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Abstract

We propose a notion of common information that allows one to quantify and
separate the information that is shared between two random variables from the
information that is unique to each. Our notion of common information is defined
by an optimization problem over a family of functions and recovers the Gécs-
Korner common information as a special case. Importantly, our notion can be
approximated empirically using samples from the underlying data distribution. We
then provide a method to partition and quantify the common and unique information
using a simple modification of a traditional variational auto-encoder. Empirically,
we demonstrate that our formulation allows us to learn semantically meaningful
common and unique factors of variation even on high-dimensional data such as
images and videos. Moreover, on datasets where ground-truth latent factors are
known, we show that we can accurately quantify the common information between
the random variables.?

1 Introduction

Data coming from different sensors often capture information related to common latent factors.
For example, many animals have two eyes that capture different but highly-correlated views of the
same objects in the scene. Similarly, sensors of different modalities, such as eyes and ears, capture
correlated information about the underlying scene, as do videos and other time series, where the
sensors are separated in time rather than in modality. Learning how information of one sensor maps to
information of another provides a self-supervised signal to disentangle the variability that is intrinsic
in a sensor from the latent causes (e.g., objects) that are shared between multiple sensors. Indeed,
there is evidence that infants spend a long time during development purposefully experiencing objects
through different senses at the same time [1].

Motivated by this, we propose to learn meaningful representations of multi-view data by quantifying
and exploiting such structure in a self-supervised fashion by using an information theoretic notion of
common information as the guiding signal to disentangle common shared information present in high
dimensional sensory data (Fig. 1).

However, defining a notion of common information is itself not trivial. The most natural and typical
way to quantify the “common part” between random variables would be by quantifying their mutual
information. But mutual information has no clear interpretation in terms of a decomposition of
random variables in unique and common components. In particular, [2] note that there is generally
no way to write two variables X and Y using a three part code (A, B, C) such that X = f(A, C),
Y = g(B, C) and where C encodes all and only the mutual information I(X;Y"). Discovering the
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Figure 1: High level schematic of approach. Red denotes shared latent factors (size, shape, floor,
background and object color) and black denotes unique latent (viewpoint). The aim is to extract
Z., which is a random variable that is a function of both inputs z;. We also allow for unique latent
variables z,, to capture information that unique to each view. The latent representations are used to
reconstruct the inputs.
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largest common factor C', which encodes what is known as the Gacs-Korner common information,
from high dimensional data is then a distinct problem on its own [3, 4].

To the best of our knowledge, there are currently no approaches to compute or approximate the
Gécs-Korner common information from high-dimensional samples [4]. In this work, we seek to learn
common representations that satisfy the constraint that they are (approximately) a function of each
input. A contribution in this paper is that we generalize the constraint that the representation needs to
be a deterministic function and allow it to be a stochastic map. As we later show, this is helpful for
quantifying and interpreting the latent representation, and allows us to parameterize the optimization
with deep neural networks.

We show that our objective can be optimized using a multi-view Variational Auto-Encoder (VAE).
Since in general each view can contain individual factors of variation that are not shared between the
views, we augment our model with a set of unique latent variables that can capture unexplained latent
factors of variation, and show that the common and unique component can be efficiently inferred
from data through standard training. While training the multi-view VAE, we simultaneously develop
a scalable approximation for the Gacs-Korner common information, as we describe in Section 3.

To empirically evaluate the ability to separate the common and unique latent factors we introduce
two new datasets, which extend commonly used datasets for evaluating disentangled representations
learning: dSprites [5] and 3dShapes [6]. For each dataset, we generate a set of paired views (z1, z2)
such that they share a set of common factors. This allows us to quantitatively evaluate the ability to
separate the common and unique factors. We also compare our method to multi-view contrastive
learning [7] and show that thanks to our definition we avoid learning degenerate representations when
the views share little information.

We hypothesize that a key reason precluding the identification of latent generating factors from
observed data is that receiving a single sample of a scene is quite limiting. Indeed, classical
neuroscience experiments has shown that the ability to interact with an environment, as opposed
to passively observing sensory inputs, is critical for learning meaningful representations of the
environment [8].

2 Preliminaries and Related Work

The entropy H(z) of a random variable z is E(,)[log ﬁ] The mutual information I(z;2) =

H(z) H(zjz). Another useful identity for mutual information that we use is I(z;z) =
Ep(z) (KX L(p(zjx)jjp(2))] where KL denotes the Kullback-Leibler divergence.

Gacs-Korner Common Information. The Gédcs-Korner common information [2] is defined as
Carc(w1;m5) = max H(2) st z = f(z1) = g(w), (1)

where f and g are deterministic functions. The Gacs-Korner common information is thus defined
through a random variable z that is a deterministic function of both inputs x; and 3. Among all



such random variables, z is the random variable with maximum entropy. This has also been referred
to as the “zero error information” in applications to cryptography [3]. It is an attempt to formalize
and operationalize the idea of the common part between sources, which mutual information lacks. It
is also a lower bound to the mutual information [2, 3]. To the best of our knowledge, there are no
efficient techniques for computing the GK common information for high-dimensional z;, z5. We
elaborate on the difference between GK common information and mutual information in App. E.

Variational Autoencoders Variational Autoencdoers (VAEs) [9] are latent variable generative
models that are trained to maximize the likelihood of the data by maximizing the evidence lower
bound, or minimizing the loss:

Lvae = Ep)[ By 21y logpo(zj2)] + K L(gs(z)2) jj p(2))]. 2
The VAE loss can be motivated in an information theoretic manner as optimizing an Information
Bottleneck [10], where the reconstruction term encourages a sufficient representation and the KL
regularization term encourages a minimal representation [11, 12]. The addition of a parameter 5 to
modify how the KL regularization is penalized leads to the following loss (and corresponds to the
traditional VAE loss when 3 = 1):

Lsvae = Epo)[ Eq 20y logpe(zjz)] + BK L(qy(2jz) jj p(2))]. 3)
For larger values of 3 the representations become more disentangled, shown analytically in [13] and
empirically in [14], although reconstructions become worse.

