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Abstract

In this paper, we establish a connection between the parameterization of flow-based
and energy-based generative models, and present a new flow-based modeling ap-
proach called energy-based normalizing flow (EBFlow). We demonstrate that by
optimizing EBFlow with score-matching objectives, the computation of Jacobian
determinants for linear transformations can be entirely bypassed. This feature
enables the use of arbitrary linear layers in the construction of flow-based models
without increasing the computational time complexity of each training iteration
from O(D?L) to O(D3L) for an L-layered model that accepts D-dimensional in-
puts. This makes the training of EBFlow more efficient than the commonly-adopted
maximum likelihood training method. In addition to the reduction in runtime, we
enhance the training stability and empirical performance of EBFlow through a
number of techniques developed based on our analysis of the score-matching meth-
ods. The experimental results demonstrate that our approach achieves a significant
speedup compared to maximum likelihood estimation while outperforming prior
methods with a noticeable margin in terms of negative log-likelihood (NLL).

1 Introduction

Parameter estimation for probability density functions (pdf) has been a major interest in the research
fields of machine learning and statistics. Given a D-dimensional random data vector x € R, the goal
of such a task is to estimate the true pdf py(-) of x with a function p(- ; §) parameterized by 6. In the
studies of unsupervised learning, flow-based modeling methods (e.g., [1H4]) are commonly-adopted
for estimating px due to their expressiveness and broad applicability in generative tasks.

Flow-based models represent p(-; ) using a sequence of invertible transformations based on the
change of variable theorem, through which the intermediate unnormalized densities are re-normalized
by multiplying the Jacobian determinant associated with each transformation. In maximum likelihood
estimation, however, the explicit computation of the normalizing term may pose computational
challenges for model architectures that use linear transformations, such as convolutions [4} 5] and
fully-connected layers [6, [7]. To address this issue, several methods have been proposed in the
recent literature, which includes constructing linear transformations with special structures [[8H12]
and exploiting special optimization processes [7]. Despite their success in reducing the training
complexity, these methods either require additional constraints on the linear transformations or biased
estimation on the gradients of the objective.

Motivated by the limitations of the previous studies, this paper introduces an approach that reinterprets
flow-based models as energy-based models [13], and leverages score-matching methods [[14H17] to
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optimize p(- ; #) according to the Fisher divergence [[14} [18] between px () and p(- ; ). The proposed
method avoids the computation of the Jacobian determinants of linear layers during training, and
reduces the asymptotic computational complexity of each training iteration from O(D3L) to O(D?L)
for an L-layered model. Our experimental results demonstrate that this approach significantly
improves the training efficiency as compared to maximum likelihood training. In addition, we
investigate a theoretical property of Fisher divergence with respect to latent variables, and propose
a Match-after-Preprocessing (MaP) technique to enhance the training stability of score-matching
methods. Finally, our comparison on the MNIST dataset [[19] reveals that the proposed method
exhibit significant improvements in comparison to our baseline methods presented in [17]] and [7] in
terms of negative log likelihood (NLL).

2 Background

In this section, we discuss the parameterization of probability density functions in flow-based and
energy-based modeling methods, and offer a number of commonly-used training methods for them.

2.1 Flow-based Models

Flow-based models describe py(-) using a prior distribution py(-) of a latent variable u € R? and
an invertible function g = g o --- o g1, where g;(-;0) : R? — RP Vi € {1,--- L} and is
usually modeled as a neural network with L layers. Based on the change of variable theorem and the
distributive property of the determinant operation det (-), p(- ; ) can be described as follows:

L
p(@;0) = pu (9(x;0)) |det(Ty (23 0))| = pu (9(; 0)) [ ] Idet(Ty, (zi-150))], M

i=1

where x; = g; 0 --- o g1(x;0), xp = x, Jg(x;0) = a‘ig(m; 0) represents the Jacobian of g with
respect to «, and J g, (x;—1;0) = am?_l gi(x;—1;0) represents the Jacobian of the i-th layer of g
with respect to «; 1. This work concentrates on model architectures employing linear flows [20] to
design the function g. These model architectures primarily utilize linear transformations to extract
crucial feature representations, while also accommodating non-linear transformations that enable
efficient Jacobian determinant computation. Specifically, let S; be the set of linear transformations
ing,and S,, = {¢;|¢ € {1,---,L}} \ S; be the set of non-linear transformations. The general

assumption of these model architectures is that Hle |det (Jg4,)| in Eq. l| can be decomposed
as [[,.cs, [det (Jg)I]1,,cs, [det (Tg,)[, where [, s [det (Jg,) and [], ., |det (Jg,)| can be
calculated within the complexity of O(D?L) and O(D?L), respectively. Previous implementations
of such model architectures include Generative Flows (Glow) [4], Neural Spline Flows (NSF) [5]],
and the independent component analysis (ICA) models presented in [0, [7]].

Given the parameterization of p(- ;6), a commonly used approach for optimizing 6 is maxi-
mum likelihood (ML) estimation, which involves minimizing the Kullback-Leibler (KL) diver-

gence Dk, [px(x)||p(x;0)] = By (2) [log ;’E‘éwg))} between the true density px(x) and the param-

eterized density p(«;6). The ML objective Ly, () is derived by removing the constant term
E,, () [log px ()] with respect to 6 from Dk, [px () ||p(2; 0)], and can be expressed as follows:

L (9) = pr(m) [_ Ing(w; 9)] . )

The ML objective explicitly evaluates p(x; #), which involves the calculation of the Jacobian determi-
nant of the layers in S;. This indicates that certain model architectures containing convolutional [4} 5]
or fully-connected layers [6} [7] may encounter training inefficiency due to the O(D?L) cost of
evaluating [, .5, [det (J4,)|. Although a number of alternative methods discussed in Sectioncan
be adopted to reduce their computational cost, they either require additional constraints on the linear
transformation or biased estimation on the gradients of the ML objective.

2.2 Energy-based Models

Energy-based models are formulated based on a Boltzmann distribution, which is expressed as the
ratio of an unnormalized density function to an input-independent normalizing constant. Specif-
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ically, given a scalar-valued energy function E(-;6) : RP — R, the unnormalized density func-
tion is defined as exp (—E(x; 6)), and the normalizing constant Z(#) is defined as the integration
Jperp xp (—E(x;0)) dz. The parameterization of p(-; 6) is presented in the following equation:

p(x;0) = exp (—E(x;0)) Z~'(0). )

Optimizing p(- ; 8) in Eq. (3)) through directly evaluating L1, in Eq. (2) is computationally infeasible,
since the computation requires explicitly calculating the intractable normalizing constant Z(6). To
address this issue, a widely-used technique [13] is to reformulate (%EML(H) as its sampling-based

variant 8‘90 Lsmr(6), which is expressed as follows:
Lsmr (9) = pr(m) [E(QS, 9)] - IESg(;n(a:;e)) [E(SC, 9)] ; 4

where sg(-) indicates the stop-gradient operator. Despite the fact that Eq. (4)) prevents the calculation
of Z(6), sampling from p(-; 6) typically requires running a Markov Chain Monte Carlo (MCMC)
process (e.g., [21,[22]]) until convergence, which can still be computationally expensive as it involves
evaluating the gradients of the energy function numerous times. Although several approaches [23} [24]]
were proposed to mitigate the high computational costs involved in performing an MCMC process,
these approaches make use of approximations, which often cause training instabilities in high-
dimensional contexts [25]].

Another line of researches proposed to optimize p(- ; §) through minimizing the Fisher divergence

Dr [px(x)||p(;0)] = E,, (a) [% 12 log (5&59;))> HQ} between px(x) and p(x; 0) using the score-

matching (SM) objective Lsm (0) = E,,_(a) [; I 6‘1 E(x;0)]]? — Tr(aii;E(a:; 6))} [14] to avoid the

explicit calculation of Z(#) as well as the sampling process required in Eq. @) Several computation-
ally efficient variants of Lg\r, including sliced score matching (SSM) [IL6], finite difference sliced
score matching (FDSSM) [17]], and denoising score matching (DSM) [[15]], have been proposed.

SSM is derived directly based on Lg) with an unbiased Hutchinson’s trace estimator [26]]. Given
a random projection vector v € R? drawn from p,, and satisfying Ep, (v) [vTv] = I, the objective
function denoted as Lgs\, is defined as follows:

2

1
2

2 .
. 70 E(m,@)v] |

Lssm(0) —Ep (@)py (v) {” a2

D () (5)

ox

H@E(m;@)

FDSSM is a parallelizable variant of Lggs that adopts the finite difference method [27] to approximate
the gradient operations in the objective. Given a uniformly distributed random vector €, it accelerates
the calculation by simultaneously forward passing E(x;0), E(x + €;0), and E(x — €; 0) as follows:

Lrpssm(0) = 2E,, () [E(x;0)] — Ep (@)pe(e) [E(T +€;0) + E(x — €;0)]

1 6)
+ 8pr(m)p£(€) |:(E(CE +&; 9) — E(:IC — € 0))2] ’

where p¢(€) = U(e € RP||le|| = &), and £ is a hyper-parameter that usually assumes a small value.

