K, w = K(.,x) where w € W¥ defined as (K, w)(z) = K(z, X)W
for all z € X. If there is a W-reproducing kernel K in real valued
reproducing kernel, then there exists a unique Reproducing Kernel
Hilbert Space (RKHS) Gy as K, € L(W; Gg) and under the reproducing
property, g(x) = K g for all g € g, x € X. Under the aforementioned
conditions, the adjoint operator of K, defined as K} : Gx — W.

Take into account that C(X; W) : X — W as a vector space of
continuous functions, and Cy(X’; W) is a subspace of the C(X; W) such
that vanishes with the uniform norm at infinity. This means that the
elements of Cy(X; W) become arbitrarily close to 0 as the input values
get farther and farther away from the origin i.e. ||g(x)[l,y — 0 as
x|l = oo. We can consider a W-reproducing kernel K to be a C, if
Gk C Co(X;W). It means that if all of the functions generated by the W-
reproducing kernel K are themselves continuous, then we can consider
the kernel to be a C,, function. Moreover, if Gy is dense in L2(X, 4, W)
for any probability measure u, then a Cy-kernel K is referred to as
universal. This is because the kernel is able to generate a wide range of
continuous functions that are dense in the space of square-integrable
functions, which means that it can be used to approximate many
different types of functions in that space.

Assume that the positive definite kernel / : Y xY — R be connected
with the RKHS ¢,. For two vectors a = (a, ... ,aDy), m = (my, ... ,mDy)
that are the elements of the set QIDy where ngy = Hiyl G, the inner
product of two vectors a and m on ngy is defined as the sum of the
inner products of their individual elements (a,m) = Z‘D; (a;,m;).

Consider a QIDV -reproducing kernel K : XXX — Q[Dy thatis W = QIDy .
Assume a real-valued kernel connected with RKHS G, as k : XXX — R.

Definition 1. Let the gradient-free Stein operator be the one defined
in Definition 1 by Fisher et al. (2022), but instead of the marginal
distribution in the definition, consider all densities to be conditional.
For p, p € P(RP) when p is absolutely continuous with respect to p
and given the fact that the score function of p is well-defined and
[ IVIogpll dp < o, the gradient-free conditional Stein operator on a
differentiable function g : R? — RP in a way that its first derivatives
are bounded, is defined as:

Tpp8= §(V-g +g.Vlog p)

When p(y|x) = p(y|x) the Langevin Stein operator is recovered. How-
ever, when p(y|x) # p(y|x) the dependency on the derivatives of p would
be eliminated. 7, , g can still be identified as a diffusion Stein operator,
in this case, (Fisher et al., 2022). We begin by noting that the gradient-
free conditional Stein operator is defined from the gradient-free Stein
operator in Fisher et al. (2022) by replacing the marginal distribution
with the conditional distribution. The presence of p adds an additional
degree of freedom to Stein operators and gives them a greater range of
flexibility in their operations to explore the search space. It is allowing
them to capture more information about the function and thus reduces
the number of independent variables required to describe the function.
The vanishing integral property in C,-universal kernels is essential in
Stein operators that form the basis of Stein’s approach (Stein, 1972),
and helps to define the Stein identity. This property states that the
integral of any C,-universal kernel over the entire domain of the kernel
is equal to zero. This property is useful for ensuring that the integral of
the kernel over any given region is independent of the kernel’s domain
and can be used to analyze the behavior of the kernel over different
domains.

Proposition 1. In the case presented in Definition 1, the discrepancy
between two conditional distributions p and r is defined as:

2
2 —
D} () = [Bisgrory KnEoro ) = Ersgrony Kapcao ) @®)
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where &, 1x(y.) = £[I(y, )Vylogp(ylx) + Vyi(y.)] € G Dy, D2 (x) is
referred to as Gradient-Free Kernel Condmonal Stein Dlscrepancy (GF-
KCSD). The second expectation term in D, () (under the distribution P)
is zero by considering the Stein operator as a non-standard instance of the
density method in Stein, Diaconis, Holmes, and Reinert (2004). In this case,
the first expectation term in Dg’ pcaN which is the expectation with respect
to the distribution = € P(RP) is zero if and only if p = n; thus, the value
of this expectation can be used to determine how far = and p diverge. By
stating which test functions (g) are taken into account and then performing
a supremum over the related expectations, a discrepancy is obtained. In
this study, for the sake of computational simplicity, we assume that g is
contained in the unit ball of a Reproducing Kernel Hilbert Space.