Disentangled representations A guiding assumption for representation learning is that the observed
data x (i.e an image) can be generated from a (simpler) set of latent generating factors z. Assuming
the latent factors are independent, the idea of learning disentangled representations involves learning
these latent factors of variation in an unsupervised manner [15]. However, despite apparent empirical
progress in learning disentangled representations [14, 16, 17], there remains inherent issues in both
learning and defining disentangled representations [18]. In many cases, different independent latent
factors may lead to equivalent observed data, and without an inductive bias, disentanglement remains
ill-defined. For example, color can be decomposed into an RGB decomposition, or an equivalent
HSV decomposition.

In [18, Theorem 1] it is shown that without any inductive bias, one cannot uniquely identify the un-
derlying independent latent factors in a purely unsupervised manner from observed data. Empirically,
they also found that there was no clear correlation between training statistics and disentanglement
scores without supervision. Later, and related to our work, the authors examined the setting where
there is paired data and no explicit supervision (weak supervision), and found that such a setup was
helpful for learning disentangled representations [19]. The authors examined the setting in which the
set of shared latent factors changed for each example, which was necessary for their identifiability
proof. This also required using the same encoder for each view, and thus is a restricted setting that
does not easily scale to multi-modal data.

Here, we study the scenario where the set of generating factors is the same across examples, as in the
case of a pair of fixed sensors receiving correlated data. Additionally, our objective is motivated in an
information theoretic way and our method generalizes to the case where we have different sensory
modalities, which is relevant to neuroscience and multi-modal learning. Finally, our variational
objective is flexible and allows estimation of the common information in a principled way.

Approximating Mutual Information Estimating mutual information from samples is challenging
for high-dimensional random vectors [20]. The primary difficulty in estimating mutual information
is constructing high-dimensional probability distribution from samples, as the number of samples
required scales exponentially with dimensionality. This is impractical for realistic deep learning
tasks where the representations are high dimensional. To estimate mutual information, [21] used a
binning approach, discretizing the activations into a finite number of bins. While this approximation
is exact in the limit of infinitesimally small bins, in practice, the size of the bin affects the estimator
[22, 23]. In contrast to binning, other approaches to estimate mutual information include entropic-
based estimators (e.g., [23]) and a nearest neighbours approach [24]. Although mutual information is
difficult to estimate, it is an appealing quantity to summarily characterize neural network behavior
because of its invariance to smooth and invertible transformations. In this work, rather than estimate
the mutual information directly, we study the “usable information” in the network [25, 26], which
corresponds to a variational approximation of the mutual information [27, 28].



Contrastive and Multi-View Approaches While (multi-view) contrastive learning aims to learn

a representation afnly the common information between viewd P9, 30], we aim to learn a
decomposition of the information in the views into common and unique components. Our work
naturally extends to multi-sensor data that have different amounts of common/unique information
(e.g., touch and vision). Moreover, contrastive approaches assume that the unique information is
nuisance variability, and discard this information. SimilarB4][also seeks to identify common
information in both views, but also does not provide an objective to retain the unique information.
While the multi-view literature is broad, we are not aware of previous attempts to quantify the
common and unique information. Related to our approa@#, dim to nd shared and private
representations using VAESs, but it differs in how the alignment of shared information is speci ed
and the resulting objective, and they do not provide a way to quantify the information content of the
private and shared components. We discuss additional related work in Appendix C.

3 Method: Gacs-Koérner Variational Auto-Encoder

Our formulation involves generalizing the Gacs-Kérner common information in eq. (1) to the case
wheref andg are stochastic functions so that the optimization problem becomes:

Cok (X1;%2) : = max | (xi;2) 4)

st.z = fs(x1) = gs(X2); )

wheref s andgs arestochastidunctions. By the equality in eq. (5), we mean thétjx1) = p(zjxz)
forall (x1;X2)  p(X1;X2). Note that wherf andg are deterministic functiodgwhich are a subset
of stochastic functions), then (zjx;) = 0 and we recover the original de nition since

I(xi;2) = H(z) H(zjxi) = H(2): (6)

Our latter generalization (eq. 4-5) is more amenable to optimization and interpretable, as we will
later demonstrate. In eq. (4), we usedas a placeholder since whe(zjx1) = p(zjx,) for all
(X1;%2)  p(X1;X2;2) thenl (z;X1) = 1(z;x2) since
1(z;X1) = Ex; pexy) [KL (P(zjX1)iip(2))]

= Exaixa) pxaxa) [KL (P(ZjX1)]ip(2))]

= Biaxa) pixaxa) [KL (P(ZiX2)iip(2))]

= B, pexa) [KL (P(zZiX2)]iP(2))]
[ (z;x2):

P
This means that another equivalent formulation to maximireas, % i1 (xi;2) = max, 1 (x;;2),
for anyi. To optimize the objective in eq. 4-5, we need to learn a set of latent factbet maximize
I (xi;2), while satisying the constraint in eq. 5. We propose an optimization reminiscent of the
VAE objective. De nex = (X1;X2) as the concatenation of both views, and ( zl; z; z2) as a
decomposition of the representation into common and unique componentg, ar{d;,; z¢). In
particular, we seek to learn latent encodings through an encp@gx), which maps< to z. To
optimize the objective, the representatioshould maximizd (x;; z), and so we should also learn a
decodelp (xjz) that minimizesH (x;jz). This corresponds to the reconstruction term in a traditional
VAE, though note here we reconstruct both views.
I-éVAE = Ep(x)[ Eq (zjx)[ logp (xj2)]] (7
Without any constraints, this could be achieved trivially by using an identity mapping. To ensure
that the latents encode only common information between the different views, we decompose the
encodings to ensure the following constraint corresponding to eq. (5):
D(@.,:d.,)= KL(d ., (zX1) ] a, (Zjx2)) =0: (8)
Hereq , (zcjxi) mapsx; to z;, Rather than enforcing a hard constraint, in practice it is easier to
optimize the corresponding Lagrangian relaxation:
L&wae = Eoy[ Eq il logp (xj2)]1+ <D(a . ;q )l 9)

3If the constraint in Eq. 5 is satis ed, the map to theeanof the posteriomp(zjx1) (andp(zjxz)) for
observationsxi, X2) is a deterministic function and satis es the constraint of Gacs-Kérner common information.