DSM approximates the true pdf through a surrogate that is constructed using the Parzen density
estimator p, () [28]]. The approximated target p, (&) = [, _pp Do (Z|2)px(x)d is defined based
on an isotropic Gaussian kernel p, (Z|z) = N (Z|z, 0?I) with a variance 0. The objective Lpgui,

which excludes the Hessian term in Lggpp, is written as follows:

1|0B(z:0) =—z|°
2 L

Losm(0) = Ep, (z)p,, (&) @

oz o

To conclude, Lgg is an unbiased objective that satisfies 599 Lssm(0) = aagDF [px(x)||p(z; 0)] [16],
while Lppssm and Lpgym require careful selection of hyper-parameters £ and o, since
S Lrpssm(0) = 2 (Dr [px(z)||p(;0)] 4 0 (€)) [17] contains an approximation error o (£), and
Do in 069 Lpsm(0) = aae Dr [po (€)||p(2; 6)] may bear resemblance to px only for small o [15]].
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3 Related Works

3.1 Accelerating Maximum Likelihood Training of Flow-based Models

A key focus in the field of flow-based modeling is to reduce the computational expense associated
with evaluating the ML objective [7H12,[29]. These acceleration methods can be classified into two
categories based on their underlying mechanisms.

Specially Designed Linear Transformations. A majority of the existing works [8-12, 29] have
attempted to accelerate the computation of Jacobian determinants in the ML objective by exploiting
linear transformations with special structures. For example, the authors in [8] proposed to constrain
the weights in linear layers as lower triangular matrices to speed up training. The authors in
[9, [10] proposed to adopt convolutional layers with masked kernels to accelerate the computation of
Jacobian determinants. The authors in [29] leveraged orthogonal transformations to bypass the direct
computation of Jacobian determinants. More recently, the authors in [[12] proposed to utilize linear
operations with special butterfly structures [30] to reduce the cost of calculating the determinants.
Although these techniques avoid the O(D? L) computation, they impose restrictions on the learnable
transformations, which potentially limits their capacity to capture complex feature representations, as
discussed in [7, 311 [32]]. Our experimental findings presented in Appendix [A.5]support this concept,
demonstrating that flow-based models with unconstrained linear layers outperform those with linear
layers restricted by lower / upper triangular weight matrices [8] or those using lower—upper (LU)
decomposition [4]].

Specially Designed Optimization Process. To address the aforementioned restrictions, a recent
study [7] proposed the relative gradient method for optimizing flow-based models with arbitrary
linear transformations. In this method, the gradients of the ML objective are converted into their
relative gradients by multiplying themselves with W W, where W € RP*PD represents the
weight matrix in a linear transformation. Since 63‘, log |det (W)| WTW = W, evaluating relative
gradients is more computationally efficient than calculating the standard gradients according to
oo log |det (W)| = (WT)~1. While this method reduces the training time complexity from
O(D3L) to O(D?L), a significant downside to this approach is that it introduces approximation
errors with a magnitude of o(W'), which can escalate relative to the weight matrix values.

3.2 Training Flow-based Models with Score-Matching Objectives

The pioneering study [[14]] is the earliest attempt to train flow-based models by minimizing the
SM objective. Their results demonstrate that models trained using the SM loss are able to achieve
comparable or even better performance to those trained with the ML objective in a low-dimensional
experimental setup. More recently, the authors in [[16] and [[17] proposed two efficient variants of
the SM loss, i.e., the SSM and FDSSM objectives, respectively. They demonstrated that these loss
functions can be used to train a non-linear independent component estimation (NICE) [[1]] model
on high-dimensional tasks. While the training approaches of these works bear resemblance to ours,
our proposed method places greater emphasis on training efficiency. Specifically, they directly
implemented the energy function E'(x; 6) in the score-matching objectives as — log p(x; 6), resulting
in a significantly higher computational cost compared to our method introduced in Sectiond] In
Section E} we further demonstrate that the models trained with the methods in [[16} [17]] yield less
satisfactory results in comparison to our approach.

4 Methodology

In this section, we introduce a new framework for reducing the training cost of flow-based models with
linear transformations, and discuss a number of training techniques for enhancing its performance.

4.1 Energy-Based Normalizing Flow

Instead of applying architectural constraints to reduce computational time complexity, we achieve the
same goal through adopting the training objectives of energy-based models. We name this approach as
Energy-Based Normalizing Flow (EBFlow). A key observation is that the parametric density function
of a flow-based model can be reinterpreted as that of an energy-based model through identifying
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the input-independent multipliers in p(- ; ). Specifically, p(- ; 8) can be explicitly factorized into an
unnormalized density and a corresponding normalizing term as follows:

p(x;0) = pu (9(x;0)) H\det (Tio1;0))]
= H |det (J,, (i-1;0))| H |det(J,, (0))] = exp( (:c 9)) Z710)
gi€Sn 9i€S Unnormdhzed Densit l\:)m?’Con/st
~ ~ 2 ~ - Y : :
Unnormalized Density Norm. Const.

®)

where the energy function E(-;#) and the normalizing constant Z ~1() are selected as follows:

Blai0) 2 ~tog (pu(o(w:0) [T v @i ). 270) = ] e, 01 o

gi€Sn gi €Sy

The detailed derivations of Eqgs. (§) and () are elaborated in Lemma[A.TT|of Section[A.T.2] By iso-
lating the computationally expensive term in p(- ; #) as the normalizing constant Z(6), the parametric
pdf defined in Eqs. (8) and (9) becomes suitable for the training methods of energy-based models. In
the subsequent paragraphs, we discuss the training, inference, and convergence property of EBFlow.

Training Cost. Based on the definition in Egs. (8) and (9), the score-matching objectives specified in
Eqs. (3)-(7) can be adopted to prevent the Jacobian determinant calculation for the elements in S;. As
a result, the training complexity can be significantly reduced to O(D?L), as the O(D3L) calculation
of Z(0) is completely avoided. Such a design allows the use of arbitrary linear transformations in
the construction of a flow-based model without posing computational challenge during the training
process. This feature is crucial to the architectural flexibility of a flow-based model. For example,
fully-connected layers and convolutional layers with arbitrary padding and striding strategies can be
employed in EBFlow without increasing the training complexity. EBFlow thus exhibits an enhanced
flexibility in comparison to the related works that exploit specially designed linear transformations.

Inference Cost. Although the computational cost of evaluating the exact Jacobian determinants of
the elements in S; still requires O(D3L) time, these operations can be computed only once after
training and reused for subsequent inferences, since Z () is a constant as long as 6 is fixed. In cases
where D is extremely large and Z(6) cannot be explicitly calculated, stochastic estimators such as
the importance sampling techniques (e.g., [33}[34]) can be used as an alternative to approximate Z(6).
We provide a brief discussion of such a scenario in Appendix [A.3]

Asymptotic Convergence Property. Similar to maximum likelihood training, score-matching meth-
ods that minimize Fisher divergence have theoretical guarantees on their consistency [14,[16]]. This
property is essential in ensuring the convergence accuracy of the parameters. Let N be the num-
ber of independent and identically distributed (i.i.d.) samples drawn from px to approximate the
expectation in the SM objective. In addition, assume that there exists a set of optimal parameters 6*
such that p(x; 0*) = px(x). Under the regularity conditions (i.e., Assumptions shown in
Appendix [A.T.1), consistency guarantees that the parameters 6y minimizing the SM loss converges
(in probability) to its optimal value 6* when N — o0, i.e., Ox = 6* as N — oco. In Appendix
we provide a formal description of this property based on [[16] and derive the sufficient condition for
g and py to satisfy the regularity conditions (i.e., Proposition [A.T0).

4.2 Techniques for Enhancing the Training of EBFlow

As revealed in the recent studies [16}[17]], training flow-based models with score-matching objectives
is challenging as the training process is numerically unstable and usually exhibits significant variances.
To address these issues, we propose to adopt two techniques: match after preprocessing (MaP) and
exponential moving average (EMA), which are particularly effective in dealing with the above issues
according to our ablation analysis in Section [5.3]

MaP. Score-matching methods rely on the score function — a(i; E(x;0) to match aé; log px (), which
requires backward propagation through each layer in g. This indicates that the training process
could be numerically sensitive to the derivatives of g. For instance, logit pre-processing layers
commonly used in flow-based models (e.g., [1} 4} 5, [7 I8, I35]]) exhibit extremely large derivatives
near 0 and 1, which might exacerbate the above issue. To address this problem, we propose to
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exclude the numerically sensitive layer(s) from the model and match the pdf of the pre-processed
variable during training. Specifically, let x;, = gy, o - - - 0 g1(x) be the pre-processed variable, where k
represents the index of the numerically sensitive layer. This method aims to optimize a parameterized
pdf pr(-560) 2 pulgr o -+ 0 grya(-:6)) [Tizyys |det (Jy,)] that excludes (gx, -+ ,¢1) through
minimizing the Fisher divergence between the pdf py, (-) of x; and py (- ; @) by considering the (local)
behavior of Dy, as presented in Proposition 4.1}

Proposition 4.1. Let py; be the pdf of the latent variable of x; £ g; 00 g1(x) indexed by
J. In addition, let p;(-) be a pdf modeled as pu(gr, o --- o gj+1(-)) HZ.L:J.H |det (Jg,)
j€{0,---,L—1}. It follows that:

Dr [px, |pj] = 0 < Dr [px|lpo] = 0,Vj € {1,---,L —1}. (10)

The derivation is presented in Appendix [A.1.3] In Section[5.3] we validate the effectiveness of
the MaP technique on the score-matching methods formulated in Eqs. (3)-(7) through an ablation
analysis. Please note that MaP does not affect maximum likelihood training, since it always satisfies

Dkr [px, pj] = Dk [pxllpo], Vi € {1, , L — 1} as revealed in Lemma|A.12

EMA. In addition to the MaP technique, we have also found that the exponential moving average
(EMA) technique introduced in [36] is effective in improving the training stability. EMA enhances
the stability through smoothly updating the parameters based on 6 <— mf + (1 —m)0; at each training
iteration, where 6 is a set of shadow parameters [36], 6; is the model’s parameters at iteration 4, and
m is the momentum parameter. In our experiments presented in Section [5] we adopt m = 0.999 for
both EBFlow and the baselines.