Theorem 1. ILet/ : YXY - Rand K : X XX — £(QIDY) (where L
is a Banach space) be two positive definite Cy-universal kernels. Consider
the conditional witness function defined as r, ,(®|x) = ]Emex) ¢ o (y,@) €

RPy and for all x, r, ([x) € QID}', suppose that

1. /(2)2 dr < oo;

261 || .
2. for r -almost all x, sup, {f ”V LR dll’} < o0;
3 [ HrWr ) 7,(X) dX < 0o;
4. [ ‘ Ky 6x drmy, < oo;
Df} ,(m) =0 if and only if p Z 1, for almost all 7., x € X, p(|x) = z(.|x)

Appendix A.1 includes the proof in details.

The majority of the conventional kernels comply with Theorem 1’s
requirements which needs kernel K and !/ to be Cj-universal. The
Inverse Multi Quadratic kernel(IMQ), Gaussian kernels, Laplace ker-
nel, etc, are some real-valued Cj-universal kernels (Sriperumbudur
et al.,, 2011). According to Theorem 1, we need a ngy -reproducing,
Cy-universal kernel such as K(x,x’) = k(x,x’)I where I € E(QID}') is
an identity operator (Carmeli et al., 2010), and k is a real-valued C,-
universal kernel. In this study we use IMQ kernel described as follows
to implement the GF-KCSD:

13.Y) =@+ |y -y pe©.1).0,€0.00) ©

2.3. Explicit form of GF-KCSD

In order to construct the statistical test forgradient-free conditional
goodness-of-fit, we need to rewrite the Df} (0 in a form that can be
estimated easily as shown in Proposition 2.

Proposition 2. For a positive definite kernel k : X XX — R, assume that
K(x,x") = k(x,x')I. Define the score function as s,(y|x) = Vy log p(y[x).
Then the GF-KCSD can be written as

p(yIX)p(y |x’ )
D;p(n’) // k(x,

).,y ) d oy ATyt yr 10
p(y|X)p(yIX) bp((6,¥), (X, ¥) ity dyry 10)
where

0%1(y,y")
Toy.0y an

+ 8T (YIOVy 1y, ¥) + Vyl(y,y)s, (v IX)

by((%,¥), () = 1y, ¥)s] (y1%)s,(y'IX') + Z

+ RN PP 1X) ’ ! :
Define B,((x,y). (x,y) = k(x, X)X ) ((x y) (x',y")). Having

a joint sample {(xi,yi)};':1 e 7., an unbiased, consistent estimator
for Eq. (10) is given by

D2 (1= —ZB (%Y (X;.¥))) (12)

The proof is in the Appendix A.2. From Eq. (11) the GF-KCSD is clearly
dependent on the model p only through the density value, and is
dependent on the model p only through the V, log p(y|x) = V, log p(y. X).
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In this regard, the GF-KCSD is unaffected by the normalizer p(x) and
p(x) and can be employed with p* instead of p « %, where C is
an intractable normalization constant. Due to this characteristic, GF-
KCSD can be applied to posterior approximation problems. One critical
aspect of posterior approximation problems is ensuring a consistent
approximation of the target distribution. This can be addressed by
convergence control; the next section takes this worry into account in
GF-KCSD.

2.4. Convergence detection and control

Convergence for a broad class of target distributions is indisputably
determined by the Langevin kernel Stein discrepancy for the kernels
with slow decaying tails (Gorham & Mackey, 2017). We must deal
with equivalent convergence detection in order to demonstrate that the
proposed discrepancy(GF-KCSD) is consistent.

The initial step in setting the convergence detection properties of
the GF-KCSD is to configure its convergence-detecting settings. Huggins
and Mackey (2018) provide a basis for this configuration by defining
the Lipschitz constant for a Lipschitz function, which is a mathematical
function that satisfies the Lipschitz condition. This constant is used to
measure the maximum difference between the values of the function at
two different points.