After optimizing this objective, for a suf ciently large so thatD (o;; &) 0, the common
information would be:

Cok (X1:X2) = Epp[KL (a ., (zixi) i a (2)) ]; (10)

whereq (z) is the marginal distribution induced by the encoder. However, estimating the true
marginalq (z) is dif cult for high-dimensional problems. In practice, we follow][and learn an
approximate priop(z) g (z), where bothg (zjx) andp(z) are taken from a given family of
distributions (such as multivariate Gaussians with diagonal covariance matrix). This will additionally
enable us to sample from the distribution, and interpret the latent factors. Topleamwe also add

the following regularization to our training objective:

Eoo [KL (9 (2iX) ji p(2)) I: (11)

Alternatively, we can also exploit the degree of freedom in learigjir(@jx) and x p(z) to be
N (0;1). In both cases, our overall objective becomes:

Lovae = By [Eq @l logp (xj2)1+ <D(q.;q.,)+ KL (q (zx)jjp(2)]:  (12)

Optimizing this objective alone could lead to unexplained components of information, for example
the unique components. Alternatively, unique information present in the individual views may be
encoded in the “common” latent variable if the reconstruction bene ts outweighed the cost of the
divergence between the posteriors of the encoders (the term corresponding Yo the

In addition to these common latent components, we can learn unique latent components by optimizing
a traditional VAE objective (i.e. with . = 0) for a subset of the latent variables. Importantly we also
need to ensure that the KL penalty for the unique component subset is greater than for the common
subset (so that it is bene cial to encode common information in the common latent components). Our
nal objective becomes

Lovae = By [Bq @zjxy[ logp (xj2)]+ <D(q.,;9.,)

X
+ KL (a ¢ (zejxi) i P(ze)) + oKL (a,, (zujxi) §i P(zu))];  (13)

i=1

where . and , correspond to a multiplier enforcing the cost of encoding common and unique
information respectively. Importantly, > > 0, resulting in a larger penalty on the unique
latent variables (otherwise all the information would be encoded in the “unique” components). The
summation in the bottom part of Eq. 13 corresponds to a summation over both engdderand

p(z.) are both sampled fromN (O; 1 ) of appropriate dimensionality.

We now show that, if the network architecture used for the VAE implements a generic enough class
of encoder/decoders our method will recover the GK common information.

Theorem 3.1(GK VAE recovers the common informatianpuppose our observatio(is; ; X,) have

GK common information de ned through the random variahlesatisfying eq. 4-5 and that our
parametric function classegzjx) andp(xjz) optimized ovepcan express any function. Then, our
optimization (with . = 0, , < 1 and decodep(xjz) = i2:1 pi (Xijzi)) will recover latents

2 = (21;22;2.) where2. is the common random variable that maximizes the “stochastic” GK
common information in eq. 4-5, whi®, is the unique information of thieth view, which maximizes

[ (Xi;2z); 2c).

We provide the proof in Appendix A. Note that while the previous theorem guarantees that we will be
able to separate the common and unique factors at the block level, we might not be able to disentangle
the individual common factors.

3.1 Quantifying the common information

Supposd(q ., ;9 ,) = 0. The term corresponding to the rdte of the VAE

Re = 1q(ze;X) = Ep) KL (q  (Zc)x) ii p(zc)) (14)
is neither an upper nor lower bound on the true common information. It represents an upper bound

to the information encoded in the representation speci ed hyz:jx), but does not bound the true
common information in the data, singe, (z¢jx) itself is a variational approximation.



Figure 2:Latent traversals and DCI plots show optimization results in separation of common

and unique information. (Left) 3dshapes:The top 3 rows shows the unique latents, the middle 3

the common (and the bottom 3 are the unique latents for the second view). The ground truth unique
generative factors ai®; 1; 2) corresponding to oor color, wall color, and object color. Our model
correctly recovers that those factors are unique ( rst three rows in the gure), and that the other
factors are common (middle three rowfRight) dsprites: The top 2 rows shows the unique latent
variables, the middle 3 the common (and the bottom 2 are the unique latent variables for the second
view). The ground truth unique generative factors(&el) corresponding to x-position, y-position
respectively. Our model correctly recovers that those factors are unique ( rst two rows in the gure),
and that the other factors are common (middle three rows).

To nd a lower bound on the common information encoded in the dataset, we can use any mutual
information estimatof that is a lower bound (se@8] for several). The approximate common
information can then be quanti ed tﬁ(zq; X), wherezq g  (zZjx). We report both the rate.

and(" in the paper. We emphasize tfatan be any mutual information estimator. When the data
generating distribution is known, as in our synthetic examples, we employ the “Usable Information”
estimator, described in Sect. 4.2, which is a variational approximation [27].

3.2 Identi ability of the common and unique components

We now show the conditions under which our optimization will identify the common and unique
latent components. Usually we do not directly observe the latent factbrg rather an observation
generated from them. We may then ask whether the common latent factors can still be reconstructed
from this observation. The following proposition shows that this is indeed the case, as long as the
function generating the observation is invertible, i.e., we can recover the latent factors from the
observation itself.

