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Abstract

We address the question of characterizing and finding optimal representations
for supervised learning. Traditionally, this question has been tackled using the
Information Bottleneck, which compresses the inputs while retaining information
about the targets, in a decoder-agnostic fashion. In machine learning, however, our
goal is not compression but rather generalization, which is intimately linked to
the predictive family or decoder of interest (e.g. linear classifier). We propose the
Decodable Information Bottleneck (DIB) that considers information retention and
compression from the perspective of the desired predictive family. As a result, DIB
gives rise to representations that are optimal in terms of expected test performance
and can be estimated with guarantees. Empirically, we show that the framework
can be used to enforce a small generalization gap on downstream classifiers and to
predict the generalization ability of neural networks.

1 Introduction

A fundamental choice in supervised machine learning (ML) centers around the data representation
from which to perform predictions. While classical ML uses predefined encodings of the data [1–5]
recent progress [6, 7] has been driven by learning such representations. A natural question, then, is
what characterizes an “optimal” representation — in terms of generalization — and how to learn it.

The standard framework for studying generalization, statistical learning theory [8], usually assumes
a fixed dataset/representation, and aims to restrict the predictive functional family V (e.g. linear
classifiers) such that empirical risk minimizers (ERMs) generalize.1 Here, we turn the problem on its
head: we ask whether it is possible to enforce generalization by changing the representation of the
inputs such that ERMs in V perform well, irrespective of the complexity of V .

A common approach to representation learning consists of jointly training the classifier and repre-
sentation by minimizing the empirical risk (which we call J-ERM). By only considering empirical
risk, J-ERM is optimal in the infinite data limit (consistent; [10]), but the resulting representations do
not favor classifiers that will generalize from finite samples. In contrast, the information bottleneck
(IB) method [11] aims for representations that have minimal information about the inputs to avoid
over-fitting, while having sufficient information about the labels [12]. While conceptually appealing
and used in a range of applications [13–16], IB is based on Shannon’s mutual information, which

1Rather than defining learning in terms of deterministic hypotheses h ∈ H, we consider the more general [9]
case of probabilistic predictors V , in order to make a link with information theory.
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Figure 1: Left two plots: illustration of representations learned by joint empirical risk minimization
(J-ERM) and our decodable information bottleneck (DIB), for classifiers V with linear vertical
decision boundaries. (a) For representations learned by J-ERM, there may exist an ERM that does not
generalize; (b) Representations learned by DIB ensure that any ERM will generalize to the test set
(V-minimality) . Right two plots: 2D representations encoded by an multi-layer perceptron (MLP)
for odd-even classification of 200 MNIST [22] examples. The white decision boundary corresponds
to a classifer which was trained to perform well on train but bad on test (see Sec. 4.2). (c) J-ERM
allows such classifiers that cannot generalize; (d) DIB ensures that there are no such classifiers in V .

was developed for communication theory [17] and does not take into account the predictive family
V of interest. As a result, IB’s sufficiency requirement does not ensure the existence of a predictor
f ∈ V that can perform well using the learned representation; 2 while its minimality term is difficult
to estimate, making IB impractical without resorting to approximations [18–21].

We resolve these issues by introducing the decodable information bottleneck (DIB) objective, which
recovers minimal sufficient representations relative to a predictive family V . Intuitively, it ensures
that classifiers in V can predict labels (V-sufficiency) but cannot distinguish examples with the same
label (V-minimality), as illustrated in Fig. 1. Our main contributions can be summarized as follows:

• We generalize notions of minimality and sufficiency to consider predictors V of interest.

• We prove that such representations are optimal — every downstream ERM in V reaches the
best achievable test performance — and can be learned with guarantees using DIB.

• We experimentally demonstrate that using our representations can increase the performance
and robustness of downstream classifiers in average and worst case scenarios.

• We show that the generalization ability of a neural network is highly correlated with the
degree of V-minimality of its hidden representations in a wide range of settings (562 models).

2 Problem Statement and Background

Throughout this paper, we provide a more informal presentation in the main body, and refer the reader
to the appendices for more precise statements. For details about our notation, see Appx. A.

2.1 Problem Set-Up: Representation Learning as a Two-Player Game

Consider a game between Alice, who selects a classifier f ∈ V , and Bob, who provides her with a
representation to improve her performance. We are interested in Bob’s optimal choice. Specifically:

1. Alice decides a priori on: a predictive family V , a task of interest that consists of classifying
labels Y given inputs X, and a score/loss function S measuring the quality of her predictions.

2. Given Alice’s selections, Bob trains an encoder PZ |X to map inputs X to representations Z.

3. Using Bob’s encoder and a dataset D i.i.d.∼ PMX,Y of M input-output pairs (x, y), Alice
selects a classifier f̂ from all ERMs V̂(D) := arg minf∈V R̂(f,Z;D), where R̂(f,Z;D) :=
1
M

∑
y,x∈D Ez∼PZ | x [S(y, f [z])] is an estimate of the risk R(f,Z) = ED

[
R̂(f,Z;D)

]
.

2As an illustration, IB invariance to bijections suggests that a non-linearly entangled representation is as good
as a linearly separable one if there is a bijection between them, even when classifying using a logistic regression.
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Our goals are to: (i) characterize optimal representations Z∗ that minimize Alice’s expected loss
R(f̂ ,Z); (ii) derive an objective L that can be optimized to approximate the optimal encoder PZ∗ |X.

We assume that: (i) sample spaces Y,Z,X are finite; (ii) S(y, f [z]) is the log loss − log f [z](y),
where f [z](y) approximates PY|Z(y|z) as in [23]; (iii) the family V satisfies mild constraints that
hold for practical classifiers such as neural networks. See Appx. B for all assumptions.

2.2 Sufficiency, Minimality, and the Information Bottleneck (IB)

We review IB, an information theoretic method for supervised representation learning. IB is built
upon the intuition that a representation Z should be maximally informative about Y (sufficient), but
contain no additional information about X (minimal) to avoid possible over-fitting. Specifically, the
set of sufficient representations S and minimal sufficientM representations are defined as:3

S := arg max
Z′

I[Y; Z′] and M := arg min
Z′∈S

I[X; Z′] (1)

The IB criterion (to minimize) can then be interpreted [12] as the Lagrangian relaxation of Eq. (1):

LIB := − I[Y; Z] + β ∗ I[X; Z] (2)

Despite its intuitive appeal, IB suffers from the following theoretical and practical issues: (i) Lack of
optimality guarantees for Z ∈M. Generalization bounds based on I[Z; X] are a step towards such
guarantees [12, 26] but current bounds are still vacuous [27]. The strong performance of invertible
neural networks [28, 29] also shows that a small I[X; Z] is not required for generalization; (ii) LIB

is hard to estimate with finite samples [12, 30]. One has to either restrict the considered setting
[11, 31, 32], or optimize variational [18–20] or non-parametric [21] bounds; (iii) LIB is invariant to
bijections and thus does not favor simple decision boundaries [33] that can be achieved by a f ∈ V .

We stipulate that these known issues stem from a common cause: IB uses mutual information, which
is agnostic to the predictive family V of interest. To remedy this, we leverage the recently proposed
V-information [23] to formalize the notion of V-minimal V-sufficient representations.

2.3 V-information

From a predictive perspective, mutual information I[Y; Z] corresponds to the difference in expected
log loss when predicting Y with or without Z using the best possible probabilistic classifier.

I[Y; Z] := H[Y]−H[Y|Z] = H[Y]− Ez,y∼PZ,Y

[
− logPY |Z

]
(3)

= H[Y]− inf
f∈U

Ez,y∼PZ,Y
[− log f [z](y)] Strict Properness [34] (4)

where U is the collection of all predictors from Z to distributions over Y , which we call universal.
As the optimization in Eq. (4) is over U , I[Y; Z] measures information that might not be “usable”
by f ∈ V ⊂ U . Xu et al.’s [23] resolve this issue by introducing V-information IV [Z→ Y] to only
consider the information that can be decoded by a predictors of interest f ∈ V instead of f ∈ U .4

IV [Z→ Y] := H[Y]−HV [Y |Z] = H[Y]− inf
f∈V

Ez,y∼PZ,Y
[− log f [z](y)] (5)

IV [Z→ Y] has useful properties, it: recovers I[Y; Z] for V = U , is non-negative, and is zero when Z
is independent of Y. Importantly, V-information is easier to estimate than Shannon’s information;
indeed, it corresponds to estimating the risk (HV [Y |Z]) and thus inherits [23] probably approximately
correct (PAC; [35]) estimation bounds that depend on the (Rademacher [36]) complexity of V .

3 Methods

In this section, we define V-minimal V-sufficient representations, prove that they are optimal in the
two-player representation learning game, and discuss how to approximately learn them in practice.

3As shown in Appx. C.1.1, this common [12, 24] definition is a generalization of minimal sufficient
statistics [25] to stochastic statistics Z = T (X, ε) where ε is a source of noise independent of X.

4[23] also replace H[Y] with HV [Y |∅]. This requires that any f ∈ V can be conditioned on the empty
set ∅. We keep H[Y] for simplicity and show that both are equivalent in our setting (Appx. C.1.2).
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3.1 V-Sufficiency and Best Achievable Performance

Let us study Alice’s best risk minf∈V R(f,Z) using a representation Z. This tight lower bound on her
performance looks strikingly similar to HV [Y |Z], which is controlled by IV [Z→ Y] (see Eq. (5)).
As a result, if Bob maximizes IV [Z→ Y], he will ensure that Alice can achieve the lowest loss.

Definition 1. A representation Z is said to be V-sufficient if it maximizes V-information with the
labels. We denote all such representations as SV := arg maxZ′ IV [Z′ → Y].

Proposition 1. Z is V-sufficient ⇐⇒ there exists f∗ ∈ V whose test loss when predicting from Z
is the best achievable risk, i.e., R(f∗,Z) = minZ minf∈V R(f,Z).

Although the previous proposition may seem trivial, it bears important implications, namely that
contrary to the sufficiency term of IB one should maximize IV [Z→ Y] rather than I[Y; Z] when
predictors live in a constrained family V . Indeed, ensuring sufficient I[Y; Z] does not mean that there
is a classifier f ∈ V that can “decode” that information. 5 We prove our claims in Appx. C.2.

3.2 V-minimality and Generalization

We have seen that V-sufficiency ensures that Alice could achieve the best loss. In this section, we
study what representations Bob should chose to guarantee that Alice’s ERMs will perform optimally
by ensuring that any ERM generalizes beyond the training set.

IB suggests minimizing the information I[Z; X] between the representation Z and inputs X to avoid
over-fitting. We, instead, argue that only the information that can be decoded by V matters, and
would thus like to minimize IV [Z→ X]. However, the latter is not defined as X does not generally
take value in (t.v.i.) Y , the sample space of V’s co-domain. For example, in a 32× 32 image binary
classification, Y = {0, 1} but X = [0, . . . , 256]1024 so classifiers f ∈ V cannot predict x ∈ X . To
circumvent this, we decompose X into a collection of r.v.s N that t.v.i. Y , so that IV [Z→ N] is well
defined. Specifically, let Xy ,Zy be “conditional r.v.” s.t. PXy = PX|y , PZy = PZ|y , PXy,Zy = PX,Z|y .
We define the y decomposition of X as r.v.s that arise by all possible labelings of Xy:6

Dec(X, y) := {N | ∃t′ : X → Y s.t. N = t′(Xy)} (6)

We can now define the average V-information between Z and the y decompositions of X as:

IV [Z→ Dec(X,Y)] :=
1

|Y|
∑
y∈Y

1

|Dec(X, y)|
∑

N∈Dec(X,y)

IV [Zy → N] (7)

IV [Z→ Dec(X,Y)] essentially measures how well predictors in V can predict arbitrary labeling
N ∈ Dec(X, y) of examples with the same underlying label y. Replacing the minimality term I[X; Z]
by IV [Z→ Dec(X,Y)] we get our notion of V-minimal V-sufficient representations.