The Lipschitz constant for a Lipschitz function A :
defined as L(h) = M

ly=y"1
y#y
points in the domain of the function. The well-defined tilted Wasser-

stein distance is then established between the Lipschitz function 4 and
a measurable function f : R? — R as

/hfd;r—/hfdp' 13)

where 7 and p are two different probability distributions and f is
a measurable function. The well-defined tilted Wasserstein distance
can be used to measure the difference between the two probability
distributions. Once the Lipschitz constant and the well-defined tilted
Wasserstein distance have been established, they can be used to detect
convergence in the GF-KCSD. The convergence detection properties
of the GF-KCSD are based on these two measures, which allow it to
accurately determine when a target distribution has reached a stable
state and is not changing significantly with further calculations. This
is important for ensuring the validity of the results obtained from the
GF-KCSD.

In order to demonstrate the consistency of the GF-KCSD, it is neces-
sary to show that it is able to accurately detect convergence for a broad
range of target distributions. This can be done by comparing the results
of the GF-KCSD with known converged distributions and verifying that
they match. By doing this, it is possible to confirm that the GF-KCSD is
able to accurately detect convergence and produce reliable results.

R? - RP is
, where y and y’ are two different

Wi(z,p; f) = sup
L(h)<1

Theorem 2. Let p,p are conditional distributions in P(R?) and p is
absolutely continuous with respect to p, the score function of p is well-defined
(Lipschitz) and [ [IVlogpll®> dp < oo. Let K, = k(x,x")I, for a sequence

2
7, € PR), we have [ |[K,Viogp| dz, < oo, [ (£) dz, € (0.0),

S IIKViog P) dr, < oo, [ Iyl 22 dx,(y) < co. Consider | and k as
a kernels such that all their denvanves ex51t and are bounded. Then

Wi (7,0 . §> -0 = D, ,(x,)—0.

According to Eq. (13), by considering the function f as the weight-
ing function £, the gradient-free kernel conditional Stein discrepancy
D, , is able to detect the convergence of z, to p.

Under the same theoretical foundations and assumptions as Gorham
and Mackey (2017), the gradient-free kernel conditional Stein discrep-
ancy generally does not give weak convergence control. It is important
to note that the GF-KCSD requires a specific framework and is not
simply an extension of the standard kernel Stein discrepancy. The
framework configuration can be founded on meticulously recasting
gradient-free kernels.
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Proposition 3. Let p € PRP), p € P(RP), and inf ZE:—:X > 0 such that
yeRD

p is continuous. Consider the sequence x, C P(RP) which the preconditions
of Theorem 2 are satisfied then we have

D
D, ,(z) >0 = =, —>p

n

The convergence detection necessitated extra conditions on p. Consider
the weight matrix M(y) = (%)l which is a position-dependent matrix
and Lipschitz, explained in proposition 8 of Gorham, Duncan, Vollmer,
and Mackey (2019). This means that the mathematical function used to
calculate the weight matrix must satisfy the Lipschitz condition, which is a
property of functions that limits the rate at which their values can change. In
light of this circumstance, for ensuring that the convergence detection results
are accurate and reliable, p needs to be equally concentrated as p.

In Section 3, we shall see that proper choices for kernel parameters
and p lead to a higher test power. Note that in Sections 3 and 4 we
consider all the kernels to be inverse multi-quadric (IMQ) kernels.

3. Experiments

In this section, we conduct an empirical investigation into the
proposed tests using different kernel parameters and different p as an
approximation of p. Our initial aim is to demonstrate how the proposed
GF-KCSD can identify areas of difference between p and r in the domain
of the conditioning variable (x). The experiments were conducted using
Python and mainly the PyTorch library from Paszke et al. (2019).

In this study, we assume that kernel k(x,x’) = (62 + ||x — x’ ||2)‘ﬁ
and I(y,y)) = (ai + |ly- y’||2)‘ﬂ to be the inverse multi-quadratic
(IMQ) kernels. Generally speaking, the parameters of the IMQ needed
to be chosen with caution and they should be specifically tuned to
the problem’s configuration. The shape parameter, o, is taken into
consideration as ¢ = 1. The other parameter is regarded to be g > D/2
as in Sriperumbudur et al. (2011), since we are considering univariate
analysis (D = 1), then we assume f = 0.5. Although, we investigate
different kernel parameters in detail.