, where

5 Experiments

In the following experiments, we first compare the training efficiency of the baselines trained with
Ly, and EBFlow trained with Lour,, Lssms Lrpssy, and Lpgy to validate the effectiveness of
the proposed method in Sections[5.1]and Then, in Section[5.3] we provide an ablation analysis
of the techniques introduced in Section and a performance comparison between EBFlow and a
number of related studies [7, [16} [17]. Finally, in Section@ we discuss how EBFlow can be applied
to generation tasks. Please note that the performance comparison with [8-H12} [29]] is omitted, since
their methods only support specialized linear layers and are not applicable to the employed model
architecture [[7]] that involves fully-connected layers. The differences between EBFlow, the baseline,
and the related studies are summarized in Table EI in the appendix. The sampling process involved
in the calculation of Lgyy, is implemented by ¢~ (u ; 8), where u ~ p,,. The transformation g(- ; 6)
for each task is designed such that S; # ¢ and S,, # ¢. For more details about the experimental
setups, please refer to Appendix [A.2]

5.1 Density Estimation on Two-Dimensional Synthetic Examples
M
32 2

EBFlow

In this experiment, we examine the performance of
EBFlow and its baseline on three two-dimensional
synthetic datasets. These data distributions are
formed using Gaussian smoothing kernels to en-
sure px (@) is continuous and the true score function
a{; log px(x) is well defined. The model g(-;0) is
constructed using the Glow model architecture [4],
which consists of actnorm layers, affine coupling lay-
ers, and fully-connected layers. The performance True (ML) (SML)  (SSM)  (DSM) (FDSSM)
are evaluated in terms of the KL divergence and the Figure 1: The visualized density functions on
Fisher divergence between py(x) and p(z; 0) using the Sine, Swirl, and Checkerboard datasets.
independent and identically distributed (i.i.d.) testing The column ‘True’ illustrates the visualization
sample points. of the true density functions.

Baseline EBFlow  EBFlow EBFlow

Table [T)and Fig. [T]demonstrate the results of the above setting. The results show that the performance
of EBFlow trained with Lssyv, Lrpssm, and Lpgy in terms of KL divergence is on par with those
trained using Lgpr, as well as the baselines trained using Lyr,. These results validate the efficacy of
training EBFlow with score matching.
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Table 1: The evaluation results in terms of KL-divergence and Fisher-divergence of the flow-based
models trained with Lyr, Lsvr,, Lssv, Losm, and Lepssy on the Sine, Swirl, and Checkerboard
datasets. The results are reported as the mean and 95% confidence interval of three independent runs.

Dataset Metric Baseline (ML) EBFlow (SML) EBFlow (SSM) EBFlow (DSM) EBFlow (FDSSM)
Sine Fisher Divergence ({.) 6.86 &+ 0.73 e-1 6.65 £+ 1.05e-1 6.25 + 0.84 e-1 6.66 + 0.44 e-1 6.66 + 1.33 e-1
KL Divergence ({.) 4.56 + 0.00 e+0 4.56 £ 0.00 e+0 4.56 £ 0.01 e+0 4.57 £ 0.02 e+0 4.57 £ 0.01 e+0
Swirl Fisher Divergence ({,) 1.42 £ 0.48 e+0 1.42 4 0.53 e+0 1.35 £ 0.10 e+0 1.34 £ 0.06 e+0 1.37 £ 0.07 e+0
KL Divergence ({.) 4.21 + 0.00 e+0 4.21 £ 0.01 e+0 425+ 0.04 e+0 4224+ 0.02e+0 4.25 + 0.08 e+0
Checkerboard Fisher Divergence ({.) 7.24 + 11.50 e+1 1.23 £ 0.75 e+0 7.07 £ 193 e-1 7.03 + 1.99 e-1 7.08 £+ 1.62 e-1
KL Divergence ({.) 4.80 £ 0.02 e+0 4.81 4+ 0.02 e+0 4.85 £ 0.05e+0 4.82 £+ 0.05e+0 4.83 £+ 0.03 e+0

Table 2: The evaluation results in terms of the performance (i.e., NLL and Bits/Dim) and the
throughput (i.e., Batch/Sec.) of the FC-based and CNN-based models trained with the baseline and
the proposed method on MNIST and CIFAR-10. Each result is reported in terms of the mean and
95% confidence interval of three independent runs after 6 is converged. The throughput is measured
on NVIDIA Tesla V100 GPUs.

MNIST (D = 784)

Model FC-based CNN-based
Num. Param. 1.230 M 0.027M

Method Baseline (ML) EBFlow (SML) EBFlow (SSM) EBFlow (DSM) EBFlow (FDSSM) Baseline (ML) EBFlow (SML) EBFlow (SSM) EBFlow (DSM) EBFlow (FDSSM)

NLL (}) 10924 +£0.1 10923 +0.6 10928 +03  1099.2 + 0.2 1104.1 £ 0.5 11013+13 10983466 11075+14  1109.5+24 1122.1 +3.1
Bits/Dim (1) 2.01 £ 0.00 2.01 £ 0.00 2.01 £ 0.00 2.02 £ 0.00 2.03 £0.00 2.03 £0.00 2.02 + 0.01 2.03 £0.00 2.04 £ 0.00 2.06 £ 0.01
Batch/Sec. (1) 8.00 12.27 33.11 66.67 130.21 0.21 0.29 7.09 18.32 38.76

CIFAR-10 (D = 3,072)

Model FC-based CNN-based
Num. Param. 18.881 M 0241 M

Method Baseline (ML) EBFlow (SML) EBFlow (SSM) EBFlow (DSM) EBFlow (FDSSM) Baseline (ML) EBFlow (SML) EBFlow (SSM) EBFlow (DSM) EBFlow (FDSSM)

NLL (}) 119129 £ 10.5 11915.6 £5.6 11917.7 £ 155 11940.0 = 6.6 12347.8 £ 6.8 11408.7 + 26.7 11553.64 151.7 114355 £ 12.0 114623 +£7.9  11766.0 + 36.8
Bits/Dim () ~ 5.59 + 0.00 5.60 & 0.00 5.60 +0.01 5.61 +0.00 5.80 +0.00 5.36 £ 0.01 5.4140.07 5.37 £ 0.00 5.38 £ 0.00 5.54 +0.02
Batch/Sec. (1) 5.05 7.35 29.85 57.14 62.50 0.02 0.03 7.35 18.41 39.84

5.2 Efficiency Evaluation on the MNIST and CIFAR-10 Datasets

In this section, we inspect the influence of data dimension D on the training efficiency of flow-based
models. To provide a thorough comparison, we employ two types of model architectures and train
them on two datasets with different data dimensions: the MNIST [19] (D = 1 x 28 x 28) and
CIFAR-10 [37] (D = 3 x 32 x 32) datasets.

The first model architecture is exactly the same as that adopted by [[7]. It is an architecture consisting
of two fully-connected layers and a smoothed leaky ReLLU non-linear layer in between. The second
model is a parametrically efficient variant of the first model. It replaces the fully-connected layers
with convolutional layers and increases the depth of the model to six convolutional blocks. Between
every two convolutional blocks, a squeeze operation [2] is inserted to enlarge the receptive field. In the
following paragraphs, we refer to these models as ‘FC-based’ and ‘CNN-based’ models, respectively.

The performance of the FC-based and CNN-based models is measured using the negative log likeli-
hood (NLL) metric (i.e., E,,_(z)[—log p(z; #)]), which differs from the intractable KL divergence
by a constant. In addition, its normalized variant, the Bits/Dim metric [38], is also measured and
reported. The algorithms are implemented using PyTorch [39] with automatic differentiation [40],
and the runtime is measured on NVIDIA Tesla V100 GPUs. In the subsequent paragraphs, we assess
the models through scalability analysis, performance evaluation, and training efficiency examination.

Scalability. To demonstrate the scalability of KL-divergence-based (i.e., Ly, and Lgyr,) and Fisher-
divergence-based (i.e., Lssm, Lpsm, and Lrpgssy) objectives used in EBFlow and the baseline
method, we first present a runtime comparison for different choices of the input data size D. The
results presented in Fig. [2] (a) reveal that Fisher-divergence-based objectives can be computed more
efficiently than KL-divergence-based objectives. Moreover, the sampling-based objective Lgyp, used
in EBFlow, which excludes the calculation of Z(6) in the computational graph, can be computed
slightly faster than Ly, adopted by the baseline.
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Figure 2: (a) A runtime comparison of calculating the gradients of different objectives for different
input sizes (D). The input sizes are (1,n,n) and (3, n, n), with the x-axis in the figures representing
n. In the format (¢, h, w), the first value indicates the number of channels, while the remaining values
correspond to the height and width of the input data. The curves depict the evaluation results in terms
of the mean of three independent runs. (b) A comparison of the training efficiency of the FC-based
and CNN-based models evaluated on the validation set of MNIST and CIFAR-10. Each curve and

the corresponding shaded area depict the mean and confidence interval of three independent runs.