Definition 2. Z is V-minimal V-sufficient if it is V-sufficient and has minimal average V-information
with y decompositions of X. We denote all such Z asMV := arg minZ∈SV IV [Z→ Dec(X,Y)] .

Intuitively, a representation is V-minimal if no predictor in V can assign different predictions to
examples with the same label. Consequently, predictors will not be able to distinguish train and test
examples and must thus perfectly generalize. In this case, predictors will perform optimally as there
is at least one which does (V-sufficiency; Prop. 1). We formalize this intuition in Appx. C.3:

Theorem 1. (Informal) Let V be a predictive family, D i.i.d.∼ PMX,Y a dataset, and assume labels Y are
a deterministic function of the inputs t(X). If Z ∈MV be V-minimal V-sufficient, then the expected
test loss of any ERM f̂ ∈ V̂(D) is the best achievable risk, i.e., R(f̂ ,Z) = minZ minf∈V R(f,Z).

As all ERMs reach the best risk, so does their expectation, i.e., any Z ∈ MV is optimal. We also
show in Appx. C.4 that V-minimality and V-sufficiency satisfy the following properties:

5Notice that IV [Z→ Y] corresponds to the variational lower bound on I[Y; Z] used by Alemi et al. [19]. We
view IV [Z→ Y] as the correct criterion rather than an estimate of I[Y; Z].

6Such (deterministic) labelings are also called “random labelings” [37] as they are semantically meaningless.
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Function H(V , x,y, PZ|X):
z← sample once from each PZ|x

return inff∈V
∑
z,y∈z,y

− log f [z](y)
|D|

Function L̂DIB(V , D, PZ|X, K, β):
(x,y),LVmin,Y ← D, 0, unique(y)
LVsuff ← H(V , x, y, PZ|X)
for y in Y do
xy ← x[y == y]

for k ← 1 to K do
n← random_choice(Y , size=|xy|)
LVmin +=

H(V,xy,n,PZ|X)

|Y|∗K

return (const) +LVsuff − β ∗ LVmin

(a) Pseudo-code for L̂DIB(D)

R
eal labeling

...
CatDog Dog Cat

...
BA B A

...3

1

2
Encoder

...
01 1 1

Every possible binary labeling

Reverse
Gradients

Classifier

Dogs

Cats

...
K

4 ...

(b) DIB with neural networks

Figure 2: Practical DIB (a) Pseudo-code to compute the L̂DIB(D); (b) Illustration of DIB to train a
neural encoder. V-sufficiency corresponds to the standard log loss. V-minimality heads are trained to
classify K arbitrary labeling within each class but the gradients w.r.t. the encoder are reversed so that
Z cannot be used for that task. Each head has different parameters but the same architecture V .

Proposition 2. Let V ⊆ V+ be two families and U the universal one. If labels are deterministic:

• Recoverability The set of U-minimal U-sufficient representations corresponds to the mini-
mal sufficient representations that t.v.i. in the domain of U , i.e.,MU =M∩Z .

• Monotonicity V+-minimal V-sufficient representations are V-minimal V-sufficient, i.e.,
arg maxZ∈SV IV+ [Z→ Dec(X,Y)] ⊆MV .

• Characterization Z ∈MV ⇐⇒ Z ∈ SV and IV [Z→ Dec(X,Y)] = 0.

• Existence At least one U -minimal U -sufficient representation always exists, i.e., |MV | > 0.

The recoverability shows that our notion of V-minimal V-sufficiency is a generalization of minimal
sufficiency. As a corollary, IB’s representations are optimal when Alice is unconstrained in her choice
of predictors V = U . The monotonicity implies that minimality with respect to (w.r.t.) a larger V+ is
also optimal. Finally, the characterizations property gives a simple way of testing for V-minimality.

3.3 Practical Optimization and Estimation

In the previous section we characterized optimal representations Z∗ ∈ MV . Unfortunately, Bob
cannot learn these Z∗ as it requires the underlying distribution PX,Y. We will now show that he can
nevertheless approximate Z∗ in a sample- and computationally- efficient manner.

Optimization. Learning Z ∈MV requires solving a constrained optimization problem. Similarly to
IB, we minimize the decodable information bottleneck (DIB), a Lagrangian relaxation of Def. 2:

LDIB := − IV [Z→ Y] + β ∗ IV [Z→ Dec(X,Y)] (8)
Notice that each IV [Z→ ·] has an internal optimization. In particular IV [Z→ Dec(X,Y)] turns the
problem into a min (over Z) - max (over f ∈ V) optimization, which can be hard to optimize [38, 39].
We empirically compare methods for optimizing LDIB in Appx. E.2 and show that joint gradient
descent ascent performs well if we ensure that the norm of the learned representation cannot diverge.

Estimation. A major benefit of LDIB over LIB is that it can be estimated with guarantees using finite
samples. Namely, if Bob has access to a training set D i.i.d.∼ PMX,Y, he can estimate LDIB reasonably
well. In practice, we: (i) use D to estimate all expectations over PX,Y; (ii) use samples from Bob’s
encoder z ∼ PZ | x; (iii) estimate the average over N ∈ Dec(X, y) in Eq. (7) using K samples.
Figure 2a shows a (naive) algorithm to compute the resulting estimate L̂DIB(D). Despite these
approximations, we show in Appx. C.5 that LDIB inherits V-information’s estimation bounds [23].
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(b) Scaling Up

Figure 3: Optimality of V-sufficiency. Plots of Alice’s best possible performance with different
VBob-sufficient representations. The log likelihood is column-wise scaled from 0 to 100, and vertical
separators are present to discourage between-column comparison. The predictive families are MLPs
with varying widths. (a) Samples of Bob’s 2D representations along with Alice’s decision boundaries
for an odd-even CIFAR100 binary classification; (b) Same scaled log likelihood but using 8D
representations, the standard CIFAR100 dataset, and averaging over 5 runs.

Proposition 3. (Informal) Let R|D| denote the |D| samples Rademacher complexity. Assuming the
loss is always bounded | log f [x](y)| < C then with probability at least 1− δ, L̂DIB(D) described in

Fig. 2a approximates LDIB with error less than 2R|D|(log ◦V) + β log |Y|+ C

√
2 log 1

δ

M .

The fact that the estimation error in Prop. 3 grows with the (Rademacher) complexity of V , shows
that the error is largest for V = U corresponding to LIB. We also see a trade-off in Alice’s choice
of V . A more complex V means the estimation of L̂DIB(D) is harder for Bob (Prop. 3), but Alice’s
prediction will improve (smaller minZ minf∈V R(f,Z); Theorem 1).

Case study: neural networks. Suppose that V is a specific neural architecture, the encoder PZ |X
is parametrized by a neural network qθ, and we are interested in cat-dog classification. As shown
in Fig. 2b, training qθ with DIB corresponds to fitting qθ with multiple classification heads, each
having exactly the same architecture V but different parameters. The V-sufficiency head (in blue)
tries to classify cats and dogs. Each of the K (typically 3-4, see Appx. E.4) V-minimality heads (in
orange) ensure that the representation cannot be used to classify an arbitrary (fixed) labeling of cats
or dogs. In practice, the encoder and heads are trained jointly but gradients from V-minimality heads
are reversed. The V-minimality losses are also multiplied by a hyper-parameter β.

4 Experiments

We evaluate our framework in practical settings, focusing on: (i) the relation between V-sufficiency
and Alice’s best achievable performance; (ii) the relation between V-minimality and generalization;
(iii) the consequence of a mismatch between VAlice and the functional family VBob w.r.t. which Z is
sufficient or minimal — especially in IB’s setting VBob = U ; (iv) the use of our framework to predict
generalization of trained networks. Many of our experiments involve sweeping over the complexity
of families V− ⊆ V ⊆ V+, we do this by varying widths of MLPs — with V → U in the infinite
width limit [40, 41]. Alternative ways of sweeping over V are evaluated in Appx. E.1.

4.1 V-sufficiency: Optimal Representations When the Data Distribution is Known

We study optimal representations when Alice has access to the data distribution PZ×Y. Alice’s risk
R(f,Z) in such setting is important as it is a tight lower bound on her performance in practical settings
(see Sec. 3.1). We consider the following setting: Bob trains a ResNet18 encoder [42] by maximizing
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(a) Generalization Gap (b) V-Sufficiency,-Minimality

CIFAR-10 TEST

CIFAR-10 TRAIN

MNIST TEST

MNIST TRAIN

(c) CIFAR10+MNIST

Figure 4: Effect of DIB on generalization Left two plots (CIFAR10): Impact of DIB’s β on: (a) the
train and test performance of Alice worst ERM; (b) the ÎV [Z→ Dec(X,Y);D] and ÎV [Y → Z;D]
of Bob’s representation Z. As β increases, Z becomes V-minimal which increases the Alice’s test
performance until Z is far from V-sufficient. Right plot (CIFAR10+MNIST): Same as (a) but images
contain overlaid digits as distractors (see Appx. D.2). V-minimality avoids over-fitting by removing
spurious MNIST information. The shaded areas indicate 95% bootstrap confidence interval on 5 runs.

IVBob
[Z→ Y], Alice freezes it and trains her own classifier f ∈ VAlice using the underlying PZ×Y,

i.e., f is trained and evaluated on the same dataset. See Appx. D.1 for experimental details.

Which V-sufficiency should Bob chose? Proposition 1 tells us that Bob’s optimal choice is VBob =
VAlice. If he opts for a larger family VAlice ⊆ VBob, the representation Z is unlikely to be decodable
by Alice. If VBob ⊆ VAlice, he will unnecessarily constrain Z. We first consider a setting that can be
visualized: classifying the parity of CIFAR100 class index [43] using 2D representations. Figure 3a
shows samples from Z and Alice’s decision boundaries. To highlight the optimal VBob for a given
VAlice, we scale the performance of each column from 0 to 100 in the figure. As predicted by Prop. 1,
the best performance is achieved at VAlice = VBob. The worst predictions arise when VAlice ⊆ VBob,
as the representations cannot be separated by Alice’s classifier (e.g. VBob width 16 and VAlice width
1). This suggests that IB’s sufficiency (infinite width VBob = U) is undesirable when VAlice is
constrained. Figure 3b shows similar results in 8D across 5 runs. See Appx. E.8 for more settings.

4.2 V-minimality: Optimal Representations for Generalization

Theorem 1 states that V-minimality ensures all ERMs can generalize well. We investigate whether
this is still approximately the case in practical settings, i.e., when Bob optimizes L̂DIB(D).

Experimental Details. Our claim concerns all ERMs V̂∗(D), which cannot be supported by training
a few f̂ ∈ V̂∗(D). Instead, we evaluate the ERM that performs worst on the test set (Worst
ERM), i.e., arg maxf∈V̂∗(D) R(f,Z). We do so by optimizing the following Lagrangian relaxation

arg minf∈V R̂(f,Z;D)− γR(f,Z) (see Appx. E.7). As our theory does not impose constraints on
Z, we need an encoder close to a universal function approximator. We use a 3-MLP encoder with
around 21M parameters and a 1024 dimensional Z. Since we want to investigate the generalization of
ERMs resulting from Bob’s criterion, we do not use (possibly implicit) regularizers such as large
learning rate [44]. For more experimental details see Appx. D.1.