The goal is to analyze the behavior of the proposed test (GF-
KCSD). For this, a number of sequences as (z,), n € N are taken
into consideration to evaluate the performance of test statistic. As
it is displayed in Figure Fig. 1, some of which converge to a given
distribution p (straight lines) and others (dash-dotted lines) converge to
an alternative Gaussian target distribution. Since we are working with
univariate distributions, we should keep in mind that the distribution of
these sequences (s) be in one-dimensional probability space P(R). The
sequences have been chosen to have a sloped pattern (shifting in mean
and variance). The powerful discrepancy should be able to distinguish
between the convergent and divergent nature of these sequences.

This section contains two scenarios with respect to the way of
choosing the p distribution. In Section 3.1 we explore the behavior
of the GF-KCSD based on the assumption that the target distribution
is conditional Gaussian model, on the other hand, in Section 3.2 we
analyze the behavior of the proposed test statistic under the assump-
tion that the target distribution p, follows the conditional Gaussian
mixture model. In order to inherit the desirable performance of the
Langevin kernel Stein discrepancy for which p and p are equal, we
represent p as an approximation of p in the discussion that follows.
As a requirement in Proposition 3, the way to choose p should satisfy

inf % > 0, note that the distributions are conditional. Given this
yeRD
explanation, each target distribution has its own setting for selecting

p as its approximation.
3.1. Conditional Gaussian model
Problem setting: We take into account a basic univariate problem

where the data generating distribution is z,(x) = Uni form(-2,2), and
the target model is p(y|x) = N'(y;0.5(x+1), 1). To define the convergence
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sequences r, ~ s, we put sequence distribution (s) equal to the target
distribution p, while for the non-convergence sequences, the sequence
distribution (s) is N'(0,0.64). In this configuration, we assume such as
the Bayesian approach that, the target distribution p is the posterior
distribution, taking p to be the prior distribution. We define two priors
that both satisfy the requirements in Proposition 3: one has a tail that
is heavier than the target distribution pj,,,, ~ N(0.5,1.75), while the
other has a light tail p;,;, ~ N'(0.5,0.64).

3.2. Conditional Gaussian mixture model

Problem setting: We take into account that the data generating
distribution is z,(x) = N(0.1), and we assume the target distribution
as follows

3
pO1x) = Y w0, N (i py, 07)

i=1
where N (y; Hy, 1) is the Normal density, u, = 0.5(x + 1). The weight
vector is w = (0.3,0.6,0.1), the mean vector is as u = (=1,0.5,0.2)u, and
the variance vector is as 62 = (¢7, 03, crg) =(0.15,0.2,0.9).

To define the approximation distribution, in this configuration, we
consider the Laplace approximation and the Gaussian mixture model. In
problems where the target distribution p is differentiable yet computa-
tionally costly, it is practical to use its Laplace approximation p instead.
Given the explanation regarding the target distribution, the computed
Laplace approximation has p ~ AN'(0.3,0.2040%) distribution. Another
scenario is when there is not any problem in derivatives of the target
distribution p and samples from it can be obtained straightforwardly,
one may consider p to be a Gaussian mixture model fitted to these
samples which is a more suitable and flexible substitute for Laplace.
The Gaussian mixture model here is computed using 100 samples from
the target p. To choose the number of components in the mixture
model we consider the minimum Akaike Information Criterion (AIC)
and according to this criterion, the best number of components is 2.

The performance of our proposed test statistic for the different
conditional target models and their p’s (with mentioned settings) are
shown in Figure Fig. 2. It is evident that two selected ps (heavy-tailed
and light-tailed) in the conditional Gaussian model, can identify when
r, converges or diverges from the target distribution p. As for the
selection of p, it depends on the application and the type of data.
The heavy-tailed p is suitable for capturing outliers in the data, while
the light-tailed p is suitable for dealing with data with fewer outliers.
In addition, it is worth noting that the selection of p also affects the
convergence speed of the algorithm, the light-tailed p can accelerate
the convergence speed while the heavy-tailed p can slow down the
convergence speed. On the other hand, for the conditional Gaussian
mixture target distribution, using the Gaussian mixture model as p,
the convergence to the target distribution has a steeper slope than
the Laplace approximation. It is clear from the figure that the Laplace
transformation convergences after n > 50.