Proposition 3.1. ([3], Ex. 1): De ne
7 =(2:25); 22=(2:20)

wherez.; zt, andz? are mutually independent. Then for any invertible transformatidhe random
variablez. encodes all the common information:

Zc = arg max Cek (t1(z1);t2(22))

We provide the proof in Appendix A. The above proposition shows that when a set of factors is
shared between views and when the unique factors are sampled independently, then the GK common
random variable corresponds to shared latent factors. In particular, if the obserxatiwagenerated
through an invertible functior; = f (z; z)) wherez;  p(z:) corresponds to the shared factors,

the proposition shows that such factors can be recovered from the observations by maximizing the
GK common information. In our GK VAE optimization, we optimize the “stochastic” GK common
information and we also nd in our experiments that we can (approximately) recover the latent factors
from observationg; generated from this process.



FLOOR HUE(10) WALL HUE (10) o0BJ. HUE (10) SCALE(8) SHAPE(4) ANGLE (15) KL ToTAL

CoMMON -0.01 -0.02 -0.03 2.73 1.98 3.83 15.0
UNIQUE 3.31 3.31 3.31 0.19 0.37 0.19 12.7
TOTAL 3.31 3.31 3.31 2.69 1.98 3.82 27.7

Table 1: Usable Information (in bits) in representation 3diShapes The ground truth unique
generative factors areor color, wall color, andobject color and the common generative factors
arescale shapeandangle The common information is separated from the unique information.
The ground truth factors were almost perfectly encoded in the latents. The numbers in parenthesis
represents the number of discrete factors for each latent variable.

4 Experiments

We train our GK-VAE models with Adam using a learning ratedf01, unless otherwise stated.
When the number of ground truth latent factors is known, we set the size of the latent vector of the
VAE equal to the number of ground truth factors. This choice was not necessary, and we obtain
analogous results when the size of the latent vector of the VAE was larger than the number of
ground-truth factors (Fig. 12). To improve optimization, we use the idea of free33itsufd we

set fee-bits = 0:1. This was easier than usingscheduling 16], since it only involved tuning one
parameter. We set, to bel0, .tobe0O:1and . =0:1. We trained networks for0 epochs, except

for the MNIST experiments, where we trained & (details in the Appendix).

To ensure that the latents are shared to both encoders, during training we randomlyzstiomle
either encodeq , (zjx;) with p = 0:5. We opted to randomly sample the latents from each encoder,
as opposed to performing averaging, to ensure that the latent will always be a function of an individual
view x; . This is in addition to the soft constraint governed kyin the loss?

4.1 Evaluation Datasets

We primarily focus on the setting where the ground truth latent factors and generative model are
known, in order to quantitatively benchmark our approach. To do so, we constructed datasets with
ground truth latent factors so that some of the latent factors are shared between each views. That is,
the generative model for the ddte; ; X;) is

x1= f(zhze); x2= (2% 2); (15)

wherez. is shared between the views azjgis the unique information encoded in tH& view andf
corresponds to a rendering function.

To construct such datasets, we modi ed 8dshape$6] and thedspritesdataset$]. We select a

subset of the latent factors to be shared between the views, while the remaining factors are sampled
independently for each view. Ti8elshapeslataset] contains six independent generating factors:

oor color, background color, shape color, size, shape, and viewpoint. Each latent factor can only
take one of aliscretenumber of values. Thdspritesdataset] contains ve independent generating
factors: shape, scale, rotation, x and y position. Each latent factor can only take odsakte
number of values. When we generate multi-view data following the generative model in eq. (15),
we refer to these datasets@smmon-3dshapemd Common-dspritesespectively. We consider
additional variants in the Appendix.

We also examine thRotated Mnist Datasetvhere the two views are two random digits of the same
class to which a random rotation is applied. In particular, the class of the digit is common information
between the views whereas the rotation is unique. We also examine the synthetic videcSpatteset

(not to be confused wittsprited described in34] and evaluate the common information in frames
separated frames apart.

4.2 Metrics

DCI Disentanglement Matrix [35]. Letd be the dimension of the latent space and le¢ the true
generating factors. The idea is to train a regre§s(e) : R ! Rto predict the ground truth factors

4Our experiments can be reproduced in approximaelgys on a single GPU (g4dn instance).



Figure 3:Left. Traversals foRotated MnistThe unique components of the latent (rows 1,2) appear

to encode the “thickness" and rotation of the digit, whereas the common components appear to
represent the overall digit (rows 3-6); and also the output of view 1 does not depend on the latents
in rows 7,8 (these correspond to the unique components for vieMigdle. Corresponding DCI

matrix, where factor O corresponds to the label, while factor 1 corresponds to the rotation (discretized
into 10 bins).Right. Comparison against contrastive implementation fr@inyhere the contrastive
approach does not encode any usable information about the unique factor (the rotation).

tj for eachj. This results in a matrix of coef cients that describe the importance of each latent for
predicting each ground truth factors. This can then be visualized as a matrix where the size of the
square re ects the coef cient. We use this metric to assess the partitioning of the learned common
and unigue representations. We used the random forest regressor, sinirttodredict adiscrete
number of latent classes.

Usable Information [25, 36, 26]. We use this to approximate the mutual information whiix)
is known, as it is in the datasets previously described. It is a lower bound to mutual information. We
use this to lower bound the information contained in the representatiothe next section.

4.3 Results

Separation of Common and Unique Latent VariablesWe rst examine whether our formulation

can correctly separate the common and unique latent factors. After optimizing a network on our
Common-3dshapetataset we examined how much information about the ground-truth latent factors
were encoded in the common later{sand the unique latents, (Table 1).