W/o MaP Technique = W/ MaP Technique Table 3: The results in terms of NLL of the FC-
based and CNN-based models trained using SSM,
DSM, and FDSSM losses on MNIST. The perfor-
mance is reported in terms of the means and 95%
confidence intervals of three independent runs.

Gradient Norm

FC-based
EMA MaP EBFlow(SSM) EBFlow(DSM) EBFlow(FDSSM)

1757.5 + 28.0 4660.3 £ 19.8 3267.0 + 99.2
v 1720.5 + 0.8 4455.0 £ 1.6 31663 +17.3
v v 1092.8 + 0.3 1099.2 £+ 0.2 1104.1 + 0.5

Training Steps
Figure 3: The norm of S, Lgsm(f) of an FC-
based model trained on the MNIST dataset. The

. 3518.0 339 31700 £ 7.2 35933 + 12.5
curves and shaded area depict the mean and 95% v 35045424 3180.0 £ 2.9 3560.3 & 1.7
confidence interval of three independent runs. oo/ uumsEld 1SsE26 0 1221431

CNN-based

EMA MaP EBFlow(SSM) EBFlow(DSM) EBFlow(FDSSM)

Performance. Table 2| demonstrates the performance of the FC-based and CNN-based models in
terms of NLL on the MNIST and CIFAR-10 datasets. The results show that the models trained with
Fisher-divergence-based objectives are able to achieve similar performance as those trained with
KL-divergence-based objectives. Among the Fisher-divergence-based objectives, the models trained
using Lggy and Lpgy are able to achieve better performance in comparison to those trained using
Lrpssm- The runtime and performance comparisons above suggest that Lgsy and Lpgy can deliver
better training efficiency than Ly, and Lgnr,, since the objectives can be calculated faster while
maintaining the models’ performance on the NLL metric.

Training Efficiency. Fig. (b) presents the trends of NLL versus training wall time when Lyir,, Lsmr,
Lssm, Lpsm, and Lrpgsy are adopted as the objectives. It is observed that EBFlow trained with
SSM and DSM consistently attain better NLL in the early stages of the training. The improvement is
especially notable when both D and L are large, as revealed for the scenario of training CNN-based
models on the CIFAR-10 dataset. These experimental results provide evidence to support the use of
score-matching methods for optimizing EBFlow.

5.3 Analyses and Comparisons

Ablation Study. Table [3| presents the ablation results that demonstrate the effectiveness of the
EMA and MaP techniques. It is observed that EMA is effective in reducing the variances. In
addition, MaP significantly improves the overall performance. To further illustrate the influence
of the proposed MaP technique on the score-matching methods, we compare the optimization pro-
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Figure 4: A qualitative comparison between (a) Figure 5: A qualitative demonstration of the FC-
our model (NLL=728) and (b) the model in [[17] based model trained using Lpsp; on the data im-
(NLL=1,637) on the inverse generation task. putation task.

. ; ¢ Pxy, (k) k
cesses with g?eDF [P« |px] and aae]D)F [Px|lpo] = (’?Oprk(mk)[é ||(agk IOg(pp:(;?) ) Hi:1 Jg 2]
(i.e., Lemma D by depicting the norm of their unbiased estimators 86’9 Lssm(0) calculated with
and without applying the MaP technique in Fig.|3| It is observed that the magnitude of H 86’9 Lssm(6) ||

significantly decreases when MaP is incorporated into the training process. This could be attributed to

the fact that the calculation of 2 Dp [pxk |lpx] excludes the calculation of Hle Jg, in (% Dr [px|lpo)s
which involves computing the derivatives of the numerically sensitive logit pre-processing layer.

Comparison with Related Works. Table | Table 4: A comparison of performance and training
compares the performance of our method complexity between EBFlow and a number of related

with a number of related works on the works [16}[7,[17] on the MNIST dataset.
MNIST dataset. Our models trained with
score-matching objectives using the same ' \
model architecture exhibit improved perfor- Baseline ML) O(D’L) 10924 £0.1

. ; ) . Dxkr.-Based  EBFlow (SML) O(D?L) 10923 + 0.6
mance in comparison to the relative gradi- Relative Grad. [7] (D’L) 13752+ 1.4
ent method [7]. In addition, when com- EBFlow (SSM DL 1092.8 4 03
pared to the results in [[16] and [17], our ow (SSM) E ) ’ ’
(

Method Complexity NLL (})

O
(@]
. R . EBFlow (DSM) O(D*L) 1099.2 £0.2
models deliver 51gn1ﬁcantly 1mpr0ved perfor— Di-Based EBFlow (FDSSM) [0 DZL) 1104.1 £ 0.5
F- S

mance over them. Please note that the results SSM [16] - 3355
. ) DSM [17] - 3398 + 1343
of [[7, 18], [17]] presented in Table [4] are ob FDSSM [T7] ) e 00

tained from their original papers.

5.4 Application to Generation Tasks

The sampling process of EBFlow can be accomplished through the inverse function or an MCMC
process. The former is a typical generation method adopted by flow-based models, while the latter is
a more flexible sampling process that allows conditional generation without re-training the model. In
the following paragraphs, we provide detailed explanations and visualized results of these tasks.

Inverse Generation. One benefit of flow-based models is that g~ ! can be directly adopted as a gener-

ator. While inverting the weight matrices in linear transformations typically demands time complexity
of O(D?L), these inverse matrices are only required to be computed once 6 has converged, and can
then be reused for subsequent inferences In this experiment, we adopt the Glow [4] model architecture
and train it using our method with Lggy; on the MNIST dataset. We compare our visualized results
with the current best flow-based model trained using the score matching objective [17]. The results
of [[17] are generated using their officially released code with their best setup (i.e., FDSSM). As
presented in Fig. ] the results generated using our model demonstrate significantly better visual
quality than those of [[17]].

MCMC Generation. In comparison to the inverse generation method, the MCMC sampling process
is more suitable for conditional generation tasks such as data imputation due to its flexibility [41].
For the imputation task, a data vector « is separated as an observable part xo and a masked part
xys. The goal of imputation is to generate the masked part x,; based on the observable part .
To achieve this goal, one can perform a Langevin MCMC process to update x; according to the
gradient of the energy function 6‘1 E(x;0). Given a noise vector z sampled from N (0, I) and a
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small step size «, the process iteratively updates x; based on the following equation:

0
wg\tfl) = :I:E\Z) —a g E(zo, wgfj), 0) +V2az, (11)
ox,;
where :c%} represents s at iterationt € {1,--- ,T'}, and T is the total number of iterations. MCMC

generation requires an overall cost of O(T D?L), potentially more economical than the O(D3L)
computation of the inverse generation method. Fig. [5|depicts the imputation results of the FC-based
model trained using Lpgy on the CelebA [42] dataset (D = 3 x 64 x 64). In this example, we
implement the masking part @, using the data from the KMNIST [43] and MNIST [19] datasets.

6 Conclusion

In this paper, we presented EBFlow, a new flow-based modeling approach that associates the
parameterization of flow-based and energy-based models. We showed that by optimizing EBFlow with
score-matching objectives, the computation of Jacobian determinants for linear transformations can
be bypassed, resulting in an improved training time complexity. In addition, we demonstrated that the
training stability and performance can be effectively enhanced through the MaP and EMA techniques.
Based on the improvements in both theoretical time complexity and empirical performance, our
method exhibits superior training efficiency compared to maximum likelihood training.
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A Appendix

A.1 Derivations

In the following subsections, we provide theoretical derivations. In Section [A.T.T| we discuss
the asymptotic convergence properties as well as the assumptions of score-matching methods. In
Section[A.T.2] we elaborate on the formulation of EBFlow (i.e., Egs. (§) and (9)), and provide a
explanation of their interpretation. Finally, in Section[A.T.3] we present a theoretical analysis of KL
divergence and Fisher divergence, and discuss the underlying mechanism behind the proposed MaP
technique.

A.1.1 Asymptotic Convergence Property of Score Matching

In this subsection, we provide a formal description of the consistency property of score match-
ing. The description follows [16] and the notations are replaced with those used in this paper.
The regularity conditions for p(-; ) are defined in Assumptions In the following para-

graph, the parameter space is defined as ©. In addition, s(x;6) = 8‘1 logp(x;0) = — 8‘1 E(x;0)

represents the score function. Lgy(f) £ ~ Zivzl f(Xg;6) denotes an unbiased estimator of

Lsui(0), where f(z;0) 2 L || 2 E(x;6)|]” — Tr (aa;E(a;; a)) — Uls(a; 0)|* + Tr (2, s(a:0))
and {x1,--- , Xy} represents a collection of i.i.d. samples drawn from py. For notational simplicity,
we denote Oh(z; 0) £ 2 h(x;0) and 9;h;(x;0) £ 2 hj(w;60), where hj(a; 6) denotes the j-th
element of h.

