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Abstract

Estimating mutual information accurately is pivotal across diverse applications,
from machine learning to communications and biology, enabling us to gain insights
into the inner mechanisms of complex systems. Yet, dealing with high-dimensional
data presents a formidable challenge, due to its size and the presence of intricate
relationships. Recently proposed neural methods employing variational lower
bounds on the mutual information have gained prominence. However, these ap-
proaches suffer from either high bias or high variance, as the sample size and the
structure of the loss function directly influence the training process. In this paper,
we propose a novel class of discriminative mutual information estimators based
on the variational representation of the f-divergence. We investigate the impact of
the permutation function used to obtain the marginal training samples and present
a novel architectural solution based on derangements. The proposed estimator
is flexible since it exhibits an excellent bias/variance trade-off. The comparison
with state-of-the-art neural estimators, through extensive experimentation within
established reference scenarios, shows that our approach offers higher accuracy
and lower complexity.

1 Introduction

The mutual information (MI) between two multivariate random variables, X and Y, is a fundamental
quantity in statistics, representation learning, information theory, communication engineering and
biology [} 12} 34, 15]]. It quantifies the statistical dependence between X and Y by measuring the
amount of information obtained about X via the observation of Y, and it is defined as
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Unfortunately, computing /(X;Y) is challenging since the joint probability density function
pxy(x,y) and the marginals px (x), py (y) are usually unknown, especially when dealing with
high-dimensional data. Some recent techniques [0, [7] have demonstrated that neural networks can be
leveraged as probability density function estimators and, more in general, are capable of modeling
the data dependence. Discriminative approaches [8, 9] compare samples from both the joint and
marginal distributions to directly compute the density ratio (or the log-density ratio)

pxy (%,Y)
px (X)py (y)
We focus on discriminative MI estimation since it can in principle enjoy some of the properties

of implicit generative models, which are able of directly generating data that belongs to the same
distribution of the input data without any explicit density estimate. In this direction, the most
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successful technique is represented by generative adversarial networks (GANS) [10]. The adversarial
training pushes the discriminator D(x) towards the optimum value

- Pdata (X) 1
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( ) pdata(x) +pgen (X) 1+ %

Therefore, the output of the optimum discriminator is itself a function of the density ratio pye, /Ddatas
where pgen, and pqqtq are the distributions of the generated and the collected data, respectively.

We generalize the observation of (3) and we propose a family of MI estimators based on the variational
lower bound (VLB) of the f-divergence [11}[12]. In particular, we argue that the maximization of
any f-divergence VLB can lead to a MI estimator with excellent bias/variance trade-off.

Since we typically have access only to joint data points (x,y) ~ pxy(X,y), another relevant
practical aspect is the sampling strategy to obtain data from the product of marginals px (x)py (y),
for instance via a shuffling mechanism along NV realizations of Y. We analyze the impact that the
permutation has on the learning and training process and we propose a derangement training strategy
that achieves high performance requiring Q(N') operations. Simulation results demonstrate that the
proposed approach exhibits improved estimations in a multitude of scenarios.

In brief, we can summarize our contributions over the state-of-the-art as follows:

* For any f-divergence, we derive a training value function whose maximization leads to a
given MI estimator.

* We compare different f-divergences and comment on the resulting estimator properties and
performance.

* We study the impact of data derangement for the learning model and propose a novel
derangement training strategy that overcomes the upper bound on the MI estimation [13],
contrarily to what happens when using a random permutation strategy.

* We unify the main discriminative estimators into a publicly available code which can be
used to reproduce all the results of this paper.

2 Related Work

Traditional approaches for the MI estimation rely on binning, density and kernel estimation [[14}[15]],
k-nearest neighbors [16], and ensemble-based models [17]. Nevertheless, they do not scale to
problems involving high-dimensional data as it is the case in modern machine learning applications.
Hence, deep neural networks have recently been leveraged to maximize VLBs on the MI [[L1}[18}[19].
The expressive power of neural networks has shown promising results in this direction although less
is known about the effectiveness of such estimators [20], especially since they suffer from either high
bias or high variance.

Discriminative approaches usually exploit an energy-based variational family of functions to provide
a lower bound on the Kullback-Leibler (KL) divergence. As an example, the Donsker-Varadhan
dual representation of the KL divergence [[L1} 21]] produces an estimate of the MI using the bound
optimized by the mutual information neural estimator (MINE) [19]. Another VLB based on the KL.
divergence dual representation introduced in [[18] leads to the NWJ estimator (also referred to as
f-MINE in [19]). Both MINE and NWJ suffer from high-variance estimates and to combat such a
limitation, the SMILE estimator was introduced in [20]], where the authors proved that the estimate
of the partition function is the cause for high-variance in VLB estimators. SMILE is equivalent to
MINE in the limit 7 — 4-o00. The MI estimator based on contrastive predictive coding (CPC) [22]
provides low variance estimates but it is upper bounded by log IV, resulting in a biased estimator.
Such upper bound, typical of contrastive learning objectives, has been recently analyzed in the context
of skew-divergence estimators [23].

Another estimator based on a classification task is the neural joint entropy estimator (NJEE) proposed
in [24], which estimates the MI as entropies subtraction.

Inspired by the f-GAN training objective [23]], in the following, we present a class of discriminative
MI estimators based on the f-divergence measure. Conversely to what has been proposed so far in
the literature, where f is always constrained to be the generator of the KL divergence, we allow for



any choice of f. Different f functions will have different impact on the training and optimization
sides, while on the estimation side, the partition function does not need to be computed, leading to
low variance estimators.

3 f-Divergence Mutual Information Estimation

The calculation of the MI via a discriminative approach requires the density ratio (2)). From (3, we
observe that 7(X; Y) can be estimated using the optimum GAN discriminator D when Pdata = PXDY
and pye, = pxvy. More in general, the authors in [25]] extended the variational divergence estimation
framework presented in [18] and showed that any f-divergence can be used to train GANs. Inspired
by such idea, we now argue that also discriminative MI estimators enjoy similar properties if the
variational representation of f-divergence functionals Ds(P||Q) is adopted.

In detail, let P and @ be absolutely continuous measures w.r.t. dz and assume they possess densities
p and g, then the f-divergence is defined as follows

DyPlIR) = | q(X)f@Ei;) dx, @)

where X is a compact domain and the function f : R, — R is convex, lower semicontinuous and
satisfies f(1) = 0.

In the following, we introduce f-DIME, a class of discriminative mutual information estimators
(DIME) based on the variational representation of the f-divergence.

Theorem 3.1. Let (X,Y) ~ pxy(x,y) be a pair of multivariate random variables. Let o(-) be
a permutation function such that p, vy (o (y)|x) = py(y) and T : dom(X) x dom(Y) — R. Let
[ be the Fenchel conjugate of f : Ry — R, a convex lower semicontinuous function that satisfies
f(1) = 0 with derivative f'. If Tr(T) is a value function defined as

T (T) = Exy)mpxy (x3) [T(X’ y) = £ (T(Xa J(Y)))] , ®)

then
T(x,y) = argmax Jp(T) = [’ (%) ©)

and
I(X;Y) = Iprue(X;Y) = Exy)mpxy (x) [log((f*)/(T(X»Y)))] : @)

Theorem@ shows that any value function J; of the form in @, seen as the dual representation of a
given f-divergence D, can be maximized to estimate the MI via (7). It is interesting to notice that
the proposed class of estimators does not need any evaluation of the partition term.

We propose to parametrize T'(x,y) with a deep neural network Ty of parameters 6 and solve

with gradient ascent and back-propagation to obtain 6 = arg maxy Jy(Tp). By doing so, it is
possible to guarantee that, at every training iteration n, the convergence of the f-DIME estimator

I n, oM E(X;Y) is controlled by the convergence of T' towards the tight bound T while maximizing
J#(T), as stated in the following lemma.

Lemma 3.2. Let the discriminator T(-) be with enough capacity, i.e., in the non parametric limit.
Consider the problem

T = arg max Jr(T) 8)
where J¢(T') is defined as in (5), and the update rule based on the gradient descent method
T+ = 7 L v T (T™). 9)

If the gradient descent method converges to the global optimum T, the mutual information estimator
defined in (7)) converges to the real value of the mutual information 1(X;Y).



The proof of Lemma[3.2] which is described in the Appendix, provides some theoretical grounding
for the behaviour of MI estimators when the training does not converge to the optimal density ratio.
Moreover, it also offers insights about the impact of different functions f on the numerical bias.

It is important to remark the difference between the classical VLB estimators that follow a discrimi-
native approach and the DIME-like estimators. They both achieve the goal through a discriminator
network that outputs a function of the density ratio. However, the former models exploit the vari-
ational representation of the MI (or the KL) and, at the equilibrium, use the discriminator output
directly in one of the value functions reported in Appendix [B] The latter, instead, use the variational
representation of any f-divergence to extract the density ratio estimate directly from the discriminator
output.

In the upcoming sections, we analyze the variance of f-DIME and we propose a training strategy
for the implementation of Theorem In our experiments, we consider the cases when f is the
generator of: a) the KL divergence; b) the GAN divergence; c) the Hellinger distance squared. Due
to space constraints, we report in Sec. |A|of the Appendix the value functions used for training and
the mathematical expressions of the resulting DIME estimators.

4 Variance Analysis

In this section, we assume that the ground truth density ratio f%(x, y) exists and corresponds to the

density ratio in (2). We also assume that the optimum discriminator T(X, y) is known and already
obtained (e.g. via a neural network parametrization).