What is the impact of DIB’s β ? We train representions on CIFAR10 with various β to investigate
the effect of ÎV [Z→ Dec(X,Y);D] and ÎV [Y → Z;D] (Fig. 4b) on Alice’s performance (Fig. 4a).
Increasing β results in a decrease in ÎV [Z→ Dec(X,Y);D] which monotonically shrinks the train-
test gap. This suggests that, although our theory only applies for V-minimality, IV [Z→ Dec(X,Y)]
is tightly linked to generalization even when it is non-zero. After a certain threshold (β = 10) the
generalization gains come at a large cost in IV [Y → Z], which controls the best achievable loss.
This shows that a trade-off (controlled by β) between V-minimality (generalization) and V-sufficient
(lower bound) arises when Bob has to estimate LDIB using finite samples L̂DIB(D).

V-minimality and robustness to spurious correlations. We overlay MNIST digits as a distractor
on CIFAR10 (see Appx. D.2). We run the same experiments as with CIFAR10, but we additionally
train an ERM from V to predict MNIST labels, i.e., test whether Z contains decodable information
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about MNIST. Figure 4c shows that as β increases, predicting MNIST becomes harder. Indeed
decreasing ÎV [Z→ Dec(X,Y);D] removes all V-information in Z which is not useful for predicting
Y. As a result, Alice’s ERM must generalize better as it cannot over-fit spurious patterns.7

Table 1: Alice’s worst and average case log loss given different representation schemes used by Bob
(lower is better). Standard errors are across 5 runs.

No Reg. Stoch. Rep. Dropout Wt. Dec. VIB V−-DIB V+-DIB DIB

Worst 10.23± .13 8.61± .05 1.90± .00 10.25± .03 1.82± .02 1.54± .03 1.94± .33 1.41± .01

Avg. 4.62± .00 4.34± .04 1.49± .00 4.96± .03 1.76± .01 1.47± .01 1.74± .18 1.38± .01

Which V-minimality should Bob chose? We study the effect of Z ∈ SVAlice being minimal w.r.t.
families which are larger (V+-DIB), smaller (V−-DIB), and equal to VAlice. In theory, optimal
representations would be VAlice-minimal (Theorem 1), which are achieved by DIB and V+-DIB
(Monotonicity). V+-DIB should nevertheless be harder to estimate than DIB (Prop. 3). In the last 3
columns of Table 1 we indeed observe that DIB performs best. V+-DIB performs worse, suggesting
that IB’s minimality is undesirable in practice. We also minimize a known lower bound of I[Z; X]
(VIB; [19]) and find that it performs worse than DIB.8 We show results for different β in Appx. E.10.

Comparison to traditional regularizers. To ensure that the previous experimental gains support
our theory and are not necessarily true for other regularizers, we test different regularizers on
Bob and see whether they also learn representations that ensure Alice’s ERM will generalize. In
Table 1, we show the results of: (i) No regularization; (ii) Stochastic representations (DIB with
β = 0); (iii) Dropout [45]; (iv) Weight decay. We find that DIB significantly outperforms other
regularizers, which supports our claims that V-minimality is well-suited for enforcing generalization.
We emphasize that we evaluate the regularizers in a setting which is closer to our theory: two-stage
game, no implicit regularizers, and evaluated on log likelihood. We show in Appx. E.11 that DIB is a
descent regularizer in standard classification settings but performs a little worse than dropout.

4.3 Probing Generalization in Deep Learning

Methods that predict or correlate with the generalization of neural networks have been of recent
theoretical and practical interest [46–51], as they can shed light on the inductive biases in deep
learning [52–54] and prescribe better training procedures [55–59]. Having empirically shown a
strong link between the degree of V-minimality and generalization (Fig. 2b), it is natural to ask
whether it can predict the generalization of a trained model. Specifically, consider the first L layers
as an encoder from inputs X to representations ZL, and subsequent layers as a classifier in VL. We
hypothesize that ÎVL [ZL → Dec(X,Y);D] correlates well with the generalization of the network.

To test this, we follow Jiang et al. [50] and train convolutional networks (CNN) with varying
hyperparameters (depth, width, dropout, batch size, weight decay, learning rate, dimensionality of Z)
and retain those that reach 0.01 empirical risk. From this set of 562 models, we measure Kendall’s
rank correlation [60] between ÎVL [ZL → Dec(X,Y);D] and the generalization gap of each CNN,
i.e., the difference between their train and test performance. For experimental details see Appx. D.3.

Table 2: Rank correlation τ between different measures and generalization gap (in terms of accuracy
τacc and log loss τlogloss) of 562 CNNs. VL denotes our ÎVL [ZL → Dec(X,Y);D].

V+
L V−L VL Entropy Path Norm Var. Grad. Sharp. Mag.

τacc. [50] 0.148 0.373 0.311 0.484
τacc (ours) 0.482 0.391 0.471 0.234 0.347 0.332 0.385
τlogloss (ours) 0.505 0.435 0.498 0.164 0.357 0.167 0.233

Does V-minimality correlate with generalization? In the last five columns of Table 2, we com-
pare our results (VL) to the best generalization measure from each categories investigated in [50]:

7Achille and Soatto [20] show that this happens for minimal Z. The novelty is that we obtain similar results
when considering V-minimality, which is less stringent (Prop. 2) and does not require the intractable I[X; Z].

8 VIB is hard to compare to DIB as it is unclear w.r.t. which family, if any, VIB’s solutions are minimal.
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the entropy of the output [61], the path norm [62], the variance of the gradients after training
(Var. Grad. ; [50]), and the “sharpness” of the minima (Sharp. Mag.; [57]).9 As hypothesized,
ÎVL [ZL → Dec(X,Y);D] correlates with generalization and even outperforms the baselines. Sim-
ilarly to Table 1 we also evaluate minimality with respect to a family larger (V+

L ) or smaller (V−L )
than VL. Surprisingly, V+

L performs better than VL, which might be because larger networks can help
optimization of sub-networks VL ⊆ V+

L as suggested by the Lottery Ticket Hypothesis [63].

To the best of our knowledge V-minimality is the first measure of generalization of a network that only
considers a single internal representation ZL. This could be of particular interest in transfer learning,
as it can predict how well any model of a certain architecture will generalize when using a specific
pretrained encoder. As V-minimality is a property of a representation rather than the architecture, we
show in Appx. E.12 that it can be meaningfully compared across different architectures and datasets.

5 Other Related Work

Generalized information, game theory and Bayes decision theory. If you need a distribution P ∗X
to act as a representative Γ ⊆ P(X ) you should follow the maximum entropy (MaxEnt) principle
[64, 65] to minimize the worst-case log loss [66, 67]. Grünwald et al. [68] generalized MaxEnt to
different losses by framing the problem as an adversarial game between nature and a decision maker.
Robust supervised learning [69] can also be framed in a way that suggests to maximize conditional
entropy [70, 71]. This line of work focuses on prediction rules (Alice). Our framing (Sec. 2.1) extends
this literature by incorporating a co-operative agent (Bob), which learns representations to minimize
the worst-case loss of the decision maker (Alice). Although [10, 72] also studied representations
using generalized information, they focused on consistency rather than generalization.

Extended sufficiency and minimality. Linear sufficiency is well studied [73–75] but only considers
linear encoders and predictors and is used for estimation rather than predictions. In ML, Cvitkovic
and Koliander [76] incorporated the encoder’s family (Bob) to characterize achievable Z. This is
complementary to our incorporation of the decoder’s family V (Alice) to characterize optimal Z.

Kernel Learning. There is a large literature in learning kernels [77–80] for support vector machines
[2], which implicitly learns a data representation [81]. The learning is either done by minimizing
estimates [82, 83] or bounds of the generalization error [84–88]. The major advantage of our work is
that we are not restricted to predictors V that can be “kernelized” and provide an optimality proof.

6 Conclusion and Future Work

In this work, we propose a prescriptive theory for representation learning. We first characterize
optimal representations Z∗ for supervised learning, by defining minimal sufficient representation
with respect to a family of classifiers V . These representations Z∗ guarantee that any downstream
empirical risk minimizer f ∈ V will incur minimal expected test loss, by ensuring that f can correctly
predict labels but cannot distinguish examples with the same label. We then provide the decodable
information bottleneck objective to learn Z∗ with PAC-style guarantees. We empirically show that
using Z∗ can improve the performance and robustness of image classifiers. We also demonstrate that
our framework can be used to predict generalization in neural networks.

In addition to supporting our theory, our experiments raise interesting questions for future work. First,
results in Sec. 4.2 suggest that performance is causally related with the degree of V-minimality of a
representation, even though we only prove it for “perfect” V-minimality. A natural question, then,
is whether generalization bounds can be derived for approximate V-minimality. Second, the high
correlation between generalization in neural networks and the degree V-minimality (Table 2) suggest
that it might be an important quantity to study for understanding generalization in deep learning.

More generally, our work shows that information theory in theoretical and applied ML can benefit
from incorporating the predictive family V of interest. For example, we believe that many issues
of mutual information [89] in self-supervised learning [90–92], and IB [33, 93, 94] in IB’s theory
of deep learning [14, 95] could be solved by taking into account V . By extending V-information to
arbitrary r.v. (through decompositions) we hope to enable its use in those and many other domains.

9 We report Jiang et al.’s [50] results since our experiments and Sharp. Mag. differs slightly from theirs.
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Broader Impact

Our work takes the perspective that an “optimal” representation is one such that any classifier
that fits the training data should generalize well to test. In terms of potential practical benefits, it
is possible that using our optimal representations, one can alleviate the effort of hyperparameter
search and selection currently required to tune deep learning models. This could be a step towards
democratizing machine learning to sections of the society without large computational resources –
since hyperparameter search is often computationally expensive. We do not anticipate that our work
will advantage or disadvantage any particular group.

Acknowledgments and Disclosure of Funding

We would like to thank: Naman Goyal for early feedback and best engineering practices; Brandon
Amos for support concerning min-max optimization; Stephane Deny for suggesting to look for the
Worst ERM; Emile Mathieu, Chris Maddison, Sho Yaida, and Max Nickel for helpful discussions and
feedback; Jakob Foerster for the name “decodable” information bottleneck; Dan Roy for suggesting
to use the term “distinguishability” to understand V-minimality; and Ari Morcos for tips to help Yann
Dubois writing papers. DJS was partially supported by the NSF through the CPBF PHY-1734030, a
Simons Foundation fellowship for the MMLS, and by the NIH under R01EB026943.

References

[1] G. Salton and M. McGill, Introduction to Modern Information Retrieval. McGraw-Hill Book
Company, 1984.

[2] C. Cortes and V. Vapnik, “Support-vector networks,” Mach. Learn., vol. 20, no. 3, pp.
273–297, 1995. [Online]. Available: https://doi.org/10.1007/BF00994018

[3] T. K. Leung and J. Malik, “Representing and recognizing the visual appearance of materials
using three-dimensional textons,” Int. J. Comput. Vis., vol. 43, no. 1, pp. 29–44, 2001. [Online].
Available: https://doi.org/10.1023/A:1011126920638

[4] D. G. Lowe, “Distinctive image features from scale-invariant keypoints,” Int. J. Comput.
Vis., vol. 60, no. 2, pp. 91–110, 2004. [Online]. Available: https://doi.org/10.1023/B:
VISI.0000029664.99615.94

[5] A. Rahimi and B. Recht, “Random features for large-scale kernel machines,” in
Advances in Neural Information Processing Systems 20, Proceedings of the Twenty-First
Annual Conference on Neural Information Processing Systems, Vancouver, British Columbia,
Canada, December 3-6, 2007, J. C. Platt, D. Koller, Y. Singer, and S. T. Roweis,
Eds. Curran Associates, Inc., 2007, pp. 1177–1184. [Online]. Available: http:
//papers.nips.cc/paper/3182-random-features-for-large-scale-kernel-machines

[6] Y. Bengio, A. C. Courville, and P. Vincent, “Representation learning: A review and new
perspectives,” IEEE Trans. Pattern Anal. Mach. Intell., vol. 35, no. 8, pp. 1798–1828, 2013.
[Online]. Available: https://doi.org/10.1109/TPAMI.2013.50

[7] G. Zhong, L. Wang, and J. Dong, “An overview on data representation learning: From
traditional feature learning to recent deep learning,” CoRR, vol. abs/1611.08331, 2016.
[Online]. Available: http://arxiv.org/abs/1611.08331

[8] S. Shalev-Shwartz and S. Ben-David, Understanding Machine Learning - From Theory to
Algorithms. Cambridge University Press, 2014. [Online]. Available: http://www.cambridge.
org/de/academic/subjects/computer-science/pattern-recognition-and-machine-learning/
understanding-machine-learning-theory-algorithms

[9] F. Gressmann, F. J. Király, B. A. Mateen, and H. Oberhauser, “Probabilistic
supervised learning,” CoRR, vol. abs/1801.00753, 2018. [Online]. Available: http:
//arxiv.org/abs/1801.00753

[10] J. Duchi, K. Khosravi, F. Ruan et al., “Multiclass classification, information, divergence and
surrogate risk,” The Annals of Statistics, vol. 46, no. 6B, pp. 3246–3275, 2018.