4. Application

To illustrate the practicality of gradient-free kernel conditional Stein
discrepancy, we demonstrate how it can be applied to posterior ap-
proximation via Stein importance sampling (presented in Section 4.1).
This extension expands the scope of existing algorithms to statistical
models where certain derivatives of p are either prohibitively expensive
or intractable.

4.1. Gradient-free conditional Stein importance sampling

Importance sampling is a method used in statistical sampling to
improve the accuracy and efficiency of estimates. This is achieved
by weighting the sample data according to their relative importance
or relevance to the population being studied. By assigning higher
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Fig. 1. Experimental slant sequences z, with fixed kernel parameters(c = 1, f = 0.5). The first row shows the sequences (straight line) converge to the target distribution p
(magenta), while the second row depicts the sequences (dash—dot) that converge to different Gaussian distribution. (a) The target distribution is conditional Gaussian mixture
model. (b) The target distribution is conditional Gaussian model. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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(a) Conditional Gaussian target

(b) Conditional Gaussian mixture target

Fig. 2. Experimental evaluation of the gradient-free kernel conditional Stein discrepancy on the sequence z,. The first row displays the distribution of the target model p and its
corresponding p. (a) displays the assessed GF-KCSD for the conditional Gaussian target. (b) depicts the evaluated GF-KCSD for the Conditional Gaussian mixture target. For the
Laplace transformation. For n > 50, the convergence is evident. While for p as Gaussian mixture model, for n > 10 the convergence happens.

weights to more important or representative data points, the overall
estimate is more reflective of the true population. Importance sampling
is a widely utilized technique in machine learning and statistics, yet
its effectiveness is limited as it requires the use of straightforward
proposals with easily calculated importance weights. Stein importance
sampling is an effective and efficient tool for sampling from a tar-
get probability distribution p, even when the distribution cannot be
differentiated (Hodgkinson et al., 2020; Liu & Lee, 2017). It involves
sampling from a tractable approximation of the target distribution
p and then correcting the bias in the samples in order to obtain
samples from the desired target distribution p. The technique has
been successfully applied in instances where the statistical model p
can be differentiated, but Fisher et al. (2022)’s contribution removed
this requirement. They proposed a practical solution (gradient-free
Stein importance sampling) to the problem of sampling from a target
distribution p, even when the distribution cannot be differentiated. Our
contribution is to apply gradient-free Stein importance sampling to
conditional target distributions. We will analyze this method, which
involves generating independent samples (y,) from the same approx-
imate distribution p as used in gradient-free kernel conditional Stein
discrepancy (GF-KCSD).

To apply our proposed method, we need to extend Theorem 3
in Fisher et al. (2022) to the case of conditional target distributions.
This will allow us to use gradient-free Stein importance sampling to
accurately and efficiently estimate conditional probabilities, even when
the target distribution cannot be differentiated. By doing this, we can
extend the applicability of gradient-free Stein importance sampling and
improve its usefulness for statistical estimation.

Theorem 3 (Gradient-Free Conditional Stein Importance Sampling). Let
conditional distribution p and p, satisfying the preconditions of Proposi-
tion 3. Assume that [ exp(4 ||K,V log p||z)dp < oo for some positive A. For
independent samples (y,) from p, the optimal weights are as follows:

a =1

n
=1

n
o € argmin D,, Za, 5(3) ) :0<ay,....,a,,
i=1 i
n ® d
where 7, = Y!_, ¥ 8(y;), as n — oo, @, = p.
The weighted samples are generated by multiplying each sample
by its corresponding weight, and then summing over all the samples.
As the number of samples increases, the distribution of the weighted
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Fig. 3. Evaluation of gradient-free conditional importance sampling in different sample
the scenario p(y|x) ~ N'(y;x + v, 1), Third Row: under the scenario p(y|x) ~ N'(y;x + v, ).

samples generated by the importance sampling method converges to
the true target distribution almost surely. This means that the esti-
mates obtained using importance sampling become more accurate and
reliable as the number of samples increases.