We define pYly (x,y) and p¥ (x)p¥ (y) as the empirical distributions corresponding to M i.i.d.
samples from the true joint distribution pxy and to NV i.i.d. samples from the product of marginals
px Py, respectively. The randomness of the sampling procedure and the batch sizes M, N influence
the variance of variational MI estimators. In the following, we prove that under the previous
assumptions, f-DIME exhibits better performance in terms of variance w.r.t. some variational
estimators with a discriminative approach, e.g., MINE and NW]J.

The partition function estimation Ep§ pY [R] represents the major issue when dealing with variational
MI estimators. Indeed, they comprise the evaluation of two terms (using the given density ratio), and
the partition function is the one responsible for the variance growth. The authors in [20] characterized
the variance of both MINE and NWJ estimators, in particular, they proved that the variance scales
exponentially with the ground truth MIVM € N

MN el (X5Y) _ 1
Vary oy pxpy [INI;VJ] ET
lim NVary, popy [Iyine] 2e"™ -1, (10)

N—o0
where
Inwy =B,y [log R+ 1] — B,y ~[R]
Infing = Eyy [log B] —logE v~ [R]. (11)
To reduce the impact of the partition function on the variance, the authors of [20] also proposed to
clip the density ratio between e~ " and e” leading to an estimator (SMILE) with bounded partition

variance. However, also the variance of the log-density ratio £, [log R] influences the variance of
the variational estimators, since it is clear that

M,N a
Varpxwpxpy [IVLB} Z Varpxy [Ep];{y [IOg R]] ’ (] 2)

a result that holds for any type of MI estimator based on a VLB.

The great advantage of f-DIME is to avoid the partition function estimation step, significantly
reducing the variance of the estimator. Under the same initial assumptions, from (I12) we can
immediately conclude that

Varpxy [I]JCWDIME] S Varpxmpxpy [I\I)'/I[:];L (13)



where A

Ithrve = Eyy, [log R (14)
is the Monte Carlo implementation of f-DIME. Hence, the f-DIME class of models has lower
variance than any VLB based estimator (MINE, NWJ, SMILE, etc.).

Furthermore, we provide in Appendix [C|two supplementary results. Lemma .1 introduces an upper
bound on the variance of the f-DIME estimator, a result holding for any type of value function J.
Lemma[4.2] instead, characterizes the variance of the estimator in (I4) when X and Y are correlated
Gaussian random variables. We found out that the variance is finite and we use this result to verify in
the experiments that the variance of f-DIME does not diverge for high values of MI.

5 Derangement Strategy

The discriminative approach essentially compares expectations over both joint (x,y) ~ pxy and
marginal (x,y) ~ pxpy data points. Practically, we have access only to N realizations of the joint
distribution pxy and to obtain /N marginal samples of pxpy from pxy a shuffling mechanism for
the realizations of Y is typically deployed. A general result in [[13]] shows that failing to sample from
the correct marginal distribution would lead to an upper bounded MI estimator.

We study the structure that the permutation law o (-) in Theorem [3.1|needs to have when numerically
implemented. In particular, we now prove that a naive permutation over the realizations of Y results
in an incorrect VLB of the f-divergence, causing the MI estimator to be bounded by log(N), where
N is the batch size. To solve this issue, we propose a derangement strategy.

Let the data points (x,y) ~ pxy be N pairs (x;,y;), Vi € {1,..., N}. The naive permutation of
y. denoted as 7(y), leads to N new random pairs (x;,y;), Vi and j € {1,---, N'}. The idea is that
a random naive permutation may lead to at least one pair (xj,yx), with k € {1,..., N}, which is
actually a sample from the joint distribution. Viceversa, the derangement of y, denoted as o (y), leads
to N new random pairs (x;,y;) such that ¢ # j,Viand j € {1,---, N}. Such pairs (x;,y;),7 # j
can effectively be considered samples from px (x)py (y). An example using these definitions is
provided in Appendix [D.1.3]

The following lemma analyzes the relationship between the Monte Carlo approximations of the VLBs
of the f-divergence 7y in Theorem [3.1using 7 (-) and o(-) as permutation laws.

Lemma 5.1. Let (x;,y;), Vi € {1,..., N}, be N data points. Let J;(T') be the value function in
©. Let 7 (T) and JZ (T') be numerical implementations of Jy(T') using a random permutation
and a random derangement of y, respectively. Denote with K the number of points yi, with
k € {1,..., N}, in the same position after the permutation (i.e., the fixed points). Then

N-K
T (D). (15)

Ji(T) <

Lemma practically asserts that the value function J 7 (T') evaluated via a naive permutation of
the data is not a valid VLB of the f-divergence, and thus, there is no guarantee on the optimality of
the discriminator’s output. An interesting mathematical connection can be obtained when studying
Jf (T') as a sort of variational skew-divergence estimator [[23], but this goes beyond the scope of this
paper.

The following theorem states that in the case of the KL divergence, the maximum of Jf (D) is
attained for a value of the discriminator that is not exactly the density ratio (as it should be from (21,
see Appendix [A).

Theorem 5.2. Let the discriminator D(-) be with enough capacity. Let N be the batch size and f be
the generator of the KL divergence. Let JJ; (D) be defined as

Tk (D) = Eey)mpxy (x,y) {log (D(x, y)) —f* <1og (D(x, w(y))))} : (16)

Denote with K the number of indices in the same position after the permutation (i.e., the fixed points),
and with R(x,y) the density ratio in [2). Then,

- _ - B NR(x,y)

7)



—— GAN-DIME
10{ —— True MI
""" log(N)

‘j

0 0
0 2500 5000 7500 10000 12500 15000 17500 20000 0 2500 5000 7500 10000 12500 15000 17500 20000

Steps Steps

—— GAN-DIME
10{ — True M|
""" log(N)

Mutual information [nats]
Mutual information [nats]

(a) Derangement strategy. (b) Permutation strategy.

Figure 1: MI estimate obtained with derangement and permutation training procedures, for data
dimension d = 20 and batch size N = 128.

Although Theorem [5.2]is stated for the KL divergence, it can be easily extended to any f-divergence
using Theorem [3.1] Notice that if the number of indices in the same position K is equal to 0, we fall
back into the derangement strategy and we retrieve the density ratio as output.

When we parametrize D with a neural network, we perform multiple training iterations and so we
have multiple batches of dimension N. This turns into an average analysis on K. We report in the
Appendix (see Lemma|[5.4)) the proof that, on average, K is equal to 1.

From the previous results, it follows immediately that the estimator obtained using a naive permutation
strategy is biased and upper bounded by a function of the batch size N.

Corollary 5.3 (Permutation bound). Let KL-DIME be the estimator obtained via iterative optimiza-
tion of J% 1 (D), using a batch of size N every training step. Then,

IIQL*D[]\/IE = E(x,y)pry(x,y) |:10g (.D(X, y)>:| < 10g(N). (18)

We report in Fig. [T|an example of the difference between the derangement and permutation strategies.
The estimate attained by using the permutation mechanism, showed in Fig. demonstrates Theorem
and Corollary [5.3] as the upper bound corresponding to log(N) (with N = 128) is clearly visible.

6 Experimental Results

In this section, we firstly describe the architectures of the proposed estimators. Then, we outline the
data used to estimate the MI, comment on the performance of the discussed estimators in different
scenarios, also analyzing their computational complexity. Finally, we present the outcomes of the
self-consistency tests [20] over image datasets.

6.1 Architectures

To demonstrate the behavior of the state-of-the-art MI estimators, we consider multiple neural network
architectures. The word architecture needs to be intended in a wide-sense, meaning that it represents
the neural network architecture and its training strategy. In particular, additionally to the architectures
joint [19] and separable [26]], we propose the architecture deranged.

The joint architecture concatenates the samples x and y as input of a single neural network. Each
training step requires N realizations (x;,y;) drawn from pxy(x,y), fori € {1,...,N} and
N(N — 1) samples (x;,y;), Vi, j € {1,..., N}, with i # j.

The separable architecture comprises two neural networks, the former fed in with IV realizations of
X, the latter with IV realizations of Y. The inner product between the outputs of the two networks is
exploited to obtain the MI estimate.

The proposed deranged architecture feeds a neural network with the concatenation of the samples
x and y, similarly to the joint architecture. However, the deranged one obtains the samples of
px (X)py (y) by performing a derangement of the realizations y in the batch sampled from pxy (x,y).
Such diverse training strategy solves the main problem of the joint architecture: the difficult scalability
to large batch sizes. For large values of NV, the complexity of the joint architecture is Q(/N?), while



the complexity of the deranged one is (V). NJEE utilizes a specific architecture, in the following
referred to as ad hoc, comprising 2d — 1 neural networks, where d is the dimension of X. Iy pE
training procedure is supervised: the input of each neural network does not include the y samples.
All the implementation detail are reported in Appendix @

6.2 Complex Gaussian and non-Gaussian distributions

We benchmark the proposed class of MI estimators on two settings utilized in previous papers
[L1L 20]. In the first setting (called Gaussian), a multidimensional Gaussian distribution is sampled
to obtain x and n samples, independently. Then, y is obtained as linear combination of x and n:
y = px + /1 — p?n, where p is the correlation coefficient. In the second setting (referred to
as cubic), the nonlinear transformation y ~— y? is applied to the Gaussian samples. The true MI
follows a staircase shape, where each step is a multiple of 2 nats. Each neural network is trained
for 4k iterations for each stair step, with a batch size of 64 samples (/N = 64). The tested estimators
are: INyeE, Ismire (1= 1), Igan—piyvE. Inp-DIiME, IKL—DiME, and Icpc, as illustrated
in Fig. 2| The performance of In;;n g, Inw., and Isarpe(T = o0) is reported in Sec. [D]of the
Appendix, since they exhibit lower performance compared to both SMILE and f-DIME. In fact, all
the f-DIME estimators have lower variance compared to Ipsrng, INws, and Isyrroe(T = 00),
which are characterized by an exponentially increasing variance (see (I0), Tab. [2| Fig. [0 and
Fig. [6]in the Appendix). In particular, all the estimators analyzed belonging to the f-DIME class
achieve significantly low bias and variance when the true MI is small. Interestingly, for high target
MI, different f-divergences lead to dissimilar estimation properties. For large M1, I, prymE 1S
characterized by a low variance, at the expense of a high bias and a slow rise time. Contrarily,
Inp—pruE attains a lower bias at the cost of slightly higher variance w.r.t. Ix_prasg. Diversely,
Iz an—-pinmE achieves the lowest bias, and a variance comparable to 7 p— pras . Additional results
confirming the estimators’ behavior when d and N vary, including experiments with high data
dimensionality, are reported and described in Appendix