10

https://doi.org/10.1007/BF00994018
https://doi.org/10.1023/A:1011126920638
https://doi.org/10.1023/B:VISI.0000029664.99615.94
https://doi.org/10.1023/B:VISI.0000029664.99615.94
http://papers.nips.cc/paper/3182-random-features-for-large-scale-kernel-machines
http://papers.nips.cc/paper/3182-random-features-for-large-scale-kernel-machines
https://doi.org/10.1109/TPAMI.2013.50
http://arxiv.org/abs/1611.08331
http://www.cambridge.org/de/academic/subjects/computer-science/pattern-recognition-and-machine-learning/understanding-machine-learning-theory-algorithms
http://www.cambridge.org/de/academic/subjects/computer-science/pattern-recognition-and-machine-learning/understanding-machine-learning-theory-algorithms
http://www.cambridge.org/de/academic/subjects/computer-science/pattern-recognition-and-machine-learning/understanding-machine-learning-theory-algorithms
http://arxiv.org/abs/1801.00753
http://arxiv.org/abs/1801.00753


[11] N. Tishby, F. C. N. Pereira, and W. Bialek, “The information bottleneck method,” CoRR, vol.
physics/0004057, 2000. [Online]. Available: http://arxiv.org/abs/physics/0004057

[12] O. Shamir, S. Sabato, and N. Tishby, “Learning and generalization with the information
bottleneck,” Theor. Comput. Sci., vol. 411, no. 29-30, pp. 2696–2711, 2010. [Online].
Available: https://doi.org/10.1016/j.tcs.2010.04.006

[13] N. Slonim and N. Tishby, “Document clustering using word clusters via the information
bottleneck method,” in SIGIR 2000: Proceedings of the 23rd Annual International ACM SIGIR
Conference on Research and Development in Information Retrieval, July 24-28, 2000, Athens,
Greece, E. J. Yannakoudakis, N. J. Belkin, P. Ingwersen, and M. Leong, Eds. ACM, 2000,
pp. 208–215. [Online]. Available: https://doi.org/10.1145/345508.345578

[14] R. Shwartz-Ziv and N. Tishby, “Opening the black box of deep neural networks
via information,” CoRR, vol. abs/1703.00810, 2017. [Online]. Available: http:
//arxiv.org/abs/1703.00810

[15] P. Farajiparvar, A. Beirami, and M. S. Nokleby, “Information bottleneck methods for
distributed learning,” in 56th Annual Allerton Conference on Communication, Control, and
Computing, Allerton 2018, Monticello, IL, USA, October 2-5, 2018. IEEE, 2018, pp. 24–31.
[Online]. Available: https://doi.org/10.1109/ALLERTON.2018.8635884

[16] A. Goyal, R. Islam, D. Strouse, Z. Ahmed, H. Larochelle, M. Botvinick, Y. Bengio, and
S. Levine, “Infobot: Transfer and exploration via the information bottleneck,” in 7th
International Conference on Learning Representations, ICLR 2019, New Orleans, LA, USA,
May 6-9, 2019. OpenReview.net, 2019. [Online]. Available: https://openreview.net/forum?
id=rJg8yhAqKm

[17] C. E. Shannon, “A mathematical theory of communication,” Bell Syst. Tech. J., vol. 27, no. 4,
pp. 623–656, 1948. [Online]. Available: https://doi.org/10.1002/j.1538-7305.1948.tb00917.x

[18] M. Chalk, O. Marre, and G. Tkacik, “Relevant sparse codes with varia-
tional information bottleneck,” in Advances in Neural Information Processing Sys-
tems 29: Annual Conference on Neural Information Processing Systems 2016, Decem-
ber 5-10, 2016, Barcelona, Spain, D. D. Lee, M. Sugiyama, U. von Luxburg,
I. Guyon, and R. Garnett, Eds., 2016, pp. 1957–1965. [Online]. Available: http:
//papers.nips.cc/paper/6101-relevant-sparse-codes-with-variational-information-bottleneck

[19] A. A. Alemi, I. Fischer, J. V. Dillon, and K. Murphy, “Deep variational information
bottleneck,” in 5th International Conference on Learning Representations, ICLR 2017, Toulon,
France, April 24-26, 2017, Conference Track Proceedings. OpenReview.net, 2017. [Online].
Available: https://openreview.net/forum?id=HyxQzBceg

[20] A. Achille and S. Soatto, “Information dropout: Learning optimal representations through
noisy computation,” IEEE Trans. Pattern Anal. Mach. Intell., vol. 40, no. 12, pp. 2897–2905,
2018. [Online]. Available: https://doi.org/10.1109/TPAMI.2017.2784440

[21] A. Kolchinsky, B. D. Tracey, and D. H. Wolpert, “Nonlinear information bottleneck,” Entropy,
vol. 21, no. 12, p. 1181, 2019. [Online]. Available: https://doi.org/10.3390/e21121181

[22] Y. LeCun, B. E. Boser, J. S. Denker, D. Henderson, R. E. Howard, W. E.
Hubbard, and L. D. Jackel, “Backpropagation applied to handwritten zip code
recognition,” Neural Computation, vol. 1, no. 4, pp. 541–551, 1989. [Online]. Available:
https://doi.org/10.1162/neco.1989.1.4.541

[23] Y. Xu, S. Zhao, J. Song, R. Stewart, and S. Ermon, “A theory of usable information under
computational constraints,” in 8th International Conference on Learning Representations,
ICLR 2020, Addis Ababa, Ethiopia, April 26-30, 2020. OpenReview.net, 2020. [Online].
Available: https://openreview.net/forum?id=r1eBeyHFDH

[24] A. Achille and S. Soatto, “Emergence of invariance and disentanglement in deep
representations,” J. Mach. Learn. Res., vol. 19, pp. 50:1–50:34, 2018. [Online]. Available:
http://jmlr.org/papers/v19/17-646.html

[25] R. A. Fisher, “On the mathematical foundations of theoretical statistics,” Philosophical Trans-
actions of the Royal Society of London. Series A, Containing Papers of a Mathematical or
Physical Character, vol. 222, no. 594-604, pp. 309–368, 1922.

11

http://arxiv.org/abs/physics/0004057
https://doi.org/10.1016/j.tcs.2010.04.006
https://doi.org/10.1145/345508.345578
http://arxiv.org/abs/1703.00810
http://arxiv.org/abs/1703.00810
https://doi.org/10.1109/ALLERTON.2018.8635884
https://openreview.net/forum?id=rJg8yhAqKm
https://openreview.net/forum?id=rJg8yhAqKm
https://doi.org/10.1002/j.1538-7305.1948.tb00917.x
http://papers.nips.cc/paper/6101-relevant-sparse-codes-with-variational-information-bottleneck
http://papers.nips.cc/paper/6101-relevant-sparse-codes-with-variational-information-bottleneck
https://openreview.net/forum?id=HyxQzBceg
https://doi.org/10.1109/TPAMI.2017.2784440
https://doi.org/10.3390/e21121181
https://doi.org/10.1162/neco.1989.1.4.541
https://openreview.net/forum?id=r1eBeyHFDH
http://jmlr.org/papers/v19/17-646.html


[26] M. Vera, P. Piantanida, and L. R. Vega, “The role of information complexity and
randomization in representation learning,” CoRR, vol. abs/1802.05355, 2018. [Online].
Available: http://arxiv.org/abs/1802.05355

[27] B. Rodriguez Galvez, “The information bottleneck: Connections to other problems, learning
and exploration of the ib curve,” 2019.

[28] B. Chang, L. Meng, E. Haber, L. Ruthotto, D. Begert, and E. Holtham, “Reversible
architectures for arbitrarily deep residual neural networks,” in Proceedings of the Thirty-Second
AAAI Conference on Artificial Intelligence, (AAAI-18), the 30th innovative Applications of
Artificial Intelligence (IAAI-18), and the 8th AAAI Symposium on Educational Advances in
Artificial Intelligence (EAAI-18), New Orleans, Louisiana, USA, February 2-7, 2018, S. A.
McIlraith and K. Q. Weinberger, Eds. AAAI Press, 2018, pp. 2811–2818. [Online]. Available:
https://www.aaai.org/ocs/index.php/AAAI/AAAI18/paper/view/16517

[29] J. Jacobsen, A. W. M. Smeulders, and E. Oyallon, “i-revnet: Deep invertible networks,” in 6th
International Conference on Learning Representations, ICLR 2018, Vancouver, BC, Canada,
April 30 - May 3, 2018, Conference Track Proceedings. OpenReview.net, 2018. [Online].
Available: https://openreview.net/forum?id=HJsjkMb0Z

[30] D. McAllester and K. Stratos, “Formal limitations on the measurement of mutual information,”
in The 23rd International Conference on Artificial Intelligence and Statistics, AISTATS 2020,
26-28 August 2020, Online [Palermo, Sicily, Italy], ser. Proceedings of Machine Learning
Research, S. Chiappa and R. Calandra, Eds., vol. 108. PMLR, 2020, pp. 875–884. [Online].
Available: http://proceedings.mlr.press/v108/mcallester20a.html

[31] G. Chechik, A. Globerson, N. Tishby, and Y. Weiss, “Information bottleneck for
gaussian variables,” J. Mach. Learn. Res., vol. 6, pp. 165–188, 2005. [Online]. Available:
http://jmlr.org/papers/v6/chechik05a.html

[32] M. Rey and V. Roth, “Meta-gaussian information bottleneck,” in Advances in
Neural Information Processing Systems 25: 26th Annual Conference on Neural Information
Processing Systems 2012. Proceedings of a meeting held December 3-6, 2012, Lake Tahoe,
Nevada, United States, P. L. Bartlett, F. C. N. Pereira, C. J. C. Burges, L. Bottou,
and K. Q. Weinberger, Eds., 2012, pp. 1925–1933. [Online]. Available: http:
//papers.nips.cc/paper/4517-meta-gaussian-information-bottleneck

[33] R. A. Amjad and B. C. Geiger, “Learning representations for neural network-based classifica-
tion using the information bottleneck principle,” IEEE Transactions on Pattern Analysis and
Machine Intelligence, 2019.

[34] T. Gneiting and A. E. Raftery, “Strictly proper scoring rules, prediction, and estimation,”
Journal of the American Statistical Association, vol. 102, no. 477, pp. 359–378, 2007.