Given the encoded representation speci edjbfzjx), we evaluated the usable information for the

two latent componentg{ andz,), as well as by using the complete latent variahleAs done

in previous work 18], we directly use the mean af (zjx) as our representatian rather than
sampling. In Table 1, we see that the common and unique information was perfectly separated.
Note, that information values reported are a lower bound to the true information, as our variational
approximation is a lower bound tg(z; x) (which is itself a variational approximation). Our method
accurately encodes all common information between views (ground truth: 3.32 bits for oor, wall,
and background hue; 3 bits for scale; 2 bits for shape; 3.91 bits for orientation).

We also performed these analyses on@eenmon-dspritedataset and found similar results (Table

2, Appendix). In particular, the unique latent factors corresponding to position are encoded in the
unique components of the latent representation, while the other factors are encoded in the common
latent representation. We emphasize that the generative model was not used at all during training, and
was only used for quantitative evaluation after training.

In Fig. 2, we show the DCI matrix3p] which visually reaf rm that the common and unique factors

are properly identi ed at the block-level for both tli@ommon-3dshapesnd Common-dsprites
datasets. We also include traversals of the prior shown in Fig. 2 to show qualitatively that the learned
factors of variation are meaningful and can be interpreted. Additional runs are in Appendix F.

Rotated Mnist and Comparison with Contrastive Learning. As described before, we generate a
dataset of paired views of digits of the same class, each rotated by an independent random amount. In
this manner, the unique information is about the rotation, whereas the common information is about
the class. In Fig. 3 we see that the unique components of the latent (rows 1, 2) appear to encode the



Figure 4: Sprites34] video experiment(Left) Example views separatéframes apart(Right)
Common information as a function of delay between frames. In general common information is
decreasing as the delay gets longer.

rotation and “thickness" of the digit, whereas the common components seem to represent the class of
the digit (rows 3-6). Also, as expected, the output of view 1 does not depend on the latents in rows 7,
8 which by construction correspond to the unique components of view 2.

This setup is reminiscent of contrastive learning, where the goal is to learn a representation which is
invariant to a random data augmentation of the input (such as a random rotation). By construction,
contrastive learning aims to encode the common information before and after data augmentation, but
may not encode any other information. This can lead to degraded performance on downstream tasks,
as the discarded unique information may still be important for the @&I38[7]. On the other hand,

our GK-VAE separates the unique and common information without discarding information.

To highlight this difference between approaches, we trained using a contrastive objegtiaad

found that indeed while we can decode the shared class label, we cannot decode the unique rotation
angle of view 1 (discretized intd0 bins; Fig. 3, right). On the other hand, using our method we
recover the common and unique information.

Common information across time in sequences from videog.he existence of common information
though time is another important learning signal. To study it, we perform an experiment on the
Spritesdataset described i134]. This dataset consists of synthetic sequences all 8vitames. We
optimized using the same architecture and hyperparameters except we=set5. We examine

the common information between framefames apart, approximated using the KL divergence
term. In particular, the two views are two frames; X;+1 ), where each pair belongs to a different
video sequences. In Fig. 4 we see that in generdljrageases the common information between

the frames decreases evidencing the fact that, due to the random temporal evolution of the video,
common information is lost as time progresses. We also note that the common information appears
to increase in the last frame; this could be that in many of the sequences the sprite returns close to the
initial state (see Fig. 3in [34]).

5 Discussion

We show formally and empirically that we can partition the latent representation of multi-view data
into a common and unique component, and also provide a tractable approximation for the Gacs-
Kdrner common information between high dimensional random variables, which has been a dif cult
problem @]. In many practical scenarios where high dimensional data comes from multiple sensors,
such as neuroscience and robotics, it is desirable to understand and quantify what is common and what
is unique between the observations. Motivated by the de nition of common information proposed by
Gacs and Kdrner], we propose a variational relaxation and show that it can be ef ciently learned
from data by training a slighly modi ed VAE. Empirically, we demonstrate that our formulation
allows us to learn semantically meaningful common and unique factors of variation. Our formulation
is also a generative multi-view model that allows sampling and manipulation of the common and
unique factors.

SWe used the code from: https://github.com/HobbitLong/CMC (BSD 2-Clause License)



As the common information was motivated by an information theoretic coding prol@lemur work
naturally relates to compression schemes. Indeed, approximate forms of the common information,
discussed further in Appendix C, are scenarios for distributed compression, since the common
information needs to only be transmitted on88,[4]. It may be interesting to combine our approach

with recent advances in practical compression algorithms that leverage VAEs [39].
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A Proofs

Theorem A.1 (GK VAE recovers the common informatiansuppose our observatiofs; ; X»)
have GK common information de ned through the random variablsatisfying eq. 4-5 and that
our parametric function classggzjx) andp(xjz) optimized @ver can express any function. Then,
our optimization (with . =0, < 1and decodep(xjz) = i2:1 pi (Xijz)) will recover latents

2 = (2}, 22, 2;) where?; is the common random variable that maximizes the “stochastic” GK
common information in eq. 4-5, whil#, is the unique information of thieth view, which maximizes

I (Xi; 2, 2c).