I spE obtains an estimate which is highly biased, and variance comparable to f-DIME. I-p¢ is
upper-bounded by log(N). The MI estimates obtained with Isyrr g and Igan—prav e appear to
possess similar behavior, although the value functions of SMILE and GAN-DIME are structurally
different. The reason why IsasrrE is almost equivalent to Igan— prarg resides in their training
strategy, since they both minimize the same f-divergence. Looking at the implementation of SMILE
EL in fact, the network’s training is guided by the gradient computed using the Jensen-Shannon (JS)
divergence (a linear transformation of the GAN divergence). Given the trained network, the clipped
objective function proposed in [20] is only used to compute the MI estimate, since when is
used to train the network, the MI estimate diverges (see Fig. [7]in Appendix [D). However, with the
proposed class of f-DIME estimators we show that during the estimation phase the partition function
(clipped in [20]) is not necessary to obtain the MI estimate.

We test our estimators over additional complex Gaussian data transformations (half-cube, asinh, and
swiss roll mappings, Fig. [3)) and non-Gaussian distributions (uniform and student distributions, Fig.
as suggested in [27]. The half-cube mapping is used to lengthen the tails of the Gaussian distributions.
The inverse hyperbolic sine (asinh) mapping shortens the tails of the Gaussian distributions. These
two transformations are applied to the same scenario of the Gaussian and cubic already present in
our paper. The swiss roll mapping increases the dimensionality of the data distribution (from two to
three dimensions) and it is usually used to test dimensionality reduction techniques. It considers two
Gaussian random variables that are transformed into uniform random variables via the probability
integral transform, the same pre-processing approach utilized in [28] to estimate the MI. The swiss
roll mapping is applied to the X uniform random variable. The stairs plots are obtained by varying
the correlation between the initial Gaussian distributions. The uniform case estimates the MI of the
summation of two uniform random variables U (0, 1) and U (—e¢, €), where we vary the parameter e,
modifying the true MI. The student scenario analyzes the case of a multivariate student distribution
with dispersion matrix chosen to be the identity matrix and degrees of freedom df. In this scenario,
we vary df, implying a variation of the target MI. For the transformed Gaussian scenarios showed
in Fig. 3] GAN-DIME attains the best performance in terms of low bias and variance. Among the

'Our implementation can be found at https://github. com/tonellolab/fDIME
*https://github.com/ermongroup/smile-mi-estimator
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non-Gaussian settings depicted in Fig. @] KL-DIME and GAN-DIME outperform the other methods,
exhibiting low bias and exceptionally low variance.
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Figure 2: Staircase MI estimation comparison for d = 5 and N = 64. The Gaussian case is reported
in the top row, while the cubic case is shown in the bottom row.
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Figure 3: Staircase MI estimation comparison for d = 5 and N = 64. Top: Half-cube scenario.
Middle: Asinh scenario. Bottom: Swiss roll scenario.
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Figure 4: Staircase MI estimation comparison for d = 1 and N = 64. Top row: Uniform scenario.
Bottom row: Student scenario

A schematic comparison between all the MI estimators is reported in Tab. [6|in Sec. [D| of the
Appendix, where Igan—praE 1s proposed as the best estimator, because of its low bias, variance
and robustness to the change of d and N. When NV and d vary, in fact, the class of f-DIME estimators
proves its robustness (i.e., maintains low bias and variance), as represented in Figs. E and@ andl'l;fl
in the Appendix. For instance, I 4N — praE attains low bias in all the three scenarios, and limited
variance which decreases as N increases (see also Fig. [[3]in Appendix [D.T). Differently, the behavior
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Figure 5: Time requirements comparison to complete the 5-step staircase MI. From the left, the first
and second behaviors vary over the batch size. The last one varies over the probability distribution
dimension.

of Icpc strongly depends on NV, significantly impacting its bias. Therefore, unless the batch size is
considerably large, Iopc estimate is not reliable. Iy yg g attains higher bias when N increases and,
even more severely, when d decreases (see Fig. [2).

Computational Time Analysis

A fundamental characteristic of each algorithm is the computational time. The computational time
analysis is developed on a server with CPU ”AMD Ryzen Threadripper 3960X 24-Core Processor”
and GPU ”MSI GeForce RTX 3090 Gaming X Trio 24G, 24GB GDDR6X”.

Before analyzing the time requirements to complete the 5-step MI staircases, we specify two different
ways to implement the derangement of the y realizations in each batch.

Random-based. The trivial way to achieve the derangement is to randomly shuffle the y elements
of the batch until there are no fixed points (i.e., all the y realizations in the batch are assigned to a
different position w.r.t. the starting location).

Shift-based. Given N realizations (x;,y;) drawn from pxy (x,y), fori € {1,..., N}, we obtain
the deranged samples as (X;, y (;+1)%n ), Where ”%” is the modulo operator.

Although the MI estimates obtained by the two derangement methods are almost indistinguishable,
all the results showed in the paper are achieved by using the random-based method. Additionally, we
demonstrate the time efficiency of the shift-based approach.

The time requirements to complete the 5-step staircase MI when varying the batch size NV are reported
in the left and center graphics of Fig. [5] The influence of the MI estimator objective functions in the
algorithm’s time requirements is marginal, while the architecture type is the impactful component.
As discussed in Sec. [6.1] the deranged strategy is remarkably faster than the joint one as N increases.
More in general, the architectures deranged and separable are significantly faster w.r.t. the joint
and NJEE ones, for a given batch size N and input distribution size d. The need of the separable
architecture to use two neural networks implies that when N is significantly large, the deranged
implementation is much faster than the separable one. The central graph in Fig. [5]illustrates a detailed
representation of the time requirements of these two architectures to complete the 5-step stairs. As
N increases, the gap between the time needed by the architectures deranged and separable grows,
demonstrating that the former is the fastest. For example, when d = 20 and N = 30k, IgaN—_pIME
needs about 55 minutes when using the architecture separable, but only 15 minutes when using the
deranged one and less than 9 minutes for the shift-based deranged architecture.

In jEE is evaluated with its own architecture, which is the most computationally demanding, because
it trains a number of neural networks equal to 2d — 1. Thus, Iy ygg can be utilized only in cases
where the time availability is orders of magnitude higher than the other approaches considered.
The time requirements to complete the 5-step staircase MI when varying the multivariate Gaussian
distribution dimension d are reported in the right-side part of Fig. [5] When d is large, the training of
In jEgE fails due to memory requirement problems. For example, our hardware platform does not
allow the usage of d > 30.

6.3 Self-Consistency Tests

To demonstrate the utility of f-DIME in non-Gaussian scenarios, we investigated the three self-
consistency tests developed by [20] over images datasets using all the estimators previously described,
except Iy jpg (for dimension constraints). The f-DIME estimators satisfy two out of the three tests,



as discriminative approaches tend to be less precise when the MI is high, in accordance with [20].
We report the description of tests and results in Appendix

7 Conclusions

In this paper, we presented f-DIME, a class of discriminative mutual information estimators based
on the variational representation of the f-divergence. We proved that any valid choice of the function
f leads to a low-variance MI estimator which can be parametrized by a neural network. We also
proposed a derangement training strategy that efficiently samples from the product of marginal
distributions. The performance of f-DIME is evaluated using three functions f, and it is compared
with state-of-the-art estimators. Results demonstrate excellent bias/variance trade-off for different
data dimensions and different training parameters.
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A Appendix: DIME Estimators

In this section, we provide a concrete list of DIME estimators obtained using three different f-
divergences. In particular, we maximize the value function defined in (3)

T#(T) = Exy)mpxy (xy) [T(x, y) - f* (T(x, G(y)))] ,

over T or its transformation. By doing that, and using (7),

I(X5Y) = Irprue(X;Y) = Exy)npry (xy) [log((f*)/(T(X»Y)))] :

we obtain a list of three different MI estimators. The list is used for both commenting on the impact
of the f function, referred to as the generator function, and for comparing the estimators discussed in
Sec. 2

We consider the cases when f is the generator of:

a) the KL divergence;
b) the GAN divergence;

c) the Hellinger distance squared.

We report below the derived value functions and the mathematical expressions of the proposed
estimators.

A.1 KL divergence
The variational representation of the KL divergence [18] leads to the NWJ estimator in (28) when

f(u) = ulog(u). However, since we are interested in extracting the density ratio, we apply the
transformation 7'(x) = log(D(x)). In this way, the lower bound introduced in (3] reads as follows

TkL(D) = Exy)mpxy (xy) [bg(D (X»Y))} ~ E(x,y)mpx (x)py (3) [D(& Y)} +1, (19

which has to be maximized over positive discriminators D(-). As remarked before, we do not use
Jr 1 during the estimation, rather we define the KL-DIME estimator as

IKL—DIME(X; Y) = E(x,y)wpxy(x,y) |:1Og (D(Xa Y)):| ) (20)
due to the fact that
A pxy (X%,y)
D(x,y) =argmax Jxr (D) = —————. 21
() 8 D k(D) px (X)py (y)

A.2 GAN divergence

Following a similar approach, it is possible to define f(u) = ulogu — (u + 1) log(u + 1) + log 4
and T'(x) = log(1 — D(x)). We derive from Theorem [3.1{the GAN-DIME estimator obtained via
maximization of

ToAn(D) = Etuy sy 1961 = DY) | + Byt 0 2D x.3)) | + o).