Assumption A.1. (Positiveness) p(x;#) > 0 and px(x) > 0,V0 € ©, Vo € RP.

Assumption A.2. (Regularity of the score functions) The parameterized score function s(x;6)
and the true score function 88::: log px () are both continuous and differentiable. In addition, their
expectations E,,_(z) [s(z;0)] and E,,_(z) [ 2 log px(x)] are finite. (i.e., E,_(z) [s(;0)] < oo and
Ep o) [ 4 log px(@)] < 00)

Assumption A.3. (Boundary condition) lim| |, Px(x)s(x;0) = 0, V0 € ©.

Assumption A.4. (Compactness) The parameter space © is compact.

Assumption A.5. (Identifiability) There exists a set of parameters 6* such that py(x) = p(x; 6*),
where 0* € ©, Yz € RP.

Assumption A.6. (Uniqueness) 0 # 0* < p(x;0) # p(x; 0*), where 6,0* € ©, z € RP.
Assumption A.7. (Lipschitzness of f) The function f is Lipschitz continuous w.rt. 0, i.e.,
|f(x;:61) — f(x:02)] < L(x) |61 — 02||5, V01,02 € O, where L(x) represents a Lipschitz con-
stant satisfying E,, () [L(z)] < oo.

Theorem A.8. (Consistency of a score-matching estimator [16]) The score-matching estimator
Oy = argming. g Lswm is consistent, i.e.,

On 20, as N — oo.

Assumptions are the conditions that ensure (%DF [px(x)||p(x; 0)] = 85’9 Lsm(0). Assump-
A g

tions /A 7[Tead to the uniform convergence property [[16] of a score-matching estimator, which
gives rise to the consistency property. The detailed derivation can be found in Corollary 1 in [[16]. In
the following Lemma[A.9]and Proposition [A.10] we examine the sufficient condition for g and p,, to
satisfy Assumption
Lemma A.9. (Sufficient condition for the Lipschitzness of f) The function f(x;0) = } ||s(x; 0) 12 +
Tr ( 36; s(@x; 9)) is Lipschitz continuous if the score function s(x; 0) satisfies the following conditions:
v0,0,,0, € ©, Vi€ {1,--- ,D},
ls(z;0)[l; < La(),
[s(2;61) = s(x;02)l; < La(2) |61 = b2,
[10is(@; 01) — 9;5(; 02) |, < L () |01 — b2, ,
where Ly, Lo, and L3 are Lipschitz constants satisfying By, ) [L1(x)] < 00, E)_(a) [L2(%)] < oo,
and E,, () [L3(x)] < oc.
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Proof. The Lipschitzness of f can be guaranteed by ensuring the Lipschitzness of ||s(x; 6) ||§ and
Tr (0s(x; 0)).

Step 1. (Lipschitzness of ||s(x; 9)||§)

I3 00113 — lls(: 62)113

= ’s(a:;ﬁl)Ts(:B;Hl) - s(w;ﬁg)Ts(w;92)|

= ’(s(a:;&l)Ts(m;Ql) — s(x;601) " s(x;02)) + (s(z;01)" s(z;02) — s(w;t‘)Q)Ts(w;Gg))’
|5(@301)7 (s(@;01) — s(x:02)) + s(;02)" (s(w;01) — s(a;602))]

< |S($,91)T (s(m,91) _ 3(x792))| + ’8(:13;92)T (3(13591) - 5(33792))‘
< a3 00 s 01) — 3 02) |+ a0 (s 01) — s 02)
(2) Ly(x) ||s(x;01) — s(x; 02) ||y + Li(x) [|s(x; 01) — s(x; 02)]|,

(#id)
<" 2Ly (@) La(x) |61 — 62l ,

where () is based on triangle inequality, (i¢) is due to Cauchy—Schwarz inequality, and (i) follows
from the listed assumptions.

Step 2. (Lipschitzness of Tr (0s(x; 6)))
T (B5(2; 01)) — Tr (Ds(a; 02))] = [Tr (O (s 01) — Ds(z; )
(1)
< D ||0s(x;01) — Os(x; 62) ]|,
(i)
< zvz |0is(a:01) — Dis(62)]

(444)
< D\/DL3(@) |61 - 02

= DVDLs(x) |61 — 62l

where () holds by Von Neumann’s trace inequality. (¢7) is due to the property || Al|, < \/ > llas ||§,
where a; is the column vector of A. (7i7) holds by the listed assumptions.

Based on Steps 1 and 2, the Lipschitzness of f is guaranteed, since
1 0 1 0
astn) = flasta)| = | Istason|? + T (0 stastn)) = st~ 1 ) it )|

=y sl = § st o4 v (1 stastn) ) <1 o) st

(s 1o (Lt

< Ly () Ly() |01 — 0a]l, + DV DLs() |01 — 02,
= (Li(@)La(@) + DVDLy(@)) 61 b5,

IA

1
o |ls(@s00) 1 = lls(a: 02)]1°| +

Proposition A.10. (Sufficient condition for the Lipschitzness of f) The function f is Lipschitz
continuous if g(x; 0) has bounded first, second, and third-order derivatives, i.e., Vi,j € {1,--- , D},
vl € ©.

[Jg(2; ), < li(2), [|0:d g (x5 0) ||, < la(z), [0:0;T (x5 0)
and smooth enough on ©, i.e., 01,05 € O:

llg(z;01) — g(;02)[l, < ro(zx) (|01 — b2,

Iy < ls(),
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[Jg(:;01) — Jg(w§92)||2 <ri(z) [0 — 02y,
10id (@ 61) — 0idg(;62) ||, < ra(x) |61 — O2]l, -
10:0;3 g (23 01) — 0:0;J (@ 62) |, < r3(x) [|62 — O2l|; -
In addition, it satisfies the following conditions:
HJ;I(:B’Q)HQ S ll(m)7 Hal'];l(mae)HQ S 12(.’3),
195 (3 00) — T, (23 02) ||, < ry () 1|61 — 62,
[0:3 (a5 01) — 0T (2;02)|, < ro(@) (|61 — 02|, .
where J g_l represents the inverse matrix of J,. Furthermore, the prior distribution py satisfies:
[su(w)]| < t1, |9isu(w)]| < t2
[su(u1) = su(uz)lly < tsllur —usll,,
[0isu(u1) — Oisuluz)lly < tallur —usl,,
where sy (u) = 0‘1 log pu(u) is the score function of pu. The Lipschitz constants listed above (i.e.,
ly ~ 13, 79 ~ T3, l,1 ~ l;, and rll ~ 7’/2) have finite expectations.

Proof. We show that the sufficient conditions stated in Lemma [A.9] can be satisfied using the
conditions listed above.

Step 1. (Sufficient condition of ||s(x; 8)||, < Li())

Since [[s(z;0)[l, = | 5% logpulg(@;0)) + 5, log|det Iy (2 0)|[|, < |5 logpulg(z: )|, +
||8 log |det J, ( 0)| ,» we first demonstrate  that ||36m logpu(g(a:;e))H2 and
I 889: log |det J4( |||2 are both bounded.

(an |2 logpu(g(ac; )|, is bounded:

0
| g o a(2:)

= [[(sulo@: )" 3,(@:0) | < lsul(@: ), 19, (@:0)], < 1112 (@).

2

(1.2) || ai log |det J4(w; 0)]|| is bounded:

0 log |det Jg(x; 6) H HdetJ x; (9)|_1 0

Ha |detJ x;0) |H

ox
(det I (a3 0)) " det I, (a; 0)v(x; a)H
~ o0,
where (i) is derived using Jacobi’s formula, and v;(a; 0) = Tr (I ! (2;0)0; 4 (; 9)).

ol 0)] = ¢Z (T (37" :0)0,0, 2:0)))’
2\/ZDQHJ;l(:c;G)BiJg(m;G)H;
(i 2
- \/Z D235 @ 0)][, 10: 4 (: 0)]l5

(zn) \/Z D2l’2
= VD3l ()ls(z),

= H(deth(w;G)) ‘9 deth(a:;Q)H

0)
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where (¢) holds by Von Neumann'’s trace inequality, (i7) is due to the property of matrix norm, and
(#i7) is follows from the listed assumptions.

Step 2. (Sufficient condition of the Lipschitzness of s(x; 6))

Since s(x;0) = 2 log pu(g(z;0)) + 2 log|det I, (z;0)|, we demonstrate that 2 log pu(g(; 6))
and ai log |det J,4(z; 0)] are both Lipschitz continuous on ©.

(2.1) Lipschitzness of a‘l log pu(g(x;0)):

0
| g o000 = ) 108 a(a(as62)

2

= |[(sulg@: 02)" 3y (@:61) — (sulgla: 6)))7 Iy (a3 62)|

(1)

< lsulg(@; 01))ll5 [[Tg(x;01) — Tg(@:502) ||, + Isu(g(x; 01)) — sulg(@; 02))], [|Tg(2; 02)]],
i)

< tiri(x) (|01 — 02|, + tali(2) |g(x; 01) — g(z;02)l,

(4)
< tiri(z) (01 — Ozl + tali(z)ro(2) (|01 — O2]],
= (tir1(x) + tali(z)ro(x)) |61 — O2l,

where (i) is obtained using a similar derivation to Step 1 in Lemma[A.9] while (ii) follows from the
listed assumptions.