To demonstrate the effectiveness of gradient-free conditional Stein
importance sampling, we implemented it to approximate a posterior
distribution. We analyze the efficacy of GF-KCSD importance sampling
in comparison with the performance of two other importance sampling
methods: KCSD importance sampling, and self-normalized importance
sampling. The experiment is run by first sampling a set of points from
the target and approximate distributions. These samples are then used
to calculate the maximum mean discrepancy (MMD) between the two
distributions using each of the three importance sampling methods. The
three importance sampling methods differ in the specific techniques
they use to correct for bias in the samples. We utilize the logarithm of
the energy distance as a measure of the quality of the approximation
and compare the efficacy of these three methods. In general, a lower
logarithm of energy distance indicates that the two distributions are
more similar, while a higher energy distance indicates that they are
more different.

Problem Setting: We consider the performance of each method
for a different number of samples n. As mentioned in Theorem 3, we
are required to find the optimal weights for conditional Stein impor-
tance sampling (with gradient and without gradient). This optimization
problem can be solved using a type of algorithm called a splitting
conic solver, which was developed by O’donoghue, Chu, Parikh, and
Boyd (2016). These types of algorithms are typically used to solve
optimization problems that involve a combination of linear and convex
quadratic constraints. There are three different scenarios:

- Different scale scenario: 7, ~ N'(0,1), p(y|x) ~ N(y;x,1) and
p(y|%) ~ N'(y; x, ).

log-Energy Distance
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size and scenarios: First Row: under the scenario p(y|x) ~ N'(y;x,7), Second Row: under

« Different location scenario: z, ~ N'(0, 1), p(y|x) ~ N'(y;x, 1) and
pYIX) ~ N (i x + v, 1).

« Different scale-location scenario: 7, ~ N'(0, 1), p(y|x) ~ N'(; x,
1) and p(y|x) ~ N'(y; x + v, 1)

where 0.6 <5 < 1.4 and -0.5 < v < 0.5. Figure Fig. 3 displays the result
of each scenarios. These results indicate that the way that gradient-
free conditional Stein sampling corrects the bias in the samples in
comparison with the conditional Stein importance sampling performed
almost similar to or even better.

In the different scale scenario, for n > 0.8, the proposed method
performed better than the gradient-based approach. Moreover, When
the number of samples increases, the proposed method performs almost
similarly to the gradient-based importance sampling. In the different
location scenario, for v > —0.2 the proposed method performed almost
similar to or better than the gradient-based conditional Stein impor-
tance sampling. In the different scale-location scenario, for —0.2 <
v < 0.1 and 0.8 < 5 < 1.2 it is evident that the Gradient-Free
Conditional Stein importance sampling outperformed gradient-based
approach. And in other intervals, its performance was comparable to
that of the gradient-based Stein importance sampling.

5. Conclusion

We propose Gradient-Free Conditional Stein Discrepancy which is
a measure of the difference between two distributions, and it is often
used in statistical testing and machine learning. Compared to existing
gradient-based methods, such as Kernel Conditional Stein Discrepancy
(KCSD), GF-KCSD does not require the computation of derivatives of
the target distribution, thereby making it more efficient and cost-
effective. Moreover, GF-KCSD is particularly useful in models where
certain derivatives of the target distribution are either computationally
expensive or intractable. We have done the experimental investigation
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in a wide range of scenarios for checking its ability to identify the
convergence and divergence from the target distribution. The result
shows that this approach is scalable and stable. Besides, we utilized this
method in importance sampling problem. The result evidently showed
that Gradient-Free Conditional Stein importance sampling achieved
similar to or better performance than gradient-base conditional Stein
importance sampling in terms of the logarithm of the energy distance
in variety of problem settings. Future work on the GF-KCSD can include
extending it to deal with a discrete domain Y by applying a Stein
operator based on forward and backward differences. These research
ideas remain open for consideration.
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Appendix. Proofs

Proofs for all the theoretical findings discussed in the main article
are included in this appendix.