(22)
In fact, at the equilibrium we recover (E]), hence

1— D(x,
IGANfDIME'(X§ Y) = ]E(x,y)wpxy(x,y) |:10g<A(y)>:| . (23)
D(x,y)
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A.3 Hellinger distance
The last example we consider is the generator of the Hellinger distance squared f(u) = (v/u — 1)

with the change of variable T'(x) = 1 — D(x). After simple manipulations, we obtain the associated
value function as

1
Jup(D) =2 = Eecy)mpxy (xy) {D (%, y)} ~ By mpx py ) {D(Xy)} @)

which is maximized for

D(x,y) = argmngHD(D) = Hm, (25)

leading to the HD-DIME estimator
1
Tip prup(XGY) = By (o) [Ig(ﬂ | 20
D3(x,y)

Given that these estimators comprise only one expectation over the joint samples, their variance has
different properties compared to the variational ones requiring the partition term such as MINE and
NWI.

B Appendix: Related Work Mutual Information Estimators

In this section, we provide a detailed description of the formulas of the MI estimators we summarized
in Sec. 2

B.1 MINE

The Donsker-Varadhan dual representation of the KL divergence [11,21]] produces an estimate of the
MI using the bound optimized by the mutual information neural estimator (MINE) [19]

I]\/IINE(X; Y) = Zlelg ]E(x,y)pry (x,y) [Tg (X7 Y)} - 1Og(E(x,y)~px x)py (y) [eTg (x,y)])7 (27)

where 6 € O parameterizes a family of functions 7y : X x ) — R through the use of a deep neural
network. However, the logarithm before the expectation in the second term renders MINE a biased
estimator. To avoid biased gradients, the authors in [19] suggested to replace the partition function
E,py [7?] with an exponential moving average over mini-data-batches.

B2 NWJ

Another VLB is based on the KL divergence dual representation introduced in [18] (also referred to
as f-MINE in [19])

Inws(X;Y) = SggE(xvY)pry(x,y) [To(x, ¥)] — E(x,y)~px )pv (y) [eTe(x’y)_l]‘ (28)

Although for a fixed 7" MINE provides a tighter bound Iy;;vg > Inw., the NWJ estimator is
unbiased.

B.3 SMILE

Both MINE and NWI suffer from high-variance estimations and to combat such a limitation, the
SMILE estimator was introduced in [20]. It is defined as
ISMILE(X§ Y) = ;‘1618 I[*:(x,y)~pxy(x,y) [Te (X, Y)]—IOg(E(my)fvpx (x)py () [Clip(eTe(x’Y)7 e, 67)]),

(29)
where clip(v, [, u) = max(min(v, ), ) and it helps to obtain smoother partition functions estimates.
SMILE is equivalent to MINE in the limit 7 — +o0.
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B4 CPC

The MI estimator based on contrastive predictive coding (CPC) [22] is defined as

Iepc(X;Y) =E { ! zle e o) (30
CcPC 5 = B(x,y)~pxvy,n(xY) | AT 0g ( N N ) :| ’ )
N i > jg €ToCeiyi)

where N is the batch size and pxy,n denotes the joint distribution of /V i.i.d. random variables

sampled from pxy. CPC provides low variance estimates but it is upper bounded by log N, resulting
in a biased estimator.

B.5 NJEE

The neural joint entropy estimator (NJEE) proposed in [24] is based on a classification task. Let X,
be the m-th component of X, with m < d and N the batch size. X k is the vector containing the first
k components of X. Let Hy(X) be the estimated marginal entropy of the first components in X
and let Gy, (X,,|X™ 1) be a neural network classifier, where the input is X™~! and the label used
is X,,. If CE(") is the cross-entropy function, then the MI estimator based on NJEE is defined as
d d
Inyep(X;Y) = Hy(X1) + ) CB(Go,, (Xm|X™ 1) = D CE(Go,, (Xn[Y, X™71)), (B1)
m=2 m=1

where the first two terms of the RHS constitutes the NJEE entropy estimator.

C Appendix: Proofs of Lemmas and Theorems

C.1 Proof of Theorem 3.1

Theorem 3.1. Let (X,Y) ~ pxy(x,y) be a pair of multivariate random variables. Let o(-) be
a permutation function such that p,yy(o(y)|x) = py(y) and T : dom(X) x dom(Y) — R. Let
[ be the Fenchel conjugate of f : Ry — R, a convex lower semicontinuous function that satisfies
f(1) = 0 with derivative f'. If T;(T) is a value function defined as

T ) = Bty oo | Te¥) = (Tt ) | &

then
T(x,y) = argmax J;(T) = ' (%) (33)

and
I(X;Y) = Iiprue(X;Y) = Exy)mpxy (xy) [log((f*)/(T(X»Y)))] . (34)

Proof. From the hypothesis, the value function can be rewritten as

Tr(T) = E(xy)mpxy (x,) [T(X, Y)} — E(x,y)~px (xpy (3) [f * (T(X7 Y))] : (35)

The thesis follows immediately from Lemma 1 of [18]]. Indeed, the f-divergence D can be expressed
in terms of its lower bound via Fenchel convex duality

Dy(P|Q) = ;lé%{Esz(z) [T(2)] = Bong(a) [/ (T(2))] } (36)
where T : X — R and f* is the Fenchel conjugate of f defined as
1@ = sug{ut — f(u)}. 37)
ue

Therein, it was shown that the bound in (36)) is tight for optimal values of T'(x) and it takes the

following form
2 gl p(l‘) )
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where f’ is the derivative of f.

The MI I(X;Y') admits the KL divergence representation
I(X;Y) = Drr(pxv||lpxpy ), (39)

and since the inverse of the derivative of f is the derivative of the conjugate f*, the density ratio can
be rewritten in terms of the optimum discriminator T’

(1) (Fey) = (1) (Fxy) = L

40
px (xX)py (¥) @0
f-DIME finally reads as follows
IfDIIV[E(X; Y) = ]E(x,y)wpxy(x,y) |:10g<(f ) (T(X y>)>:| (41
O

C.2 Proof of Lemma 3.2

Lemma 3.2. Let the discriminator T(-) be with enough capacity, i.e., in the non parametric limit.
Consider the problem

T = arg max T (T) (42)
where
Ti(T) = Bl y)mpxy (x.y) [T(X» y)} ~ Epey)mpx (opy () [f ) <T(Xv y))] SN CE)
and the update rule based on the gradient descent method
T =70 4 v gH(TM). (44)

If the gradient descent method converges to the global optimum T, the mutual information estimator

I(X3Y) = Ipiue(X;Y) = Exgy)mpxy (xy) [10g<(f*)l(T(X7Y)))] : (45)

converges to the real value of the mutual information I(X;Y).

Proof. For convenience of notation, let the instantaneous MI be the random variable defined as

(XYY e o [ PXY(XY)
WXY) =1 g<px<xnnwy>>' (40

It is straightforward to notice that the MI corresponds to the expected value of i(X; Y) over the joint
distribution pxy. The solution to (#2) is given by (€) of Theorem. Let 6" =T — T(") be the
displacement between the optimum discriminator T and the obtained one 7™ at the iteration n, then

infoip(X;Y) = log((f*)’(T<"> (x, y))) = log (RW (%, y)) , (47)

where R(™) (x,y) represents the estimated density ratio at the n-th iteration and it is related with the
optimum ratio R(x, y) as follows

R—RM™ = (£)(T) = ()" (1™)
= (/1)(T) = (f) (T = 6™)
~ 5. [(f*) (T_aw)} 48)
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where the last step follows from a first order Taylor expansion in T — 6. Therefore,

in.sprve(X;Y) = log(R™)

R «\" j—v _ 5(71)
_ 10g<(R) (1 s, (f)(/)>
(/) (1)
«\// T B (5(”)
(F)(T)
If the gradient descent method converges towards the optimum solution 7,6 — 0 and
()" (T =5t
(F)'(1)

%n,fDIME(X;Y) ~ Z(X,Y) —_ 5. [

~(X;Y) 5. lm
(f*)(T)

=i(X;Y) =6 lddT 1og((f*)’(T))

] , (50)
T=T

where the RHS is itself a first order Taylor expansion of the instantaneous MI in T In the asymptotic
limit (n — +00), it holds also for the expected values that

|I(X,Y)*InfD1ME(X,Y)|—)O (51)
O

C.3 Proof of Lemma 4.1

Lemmad4.1. Let R = pxy (x,y)/(px (X)py (y)) and assume Var, .., [log R] exists. Let p’ly- be the
empirical distribution of M i.i.d. samples from pxy and let ]Epz)»gy denote the sample average over

pyy. Then, under the randomness of the sampling procedure, it holds that

H(pxy,pxpy)||R|| — T*(X;Y)
M

R 4
Vary ., [Epyy [log R]| < (52)

where H? is the Hellinger distance squared defined as

H?(p,q) = L(M \/@fdx, (53)

and the infinity norm is defined as || f (x)||oo 1= sup,ep | f(2)].