(2.2) Lipschitzness of .7 log |det J,(z; 0)|:

Let M(i, x; 0) = I, (2;01)9;3 (; 0). We first demonstrate that M is Lipschitz continuous:
IML(3, ; 61) — M(i, 2; 02)]|

= |35 (25 00)0:F (a3 61) — I (@3 02)0,T 4 (w; 02) |,

< 195 (@3 00)[|, (g (a5 01) — 033 g (3 02)) |, + (|35 (25.01) — I (3 02) [, 10,3 o (3 602)
<l @pra(@) 10~ 6ol + (@i (@) 161 - 1,

= (L@)ra(@) + (@) (@) 61 = O]

where (i) is obtained by an analogous derivation of the step 1 in Lemma[A.9] and (ii) holds by the
listed assumption.

The Lipschitzness of M leads to the Lipschitzness of 8‘1 log |det J 4 (; 8)], since:

3} 3}
H@m log |det Jg(x; 601)] — v log |det J4(x; 02)|

0

2

= [lv(z; 61) — v(;02)l],

_ \/Z (Tr (M(i, 2 6,)) — Tr (M(3, z; 62)))°

- \/Z (Tr (M(i, 2 61) — M(3, 3 605)))

¢ \/Z D? [M(i,: 0,) — M, @.02)|

< \/Z, D? (1 @)ra(@) + La(@)r) (@) 01 — 0211

= VD3 (L (@)ra(@) + (@)1 (@) ) 11 = 02l
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where () holds by Von Neumann'’s trace inequality, (i%) is due to the Lipschitzness of M.

Step 3. (Sufficient condition of the Lipschitzness of 9;s(x; 0))

0;s(x;0) can be decomposed as (&su(g(:c;t?)))TJg(m;G), (su(g(w;O)))TaiJg(m;G), and
9; [v(x; 0)] as follows:

Drs(@:0) = 0, |(sulg(@; 0)))" Ty(w;0)] + 0 [v(w; 0)
= [@sulg(@:0))" Ty(@;0)] + [(sulo(@: )" 9:dy(@:0)] + 01 [v(:0)].

(3.1) The Lipschitzness of (0;s4(g(x;6)))" Jg(x;0) and (su(g(x; o))" 0;J 4(; 0) can be derived
using proofs similar to that in Step 2.1:

H(aisu(g(w;91)))TJg(w;91) — (Bisulg(z;02)))" Jg(w;92)H2 < (tari(z) + taro(z) 1 () |61 — O2]|, ,

(sulg(@; 1)) 0Jy (3 01) — (sulg(@:02))) 0.3, (@:02)| | < (Lra(@) + taro (@)la(@)) 61 — 021

(3.2) Lipschitzness of 9; [v(x; 6)]:

Let 9; [v;(z; 0)] £ 9;Tr (M(j, x; 0)) = Tr (0;M(j, x; ) ). We first show that 9;M(j, x; §) can be
decomposed as:

The Lipschitz constant of 9; M equals to (lé(m)rg(a:) + lg(ac)r/g(ac)) + (lll(as)rg(ac) + I3(x)r) (:Jc))

based on a similar derivation as in Step 3.1. The Lipschitzness of 9;M(j, x; #) leads to the Lipschitz-
ness of 9; [v(x; 0)]:

10; [v(z; 01)] — i [v(x; 02)]]],
:\/Z (T (9M(j, @3 61)) — Tr (9, M(j, @3 02)))?

\/Z Tr (O;M(j, x;01) — O;:M(j, x; 92))2

J

(1)

< ¢Z D2 |0:M (. @:61) — O, :62)]
J

< ¢ D D2 (Iy(@)ra(w) + ba(w)ry(w) + 1y (w)rs () + ls(@)r () 101 = 62)]]

= VD3 (Iy(@)ra(@) + Lo (@)ra(@) + L (@)rs(@) + Lo (@)ry @) ) 61— 02)]]

where () holds by Von Neumann'’s trace inequality, (¢%) is due to the Lipschitzness of ;M.

A.1.2 Derivation of Egs. (8) and (9)

Energy-based models are formulated based on the observation that any continuous pdf p(x;6)
can be expressed as a Boltzmann distribution exp (—FE(x;0)) Z~1(6) [13], where the energy
function E(-;0) can be modeled as any scalar-valued continuous function. In EBFlow, the en-
ergy function E(x;0) is selected as —log(pu (9(x;0)) [[,,cs, |det(Jg; (zi—1:0))|) according to
Eq. @]) This suggests that the normalizing constant Z(0) = [exp (—E(x;0))dx is equal to

(I, cs, [det (T4, (6))])~" according to Lemma

Lemma A.11.
-1
(I weconl) = [ mlo@o) [T ety (emionlae. @D
gi€S) z€RP gi€Sn
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Proof.

1= / p(x; 0)dx
xeRD

:/GRDpu (g(x; 0)) H |det(J g, (wi—1;0))] H |det(J,,(0))| da

gi€ESn gi€S)

=TT taey @)1 [ putotaio)) T] ety (wicri0))] o

gi€SI gi€Sn

-1
By multiplying (H gies, det(Jg,(9)) \) to both sides of the equation, we arrive at the conclusion:

-1
(T taer@aon) = [ patoteo) TT et (oo da

gi€S gi€Sn

point-wise i i i
density i ; H =
evaluation H i H

pdf (data)

variable

pdf (model)

point-wise H H i
density =
evaluation ; i ;

KL divergence = =
(Lemma A.12)

Fisher divergence (in general) (in general)

iff emma A.13)

Figure Al: An illustration of the relationship between the variables discussed in Proposition
Lemma|[A.12] and Lemma[A.T3] x represents a random vector sampled from the data distribution

px- {gi}2, is a series of transformations. x; £ g; o -+ 0 g1(x), and px, is its pdf. p;(z;) =
pulgr © -+ 0 gj+1(x;)) Hf:jﬂ |det (Jg4,)|, where py is a prior distribution. The properties of
KL divergence and Fisher divergence presented in the last two rows are derived in Lemmas [A.12]

and T3

A.1.3 Theoretical Analyses of KL Divergence and Fisher Divergence

In this section, we provide formal derivations for Proposition 4.1} Lemma[A.12} and Lemmal[A.T3
To ensure a clear presentation, we provide a visualization of the relationship between the variables
used in the subsequent derivations in Fig.

Lemma A.12. Let px, be the pdf of the latent variable of x ; = gj0- - -0g1(x) indexed by j. In addition,
let p;(-) be a pdf modeled as py(gr, o - - © gj+1(-)) Hisz_H |det (Jg,)|, where j € {0,--- ,L —1}.
It follows that:

D, [px; Ipj] = Dxw [pxllpo] , V5 € {1,--- , L =1} (A2)
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Proof. The equivalence Dky, [px||po] = Dkw [px, |[p;] holds for any j € {1,---, L — 1} since:
D [px||po]

=Ep,(w) :1°g <§§§g)]

- F -log <ij(9jo...og1(a:))]_[g_1 |det (Jgi)|>]
Px (@) pulgr o+ ogi(x)) HiL=1 |det (‘]gi)

Px;(gj 0 0 gi(x))

=E, @ |lo
Px(®) I g(pu(gLo'uOgl(m))Hz j+1 |det (I )>]

o | Px, (%)
= o (225) 0g L

pulgro---o 9j+1(wj)) Hi:j+1 |det (Jgi)|
- IDKL, [pxj' ||p]] )

where (i) is due to the property that E,,_)[f 0 gj 0 -0 gi(x)] = Ep., (@;)1f(z;)] for a given
function f. Therefore, Dk1, [px, [[pj] = Dxr [px|lpo). Vi € {1, , L —1}.

Lemma A.13. Let px, be the pdf of the latent variable of x ; = gj0- - -0g1(x) indexed by j. In addition,
let p;(-) be a pdf modeled as py(gr, o -+ gj+1(-)) HiL:j_i_l |det (Jg,)|, L—1}.

It follows that:
8 (px wj ) )
log ! J
(83:]- pj(x;) H ”

Proof. Based on the definition, the Fisher divergence between px and pg is written as:

D [pxllpo] = Ep,, (a)) Vjie{l,---,L—1}. (A3)

Dr [lelpo]
B 1|0 px () 2
=Ep, (2) _2 o log (po(w)>
1[0 (px (g0 0g1(@) Ty |det (I,)
pr(m) 1og L
2|0z pu(gLo--~ogl(sc))Hi:1|det (Jg:)l

2

1og< Px;(gj 0 0 gi(x)) )
x Pulgr o0 g1(x)) [T,y Idet (Ig,)]

0
1o}
_E L ( ? 10g< Px, (9500 1()) )) dgj o+ gi(x)
Px () D) agjo...ogl(w) pu(gLO"'Ogl(x)) Hf:j+1 \det (ng)

9 P, (g0 -0 g1 () !
:E @ 10 7 Jgi
Px(a) 2‘ dgj oo gi() g<pu<gLo---ogl<w>>HL_j+ldet(ng))H

(i4) 1 0 px, (%)) !
lo ! Jg
(3‘% ¢ (pu(gL o 0gi1(®;) [y Idet (Iy,) >> g

= Ep@ |
9 @\ 2+ |
Px; (X
<590j pj(x;) H I

i=1

-~

1
= ]prj (w]) 2

where (i) is due to the chain rule, and (i) is because B, ()[f o gjo---0g1(x)] = Ey, (a,)[f(z;)]
for a given function f.
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Remark A.14. Lemma|A.13|implies that Dr [px,|[p;] # Dr [px|[po] in general, as the latter contains
an additional multiplier []]_, J,, as shown below:

0 Dx; wJ )) .
lo ’ Jg,
<3£Bj & ( pj(x;) };[1
]. 3 pXj (m ) ?
Dr [px, ;] = Ep. (@) [2 H ( o, 108 ( pj(asj]) >) '

Proposition 4.1. Let px; be the pdf of the latent variable of x; = g;j © -+ 0 g1(x) indexed by
J. In addition, let p;(-) be a pdf modeled as pu(gr, © --- o gj+1(-)) HZ.L:J.H |det (Jg,)
j€{0,---,L—1}. It follows that:

]D)F [pxj Hp]] =0« ]D)F [prpo] = O,Vj S {1, s ,L — 1} (A4)

.