A.1. Proof of Theorem 1

Proof. First we need to show that the second expectation in Eq. (8) is
equal to zero. To do that in the first step we rewrite the expectation in
the integral form (/ K¢ e (y,.)| dp) and show that it is well-defined.
The function g and its first derivatives are assumed to be bounded,
which means that the magnitude of g(x) and its first derivatives are
never too large for any point x € RY. Now the quantities C;, and C, are
defined as the supremum (i.e., the smallest upper bound) of the magni-
tudes of g(x) and its derivatives, respectively, over the entire space RY
as Cy = sup {lg)ll : x € RP} and C; = sup {|V.g(x)| : x € RP}. Also,
Since K is Cj-universal, this operator is injective (Carmeli et al., 2010),
as a result of the injectivity and having the linear operator we have the
following relation:

p
/ K&, (3l dp = / KJ2(V.g 4.9 logp)ldp
= / K. |(V.g+g.Vlogp)ldp < C| + C, * constant < oo

Now, let B be a ball in R? centered at the origin with radius r. The
set S, is defined as the set of all points y € R? such that the Euclidean
norm of y is less than or equal to r. On the other hand, let the set .S be
the surface of the ball B, which is defined as the set of all points y such
that the Euclidean norm of y is equal to r. In other words, S is the set
of points on the boundary of B. Then we define the quantity m(r) as the
smallest upper bound of the values of a given function p on the set .S. In
other words, m(r) is the largest possible value of p(y) for any point y on
the surface of the ball B. We define the indication function 1(y) that is
1 if y € B and 0 if y ¢ B. This function can be thought of as a “mask”
that selects only the points in the set B and all other points to zero.
By assumption, the quantity »?~!m(r) approaches zero as r approaches
infinity. This means that the values of p(y) on the surface of the ball B
become arbitrarily small as the radius of B becomes arbitrarily large.
Now we can define the expectation in terms of the sets B, S and 1,
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functions as [ Ky e ) dp = lim,_ [1 8, KxCp 32 ) dp. Then we
have: ' ‘

p
/lB,Kxgp“X)(y’ Ndp= / s K [(V.g +g.Viogp)] dp

=/ K [pV-g+g-Vp]dy=/ K\V.(pg)dy
B, B,

r—oo
=/ prg.ndySm(r)><c><rD_1 - 0

»

Now, after this proof, we can rewrite Eq. (8) as follows:
) 2
D, ,(m) = “E(X,y)wxyKXgo(»IX)(y’ ')”GK
2
= “E<x>~nx KBy Eocn (Y )” 6x

= “E(X)N;[X erpv”(" X)”ZK

Based on the Theorem 2 in Chwialkowski et al. (2016), for almost

all z,, the Kernel Stein Discrepancy between two probability density

functions p|x and r|x is 0 if and only if they overlap. Thus, given x ~ z,,
2

”rm(., X)Hg"y =0if and only if p |, = 7 |,. The rest can be proved as the

previous part. []

A.2. Proof of Proposition 2

Proof. To prove this proposition, we need to rewrite the Dz () as
follows:

2 2
D, ,(m) = “]E(Xs)')N”xy KyCoo (> ')HCK

= (B Kl 8 By K Gy (V) ),

()
= EXYEX’y’ <Kx§p(»\X)(y’ ), Ky p(IX") (y’, '))gK

()
= By By (Ko Kadp o (¥-)) oy

p(y[x)p(y’|x") -
satopty s (X3

From the requirement 4 in Theorem 1, and due to the Bochner in-
tegrability of K{, (¥, ), at (), the inner product and the expectation
are interchangeable.

In the second step (**), the adjoint of the operator K,,, denoted
as K7, is used. The adjoint is defined as the operator that satisfies
(Ky f.g) =(f.K}g) for all functions f,g in the domain of K, . Taking
advantage of the reproducing property of the kernel function K, is used
to rewrite the inner product in terms of the kernel function k(x,x’).
Thus we can write K, K, = K (x,x’) = k(x,x’) I and I is an identity
operator. Thus b, (x,y), (x',y")) can be written as:

= ExyEx’y’k (X, Xl)

D,
- _ N T ’ ’ ’

by (. ¥), (X¥)) =1 (y.¥') sh(y | 00s, (v "‘)+;ay,.ay;’(y’” -
+ 5 IOVl (v,¥) +s) (v 1X) Yyl (v.¥),
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