Proof. Consider the variance of ]:B(x, y) when (x,y) ~ pxy(X,y), then

2 2
5 PxXy Pxy
Varpxy [IOg R] = ]EI)XY {(10g XDy ) :| - (lpry {IOg poY:| ) . (54)

The power of the log-density ratio is upper bounded as follows (see the approach of Lemma 8.3 in
1291)

2
Epucy [(log EAL > ] < 4H(pxy,pxpy) ‘ £ (55)
bPxpy PXDPY |l
while the mean squared is the ground-truth MI squared, thus
Var, ., [log B] < 4H*(pxy,pxpy) pxy —I*(X;Y). (56)
PXPY ||
Finally, the variance of the mean of M i.i.d. random variables yields the thesis
. 4H? , LXY - I*(X;Y
o Var, .., [log B (pxv, pxpy)|| £ _ ( )
Vary,., [E v [log R]] = T < v . 6D
O
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C.4 Proof of Lemma 4.2

Lemma 4.2. Let R be the optimal density ratio and let X ~ N(0,0%) and N ~ N(0,0%) be
uncorrelated scalar Gaussian random variables such thatY = X + N. Assume Var, ., [log R]
exists. Let pXly be the empirical distribution of M i.i.d. samples from pxy and let ]Epév({y denote the

sample average over pév(jy. Then, under the randomness of the sampling procedure, it holds that

1— 672I(X;Y)

i (58)

Varp [Ep%y [log R]] =

Proof. From the hypothesis, the density ratio can be rewritten as R = py(y — x)/py (y) and the
output variance is clearly equal to 03 = 0% + o4 Notice that this is equivalent of having correlated
random variables X and Y with correlation coefficient p, since it is enough to study the case ox = p

and oy = /1 — p2.

It is easy to verify via simple calculations that

I(X; Y) = EPXY [IOg R]

202 2(7]2\[
Oy 1 0’§( 1 2
og 20g<+U]2V> 5 log(1—p%) (59)

Similarly,

Var,, [log B] = B, [(log(zy)+y2 - (y;x)Q)T — I2(X;Y)

i (57 () () (%)

2 20% 202
0'2 0'2 _ .
_ % _1_ 712v — ] _ e 2M(X5Y) _ (60)
Oy Oy

where the last steps use the fact that the Kurtosis of a normal distribution is 3 and that the MI can be
expressed as in (39). Finally, the variance of the mean of M i.i.d. random variables yields the thesis

Var,, ., [log R}

Var, .. [Epz)»(fy [log R]] = (61)
If X and N are multivariate Gaussians with diagonal covariance matrices 0?1y q and (1- pQ)ded,
the results for both the MI and variance in the scalar case are simply multiplied by d. O

C.5 Proof of Lemma 5.1

Lemma 5.1. Let (x;,y;), Vi € {1,...,N}, be N data points. Let J;(T') be the value function in

). Let TF(T) and J7 (T') be numerical implementations of Jy(T') using a random permutation

and a random derangement of y, respectively. Denote with K the number of points yi, with

k€ {1,..., N}, in the same position after the permutation (i.e., the fixed points). Then

N-K
N

JF(T) < JF(T). (62)
Proof. Define JJ(T') as the Monte Carlo implementation of J;(7") when using the permutation

function 7(-)
N N

<D (T(xiyy)), (63)

=1 =1

JF(T) =

2=
INg
=
2%
<
I
2|~



where the pair (x;,y;) is obtained via a random permutation of the elements of y as j = (i),
Vi € {1,...,N}. Since K is a non-negative integer representing the number of fixed points i = 7(4),
the value function can be rewritten as

1 N—-K

N K
1 1
= ZT(Xin) TN Z I (T(Xivyi)) N Z I (T(Xi,yj';éi))7 (64)
i=1 i=1 i=1
which can also be expressed as

1 N—-—K 1 N—-K
j;r( NZT Xu}’z N Z T Xuyz sz waz N Z f*(T(Xivyjii))'
i=1 =1

(65)
In (63) it is possible to recognize that the second and last term of the RHS constitutes the numerical
implementation of J;(T') using a derangement strategy on N — K elements, so that

N -K
TF( NZTxl,yz — NZf (xiy1)) + = J7 (D). (66)
However, by definition of Fenchel conjugate
K
1 *
N ZT(Xiv}’i) - (T(xi,y:)) <0, (67)
since fort =1
u—f"(u) Su—(ut = f(t)) = f(1) = 0. (68)
Hence, we can conclude that
N-K
JF(T) < N ——J7 (). (69)
O

C.6 Proof of Theorem 5.2

Theorem 5.2. Let the discriminator D(-) be with enough capacity. Let N be the batch size and f be
the generator of the KL divergence. Let J[ ; (D) be defined as

TkL(D) = Epxy)mpxy (xy) {log (D(x, y)) —f (1og (D(x, w(y))))} : (70)

Denote with K the number of indices in the same position after the permutation (i.e., the fixed points),
and with R(x,y) the density ratio in [2). Then,

NR(x,y)
KR(x,y)+ N - K’

D(x,y) = arg mngIT{rL(D) = (71)

Proof. The idea of the proof is to express Jj, (D) via Monte Carlo approximation, in order to
rearrange fixed points, and then go back to Lebesgue integration. The value function Jx 1, (D) can be
written as

Ik (D) = E(xy)mpxy (x.y) {108(17(&3’))} — E(x y)mpx (x)pv (¥) [D (x, Y)} +1 (7

Similarly to (64), we can express J7%; (D) as

N-K
1
JEL(D Zlog (xi,¥4)) ZD (xi,¥1) = 3% Z D(xi,yjzi)+1,  (73)

where K is the number of fixed points of the permutatlon j=m( ) Vz € {1,...,N}. However,
when N — oo, we can use Lebesgue integration and rewrite (73) as

T (D /x/y (pxy x,y)log(D(x,y)) - ﬁpxy(x,yw(x,yo dxdy

N-K
- [ [ A e 3D y) dxdy + 1 a4)
xJy
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To maximize J7Z (D), it is enough to take the derivative of the integrand with respect to D and
equate it to 0, yielding the following equation in D

K N-K
lm — 3Py () = T px (py (v) = 0. @3)

Solving for D leads to the thesis

- NR(x,y)
D = 76
oY) = Ry TN K (76)
since J7%, (D) is a maximum being the second derivative w.r.t. D a non-positive function. O

C.7 Proof of Corollary 5.3

Corollary 5.3 (Permutation bound). Let KL-DIME be the estimator obtained via iterative optimiza-
tion of Jf; (D), using a batch of size N every training step. Then,

Ik, prve = Exy)opxy (x,y) {log <ﬁ(x, y))} < log(N). a7

Proof. Theorem[5.2]implies that, when the batch size is much larger than the density ratio (N >> R),
then the discriminator’s output converges to the density ratio. Indeed,

NR(x,y)

M D y) = i e e T Nk - YD) (78)

Instead, when the density ratio is much larger than the batch size (R >> N), then the discriminator’s
output converges to a constant, in particular

lim D(x,y) = lim NR(x,y) _ N

= . 7
R—oo R—00 KR(X,y) +N-K K (79

However, from Lemma [5.4] it is true that K = 1 on average. Therefore, an iterative optimization
algorithm leads to an upper-bounded discriminator, since

D(x,y) <N, (80)

which implies the thesis. O

C.8 Proof of Lemma 5.4

Lemma 5.4 (see [30]). The average number of fixed points in a random permutation m(-) is equal to
1.

Proof. Let 7(-) be a random permutation on {1, ..., N}. Let the random variable X represent the
number of fixed points (i.e., the number of cycles of length 1) of 7(-). We define X = X; + Xo +
-+ + Xn, where X; = 1 when (i) = 4, and 0 otherwise. E[X] is computed by exploiting the
linearity property of expectation. Trivially,

1

E[X;] =Plr(i) =4 = N 81
which implies
AR
E[X] = — =1. (82)
2N
O
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Table 1: Neural architectures comparison.

I Joint \ Separable \ Deranged
Input H N pairs (z,y) ~ pxy N pairs (z,y) ~ pxy | N pairs (z,y) ~ pxy
N(N — 1) pairs (z,9) ~ pxpy | N pairs (z,7) ~ pxpy | N pairs (z,§) ~ pxpy
Nr. NNs || 1 | 2 | 1
Complexity || Q(N?) ‘ Q(N) ‘ Q(N)

D Appendix: Experimental Details

D.1 Multivariate Linear and Nonlinear Gaussians Experiments

In this section, we show supplementary results for the linear and cubic Gaussian experiments. The
implemented neural network architectures are: joint, separable, deranged, and the architecture of
NIJEE, referred to as ad hoc. See Tab. [T]for a schematic about the architectures.

Joint architecture. The joint architecture is a feed-forward fully connected neural network with an
input size equal to twice the dimension of the samples distribution (2d), one output neuron, and two
hidden layers of 256 neurons each. The activation function utilized in each layer (except from the last
one) is ReL.U. The number of realizations (x,y) fed as input of the neural network for each training
iteration is N2, obtained as all the combinations of the samples x and y drawn from pxy (x,y).

Separable architecture. The separable architecture comprises two feed-forward neural networks,
each one with an input size equal to d, output layer containing 32 neurons and 2 hidden layers with
256 neurons each. The ReLLU activation function is used in each layer (except from the last one). The
first network is fed in with NV realizations of X, while the second one with N realizations of Y.

Deranged architecture. The deranged architecture is a feed-forward fully connected neural network
with an input size equal to twice the dimension of the samples distribution (2d), one output neuron,
and two hidden layers of 256 neurons each. The activation function utilized in each layer (except
from the last one) is ReLLU. The number of realizations (x, y) the neural network is fed with is 2/V
for each training iteration: N realizations drawn from pxy (x,y) and N realizations drawn from
px (x)py (y) using the derangement procedure described in Sec.