1
Dr [pxlpo] = Ep, (@)

, where

Proof. Based on Remark[A.T4] the following holds:

]- a pxj(ml)
Dp [ijHPj] = prj(:cj) lZ Hawj log < ! >

pj(x;)

i 0 x; (T
S:RH log(pj(wj)) =0
O; pj(z;)
(41) 0 (px )
= log ! J =
Ox; pji(x;) 21_[1 gi
i 1 0 Px, (
L Dr [pellpo] = Ep, (a, ( 1og( : )) JI 0,
[px I po] Pac; () oz pi(x;) H g
where () and (¢7) both result from the posmveness COIldlthIl presented in Assumptlon- Specif-
ically, for (i), px,(x;) = = px(gyto---o 9; Yz, ‘det ( 1)’ > 0, since px > 0 and
le ’det ( 71)’ = zzl |det (ngz)rl > 0. Meanwhile (i) holds since ngl |det (Jg,)] >0

and thus all of the singular values of ngl J g, are non-zero.

A.2 Experimental Setups

In this section, we elaborate on the experimental setups and provide the detailed configurations
for the experiments presented in Section [5] of the main manuscript. The code implementation for
the experiments is provided in the following repository: https://github.com/chen-hao-chao/
ebflow. Our code implementation is developed based on [[7, [17, 44]].

A.2.1 Experimental Setups for the Two-Dimensional Synthetic Datasets

Datasets. In Section [5.1] we present the experimental results on three two-dimensional synthetic
datasets: Sine, Swirl, and Checkerboard. The Sine dataset is generated by sampling data points
from the set { (4w — 2,sin(12w — 6)) | w € [0, 1]}. The Swirl dataset is generated by sampling data
points from the set {(—m+/w cos(mv/w), my/w sin(my/w)) | w € [0,1]}. The Checkerboard dataset
is generated by sampling data points from the set { (4w —2,t—2s+ |4w—2] mod 2) |w € [0,1], t €
[0,1], s € {0,1}}, where || is a floor function, and mod represents the modulo operation.

To establish py for all three datasets, we smooth a Dirac function using a Gaussian kernel. Specifically,
we define the Dirac function as p(&) £ le o(||@ where {z() }M are M uniformly-

sampled data points. The data distribution is defined as px(z) £ [pH(2)N(z|#,5%I)dE =

M Zf\il N (x|2),62I). The closed-form expressions for px(m) and 5‘1 logpx(:c) can be ob-
tained using the derivation in [45]. In the experiments, M is set as 50, 000, and ¢ is fixed at 0.375
for all three datasets.
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Implementation Details. The model architecture of g(-; ) consists of ten Glow blocks [4]. Each
block comprises an actnorm [4]] layer, a fully-connected layer, and an affine coupling layer. Table[A2]
provides the formal definitions of these operations. p, () is implemented as an isotropic Gaussian with
zero mean and unit variance. To determine the best hyperparameters, we perform a grid search over
the following optimizers, learning rates, and gradient clipping values based on the evaluation results
in terms of the KL divergence. The optimizers include Adam [46], AdamW [47], and RMSProp.
The learning rate and gradient clipping values are selected from (5e-3, le-3, Se-4, 1e-4) and (None,
2.5, 10.0), respectively. Table [AT] summarizes the selected hyperparameters. The optimization
processes of Sine and Swirl datasets require 50,000 training iterations for convergence, while that of
the Checkerboard dataset requires 100,000 iterations. The batch size is fixed at 5,000 for all setups.

A.2.2 Experimental Setups for the Real-world Datasets

Datasets. The experiments presented in Section are performed on the MNIST [19] and CIFAR-
10 [37] datasets. The training and test sets of MNIST and CIFAR-10 contain 50,000 and 10,000
images, respectively. The data are smoothed using the uniform dequantization method presented
in [1]]. The observable parts (i.e., o) of the images in Fig. [5|are produced using the pre-trained
model in [48]].

Implementation Details. In Sections and we adopt three types of model architectures:
FC-based [[7], CNN-based, and Glow [4] models. The FC-based model contains two fully-connected
layers and a smoothed leaky ReLU non-linearity [7]] in between, which is identical to [7]. The CNN-
based model consists of three convolutional blocks and two squeezing operations [2] between every
convolutional block. Each convolutional block contains two convolutional layers and a smoothed
leaky ReLU in between. The Glow model adopted in Section [5.4]is composed of 16 Glow blocks.
Each of the Glow block consists of an actnorm [4] layer, a convolutional layer, and an affine coupling
layer. The squeezing operation is inserted between every eight blocks. The operations used in
these models are summarized in Table The smoothness factor oo of Smooth Leaky ReLU is
set to 0.3 and 0.6 for models trained on MNIST and CIFAR-10, respectively. The scaling and
transition functions s(-;#) and ¢(-; 0) of the affine coupling layers are convolutional blocks with
ReLU activation functions. The prior distribution p,(-) is implemented as an isotropic Gaussian
with zero mean and unit variance. The FC-based and CNN-based models are trained with RMSProp
using a learning rate initialized at le-4 and a batch size of 100. The Glow model is trained with
an Adam optimizer using a learning rate initialized at le-4 and a batch size of 100. The gradient
clipping value is set to 500 during the training for the Glow model. The learning rate scheduler
MultiStepLR in PyTorch is used for gradually decreasing the learning rates. The hyper-parameters
{0, £} used in DSM and FDSSM are selected based on a grid search over {0.05,0.1,0.5,1.0}. The
selected {o, &} are {1.0,1.0} and {0.1,0.1} for the MNIST and CIFAR-10 datasets, respectively.
The parameter m in EMA is set to 0.999. The algorithms are implemented using PyTorch [39]].
The gradients w.r.t.  and 6 are both calculated using automatic differential tools [40] provided by
PyTorch [39]. The runtime is evaluated on Tesla V100 NVIDIA GPUs. In the experiments performed
on CIFAR-10 and CelebA using score-matching methods, the energy function (i.e., E, () [E(x;0)])
is added as a regularization loss with a balancing factor fixed at 0.001 during the optimization
processes. The results in Fig. 2] (b) are smoothed with the exponential moving average function used
in Tensorboard [49], i.e., w X d;—1 + (1 — w) X d;, where w is set to 0.45 and d; represents the
evaluation result at the ¢-th iteration.

Table Al: The hyper-parameters used in the two-dimensional synthetic example in Section

Dataset ML SML SSM DSM FDSSM

Optimizor Adam AdamW Adam Adam Adam
Sine Learning Rate Se-4 Se-4 le-4 le-4 le-4
Gradient Clip 1.0 None 1.0 1.0 1.0

Optimizor Adam Adam Adam Adam Adam
Swirl Learning Rate 5e-3 le-4 le-4 le-4 le-4
Gradient Clip None 10.0 10.0 10.0 2.5

Optimizor AdamW  AdamW AdamW AdamW = Adam
Checkerboard  Learning Rate le-4 le-4 le-4 le-4 le-4
Gradient Clip 10.0 10.0 10.0 10.0 10.0
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Table A2: The components of g(-; #) used in this paper. In this table, z and y are the output and the
input of a layer, respectively. 8 and - represent the mean and variance of an actnorm layer. w is a
convolutional kernel, and w % y £ Wy where « is a convolutional operator, and WisaD x D
matrix. W and b represent the weight and bias in a fully-connected layer. « is a hyper-parameter
for adjusting the smoothness of smooth leaky ReLU. In the affine coupling layer, z and y are split
into two parts {z,, 25} and {ya., ys }, respectively. s(-;6) and ¢(+; 0) are the scaling and transition
networks parameterized with 6. sig (y) = 1/(1 + exp (—y)) represents the sigmoid function. dim (-)
represents the dimension of the input vector. y[;) represents the i-th element of vector y.

Layer Function Log Jacobian Determinant Set

actnorm [4] z=(y—-0)/vy ZZ 1 log |1/7 | S
convolutional z=w*y+b log ‘det ( > S
fully-connected z=Wy+b log |det (W)] S
smooth leaky ReLU [7] 2 = ay + (1 —a)log(1 +exp(y)) i, logla+ (1 - a)sig (yi)|  S»
affine coupling [4] zq = 5(Yp;0)Ya + t(yp; 0), 2o = Y Zd‘m v) Jog |s(yp; 0 [Z]} S,

Table A3: The simulation results of Eq. (A6). The error rate is measured by |diyue — dest|/|dtruel
where di,ye and degt, represent the true and estimated Jacobian determinants, respectively.