Proof. We consider the hard-constrained optimization problem with an in nitely expressive function
class (i.e. so that the cross-entropy loss corresponds to the conditional entropy). Our VAE objective
corresponds to the optimization problem

min _ H(xajzl;zo)+ ol (@5 x)+ ol (ze;x)+
z¢;z2k;22

H(x2jzi;ze) + ol (25 x) + el (ZeiX)
st D(9,;9,)=0

We consider a sequential optimization of ndigdgand2!,, and then show that this solution minimizes
the joint objective above. We rst consider the hard-constrained version of eq. (12).

min  H(Xgjze) + ol (zc; X1)+

Zc

H(X2jze) + ¢l (z¢; X2)
st. D(q,:9,)=0
Note thatH (x;) = H (Xijzc) + 1 (zc; Xij). We can rewrite the loss as:
L = H(X1jZe) + H(X2j2c) + (1 (2e;X1) + 1(2c; X2))

H(x1)+ H(x2) +( ¢ 1) (2c;x1) + 1(2c;%2))

This tells us that the optimal maximized (2.; x1)+ | (2¢; X2). This is exactly the de nition that we
give of “stochastic” GK common information. Note we have previously shb{zg; x1) = 1 (z¢; X2).
Given 2. found above, the remaining objective (eq. (13)) becomes:

Zq“an H(x1jzg;20) + ol (28 x2)+
u’'*u

H(x2jz2;2:) + ul (225 %2):

For , < 1, the objective maximizels(x1; z}; 2.), which was the de nition of the unique information.
(For > 1, this corresponds to aVAE, and will have the corresponding trade-off between rate
and reconstruction [14, 11, 12].)

Finally, suppose: did not contain all the common information as i.e. | (%;Xi) <1 (2 Xi).
Write the nal equation as a maximization by noting that

Hxijz 20) = 1(xi;2,;2) + H(x;)
Then the nal optimization (for any) is equivalent to

mf'ixl(xi;z{,;zc) ul (2 %) H(xi):mallxI(xi;2C)+I(xi;zLj2c) ol (2 x) HX)

(16)

> max L(xi;2e)+ 1 (Xi;2hjze) ol (Z:xi)  H(x)
” 17)

= max | (xi;Z;z) Wl (@x)  H(X) (18)

For anyz!,, Eq. 16 is maximized witi2; that encodes all the common information. Thus the GK
VAE optimization is minimized with? = (%2}; 22; 2.). O
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Proposition A.1. ([3], Ex. 1): De ne
721 =(2:2Y); z2=(2z:2%)
wherez.; zt, andz? are mutually independent. Then for any invertible transformatidhe random

variablez that satis es
argm?-XCGK (t1(z1);t2(22))

is Z¢.

Proof. Note that ift is the identity transformatiot(z) = z, then
argmax Cok (21,22)

is z.. In general, ift; are invertible transformations, suppose thatandf, are the functions
satisfying2 = f1(z1) = f2(z) corresponding t€gk (z1;z2). Then the functions corresponding to
Cek (t1(z1);t2(z2)) willbe 2= 1 t; YHto(z1)) = f2 t, (t2(z2)) and the random variabkeis
equivalent.

O

B Experimental Details

We trained networks with Adam with a learning rate0d®01, unless otherwise stated. When the
number of ground truth latent factors is known, we set the number of latents equal to the number
of ground truth factors. To improve optimization, we use the idea of free 88sgnd we set

free bits = 0:1. This was easier than usingscheduling, since it only involved one parameter

free bits - YWe set , to belOand . to be0:1. We trained networks for0 epochs, except for the
Mnist experiments, where we trained a0 epochs. We used a batch sizel@Band we set . = 0:1.
For all our experiments we used the same encoders and decod&6} aghjch has been also used in
recent work L8]. We used Gaussian encoders and Bernoulli decoders, basing our implementation
off [40]. Our architecture is schematized in Fig. 1. Note that we optimized encoders and decoders
separately between the views (i.e weights were not shared).

To ensure that the latents are shared to both encoders, during training we randomlyzsfiomle
either encodeq , (z¢jx;) with p = 0:5. We opted to randomly sample the latents from each encoder,
as opposed to performing averaging, to ensure that the latent will always be a function of an individual
view X . This is in addition to the soft constraint governed hyin the loss.

In our implementation, unless otherwise noted, we used two separate view-dependent decoders that
each processed all the latemt® reconstruct the observations. We also veri ed that view speci ¢
decoders that processed only view-speci ¢ latenytsas in Thm. 3.1, also led to a partitioning

of the common and unique information Fig. 5. This was the case both when the unique factors
were pairwise independent, as in generative model described in Sect. 4.1 used for the majority
of our experiments, and also if there were correlations between the unique components (Fig. 7)
and (Fig. 6), with the experiments described in Sect. F. Empirically, we found the separation
of the common and unique information was robust to the partitioning of the latents fed to the
decoder of our GK-VAE. We provide both decoder implementations in our repository available at
https://github.com/mjkleinman/common-vae

To quantify the information contained in the representation, we calculate the usable information (in
bits), which is a lower bound to the information contained in the represent@tRa§]. To train our
decoder, we used th@éradientBoostingClassifier from sklearn with default parameters. We
trained onB8000samples and tested @00Q We evaluated the information on a held-out test set, and
hence the negative values correspond to over tting on the training set. In Table 1, the numbers in
parentheses correspond to the number of ground truth factors. We used the same setuptfiethe
Mnist experiments (Fig. 3). For the rotation angle, we discretized the angle of rotattm,(45 )

into 10 bins of equal size, and predicted the discrete bin. We predicted the rotation angle applied to
the rst view. When comparing with a constrastive learning approach (Fig. 3, right), we used the
same encoder backbone as our GK-YA®/e pre-trained with a batch size 56 for 60 epochs with

a learning rate 00:001, and then trained the linear classi er fb@ epochs with an initial learning

rate 0f0:03. We used a latent dimension 20.

5We used the code from: https://github.com/HobbitLong/CMC
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Figure 5:Latent traversals and DCI plots show optimization results in separation of common

and unique information when using partitioned decoder. Same conventions as Fig. fA.eft)
3dshapes:The top 3 rows shows the unique latents, the middle 3 the common (and the bottom 3
are the unique latents for the second view). The ground truth unique generative fac{Orda2¢
corresponding to oor color, wall color, and object color. Our model correctly recovers that those
factors are unique ( rst three rows in the gure), and that the other factors are common (middle
three rows).(Right) dsprites: The top 2 rows shows the unique latent variables, the middle 3 the
common (and the bottom 2 are the unique latent variables for the second view). The ground truth
unique generative factors af& 4) corresponding to x-position, y-position respectively. Our model
correctly recovers that those factors are unique ( rst two rows in the gure), and that the other factors
are common (middle three rows).