The architecture deranged is not used for I pc because in (30) the summation at the denominator of
the argument of the logarithm would require neural network predictions corresponding to the inputs
(xi,y5), Vi,j € {1,..., N} with ¢ # j.

Ad hoc architecture. The NJEE MI estimator comprises 2d — 1 feed-forward neural networks.
Each neural network is composed by an input layer with size between 1 and 2d — 1, an output layer
containing N — k neurons, with k¥ € N small, and 2 hidden layers with 256 neurons each. The ReLU
activation function is used in each layer (except from the last one). We implemented a Pytorch [31]]
version of the code produced by the authors of [24] I’} to unify NJEE with all the other MI estimators.

Each neural estimator is trained using Adam optimizer [32], with learning rate 5 X 1074, 81 = 0.9,
B2 = 0.999. The batch size is initially set to N = 64.

For the Gaussian setting, we sample a 20-dimensional Gaussian distribution to obtain x and n samples,
independently. Then, we compute y as linear combination of x and n: y = px + /1 — p? n, where
p is the correlation coefficient. For the cubic setting, the nonlinear transformation y + y? is applied
to the Gaussian samples. During the training procedure, every 4k iterations, the target value of the
MI is increased by 2 nats, for 5 times, obtaining a target staircase with 5 steps. The change in target
MI is obtained by increasing p, that affects the true MI according to

I(X;Y) = —g log(1 — p?). (83)

*https://github.com/YuvalShalev/NJEE
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Figure 6: NWJ, SMILE (7 = 00), and MINE MI estimation comparison with d = 20 and N = 64.
The Gaussian setting is represented in the top row, while the cubic setting is shown in the bottom row.

D.1.1 Supplementary Analysis of the MI Estimators Performance

Additional plots reporting the MI estimates obtained from MINE, NWJ, and SMILE with 7 = oo,
are outlined in Fig. [6] The variance attained by these algorithms exponentially increases as the true
MI grows, as stated in (T0).

We report in Fig. |Z|the behavior we obtained for /5,77, r when the training of the neural network is
performed by using the cost function in (29). The training diverges during the first steps when 7 = 1
and 7 = 5. Differently, when 7 = oo, Ispr1 g corresponds to I,y g (Without the moving average
improvement), therefore the MI estimate does not diverge. Interestingly, by comparing Isyrrr e
(T = 00) trained with the JS divergence and with the MINE cost function (in Fig. [6 and Fig. [7}
respectively), the variance of the latter case is significantly higher. Hence, the JS maximization trick
seems to have an impact in lowering the estimator variance.

D.1.2 Analysis for Different Values of d and [V

The class of f-DIME estimators is robust to changes in d and [V, as the estimators’ variance decreases
(see (58) and Fig. when N increases and their achieved bias is not significantly influenced by
the choice of d. Differently, Iy jgr and Icpc are highly affected by variations of those parameters,
as described in Fig. 2] and Fig. [I0] More precisely, Icpc is not strongly influenced by a change
of d, but the bias significantly increases as the batch size diminishes, since the upper bound lowers.
In jEE achieves a higher bias both when d decreases and when IV increases w.r.t. the default values
d = 20, N = 64. In addition, when d is large, the training of I ygg is not feasible, as it requires
a lot of time (see Fig. [5) and memory (as a consequence of the large number of neural networks
utilized) requirements. In addition, Fig. [8]illustrates that the time complexity of the joint architecture
is 2(IN?), while the complexity of the deranged architecture is (V).

We show the achieved bias, variance, and mean squared error (MSE) corresponding to the three
settings reported in Fig. 2} [I0] and [T1]in Fig. [I2] [[3] and [T4] respectively. The achieved variance
is bounded when the estimator used is Ix .- pra g or Icpc. In particular, Figs. [12}[13] [T4] and[T3]
demonstrate that -1, prasg satisfies Lemma

Additionally, we report the achieved bias, variance and MSE when d = 20 and N varies according to
Tab. 3} We use the notation N = [512, 1024] to indicate that each cell of the table reports the values
corresponding to N = 512 and N = 1024, with this specific order, inside the brackets. Similarly, we

22



SMILE SMILE SMILE
12 12 12
— Joint |
10 Separable 10 104 i
—— Deranged
— True MI
] ] - 8 M
® ® S At
c 6 c 6 — c 6 v ’
E 4 E a4 E 44
2 24— 2+
o
0 T T T 0 T T T 0 T T T
0 5000 10000 15000 20000 0 5000 10000 15000 20000 0 5000 10000 15000 20000
Steps Steps Steps
SMILE SMILE SMILE
12 12 12
10 — 10 104
W ¢ ’—' = e 7 9
- - -
© © ©
=3 =3 c 6
E 4 — Joint E 4 | E 44
Separable |
2 —— Deranged 2 24
— True MI et
0 T T T 0 T T T 0 T T T
0 5000 10000 15000 20000 0 5000 10000 15000 20000 0 5000 10000 15000 20000
Steps Steps Steps
@r=1 ®)yr=5 ©T=00

Figure 7: Isnsrr g behavior for different values of 7, when the JS divergence is not used to train the
neural network. The Gaussian case is reported in the top row, while the cubic case is reported in the

bottom row.

Time [minutes]

e CPC ¢ SMILE @ GAN % HD Y KL
304 —— Separable
—— Deranged random
254 — Joint
20 4
15 A
10 A
5 |
e
0 A —
T T T T T
200 400 600 800 1000
Batch size

Figure 8: Time requirements comparison to complete the 5-step staircase MI over the batch size.

Linear scale.

23



Table 2: Variance comparison between the VLB MI estimators and f-DIME, using the joint architec-
ture, when d = 5 and N = 64, for the Gaussian setting.

MI 2 4 6 8 10
NWIJ 005 0.13 0.69 534 948
MINE 005 0.11 039 173 17.10

SMILE (Tt =00) | 0.05 0.11 032 140 8.89
GAN-DIME 0.05 0.08 0.13 024 0.69
HD-DIME 0.05 0.08 0.12 020 0.57
KL-DIME 0.04 0.06 006 0.06 0.06

NW)
MINE
SMILE (tau=infty)
GAN-DIME
HD-DIME
KL-DIME

101 4

100 4

Variance

10—1 4

2 4 8 10
Mi
Figure 9: Variance bar plots between the VLB MI estimators and f-DIME, using the joint architecture,
when d = 5 and N = 64, for the Gaussian setting.

show the attained bias, variance, and MSE for d = [5,10] and N = 64 in Tab. [5} The achieved bias,
variance and MSE shown in Tab. [3|and Tab. [5] motivate that the class of f-DIME estimators attains
the best values for bias and MSE. Similarly, I i pyps g obtains the lowest variance, when excluding
Icpe from the estimators comparison (/¢ pc should not be desirable as it is upper bounded). The
illustrated results are obtained with the joint architecture (except for NJEE) because, when the
batch size is small, such an architecture achieves slightly better results than the deranged one, as it
approximates the expectation over the product of marginals with more samples.

The variance of the f-DIME estimators achieved in the Gaussian setting when /N ranges from 64
to 1024 is reported in Fig. [I35] The behavior shown in such a figure demonstrates what is stated in
Lemma i.e., the variance of the f-DIME estimators varies as %

NJEE SMILE GAN-DIME HD-DIME KL-DIME CPC
12 12 2 2
joint Ml

MI [nats]

o o0 15000
Steps
CPC

10
e ’—,7

S0 000 13000 20000 S0 00 13000 20000 S0 0bo0 1000
Steps Steps Steps

NJEE SMILE . GAN-DIME
Joint

MI [nats]

500 000 13000 20000 500 o0 13000 20000 S0 o0 1300 20000 S0 b0 130 20000 "0 5000 b0 13000 20000 oo 10000 15000
Steps Steps Steps Steps Steps Steps

Figure 10: Staircase MI estimation comparison for d = 20 and N = 1024. The Gaussian case is
reported in the top row, while the cubic case is shown in the bottom row.
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Figure 11: Staircase MI estimation comparison for d = 20 and N = 64. The Gaussian case is
reported in the top row, while the cubic case is shown in the bottom row.
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Figure 12: Bias, variance, and MSE comparison between estimators, using the joint architecture for
the Gaussian case with d = 20 and N = 64.
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Figure 13: Bias, variance, and MSE comparison between estimators, using the joint architecture for
the Gaussian case with d = 5 and N = 64.
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Figure 14: Bias, variance, and MSE comparison between estimators, using the joint architecture for
the Gaussian case with d = 20 and N = 1024.
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Figure 15: Variance of the f-DIME estimators corresponding to different values of batch size.

Table 3: Bias (B), variance (V), and MSE (M) of the MI estimators using the joint architecture, when
d = 20 and N = [512,1024], for the Gaussian setting. Each f-DIME estimator is abbreviated to

f-D.