[35] L. G. Valiant, “A theory of the learnable,” Commun. ACM, vol. 27, no. 11, pp. 1134–1142,
1984. [Online]. Available: https://doi.org/10.1145/1968.1972

[36] P. L. Bartlett and S. Mendelson, “Rademacher and gaussian complexities: Risk bounds and
structural results,” J. Mach. Learn. Res., vol. 3, pp. 463–482, 2002. [Online]. Available:
http://jmlr.org/papers/v3/bartlett02a.html

[37] C. Zhang, S. Bengio, M. Hardt, B. Recht, and O. Vinyals, “Understanding deep
learning requires rethinking generalization,” in 5th International Conference on Learning
Representations, ICLR 2017, Toulon, France, April 24-26, 2017, Conference Track Proceedings.
OpenReview.net, 2017. [Online]. Available: https://openreview.net/forum?id=Sy8gdB9xx

[38] I. J. Goodfellow, “On distinguishability criteria for estimating generative models,” in 3rd
International Conference on Learning Representations, ICLR 2015, San Diego, CA, USA, May
7-9, 2015, Workshop Track Proceedings, Y. Bengio and Y. LeCun, Eds., 2015. [Online].
Available: http://arxiv.org/abs/1412.6515

[39] L. Metz, B. Poole, D. Pfau, and J. Sohl-Dickstein, “Unrolled generative adversarial
networks,” in 5th International Conference on Learning Representations, ICLR 2017, Toulon,
France, April 24-26, 2017, Conference Track Proceedings. OpenReview.net, 2017. [Online].
Available: https://openreview.net/forum?id=BydrOIcle

[40] G. Cybenko, “Approximation by superpositions of a sigmoidal function,” Mathematics of
Control, Signals and Systems, vol. 2, no. 4, pp. 303–314, Dec. 1989. [Online]. Available:
https://doi.org/10.1007/BF02551274

12

http://arxiv.org/abs/1802.05355
https://www.aaai.org/ocs/index.php/AAAI/AAAI18/paper/view/16517
https://openreview.net/forum?id=HJsjkMb0Z
http://proceedings.mlr.press/v108/mcallester20a.html
http://jmlr.org/papers/v6/chechik05a.html
http://papers.nips.cc/paper/4517-meta-gaussian-information-bottleneck
http://papers.nips.cc/paper/4517-meta-gaussian-information-bottleneck
https://doi.org/10.1145/1968.1972
http://jmlr.org/papers/v3/bartlett02a.html
https://openreview.net/forum?id=Sy8gdB9xx
http://arxiv.org/abs/1412.6515
https://openreview.net/forum?id=BydrOIcle
https://doi.org/10.1007/BF02551274


[41] K. Hornik, “Approximation capabilities of multilayer feedforward networks,” Neural
Networks, vol. 4, no. 2, pp. 251–257, 1991. [Online]. Available: https://doi.org/10.1016/
0893-6080(91)90009-T

[42] K. He, X. Zhang, S. Ren, and J. Sun, “Deep residual learning for image recognition,” in 2016
IEEE Conference on Computer Vision and Pattern Recognition, CVPR 2016, Las Vegas, NV,
USA, June 27-30, 2016. IEEE Computer Society, 2016, pp. 770–778. [Online]. Available:
https://doi.org/10.1109/CVPR.2016.90

[43] A. Krizhevsky, G. Hinton et al., “Learning multiple layers of features from tiny images,” 2009.
[44] Y. Li, C. Wei, and T. Ma, “Towards explaining the regularization effect of initial large learning

rate in training neural networks,” in Advances in Neural Information Processing Systems 32:
Annual Conference on Neural Information Processing Systems 2019, NeurIPS 2019, 8-14
December 2019, Vancouver, BC, Canada, H. M. Wallach, H. Larochelle, A. Beygelzimer,
F. d’Alché-Buc, E. B. Fox, and R. Garnett, Eds., 2019, pp. 11 669–11 680.

[45] N. Srivastava, G. E. Hinton, A. Krizhevsky, I. Sutskever, and R. Salakhutdinov, “Dropout: a
simple way to prevent neural networks from overfitting,” J. Mach. Learn. Res., vol. 15, no. 1,
pp. 1929–1958, 2014. [Online]. Available: http://dl.acm.org/citation.cfm?id=2670313

[46] G. K. Dziugaite and D. M. Roy, “Computing nonvacuous generalization bounds for deep
(stochastic) neural networks with many more parameters than training data,” in Proceedings
of the Thirty-Third Conference on Uncertainty in Artificial Intelligence, UAI 2017, Sydney,
Australia, August 11-15, 2017, G. Elidan, K. Kersting, and A. T. Ihler, Eds. AUAI Press,
2017. [Online]. Available: http://auai.org/uai2017/proceedings/papers/173.pdf

[47] S. Arora, R. Ge, B. Neyshabur, and Y. Zhang, “Stronger generalization bounds for deep
nets via a compression approach,” in Proceedings of the 35th International Conference on
Machine Learning, ICML 2018, Stockholmsmässan, Stockholm, Sweden, July 10-15, 2018, ser.
Proceedings of Machine Learning Research, J. G. Dy and A. Krause, Eds., vol. 80. PMLR,
2018, pp. 254–263. [Online]. Available: http://proceedings.mlr.press/v80/arora18b.html

[48] A. S. Morcos, D. G. T. Barrett, N. C. Rabinowitz, and M. Botvinick, “On the
importance of single directions for generalization,” in 6th International Conference
on Learning Representations, ICLR 2018, Vancouver, BC, Canada, April 30 - May 3, 2018,
Conference Track Proceedings. OpenReview.net, 2018. [Online]. Available: https:
//openreview.net/forum?id=r1iuQjxCZ

[49] Y. Jiang, D. Krishnan, H. Mobahi, and S. Bengio, “Predicting the generalization gap
in deep networks with margin distributions,” in 7th International Conference on Learning
Representations, ICLR 2019, New Orleans, LA, USA, May 6-9, 2019. OpenReview.net, 2019.
[Online]. Available: https://openreview.net/forum?id=HJlQfnCqKX

[50] Y. Jiang, B. Neyshabur, H. Mobahi, D. Krishnan, and S. Bengio, “Fantastic
generalization measures and where to find them,” in 8th International Conference on Learning
Representations, ICLR 2020, Addis Ababa, Ethiopia, April 26-30, 2020. OpenReview.net,
2020. [Online]. Available: https://openreview.net/forum?id=SJgIPJBFvH

[51] R. Novak, Y. Bahri, D. A. Abolafia, J. Pennington, and J. Sohl-Dickstein, “Sensitivity
and generalization in neural networks: an empirical study,” in 6th International
Conference on Learning Representations, ICLR 2018, Vancouver, BC, Canada, April 30 -
May 3, 2018, Conference Track Proceedings. OpenReview.net, 2018. [Online]. Available:
https://openreview.net/forum?id=HJC2SzZCW

[52] M. Hardt, B. Recht, and Y. Singer, “Train faster, generalize better: Stability of stochastic
gradient descent,” in Proceedings of the 33nd International Conference on Machine Learning,
ICML 2016, New York City, NY, USA, June 19-24, 2016, ser. JMLR Workshop and Conference
Proceedings, M. Balcan and K. Q. Weinberger, Eds., vol. 48. JMLR.org, 2016, pp.
1225–1234. [Online]. Available: http://proceedings.mlr.press/v48/hardt16.html

[53] S. L. Smith and Q. V. Le, “A bayesian perspective on generalization and stochastic gradient
descent,” in 6th International Conference on Learning Representations, ICLR 2018, Vancouver,
BC, Canada, April 30 - May 3, 2018, Conference Track Proceedings. OpenReview.net, 2018.
[Online]. Available: https://openreview.net/forum?id=BJij4yg0Z

[54] P. L. Bartlett, D. J. Foster, and M. Telgarsky, “Spectrally-normalized margin bounds
for neural networks,” in Advances in Neural Information Processing Systems 30: Annual

13

https://doi.org/10.1016/0893-6080(91)90009-T
https://doi.org/10.1016/0893-6080(91)90009-T
https://doi.org/10.1109/CVPR.2016.90
http://dl.acm.org/citation.cfm?id=2670313
http://auai.org/uai2017/proceedings/papers/173.pdf
http://proceedings.mlr.press/v80/arora18b.html
https://openreview.net/forum?id=r1iuQjxCZ
https://openreview.net/forum?id=r1iuQjxCZ
https://openreview.net/forum?id=HJlQfnCqKX
https://openreview.net/forum?id=SJgIPJBFvH
https://openreview.net/forum?id=HJC2SzZCW
http://proceedings.mlr.press/v48/hardt16.html
https://openreview.net/forum?id=BJij4yg0Z


Conference on Neural Information Processing Systems 2017, 4-9 December 2017, Long
Beach, CA, USA, I. Guyon, U. von Luxburg, S. Bengio, H. M. Wallach, R. Fergus,
S. V. N. Vishwanathan, and R. Garnett, Eds., 2017, pp. 6240–6249. [Online]. Available:
http://papers.nips.cc/paper/7204-spectrally-normalized-margin-bounds-for-neural-networks

[55] S. Hochreiter and J. Schmidhuber, “Flat minima,” Neural Computation, vol. 9, no. 1, pp. 1–42,
1997. [Online]. Available: https://doi.org/10.1162/neco.1997.9.1.1

[56] P. Chaudhari, A. Choromanska, S. Soatto, Y. LeCun, C. Baldassi, C. Borgs, J. T. Chayes,
L. Sagun, and R. Zecchina, “Entropy-sgd: Biasing gradient descent into wide valleys,” in
5th International Conference on Learning Representations, ICLR 2017, Toulon, France, April
24-26, 2017, Conference Track Proceedings. OpenReview.net, 2017. [Online]. Available:
https://openreview.net/forum?id=B1YfAfcgl

[57] N. S. Keskar, D. Mudigere, J. Nocedal, M. Smelyanskiy, and P. T. P. Tang, “On
large-batch training for deep learning: Generalization gap and sharp minima,” in 5th
International Conference on Learning Representations, ICLR 2017, Toulon, France, April
24-26, 2017, Conference Track Proceedings. OpenReview.net, 2017. [Online]. Available:
https://openreview.net/forum?id=H1oyRlYgg

[58] C. Wei and T. Ma, “Data-dependent sample complexity of deep neural networks via lipschitz
augmentation,” in Advances in Neural Information Processing Systems 32: Annual Conference
on Neural Information Processing Systems 2019, NeurIPS 2019, 8-14 December 2019, Vancou-
ver, BC, Canada, H. M. Wallach, H. Larochelle, A. Beygelzimer, F. d’Alché-Buc, E. B. Fox,
and R. Garnett, Eds., 2019, pp. 9722–9733. [Online]. Available: http://papers.nips.cc/paper/
9166-data-dependent-sample-complexity-of-deep-neural-networks-via-lipschitz-augmentation

[59] B. Neyshabur, R. Salakhutdinov, and N. Srebro, “Path-sgd: Path-normalized optimization
in deep neural networks,” in Advances in Neural Information Processing Systems 28:
Annual Conference on Neural Information Processing Systems 2015, December 7-12, 2015,
Montreal, Quebec, Canada, C. Cortes, N. D. Lawrence, D. D. Lee, M. Sugiyama, and
R. Garnett, Eds., 2015, pp. 2422–2430. [Online]. Available: http://papers.nips.cc/paper/
5797-path-sgd-path-normalized-optimization-in-deep-neural-networks

[60] M. G. KENDALL, “A NEW MEASURE OF RANK CORRELATION,” Biometrika, vol. 30,
no. 1-2, pp. 81–93, 06 1938. [Online]. Available: https://doi.org/10.1093/biomet/30.1-2.81

[61] G. Pereyra, G. Tucker, J. Chorowski, L. Kaiser, and G. E. Hinton, “Regularizing
neural networks by penalizing confident output distributions,” in 5th International
Conference on Learning Representations, ICLR 2017, Toulon, France, April 24-26, 2017,
Workshop Track Proceedings. OpenReview.net, 2017. [Online]. Available: https:
//openreview.net/forum?id=HyhbYrGYe

[62] B. Neyshabur, R. Tomioka, and N. Srebro, “Norm-based capacity control in neural
networks,” in Proceedings of The 28th Conference on Learning Theory, COLT 2015, Paris,
France, July 3-6, 2015, ser. JMLR Workshop and Conference Proceedings, P. Grünwald,
E. Hazan, and S. Kale, Eds., vol. 40. JMLR.org, 2015, pp. 1376–1401. [Online]. Available:
http://proceedings.mlr.press/v40/Neyshabur15.html

[63] J. Frankle and M. Carbin, “The lottery ticket hypothesis: Finding sparse, trainable
neural networks,” in 7th International Conference on Learning Representations, ICLR 2019,
New Orleans, LA, USA, May 6-9, 2019. OpenReview.net, 2019. [Online]. Available:
https://openreview.net/forum?id=rJl-b3RcF7

[64] E. T. Jaynes and R. D. Rosenkrantz, E.T. Jaynes : papers on probability, statistics, and
statistical physics. D. Reidel ; Sold and distributed in the U.S.A. and Canada by Kluwer
Boston Dordrecht, Holland ; Boston : Hingham, MA, 1983.