B.1 DCI Plots and Latent Traversals:

Let d be the dimension of the representatioand lett be the true generating factors. The idea
is to train a regressdij(z) : RY | R to predict the ground truth factots for eachj from

the representation. This results in a matrix of coef cients that describe the importance of each
component of the representation for predicting each ground truth factors. This RaBithe
importance matrixthat we visualize in the paper, whelRg re ects the relative importance of

of z for predictingt; (wherez; refer to thei™ component of the representation). We used the
GradientBoostingClassifier from sklearn with default parameters, similar t@§] to predict

the ground truth factors.

We visualize the latent components by traversing one latent variable at a time, while keeping the others
xed. We plot traversals of the prige(z) and the posteriog(zjx) in different gures (traversals of

the prior are in Fig. 2, Fig. 3, and Fig. 5, while the others are posterior traversals). We obtain the
posterior traversals by encoding an observation thrafgjx) and traversing each component of the
representation.

C Other Related Work

A similar formulation has been used for multi-view learnidg]| with two separate autoencoders,

with an constraint that each latent representation be similar, with the similarity measured by the canon-
ical correlation of the latent representations. They did not motivate it from an information-theoretic
perspective; and rather empirically found that such an optimization lead to good representations in
the multi-view setting.

Also related to our work is4]. [4] de ned the approximate Gacs-Kérner information in the following
manner:

max |(Xq;2)
z

s.t. H{(zjxp) < (29)
z$ x1$ X
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By showing that they could perform the optimization over deterministic functiossich that
z = f (x1), they formed a Lagrangian corresponding to:

max  H(f(x1)) H (f(xa)jx2) (20)

They noted that the above optimization is dif cult to perform and that future work should look into
avenues for computing this quantity; indeed it looks dif cult to learn the functidrom the above
optimization problem. They also suggested that this approximate form of the Gacs-Kérner common
information had potential applications in terms of compression, since the (approximate) common
information only needs to be represented once.

C.1 Relationship to redundant information in the Partial Information Decomposition

Our approach also relates to approaches that aim understand how the information that a set of sources
contain about a target variable is distributed among the sources. In partid@apr¢posed the
Partial Information Decomposition (PID), which decomposes the information that two soyces
and X, contain about a target variab¥e into a the components that anaique redundant and
synergistic A central quantity in this decomposition, thelundant informationre ects the shared
information about dargetvariable. The Gacs-Korner common information is equivalent to existing
de nitions redundant information if the target is reconstructing the sourcesY(i=,( X1; X>))

[43]. We note that computing the redundant information from high dimensional samples has been
challenging. Recentlyd] proposed an approach that could be applied on high dimensionates

but where thaargetwas low dimensional. Here, our approximation of the common information

re ects a further step which can be applied on high dimensional samples (and targets).

C.2 Other multi-view representation learning approaches for partitioning common/unique
information

Our work relates to a growing body of multi-view representation learning approaches aiming to
disentangle common and unique information from grouped ddEekamine the setting of extracting

a common content and variable style from a set of grouped images based on cdi@ietit, 48] are

also similar in spirit, aiming to disentangle the shared and unique component between paired data.

These existing methods appear to focus on qualitatively partitioning the information through the use of
different objectives, however these approaches lack a well-de ned notion of common (and unique) in-
formation, making it dif cult to prove theorectical guarantees for the recovery of the common/unique
component, or enable quanti cation of the information contained in the representation. In contrast,
our setup allows us to formalize the decomposition of information using a well-de ned information
theoretic notion of common/unique information and we show both formally and empirically that we
can optimize the objective with a simple modi cation to a traditional VAE setup and that we can
qguantify the amount of information contained in the representation.

D Limitations of our approach

To validate our approach, we focused on the simpler setting where we have paired data, however, we
could extend our formulation to nd common information between 2 sources, as well as nding
common information between subsets of sources. While our approach can be naturally extended to
nd the common information betweem sources, future work could investigate a scalable approach

to identify common and unique information between arbitrary subsets of the sources. Additionally, to
validate our approach empirically, we focused on using a convolutional encoder on relatively small
images and video frames, but our formulation is general and the encoder could be interchanged
depending on the complexity and inductive biases of the task and data.

E Differences between GK Common Information and Mutual Information

The following examples highlight the difference between GK information and mutual information,
and suggest why using GK information may be desirable in practical settings.
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Case l:LetX; = C+ Ny andX, = C + N;, whereC andN; are independent variables, but

the noiseN; andN, are correlated. Suppose C is discrete — for example, a 0 or 1 feature — and
the variance of the noidg; is relatively smallk :k  1). In this case, sinc€ can be recovered
deterministically fromC + N; (for example by thresholding its value) the GK common information
betweenX ; andX , is 1 bit. On the other hand, the mutual information betw¥grandX , — which

isgiven byl (X1;X2)=1+0:5 Iog(% — can be made arbitrarily large by increasing the
correlation betweeil; andNy, i.e., makingdet ! 0. Hence, the the value of Ml is unrelated

to the actual semantic information shared between the two variables. In contrast, the GK common
information only identi es the common compone@t In a sense, the GK is able to recover the
underlying “discrete” or “symbolic” information that is common between two different continuous
sources. This behavior is valuable in settings like neuroscience, where one wants to measure what is
robustly encoded by both representations and not just how much they are correlated (which could
be due to any amount of spurious factors). Additionally, with our relaxation of the problem we can
measure how much “almost” discrete information is encoded in both, which makes the method more
applicable to real-world cases.