Gaussian
MI 2 4 6 8 10
NJEE [0.42,0.44] [0.40,0.42] [0.37,0.41] [0.34,0.40] [0.32, 0.38]
SMILE | [0.25,0.27] 1[0.48,0.51] [0.64,0.67] [0.74,0.73] [0.86, 0.83]
B | GAN-D | [0.11,0.09] [0.15,0.13] [0.16,0.12] [0.14, 0.04] [0.01, 0.16]
HD-D [0.08,0.07] [0.15,0.12] [0.24,0.20] [0.37,0.30] [0.47, 0.43]
KL-D [0.07,0.06] [0.12,0.10] [0.21,0.17] [0.38,0.31] [0.69, 0.56]
CPC [0.08,0.05] [0.34,0.23] [1.07,0.80] [2.32,1.87] [3.96, 3.37]
NJEE [0.01,0.00] [0.01,0.01] [0.02,0.01] [0.02,0.01] [0.02, 0.01]
SMILE | [0.01,0.01] [0.03,0.02] [0.06,0.03] [0.11,0.07] [0.17,0.11]
V | GAN-D | [0.01,0.01] [0.03,0.02] [0.06,0.04] [0.11,0.07] [0.17, 0.12]
HD-D [0.01,0.01] [0.03,0.02] [0.05,0.04] [0.07,0.006] [0.09, 0.08]
KL-D [0.01,0.01] [0.01,0.01] [0.02,0.01] [0.02,0.01] [0.02, 0.01]
CPC [0.01, 0.00] [0.01, 0.00] [0.01, 0.00] [0.00, 0.00] [0.00, 0.00]
NJEE [0.18,0.20] [0.18,0.18] [0.16,0.18] [0.14,0.17] [0.12, 0.16]
SMILE | [0.08,0.08] [0.26,0.28] [0.47,0.48] [0.66,0.61] [0.90, 0.80]
M | GAN-D | [0.03,0.02] [0.05,0.04] [0.09,0.05] [0.13, 0.08] [0.18, 0.15]
HD-D [0.02,0.01] [0.05,0.04] [0.11,0.08] [0.21,0.15] [0.31, 0.26]
KL-D [0.01, 0.01] [0.03, 0.02] [0.06,0.04] [0.17,0.11] [0.49, 0.33]
CPC [0.01,0.01] [0.13,0.06] [1.16,0.64] [5.38,3.48] [15.67,11.38]
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Table 4: Bias (B), variance (V), and MSE (M) of the MI estimators using the joint architecture, when
d = [5,10] and N = 64, for the Gaussian setting. Each f-DIME estimator is abbreviated to f-D.

Gaussian

MI 2 4 6 8 10
NJEE [0.30,0.29] [0.03,0.13] [0.46, 0.06] [1.23, 0.38] [2.35, 0.80]
SMILE | [0.29,0.24] [0.61,0.52] [0.76, 0.68] [0.85, 0.71] [0.96, 0.68]
B | GAN-D | [0.06,0.12] [0.09,0.17] [0.14,0.17] [0.06, 0.20] [0.30, 0.18]
HD-D [0.04,0.09] [0.09,0.14] [0.15,0.22] [0.28, 0.39] [0.53, 0.40]
KL-D [0.04, 0.07] [0.09, 0.13] [0.19, 0.30] [0.40, 0.58] [0.93, 1.05]

CPC [0.17,0.20] [0.80,0.89] [2.10,2.20] [3.89, 3.93] [5.85, 5.86]
NJEE [0.04, 0.05] [0.06,0.08] [0.09,0.10] [0.15, 0.13] [0.27, 0.13]
SMILE | [0.06,0.06] [0.09,0.13] [0.12,0.20] [0.23, 0.32] [0.46, 0.46]
V | GAN-D | [0.05,0.06] [0.08,0.12] [0.13,0.19] [0.24, 0.30] [0.69, 0.52]
HD-D [0.05,0.06] [0.08,0.11] [0.12,0.16] [0.20, 0.24] [0.57, 0.49]
KL-D [0.04,0.05] [0.06,0.08] [0.06,0.10] [0.06, 0.10] [0.06, 0.10]

CPC [0.03, 0.04] [0.02, 0.03] [0.01, 0.01] [0.00, 0.00] [0.00, 0.00]
NJEE [0.13,0.13] [0.06, 0.09] [0.30, 0.10] [1.66, 0.28] [5.78, 0.76]
SMILE | [0.14,0.11] [0.46,0.40] [0.70, 0.66] [0.95, 0.83] [1.37, 0.93]
M | GAN-D | [0.06,0.08] [0.09,0.15] [0.15,0.22] [0.24, 0.34] [0.78, 0.55]
HD-D [0.05,0.07] [0.09,0.13] [0.15,0.21] [0.28, 0.40] [0.86, 0.65]

[
[

KL-D | [0.04,0.06] [0.07,0.10] [0.10,0.19]  [0.22, 0.44] [0.92, 1.20]
CPC [0.06,0.08] [0.67,0.83] [4.42,4.84] [15.14,15.45] [34.22,34.32]

Table 5: Bias (B), variance (V), and MSE (M) of the MI estimators using the joint architecture, when
d =20 and N = 64, for the Gaussian setting. Each f-DIME estimator is abbreviated to f-D.

Gaussian

MI 2 4 6 8 10
NJEE | 029 0.18 0.01 0.17 0.37
SMILE | 0.18 0.37 044 0.50 0.52
B | GAN-D | 0.17 027 035 0.34 0.26
HD-D | 0.16 028 043 0.61 0.73
KL-D |0.13 025 048 0.87 1.44
CPC 0.25 098 229 399 5.88
NJEE | 0.06 0.10 0.13 0.17 0.16
SMILE | 0.05 0.11 0.18 0.30 0.51
V | GAN-D | 0.06 0.11 0.19 0.32 0.55
HD-D | 0.06 0.11 0.20 0.29 0.43
KL-D | 0.05 0.09 0.11 0.12 0.11
CPC 0.04 0.03 0.01 0.00 0.00
NJEE | 0.14 0.14 0.13 0.20 0.30
SMILE | 0.09 0.25 0.38 0.55 0.79
M| GAN-D | 0.09 0.19 0.31 043 0.62
HD-D | 0.09 0.19 0.39 0.66 0.96
KL-D | 0.07 0.15 034 0.87 2.19
CPC 0.10 099 525 15.89 34.57
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Figure 16: MI estimates when d = 20 and N = 128, top row: derangement strategy; bottom row:
permutation strategy.

SMILE GAN-DIME HD-DIME . KL-DIME CPC

Joint
Separable
Deranged \

— True MI |

rrrrr log(N)

N[‘W"W
4 4 4 4 M a
2 2 2 2 2
5000 10000 15000 20000 5000 10000 15000 20000 5000 10000 15000 20000 5000 10000 15000 20000 5000 10000 15000 20000

Steps Steps Steps Steps Steps
SMILE GAN-DIME HD-DIME KL-DIME CPC

MI [nats]

— Joint

10{ — Separable
Deranged

el True MI
""" log(N)

MI [nats]

a 4 a a
vt
2 2 2 2
5000 10000 15000 20000 5000 10000 15000 20000 5000 10000 15000 20000 5000 10000 15000 20000 5000 10000 15000 20000

Steps Steps Steps Steps Steps

Figure 17: MI estimates when d = 100 and N = 64. The Gaussian setting is represented in the top
row, while the cubic setting is shown in the bottom row.

The class f-DIME is able to estimate the MI for high-dimensional distributions, as shown in Fig.
where d = 100. In that figure, the estimates behavior is obtained by using the simple architectures
described in Sec. [D.I] of the Appendix. Thus, the input size of these neural networks (200) is
comparable with the number of neurons in the hidden layers (256). Therefore, the estimates could be
improved by increasing the number of hidden layers and neurons per layer. The graphs in Fig.
illustrate the advantage of the architecture deranged over the separable one.

D.1.3 Considerations on Derangements

To facilitate the understanding of the role of derangements during training, we provide a practical
example in the following.

Suppose for simplicity that N = 3. Then, a random permutation of y = [y1, y2, y3] can be [y, y3, y1],
where the number of fixed points is K = 0 as no elements remain in the same position after the
permutation. However, another permutation of y is [y1,y3,y2]. In this case, it is evident that y;
remains in the same initial position, and the number of fixed points is K = 1. A random derangement
of y = [y1, Y2, ys], instead, ensures by definition that no element of y ends up in the same initial
position, contrarily from a naive random permutation. This idea is essential to avoid having shuffled
marginal samples that actually are realizations of the joint distribution. In fact, we proved that a
random permutation strategy would lead to a biased estimator (see the permutation bound in Corollary

It is extremely important to remark that the derangement sampling strategy it is not only applicable to

f-divergence based estimators, rather, any discriminative variational estimator should use it to avoid
upper bound MI estimates, as it can be observed from Fig. [T6]
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D.1.4 Summary of the Estimators

We give an insight on how to choose the best estimator in Tab. [6} depending on the desired specifics.
We assign qualitative grades to each estimator over different performance indicators. All the indicators
names are self-explanatory, except from scalability, which describes the capability of the estimator to
obtain precise estimates when d and NV vary. The grades ranking is, from highest to lowest: V'V, v/,
~, X. When more than one architecture is available for a specific estimator, the grade is assigned by
considering the best architecture within that particular case.

Even though the estimator choice could depend on the specific problem, we consider g an—pry g to
be the best one. The rationale behind this decision is that /g 4 y— pras E achieves the best performance
for almost all the indicators and lacks weaknesses. Differently, I-pc estimate is upper bounded,
IsyrE achieves slightly higher bias, and Iy jpp is strongly d and IV dependent. However, if the
considered problem requires the estimation of a low-valued MI, I 1, prasE is slightly more accurate
than IgaN_prvE-

One limitation of this paper is that the set of f-divergences analyzed is restricted to three elements.
Thus, probably there exists a more effective f-divergence which is not analyzed in this paper. Another
limitation is that f-DIME does not result in neither a lower nor an upper bound on the true MI.
Nonetheless, in the following subsection, we show that it is actually possible to obtain a VLB version
of the estimator.