[65] I. Csiszar et al., “Why least squares and maximum entropy? an axiomatic approach to inference
for linear inverse problems,” The annals of statistics, vol. 19, no. 4, pp. 2032–2066, 1991.

[66] F. Topsøe, “Information-theoretical optimization techniques,” Kybernetika, vol. 15, no. 1, pp.
8–27, 1979. [Online]. Available: http://www.kybernetika.cz/content/1979/1/8

[67] P. Walley, Statistical Reasoning with Imprecise Probabilities. Chapman & Hall, 1991.
[68] P. D. Grünwald, A. P. Dawid et al., “Game theory, maximum entropy, minimum discrepancy

and robust bayesian decision theory,” the Annals of Statistics, vol. 32, no. 4, pp. 1367–1433,
2004.

14

http://papers.nips.cc/paper/7204-spectrally-normalized-margin-bounds-for-neural-networks
https://doi.org/10.1162/neco.1997.9.1.1
https://openreview.net/forum?id=B1YfAfcgl
https://openreview.net/forum?id=H1oyRlYgg
http://papers.nips.cc/paper/9166-data-dependent-sample-complexity-of-deep-neural-networks-via-lipschitz-augmentation
http://papers.nips.cc/paper/9166-data-dependent-sample-complexity-of-deep-neural-networks-via-lipschitz-augmentation
http://papers.nips.cc/paper/5797-path-sgd-path-normalized-optimization-in-deep-neural-networks
http://papers.nips.cc/paper/5797-path-sgd-path-normalized-optimization-in-deep-neural-networks
https://doi.org/10.1093/biomet/30.1-2.81
https://openreview.net/forum?id=HyhbYrGYe
https://openreview.net/forum?id=HyhbYrGYe
http://proceedings.mlr.press/v40/Neyshabur15.html
https://openreview.net/forum?id=rJl-b3RcF7
http://www.kybernetika.cz/content/1979/1/8


[69] G. R. G. Lanckriet, L. E. Ghaoui, C. Bhattacharyya, and M. I. Jordan, “A robust minimax
approach to classification,” J. Mach. Learn. Res., vol. 3, pp. 555–582, 2002. [Online].
Available: http://jmlr.org/papers/v3/lanckriet02a.html

[70] A. Globerson and N. Tishby, “The minimum information principle for discriminative learning,”
in Proceedings of the 20th conference on Uncertainty in artificial intelligence, ser. UAI ’04.
Banff, Canada: AUAI Press, Jul. 2004, pp. 193–200.

[71] F. Farnia and D. Tse, “A minimax approach to supervised learning,” in Advances in Neural
Information Processing Systems 29: Annual Conference on Neural Information Processing
Systems 2016, December 5-10, 2016, Barcelona, Spain, D. D. Lee, M. Sugiyama, U. von
Luxburg, I. Guyon, and R. Garnett, Eds., 2016, pp. 4233–4241. [Online]. Available:
http://papers.nips.cc/paper/6247-a-minimax-approach-to-supervised-learning

[72] X. Nguyen, M. J. Wainwright, and M. I. Jordan, “Estimating divergence functionals and the
likelihood ratio by convex risk minimization,” IEEE Trans. Inf. Theory, vol. 56, no. 11, pp.
5847–5861, 2010. [Online]. Available: https://doi.org/10.1109/TIT.2010.2068870

[73] H. Drygas, “Sufficiency and completeness in the general gauss-markov model,” Sankhyā: The
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In the following appendices we: (i) Formalize our notation in Appx. A; (ii) State and discuss our
assumptions in Appx. B; (iii) State and prove our theoretical results in Appx. C; (iv) Provide details
for reproducing our results in Appx. D; (v) Provide and discuss additional results that shed light on
many of our design choices Appx. E.

A Notation

Letters that are upper-case non-italic Y, calligraphic Y , and lower-case y, represent, respectively, a
random variable (r.v.), its associated codomain, and a realization of it. When necessary to be explicit,
we will say that Y takes value in (t.v.i.) Y . Conditional distribution will be denoted PY |Z ∈ P(Y|Z),
and the image of z as PY | z ∈ P(Y), where P(Y) denotes the collection of all probability measures
on Y with its σ-algebra and P(Y|Z) := {P : Z → P(Y)} is used as a shorthand. The composition
of a function f with a random variable Z will be denoted f(Z). Expectations will be written as:
Ey∼PY

[y] :=
∫
y dPY. Independence between two r.v.s will be denoted with · ⊥ ·. The indicator

function is denoted as 1[·]. The cardinality of a set is denoted by | · |. The preimage of {x} by
f will be denoted f←({x}). Finally, a hat ·̂ will be used to refer to empirical estimates: (i) Ŷ

is an approximation of Y (so PY, PŶ ∈ P(Y)); (ii) P̂Y denotes an empirical distribution of Y;
(iii) Functionals with expectations taken over empirical distributions inherit the hat (e.g. Ĥ[Y |X]).

Letters X,Z,Y are respectively used to refer to the input, representation and target of a predictive task.
We use Xy,Zy to respectively denote an input and a representations that have the same distribution
as X,Z conditioned on y, i.e., PXy = PX|y and PZy = PZ|y. We denote by V any predictive
family, i.e, V ∈ P(Y|Z) and satisfies the assumptions in Appx. B.2. The largest such set if the
universal predictive family U := P(Y|Z). The probability of y ∈ Y given z ∈ Z as predicted by
a classifier f ∈ V is denoted f [z](y) to distinguish it from the underlying conditional probability
PY|Z(y|z). We are interested in minimizing the expected loss of a classifier f ∈ V , also called risk
R(f,Z) := Ey,x∼PY,X

[
Ez∼PZ | x [S(y, f [z])]

]
. In practice we will be given a training set of M input-

target pairsD i.i.d.∼ PMX,Y, in which case we can estimate the risk using the empirical risk R̂(f,Z;D) :=
1
M

∑
y,x∈D Ez∼PZ | x [S(y, f [z])]. The set of ERMs are denoted as V̂(D) := arg minf∈V R̂(f,Z;D).

Finally, we will denote the best achievable risk for V as R∗(V) := minZ minf∈V R(f,Z).

B Assumptions

B.1 Generic Assumptions

We make a some assumptions throughout our paper to have concise statements. First let us discuss
generic assumptions about the setting we are studying:

At least one example per class We assume that every training set has at least one example per label.
This is generally true in modern ML, where |D| � |Y|. Theorem 1 would not hold without
it, as ERMs could not perform optimally without having examples to learn from.

Logarithmic score We only consider the log loss S(y, f [z]) := − log f [z](y) as it is the most
common scoring rule. Indeed, it is (essentially) the only strictly proper (strictly minimized
by the underlying distribution PY×Z) and local (depending only on predicted probability of
the observed event PY×Z(y|Z)) scoring rule [96], making it computationally attractive. The
framework can likely be extended to any proper scoring rule (e.g. pseudo-likelihood, Brier
score, kernel scoring rule) by considering generalized predictive entropy [34, 68, 97].

Finite sample spaces We restrict ourselves to finite |X |,|Y|,|Z|, so as to avoid the use of measure
theory and axiomatic set theory, which would obscure the main points of the paper. While
this assumption holds in computational ML (due to the use of digital computer or the fact
that we can always restrict the sample spaces to the finite examples seen in our training and
testing set), it is unsatisfactory from a theoretical standpoint and the general case should be
investigated in future work. We conjecture that Theorem 1 extends to the uncountable case.

At least as many representations as labels The sample space of representions is at least as large as
the one for labels: |Z| ≥ |Y|. This holds in practice where there are usually less than a 1000
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possible labels Y while even a single dimensional Z can often (depending on computer) take
232 ≈ 4 ∗ 106 values.

Multi-class classification The sample space of the target is Y = [0, . . . , |Y| − 1].

B.2 Assumptions on Functional Families

Now let us discuss the assumptions that we make about functional families. The following assump-
tions hold for many functional families that are used in practice, including neural networks, logistic
regression, and decision tree classifiers.

Invariance of V to label permutations All predictive families are invariant to permutation, i.e.,
∀V, ∀π : Y → Y , ∀f ∈ V, ∃f ′ ∈ V s.t. ∀z ∈ Z,∀y ∈ Y we have ∀f [z](y) =
f ′[z](π(y)). This holds in practice (neural networks, decision trees, . . . ) as we usually
do not want predictors to depend on the order of labels, e.g. Y = {“cat”, “dog”} or
Y = {“dog”, “cat”}. We use this assumption to simplify the proof of Theorem 1.

Non-empty preimage of labels We consider predictive families that have a non empty preimage for
each label: ∀V , ∃f ∈ V , s.t. ∀y ∈ Y, ∃z ∈ Z we have f [z](y) = 1. This is usually true in
ML. In neural networks, this can be achieved by making the weights of your last layer very
large such that the softmax will give the label a probability of 1 (achieved due to floating
point representation). We use this assumption to show that when the label is deterministic,
R∗(V) = 0.

Arbitrary constant prediction of V We assume that in all functional families there always is a pre-
dictor which predicts any constant output regardless of the input: ∀V, ∀PY ∈ P(Y), ∃f ∈
V s.t. ∀z ∈ Z we have f [z] = PY. This is typically true in classification, when the last
layer parametrizes a categorical distribution. In neural networks this can be achieved by
setting all weights to 0 and then the bias of the last layer (softmax) to the desired values.
Notice that this not true in the general case (regression and countable infinite sample space),
in which case the assumption can be relaxed to optional ignorance as in [23]. We use this
assumption to simplify the definition of V-information in Prop. 5.

Monotonic biasing of V We assume that all functional families are closed under “monotonic biasing
towards a prediction y”. Formally, ∀f ′ ∈ V, ∀y ∈ Y, ∀z ∈ Z, ∀p ∈ [0, 1], ∃g ∈ V
s.t. g[z](y) = p and ∀z′, z′′ ∈ Z,∀y′ ∈ Y we have sign(f ′[z′](y′) − f ′[z′′](y′)) =
sign(g[z′](y′)− g[z′′](y′)). In other words, it is possible to construct a g ∈ V that assigns
to a (single) pair z, y the probability p of your choice and preserves the order — if z, y was
assigned a higher probability than z′, y by f ′ then the same holds for g. Such assumption
holds for neural networks, as it is always possible to construct g by modifying the bias term
of the final softmax layer. This assumption is crucial for the proof of Theorem 1.

B.3 Assumptions for the Theorem

We make an additional assumptions for Theorem 1 and Prop. 2.

Deterministic Labeling We assume that labels are deterministic functions of the data ∃t : X → Y
s.t. Y = t(X). This is generally true in ML datasets where every example is only seen once
and thus every example is given a single label with probability 1. This does not necessarily
hold in the real world. We use this assumption to simplify the proofs, we believe that it is
not necessary for the theorem to hold but should be investigated in future work.