Case 2:Let X; = f1(C;U;) andX, = f,(C;U,) whereC andU; are independent bui; and

U, are correlated. Suppos$e is an invertible data generating function mapping latent factors to
observations (such as pixels). By maximizing mutual information between views, one implicitly
measures those correlations (based on a similar computation to above in Case 1), whereas in the GK
sense one cares about only the fully shared components between views. These different perspectives
can offer different utility depending on the use case.

We show in Fig. 6 and Fig. 7 that we can recover the partitioning of common and unique factors in
practice from the generative model in Case 2.

F Additional Experiments

In Table 2, we compute the information encoded in the common and unique latent components for the
common-dspriteexperiment described in the main text, with corresponding DCI matrix and latent
traversals in Fig. 2. We also report additional runs forabmmon-dspriteandcommon-3dshapes
experiments in Fig. 8 and Fig. 9 respectively. These additional runs are consistent with what was
reported in the text, separating the common and unique factors.

To introduce correlations between the unique components (Case 2 in App. E) we modi ed the
generative model from Eq. 15 where the generative model for the(data,) was

x1= f(zhiz); x2= (23 2); (21)

wherez; is shared between the views azi;jis the unique information encoded in tH& view and

f corresponds to a rendering function. To allow the unique components to be dependent (but not
the same as the common latent comporghitwe modi ed the generative model so thet was
conditionally dependent on the valuezjf. We implemented this constraint component-wise for each
component ok, by reducing the space of possible latent values of the corresponding components
of z2 (to half, oored if odd) depending on the component-wise valuezgiofWe show in Fig. 6

and Fig. 7 that we can recover the partitioning of common and unique factors in practice from this
generative model.

In addition to the experiments described in the main text, we report variantswhon-dspriteand
common-3dshapen particular, we change the set of ground-truth common and latent factors.

For thecommon-3dshapewe speci ed that the viewpoint was the unique latent variaglevhereas

the other latent variables (backgroud color, oor color, object color, shape, size) were common to
both views. We show the DCI matrix and the traversals in Fig 10. Focah@nmon-dspritegariant,

we set the unigue components to be the size, scale, and orientation, and the common latent factors to
be the x and y position. We show the DCI matrix and latent traversals in Fig. 11. The common and
unique latent variables from our optimization separated these ground truth factors.
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Figure 6:Decoder fromall latents partitions common and unique information even when unique
generating factors are dependent We modi ed the generative model from Eq. 15 so that the
common and unique generating variables were independent but there were correlations between the
unique components. In particular, the latent factors for the second view were conditionally dependent
on the unique latent factors. We still observed a partitioning of the learned common and unique latent
variables, as in the paper. The top 3 rows shows the unique factors, the middle 3 the common (and
the bottom 3 are the unique factors for the second view). The ground truth unique generative factors
are(0; 1; 2) corresponding to oor color, wall color, and object color. Our model correctly recovers
that those factors are unique ( rst three rows in the gure), and that the other factors are common
(middle three rows).
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Figure 7: Decoder from partitioned latentsalso partitions common and unique information,
similar to when decoding from all latents in Fig. 6 The top 3 rows shows the unique factors, the
middle 3 the common (and the bottom 3 are the unique factors for the second view). The ground
truth unique generative factors df& 1; 2) corresponding to oor color, wall color, and object color.

Our model correctly recovers that those factors are unique ( rst three rows in the gure), and that the
other factors are common (middle three rows).
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Figure 8: Additional runs for the same experiment as Fig. 2 (righttéonmon-dspriteswith the
same conventions as Fig 2. These runs also show the same blockwise partitioning of common and
unique information, as in the paper.

SHAPE (3) SCALE (6) ANGLE (40) X-Pos(32) Y-Pos(32) KL ToTtAL

COMMON 1.54 2.45 2.88 -0.33 -0.29 9.57
UNIQUE 0.08 0.03 -0.5 3.58 3.63 9
TOTAL 1.54 2.45 2.76 3.68 3.69 18.57

Table 2: Usable Information (in bits) in representation fatsprite experiment. The common
information is separated from the unique information. The ground truth unique factors (x-position
and y position) were almost perfectly encoded in the corresponding latents latents, and the other
factors (shape, scale, and angle) were correctly encoded in the common latent variables. The numbers
in parenthesis represents the number of discrete factors for each latent variable.
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Figure 9: Additional runs for the same experiment as Fig. 2 (lefttfonmon-3dshapewith the
same conventions. These runs also show the same blockwise partitioning of common and unique
information, as in the paper.
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Figure 10: DCI matrix otommon-3dshapeariant for different random seeds. The top row shows
the unique factor, the middle 5 the common (and the bottom row is the unique factors for the second
view). The ground truth unique generative factors@ecorresponding to the viewpoint. Our model
generally correctly recovers that the factor is unique ( rst row in the gure), and that the other factors
are common (middle ve rows).
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Figure 11: DCI Matrix of dsprites experiment variant for different random seeds. The top 3 rows
shows the unique latent variables, the middle 2 the common (and the bottom 3 are the unique latent
variables for the second view). The ground truth unique generative factors are (0, 1, 2) corresponding
to shape, scale, and viewpoint angle. Our model correctly recovers that those factors are unique (first
three rows in the figure), and that the other factors (x and y position) are common (middle two rows).

=1 By = 100
L0
Il
N C
— 3 ]
| ® ©
-3
=

1 2 3 4 5 0 1 2 3 4 5
factor factor

Figure 12: Effect of 5,,. Additional runs for Fig. 2 (right) for common-3dshapes with 5 unique and
5 common latents per view. For large 3, (e.g. 5, = 100, right), as in the paper, we see a similar
blockwise separation of the common and unique latents, even when the number of latents does not
match the ground-truth number of latents.
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