D.1.5 Lower Bound Adaptation

As discussed above, the f-DIME estimator does not constitute a lower bound on the true MI. This is
due to two main reasons that make f-DIME different from the others VLB MI estimators:

1. The general value function J; in (3)) is the dual representation of the more general f-
divergence and the KL-divergence is only one special case. Notice that the value Jy is a
lower bound on the f-divergence;

2. We exploit the maximizer of J7, i.e. ’f’, to build the MI estimator at inference time. This is
a key component that allows us to get rid of the partition function for MI estimation, and it
comes at the expense of not having a lower bound estimator.

However, and perhaps quite remarkably, f-DIME can be adjusted to be a lower bound on the MI by
adding the partition term (in the SMILE, MINE or NWI fashion) during inference time. One way to
do such adaptation is to use the extracted density ratio inside the expressions of NWJ or MINE, as in
the following:

LipimEnw, (X3Y) = Eeyympxy (xy) [log((f*)’(f(x, y)))} (84)
— E(x,y)'wpx(x)py(y) [((f*)/(T(X7 y))>:| + la

where Irprveyy, (X;Y) is the f-DIME estimator obtained using any f-divergence dual represen-
tation of (3)) but with the partition term of the NWJ estimator.

D.2 Self-Consistency Tests

The benchmark considered for the self-consistency tests is similar to the one applied in prior work
[20]. We use the images collected in MNIST [33]] and FashionMNIST [34] data sets. Here, we test
three properties of MI estimators over images distributions, where the MI is not known, but the
estimators consistency can be tested:

1. Baseline. X is an image, Y is the same image masked in such a way to show only the top ¢
rows. The value of [ (X;Y) should be non-decreasing in ¢, and for ¢ = 0 the estimate should
be equal to 0, since X and Y would be independent. Thus, the ratio I(X;Y)/I(X; X)
should be monotonically increasing, starting from 0 and converging to 1.

2. Data-processing. X is a pair of identical images, Y is a pair containing the same images
masked with two different values of ¢. We set 2(Y") to be an additional masking of Y of 3
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Table 6: Summary of the MI estimators.

| LowML | HighML | gty

Estimator
| Bias | Variance | Bias | Variance |
Ikr—DIME v VE'4 ~ v v
Igp_pIME 4 v v v/ N4
laAN—-DIME v Ve'4 N4 v v
ISM[LE(Tzl) v VE'4 v v v
INJEE v V4 v VE'4 X
Icpc ~ N4 X N4 X
Isvioe(T = 00) v ~ v X Va4
IniNe 4 X X X N4
Inwyg v X X X N4
9 1.2 9 1.2
4(_& 1.0 4(_& 1.0
o 0.8 o 0.8
E 0.6 E 0.6
0o 0 ] 5 10 15 20 25 0o 0 5 10 15 20 25
Rows used Rows used
(a) Baseline property, MNIST digits data set. (b) Baseline property, FashionMNIST data set.

Figure 18: Comparison between different estimators for the baseline property, using MNIST data set
on the left and FashionMNIST on the right.

rows. The estimated MI should satisfy I([X, X]; [V, h(Y)])/I(X;Y) ~ 1, since including
further processing should not add information.

3. Additivity. X is a pair of two independent images, Y is a pair containing the masked
versions (with equal ¢ values) of those images. The estimated MI should satisfy

I([X1, Xo]; [Y1, Ya])/I(X;Y) ~ 2, since the realizations of the X and Y random vari-
ables are drawn independently.

These tests are developed for IypryE, Icpc, and Ign . Differently, Iy jpE training is not
feasible, since by construction 2d — 1 models should be created, with d = 784 (the gray-scale image
shape is 28 x 28 pixels). The neural network architecture used for these tests is referred to as conv.

Conv. It is composed by two convolutional layers and one fully connected. The first convolutional
layer has 64 output channels and convolves the input images with (5 x 5) kernels, stride 2 px and
padding 2 pz. The second convolutional layer has 128 output channels, kernels of shape (5 x 5),
stride 2 px and padding 2 pz. The fully connected layer contains 1024 neurons. ReL.U activation
functions are used in each layer (except from the last one). The input data are concatenated along the
channel dimension. We set the batch size equal to 256.

The comparison between the MI estimators for varying values of ¢ is reported in Fig. [I8] [T9] and [20}
The behavior of all the estimators is evaluated for various random seeds. These results highlight that
almost all the analyzed estimators satisfy the first two tests (/7 p— prag is slightly unstable), while
none of them is capable of fulfilling the additivity criterion. Nevertheless, this does not exclude the
existence of an f-divergence capable to satisfy all the tests.
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(a) Data processing property, MNIST digits data set. (b) Data processing property, FashionMNIST data set.

Figure 19: Comparison between different estimators for the data processing property, using MNIST
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Figure 20: Comparison between different estimators for the additivity property, using MNIST data
set on the left and FashionMNIST on the right.

—4— KL
GAN
—4— HD
—4— SMILE
~4- CPC
—--- Ideal

5 10 20 25

15
Rows used

NeurIPS Paper Checklist

1. Claims

Question: Do the main claims made in the abstract and introduction accurately reflect the

paper’s contributions and scope?

Answer: [Yes]

Justification: The two main contributions of the paper are both included: a) the new class of

10 20 25

15
Rows used

Ml Ratio

o
n

—--- Ideal

0.0

(b) Additivity property, FashionMNIST data set.

MI estimators; b) derangement-based architecture.

Guidelines:
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are not attained by the paper.

2. Limitations

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

Justification: In Appendix D.1.4 we discuss a possible limitation of the proposed class of
MI estimators. The computational efficiency is discussed in Sec. 6.2 and in Appendix D.1.2.

Guidelines:

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

* The authors are encouraged to create a separate “Limitations” section in their paper.

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

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

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

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

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

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

3. Theory Assumptions and Proofs

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

Answer: [Yes]

Justification: All the assumptions are included in the statements of the Lemmas, Theorems,
and Corollaries (that are cross-referenced). All the complete proofs are reported in Appendix
C.

Guidelines:

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

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

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

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

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

¢ Theorems and Lemmas that the proof relies upon should be properly referenced.
4. Experimental Result Reproducibility

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

Answer: [Yes]
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Justification: The code is released. In addition, the complete neural architectures are speci-
fied in Appendix D.1, together with the optimizer type and hyperparameters. Furthermore,
we provide the hardware details in Sec. 6. Finally, the contributions of this paper are the
objective functions, which are all reported in Appendix A.

Guidelines:

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

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

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

nature of the contribution. For example

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

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

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

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

5. Open access to data and code

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

Answer: [Yes]

Justification: We provide the code and a readme file describing how to run it. The code does
not require importing data, since it uses samples drawn from probability density functions

for the experiments (except from the MNIST datasets, that are automatically downloaded
using the scripts provided).

Guidelines:

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

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

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

* The instructions should contain the exact command and environment needed to run to
reproduce the results. See the NeurIPS code and data submission guidelines (https:
//nips.cc/public/guides/CodeSubmissionPolicy) for more details.
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* The authors should provide instructions on data access and preparation, including how
to access the raw data, preprocessed data, intermediate data, and generated data, etc.

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

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

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

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

Answer: [Yes]
Justification: They are written in Appendix D.
Guidelines:

» The answer NA means that the paper does not include experiments.
» The experimental setting should be presented in the core of the paper to a level of detail
that is necessary to appreciate the results and make sense of them.

* The full details can be provided either with the code, in appendix, or as supplemental
material.

7. Experiment Statistical Significance

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

Answer: [Yes]

Justification: Analogously to the papers of the state-of-the-art MI estimators, all the “stairs”
figures show the MI estimates during training, where the light color gives a direct intuition
of the variance of the MI estimators. The self-consistency tests show the mean value over
multiple runs of the code with different random seeds, and the maximum/minimum values
estimated during the different iterations.

Guidelines:

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

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

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

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

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

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

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

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

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

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

Answer: [Yes]

Justification: In Sec. 6.2 we report the type of CPU and GPU used. In addition, we develop
a full computational time analysis (in Sec. 6.2).

Guidelines:

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

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

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

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

. Code Of Ethics

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

Answer: [Yes]

Justification: There are no potential harms caused by the research process, and no potential
harmful consequences.

Guidelines:

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

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

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

Broader Impacts

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

Answer: [NA]

Justification: Our work is foundational research. Mutual information estimation is used for
various machine learning algorithms and there are no direct paths to negative applications.

Guidelines:

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

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

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

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

* The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.
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* If there are negative societal impacts, the authors could also discuss possible mitigation
strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

Safeguards

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

Answer: [NA]
Justification: There is no such a risk.
Guidelines:

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

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

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

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

Licenses for existing assets

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

Answer: [Yes]

Justification: We cite all the datasets used and we cite the papers from which we use parts of
code implementations (of the state-of-the-art MI estimators).

Guidelines:

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

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

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

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

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

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

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

New Assets

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

Answer: [Yes]

Justification: We fully disclose the code and provide a readme file, describing how to
properly run it, inside an anonymized zip file.

Guidelines:

36


paperswithcode.com/datasets

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

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

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

* At submission time, remember to anonymize your assets (if applicable). You can either
create an anonymized URL or include an anonymized zip file.
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well as details about compensation (if any)?

Answer: [NA]
Justification: The paper does not involve crowdsourcing nor research with human subjects.
Guidelines:

* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Including this information in the supplemental material is fine, but if the main contribu-
tion of the paper involves human subjects, then as much detail as possible should be
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* According to the NeurIPS Code of Ethics, workers involved in data collection, curation,
or other labor should be paid at least the minimum wage in the country of the data
collector.

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

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

Answer: [NA]

Justification: The paper does not involve crowdsourcing nor research with human subjects.
Guidelines:

* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

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

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

* For initial submissions, do not include any information that would break anonymity (if
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