C Theoretical Results and Proofs

C.1 Background

C.1.1 Minimal Sufficient Statistics

In the following, we clarify the link between minimal sufficient statistics [25] and representations
[12, 24] of inputs X. The difference between a representation Z in IB and a statistic T (X), is that
the mapping between the inputs X and the representation Z can be stochastic — specifically a
representation is a statistic of the input and independent noise ε ⊥ X, i.e., Z = T (X, ε). We now
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prove that for (deterministic) statistics, the notion of minimal sufficient representation is equivalent to
that of predictive minimal sufficient statistics [98].

Definition 3 (Minimal Sufficient Representations). A representation Z = T (X, ε) is:

• Sufficient for Y if Z ∈ S := arg maxZ′ I[Y; Z′]

• Minimal Sufficient for Y if Z ∈M := arg minZ′∈S I[X; Z′]

Definition 4 (Sufficient Statistic). A statistic Z = T (X) is predictive sufficient for Y if Y − Z−X
forms a Markov Chain.

Lemma 1 (Equivalence of Sufficiency). Let Z be a statistic T (X) or a representation T (X, ε) of X,
then Z is predictive sufficient for Y by Def. 4 ⇐⇒ Z is sufficient for Y by Def. 3.

Proof. We prove the following for statistics Z = T (X) but the same proof holds for representations
T (X, ε). For both directions we use the fact that for any statistics maxZ′ I[Y; Z′] = I[Y; X]. Indeed,
Y −X− Z constitutes a Markov Chain as Z = T (X). From the data processing inequality (DPI) we
have I[Y; X] ≥ I[Y; Z], where the equality is achieved by using the identity statistic Z = X.

( =⇒ ) Suppose Z is sufficient by Def. 4. Since Z is a statistic we again have I[Y; X] ≥ I[Y; Z]. From
Def. 4, we also have Y − Z−X which implies (DPI) I[Y; Z] ≥ I[Y; X]. Due to the upper and lower
bound we must have I[Y; X] = I[Y; Z], which is equivalent to Def. 3.

(⇐= ) Assume that Z is sufficient by Def. 3. Using the chain rule of information we have

I[Y; Z,X] = I[Y; Z,X]

I[Y; Z] + I[Y; X |Z] = I[Y; X] + I[Y; Z |X]

max
Z′

I[Y; Z′] + I[Y; X |Z] = I[Y; X] + I[Y; Z |X] Def. 3

I[Y; X |Z] = I[Y; Z |X]

I[Y; X |Z] = 0 Y −X− Z

The fourth line comes from arg maxZ′ I[Y; Z′] = I[Y; X]. The last line holds as Z is a statistic of
X. I[Y; X |Z] = 0 implies that Y ⊥ X |Z so Y − Z − X is a Markov Chain, which concludes the
proof.

Definition 5 (Minimal Sufficient Statistic). A sufficient statistic Z is minimal if for any other sufficient
statistic Z′ , there exists a function g such that Z = g(Z′).

Proposition 4 (Equivalence of Minimal Sufficiency). Let Z = T (X) be a (deterministic) statistic,
then Z is minimal (by Def. 5) and sufficient for Y (by Def. 4) ⇐⇒ Z is minimal sufficient by Def. 3.

Proof. From Lemma 1 we know that the sufficiency requirements are equivalent in Def. 5 and Def. 3.
We now need to prove that the minimality requirements are also equivalent.

( =⇒ ) Let Z be minimal by Def. 5, then for all other sufficient Z′ we have the Markov Chain
X− Z′ − Z. From the DPI, I[X; Z] ≤ I[X; Z′]. This completes the first direction of the proof.

( ⇐= ) We will prove it by contrapositive. Suppose Z := T (X) ∈ S is not minimal by Def. 5, i.e.
there exists a sufficient statistic Z′ := T′(X) ∈ S s.t. no function g satisfies T (X) = g(T ′(X)).
Then the binary relation {(T ′(x), T (x)) |x ∈ X} is not univalent, therefore the converse relation
{(T (x), T ′(x)) |x ∈ X} is not injective. As a result, there exists a non injective function g̃ such that
T ′(X) = g̃(T (X)). From the DPI we have I[X; Z′] < I[X; Z] with a strict inequality due to the non
injectivity of g̃. So Z is not minimal by Def. 3, thus concluding the proof.

We emphasize that the second implication ( ⇐= ) does not hold in the case of a representation
Z = T (X, ε). Indeed, Def. 5 is not really meaningful for “stochastic” representations.
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C.1.2 Replacing HV [Y |∅] by H[Y]

Due to our “arbitrary constant prediction of V” assumption, we can replace HV [Y |∅] by H[Y] in Xu
et al.’s [23] definition of V-information.

Proposition 5. For all predictive families V we have HV [Y |∅] = H[Y].

Proof. Denote V∅ ⊂ V the subset of f that satisfy f [x] = f [∅], ∀x ∈ X .

HV [Y |∅] := inf
f∈V

Ez,y∼PZ,Y
[− log f [∅](y)]

= inf
f∈V∅

Ez,y∼PZ,Y
[− log f [∅](y)]

= inf
f∈V∅

Ez,y∼PZ,Y [− log f [z](y)]

= Ey∼PY [− logPY] Properness and Arbitrary Const. Pred.
= H[Y]

The penultimate line uses the properness of the log loss (best unconditional predictor of y is PY) and
our assumption regarding “arbitrary constant prediction”, which implies that there exists f ∈ V s.t.
∀z ∈ Z we have f [z] = PY.

C.2 V-Sufficiency

In this subsection, we prove our claims in Sec. 3.1. First, let us show that HV [Y |Z] is indeed the best
achievable risk for Z.

Lemma 2. For any predictive family V , minf∈V R(f,Z) = HV [Y |Z].

Proof. This directly come from the definition of predictive information:

HV [Y |Z] := inf
f∈V

Ez,y∼PZ,Y
[− log f [z](y)]

= inf
f∈V

Ey∼PY

[
Ez∼PZ|y [− log f [z](y)]

]
= inf
f∈V

Ey∼PY

[
Ex∼PX|y

[
Ez∼PZ|x [− log f [z](y)]

]]
Y −X− Z

= inf
f∈V

Ey,x∼PY,X

[
Ez∼PZ | x [− log f [z](y)]

]
= inf
f∈V

R(f,Z) Def. Risk

= min
f∈V

R(f,Z) Finite Sample Space

Proposition 1 is a trivial corollary of the previous lemma.

Proposition 1. Z is V-sufficient ⇐⇒ there exists f∗ ∈ V whose test loss when predicting from Z
is the best achievable risk, i.e., R(f∗,Z) = minZ minf∈V R(f,Z).

Proof.

SV := arg max
Z

IV [Z→ Y]

= arg max
Z

H[Y]−HV [Y |Z]

= arg min
Z

HV [Y |Z] Const. H[Y]

= arg min
Z

min
f∈V

R(f,Z) Lemma 2
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Let us now show that when the label is deterministic ∀V, R∗(V) = 0. This may be counterintuitive,
but the following proof shows that we are simply shifting the burden of classification from the
classifier to the encoder — which is unconstrained.

Proposition 6. Assume that labels are a deterministic function of the data ∃t : X → Y s.t. Y = t(X),
then for any predictive family V the best achievable risk is minZ minf∈V R(f,Z) = 0.

Proof. First notice that minZ minf∈V R(f,Z) ≥ 0 due to the non-negativity of the log loss. We
show that the inequality is an equality by constructing a representation Z∗ and a f ∈ V such that
R(f,Z∗) = 0. Intuitively, we do so by finding “buckets” of Z that correspond to a certain label and
then having an encoder which essentially classifies each input x to the correct bucket. Formally:

Let f←({y}) := {z ∈ Z s.t. f [z](y) = 1} denote the preimage of a deterministic label by a classifier
f . By the “Non-empty Preimage of Labels” assumption we know that ∀V there exists f ∈ V s.t.
∀y ∈ Y , the preimage is non-empty |f←({y}) | ≥ 0. Let f be one of those predictors. We construct
the desired Z∗ by setting its probability mass function ∀z ∈ Z, x ∈ X as a uniform distribution over
the f preimage of the label of x (deterministic label assumption Y = t(x)) .

PZ∗ |X(z|x) :=

{
1

|f←({t(x)})| if z ∈ f←({t(x)})
0 else

(9)

We now show that the risk R(f,Z∗) is indeed 0:

R(f,Z∗) := Ey,x∼PY,X

[
Ez∼PZ | x [− log f [z](y)]

]
=
∑
y∈Y

∑
x∈X

∑
z∈Z

PY(y)PX |Y(x | y)PZ∗|X(z |x)[− log f [z](y)]

=
∑
y∈Y

∑
x∈X

∑
z∈f←({t(x)})

PY(y)PX |Y(x|y)
− log f [z](y)

|f←({t(x)}) | Eq. (9)

=
∑
y∈Y

 ∑
z∈f←({y})

PY(y)
− log f [z](y)

|f←({y}) |

[∑
x∈X

PX |Y(x|y)

]

=
∑
y∈Y

 ∑
z∈f←({y})

PY(y)
− log 1

|f←({y}) |

 ∗ 1 Def. f

= 0

The fourth line uses y = t(x), thus removing the dependence with X. The penultimate line uses
∀z ∈ f←({y}), f [z](y) = 1 which is the defining property of the selected f .

C.3 Theorem

We will now prove the main result of our paper, namely that any ERM that uses a V-minimal
V-sufficient representation will reach the best achievable test loss.

Theorem. Suppose Y is a deterministic labeling t(X). Let V ∈ P(Y|Z) be a predictive family
satisfying the assumptions in Appx. B.2. Under the assumptions stated in Appx. B.1 , we have that:
if Z is a V-minimal V-sufficient representation of X for Y, then any ERM on any dataset will achieve
the best achievable risk, i.e.

Z ∈MV =⇒ ∀M ≥ |Y|, D i.i.d.∼ PMX,Y, ∀f̂ ∈ V̂(D) we have R(f̂ ,Z) = min
Z

min
f∈V

R(f,Z)

C.3.1 Lemmas for Theorem 1

In this subsection we show three simple lemmas that are useful for proving Theorem 1. First we
show that in the deterministic label setting, V-sufficiency implies that the representaion space can be
partitioned by Y , i.e., the supports of each Zy are non-overlapping.
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Lemma 3. Assume Y is a deterministic labeling t(X). Then Z ∈ SV =⇒ ∀y 6= y′, y, y′ ∈ Y we
have supp(PZ|y) ∩ supp(PZ|y′) = ∅.

Proof. Let us prove it by contrapositive. Namely, we will show supp(PZ|y) ∩ supp(PZ|y′) 6=
∅ =⇒ Z 6∈ SV . supp(PZ|y) ∩ supp(PZ|y′) 6= ∅ implies that ∃y 6= y′ ∈ Y,∃z ∈ Z s.t.
PZ|Y(z|y′) 6= 0 and PZ|Y(z|y) 6= 0. Using Bayes rule (and the fact that PY has support for
all labels), that means PY|Z(y′|z) 6= 0 and PY|Z(y|z) 6= 0 so ∃y ∈ Y s.t. PY|Z(y′|z) = 1.
Due to the finite sample space assumption and monotonicity of V predictive entropy, this implies
0 < H[Y |Z] = HU [Y |Z] ≤ HV [Y |Z]. From Prop. 6 we conclude that Z 6∈ SV as desired.

We now show the simple fact that, if some classifier achieves zero test loss then being an ERM is
equivalent to achieving zero training loss.

Lemma 4. Let D i.i.d.∼ PMX,Y be a training dataset. Suppose ∃f ∈ V s.t. R(f,Z) = 0, then:
f̂ ∈ V̂∗(D) ⇐⇒ R̂(f̂ ,Z;D) = 0.