D =50 D =100 D =200

Error Rate (M =50)  0.004211 0.099940 0.355314
Error Rate (M =100)  0.003503  0.034608  0.076239
Error Rate (M =200) 0.002332 0.015411 0.011175

Results of the Related Works. The results of the relative gradient [[7], SSM [[16], and FDSSM [17]
methods are directly obtained from their original paper. On the other hand, the results of the DSM
method is obtained from [17]]. Please note that the reported results of [[16] and [17] differ from
each other given that they both adopt the NICE [1] model. Specifically, the SSM method achieves
NLL= 3, 355 and NLL= 6, 234 in [16] and [17]], respectively. Moreover, the DSM method achieves
NLL= 4,363 and NLL= 3, 398 in [16] and [17], respectively. In Table ] we report the results with
lower NLL.

A.3 Estimating the Jacobian Determinants using Importance Sampling

Importance sampling is a technique used to estimate integrals, which can be employed to approximate
the normalizing constant Z(6) in an energy-based model. In this method, a pdf ¢ with a simple closed
form that can be easily sampled from is selected. The normalizing constant can then be expressed as
the following formula:

2(6) = /ERD exp (—E(;0)) do = /ERD q(x)e"p(;(b;()‘”?e))dw

B exp (—E(x;0)) exp (—E(2Y);0))
= Eq(a) { () M z q(2))

)

(A5)
where {2:(7) }M represents M i.i.d. samples drawn from g. According to Lemmal|A.11} the Jacobian
determinants of the layers in S; can be approximated using Eq. (AJ) as follows:

—1 r
1 2L pu (9@D30)) I, s, |det(Tg, (@2:0)|

I ldet@o @D~ > ) . (48
gi€Sy j=1
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Table A4: An overall comparison between EBFlow, the baseline method, the Relative Gradient
method [[7]], and the methods that utilize specially designed linear layers [8-12] 29]]. The notations
v/ X in row ‘Unbiased’ represent whether the models are optimized according to an unbiased target.
On the other hand, the notations v'/ X in row ‘Unconstrained’ represent whether the models can
be constructed with arbitrary linear transformations. () The approximation errors o(¢) of FDSSM
is controlled by its hyper-parameter £. () The error o(W) of the Relative Gradient method is
determined by the values of a model’s weights.

KL-Divergence-Based Fisher-Divergence-Based
Baseline (ML) EBFlow (SML) Relative Grad. Special Linear EBFlow (SSM) EBFlow (DSM) EBFlow (FDSSM)
Complexity O(D*L) O(D*L) O(D*L) O(DL) O(D?L) O(DL) O(D*L)
Unbiased v v X® v v X X0
Unconstrained v v v X v v v

To validate this idea, we provide a simple simulation with p,, = N'(0,I), ¢ = N (0,I), g(x; W) =
Wa, M = {50,100, 200}, and D = {50, 100,200} in Table[A3] The results show that larger values
of M lead to more accurate estimation of the Jacobian determinants. Typically, the choice of ¢ is
crucial to the accuracy of importance sampling. To obtain an accurate approximation, one can adopt
the technique of annealed importance sampling (AIS) [33]] or Reverse AIS Estimator (RAISE) [34],
which are commonly-adopted algorithms for effectively estimating Z(0).

Eq. (AG) can be interpreted as a generalization of the stochastic estimator presented in [50], where
the distributions p, and ¢ are modeled as isotropic Gaussian distributions, and g is restricted as
a linear transformation. For the further analysis of this concept, particularly in the context of
determinant estimation for matrices, we refer readers to Section I of [50], where a more sophisticated
approximation approach and the corresponding experimental findings are provided.

A4 A Comparison among the Methods Discussed in this Paper

In Sections 2] [3] and 4] we discuss various methods for efficiently training flow-based models.
To provide a comprehensive comparison of these methods, we summarize their complexity and
characteristics in Table [Ad]

A.5 The Impacts of the Constraint of Linear Transformations on the Performance of a
Flow-based Model

In this section, we examine the impact of the constraints of linear transformations on the performance
of a flow-based model. A key distinction between constrained and unconstrained linear layers lies

[0 Learnable Weight [J Masked Weight (Not Learnable)
. Lower Triangular Upper Triangular Lower & Upper Triangular
Full Matrix (F) Matrix (L) Matrix (U) Matrices (LU)

Figure A2: An illustration of the weight matrices in the F, L, U, and LU layers described in

Section E

-4 -2 0 2 4 8 6 4 2 0 2 4 67 8 -5 -10 -5 0 5 10 15 =30 <20 -10 0 10 20 30
b

Figure A3: Visualized marginal distributions of px, fori = 1,2, 3, and 4.
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in how they model the correlation between each element in a data vector. Constrained linear trans-
formations, such as those used in the previous works [8-12| 29]], impose predetermined correlations
that are not learnable during the optimization process. For instance, masked linear layers [8H10]
are constructed by masking either the upper or lower triangular weight matrix in a linear layer. In
contrast, unconstrained linear layers have weight matrices that are fully learnable, making them more
flexible than their constrained counterparts.

To demonstrate the influences of the constraint on the expressiveness of a model, we provide a
performance comparison between flow-based models constructed using different types of linear
layers. Specifically, we compare the performance of the models constructed using linear layers
with full matrices, lower triangular matrices, upper triangular matrices, and matrices that are the
multiplication of both lower and upper triangular matrices. These four types of linear layers are
hereafter denoted as F, L, U, and LU, respectively, and the differences between them are depicted in
Fig.[A2] Furthermore, to highlight the performance discrepancy between these models, we construct
the target distribution px based on an autoregressive relationship of data vector x. Let x;) denote the
i-th element of x, and px, represent its associated pdf. xy; is constructed based on the following
equation:

L U[O] ifi = 1, A7
Xt {tanh(um x 8)  (x_y +d x 2), ifie{2,...,D}, (A7)

where u is sampled from an isotropic Gaussian, and s and d are coefficients controlling the shape
and distance between each mode, respectively. In Eq. , the function tanh(-) can be intuitively
viewed as a smoothed variant of the function 2H (-) — 1, where H (-) represents the Heaviside step
function. In this context, the values of (x[;_1) + d x 2%) are multiplied by a value close to either
—1 or 1, effectively transforming a positive number to a negative one. Fig.[A3]depicts a number of
examples of px, constructed using this method. By employing this approach to design px, where
capturing Px) is presumed to be more challenging than modeling px; for any j < ¢, we can inspect
how the applied constraints impact performance. Inappropriately masking the linear layers, like
the U-type layer, is anticipated to result in degraded performance, similar to the anti-casual effect
explained in [51].

In this experiment, we constructed flow-based T mmL U =Ll
models using the smoothed leakyReLU activa- 70
tion and different types of linear layers (i.e., F,
L, U, and LU) with a dimensionality of D = 10.
The models are optimized according to Eq. (2). 60
The performance of these models is evaluated
in terms of NLL, and its trends are depicted
in Fig. [A4] Tt is observed that the flow-based
model built with the F-type layers achieved the
lowest NLL, indicating the advantage of using s 2,000 4000 6000 $.000 10,000

unconstrained weight matrices in linear layers.  Step )
In addition’ there is a noticeable performance Flgure A4: The evaluation curves in terms of NLL

discrepancy between models with the L_[ype and of the flow-based models constructed with the F-
U-type layers, indicating that imposing inappro- type, L-type, U-type, and LU-type layers. The
priate constraints on linear layers may negatively ~curves and shaded area depict the mean and 95%
affect the modeling abilities of flow-based mod- confidence interval of three independent runs.

els. Furthermore, even when both L-type and U-type layers were adopted, as shown in the red curve
in Fig.[A4] the performance remains inferior to those using the F-type layers. This experimental
evidence suggests that linear layers constructed based on matrix decomposition (e.g., [4}[9]) may not
possess the same expressiveness as unconstrained linear layers.

65

NLL

55

50

A.6 Limitations and Discussions

We noticed that score-matching methods sometimes exhibit difficulty in differentiating the weights be-
tween individual modes within a multi-modal distribution. This deficiency is illustrated in Fig.|AS|(a),
where EBFlow fails to accurately capture the density of the Checkerboard dataset. This phenomenon
bears resemblance to the blindness problem discussed in [52]. While the solution proposed in [52]
has the potential to address this issue, their approach is not directly applicable to the flow-based
architectures employed in this paper.
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Figure AS: (a) Visualized examples of EBFlow trained with SSM, DSM, and FDSSM on the
Checkerboard dataset. (b) The samples generated by the Glow model at the 40-th training epoch. (c)
The samples generated by the Glow model at the 80-th training epoch.

In addition, we observed that the sampling quality of EBFlow occasionally experiences a significant
reduction during the training iterations. This phenomenon is illustrated in Fig.[A5|(b) and (c), where
the Glow model trained using our approach demonstrates a decline in performance with extended
training periods. The underlying cause of this phenomenon remains unclear, and we consider it a
potential avenue for future investigation.
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