Proof. As R(f,Z) is an expectation of a non-negative discrete r.v., it is equal to zero if and only if
∀z ∈ supp(Z), ∀y ∈ supp(PY|Z) we have log f [z](y) = 0. R̂(f,Z;D) is also a weighted average
(discrete expectation) of log f [z](y) = 0 over a subset of the previous support ẑ ∈ supp(Ẑ) ⊆
supp(Z), ∀ŷ ∈ supp(Ŷ) ⊆ supp(Y) so we conclude that R̂(f,Z;D) = 0. As the minimal
training loss is always zero and the risk cannot be less than zero (non negativity of log loss and
finite sample space) the definition of ERMs becomes V̂(D) := arg minf∈V R̂(f,Z;D) = {f ∈
V s.t. R̂(f,Z;D) = 0} as desired.

A representation is V-minimal V-sufficient if and only if it has no V-information with any of the
terms in any y decomposition of X.

Lemma 5. Assume Y is a deterministic labeling t(X), then:

∀Z ∈MV ⇐⇒ Z ∈ SV and ∀y ∈ Y,∀N ∈ Dec(X, y) we have IV [Zy → N] = 0.

Proof.
( ⇐= ) Due to the non negativity of V-information, we have ∀Z′ ∈ SV , 0 = IV [Zy → N] ≤
IV
[
Z′y → N

]
so Z reaches the minimal achievable value in each term and thus also on their expectation

IV [Z→ Dec(X,Y)] = 0. We thus conclude that Z ∈MV := arg minZ∈SV IV [Z→ Dec(X,Y)] .

( =⇒ ) Let us show that there is at least one Z ∈MV s.t. ∀y ∈ Y,∀N ∈ Dec(X, y), IV [Zy → N] =
0, from which we will conclude that they all have to satisfy the previous property in order to
minimize IV [Z→ Dec(X,Y)] . Let us consider Z∗ as defined in Eq. (9). Notice that PZ∗y |Xy (z|x) =

1
|f←({t(x)})| = 1

|f←({y})| = PZ∗y
(zy), where the last equality comes from the fact that zy is associated

with a single label y. An other way of saying it, is that Xy − y − Z∗y forms a Markov Chain, but
y is a constant. We thus conclude ∀y ∈ Y Z∗y ⊥ Xy. By definition of y decomposition of X
(Eq. (6)), we also know that ∀N ∈ Dec(X, y), ∃t′ : X → Y s.t. N = t′(Xy), from which we
conclude that Z∗y ⊥ N. Due to the independence property of V-information, we have ∀y ∈ Y ,
∀N ∈ Dec(X, y), IV [Zy → N] = 0 as desired. As we found one Z∗ ∈MV s.t. this is true, it must be
for all Z ∈ MV . Indeed, due to the positivity property it is the only way of reaching the minimal
IV [Z→ Dec(X,Y)] = 0.

C.3.2 Proof Intuition

The main difficulty in the proof is that V-minimality removes information using deterministic labeling
while the predictors f ∈ V are probabilistic.10 As a result the proof is relatively long, here is a rough
outline:

10 If both the labeling and predictors had been deterministic, the proof would be very simple and would
go as follows: assume f is not optimal on test performance, show that the labels Ŷ predicted by f and are in
Dec(X, y), conclude that Z does not minimize Dec(X, y) as it perfectly predicts Ŷ by construction.
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Figure 5: Intuition behind the construction of g ∈ V in the proof of Theorem 1. The plot schematically
represents the all the representationsZy associated with a label y = 1. The representationsZty (green)
are associated with training examples, Zey (yellow) are associated with test / evaluation examples, Zcy
(blue) are those that yield correct predictions of y = 1 by f ′, Zwy (orange) are those that yield wrong
predictions of y = 1 by f ′.

1. As the theorem is about all ERMs, use a proof by contrapositive to only talk about a single
ERM f ′ that performs optimally on train but not on test.

2. Construct a random variable Ñ which labels train examples as 1 and test as 0. Show that
Ñ ∈ Dec(X, y).

3. Using the “monotonic biasing of V” assumption, construct g ∈ V from f ′ ∈ V by monoton-
ically biasing the predictions towards the “test” label Ñ = 0 s.t. g[z](0) = PÑ(0) for every
representation z(c) that are perfectly labelled by f ′ (as shown in blue in Fig. 5).

4. Show that g predicts Ñ better than the marginal distribution PÑ for representations z(w) that
are not perfectly labelled by f ′ (as shown in orange in Fig. 5), while predicting as well as
PÑ for z(c). Conclude that g predicts Ñ better than PÑ.

5. Show that the previous point entails IV

[
Z→ Ñ

]
6= 0. Conclude by Lemma 5 that Z 6∈ MV

as desired.

C.3.3 Formal Proof

Proof. If Z ∈ MV is V-minimal V-sufficient then by definition it is also V-sufficient, we thus
restrict our discussion to V-sufficient representations. As Z is V-sufficient, ∃f ∈ V s.t. R(f,Z) =
minZ minf∈V R(f,Z) = 0. The first equality comes from Prop. 1. The second equality comes
from Prop. 6 and the deterministic assumption Y = t(X). As there is some function f with risk
R(f,Z) = 0, Lemma 4 tells us that being an ERM is equivalent to having zero empirical risk
f̂ ∈ V̂(D) ⇐⇒ R̂(f̂ ,Z;D) = 0. We thus only need to prove that V-minimality implies that every
function with zero empirical risk will get zero actual risk, i.e., they all generalize: Z ∈ MV =⇒
∀D i.i.d.∼ PMX,Y, ∀f ∈ V s.t. R̂(f,Z;D) = 0 will achieve R(f,Z) = 0.

We will prove this statement by contrapositive, namely that the existence of a predictor with 0
empirical risk but larger actual risk implies that the representation is not V-minimal: ∃D i.i.d.∼ PMX,Y,∃f ′
s.t. R̂(f ′,Z;D) = 0 ∧ R(f ′,Z) > 0 =⇒ Z 6∈ MV . For ease of notation let us assume that we are
in a binary classification setting |Y| = 2. We will later show how to reduce the multi-classification
setting to the binary one.

Let f ′ be a function with R̂(f ′,Z;D) = 0 ∧ R(f ′,Z) > 0. As the risk is positive, there must
be some label ∃y ∈ Y s.t. when predicting from examples labeled as y the expected loss will be
positive Ry(f ′,Z) := Ex∼PX |Y

[
Ez∼PZ |X [− log f ′[z](y)]

]
> 0. Due to the deterministic labeling

assumption and Lemma 3, we can study one single such label y without considering any other label
y′ ∈ Y (neither the examples nor the representations interact between labels). Without loss of
generality — due to the invariance of V to label permutations — let us assume that this label is y = 1.

Let X ty be the set of examples (associated with y) seen during training and X ey = Xy \ X ty those only

during test (eval). Let Zwy := {z(w)
y ∈ Zy|f ′[zy](y) 6= 1} be the representations who are (wrongly)
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not predicted y by f ′ with a probability of 1. Let Zcy := Zy \ Zwy be the set of representations that
are (correctly) labeled y by f ′ with a probability of 1. Notice that both these sets are non empty
|Zwy | > 0 and |Zcy| > 0 because respectively Ry(f ′,Z) > 0 and R̂y(f ′,Z,D) = 0.

Let Ñ := 1[Xy ∈ X ty ] be a binary “selector” of training examples. Notice that Ñ ∈ Dec(X, y), as

1[· ∈ X ty ] is a deterministic function from Xy → Y . We want to show that HV

[
Ñ |Zy

]
< H

[
Ñ
]
. To

do so we have to find a function g whose risk when predicting Ñ is smaller than the entropy H
[
Ñ
]
.

Notice that f ′ is close to being the desirable g, but not quite. 11

We construct the desired g by starting with f ′ and monotonically increasing the probability of
predicting Ñ = 0 s.t. ∀z(c) ∈ Zcy we have g[z(c)] = PÑ as seen in Fig. 5. Specifically, from the
“monotonic biasing of V” we know that for f ′ ∈ V , y = 0, some z(c) ∈ Zcy , and p = PÑ there exists
g ∈ V s.t. g[z(c)](0) = PÑ(0) and ∀z′, z′′ ∈ Z,∀y′ ∈ Y we have sign(f ′[z′](y′) − f ′[z′′](y′)) =

sign(g[z′](y′) − g[z′′](y′)). Notice that ∀z̃(c) ∈ Zcy we have g[z](0) = PÑ(0) due to the ordering
requirement of monotonic biasing. Indeed, we have just shown that this is true for one such zc

and by construction ∀z̃(c) ∈ Zcy we have sign(f ′[z(c)](0) − f ′[z̃(c)](0)) = sign(0 − 0) = 0

so 0 = sign(g[z(c)](0) − g[z̃(c)](0)) = sign(PÑ(0) − g[z̃(c)](0)) from which we conclude that
g[z̃(c)](0) = PÑ(0) and g[z̃(c)](1) = PÑ(1) as we are in a binary setting.

Due to ordering requirement of monotonic biasing ∀z(w) ∈ Zwy we have g[z(w)](0) > PÑ(0) as
seen in Fig. 5. Indeed, ∀z(w) ∈ Zwy we have f ′[z(w)](0) > 0 by construction (f ′[z(w)](1) 6= 1)
so by the ordering requirement sign(f ′[z(c)](0) − f ′[z(w)](0)) = sign(−f ′[z(w)](0)) = −1 =
sign(g[z(c)](0)−g[z(w)](0)) = sign(PÑ(0)−g[z(w)](0)) from which we conclude that g[z(w)](0) >
PÑ(0).

In other words, g predicts training examples Ñ = 0 in the same way as PÑ but testing examples

better than PÑ. From here it should be clear that HV

[
Ñ |Zy

]
< H

[
Ñ
]
, which we prove below for

completeness.

I
[
Zy → Ñ

]
:= H

[
Ñ
]
−HV

[
Ñ |Zy

]
= sup
f∈V

Ex,n,z∼PXy,Ñ,Zy

[
log

f [z](n)

PÑ(n)

]
≥ Ex,n,z∼PXy,Ñ,Zy

[
log

g[z](n)

PÑ(n)

]
Use g

= Ex,n∼PXy,Ñ

∑
z∈Zcy

PZy |Xy (z|x) log
g[z](n)

PÑ(n)


+ Ex,n∼PXy,Ñ

 ∑
z∈Zwy

PZy |Xy (z|x) log
g[z](n)

PÑ(n)

 Zcy := Zy \ Zwy

= 0 + Ex,n∼PXy,Ñ

 ∑
z∈Zwy

PZy |Xy (z|x) log
g[z](n)

PÑ(n)

 ∀z ∈ Zcy, g[z] = PÑ(n)

=
∑
x∈X ty

∑
z∈Zwy

PZy,Xy (z, x) log
g[z](1)

PÑ(1)

11Indeed, by construction f ′ predicts perfectly the training examples Ñ = 1, because R̂y(f
′,Z,D) = 0 for

y = 1. Unfortunately, its risk when predicting Ñ is not always smaller than H
[
Ñ
]
. For example, f ′ would

incur infinite loss if some test examples x ∈ X ey was encoded to some some Zcy because f ′ would predict that it
comes from the training set with probability of 1.
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+
∑
x∈X ey

∑
z∈Zwy

PZy,Xy (z, x) log
g(z)[0]

PÑ(0)
Def. Ñ and X ey = Xy \ X ty

= 0 +
∑
x∈X ey

∑
z∈Zwy

PZy,Xy (z, x) log
g(z)[0]

PÑ(0)
R̂(f ′,Z;D) = 0

> 0 ∀z ∈ Zwy , g[z](0) > PÑ(0)

Where the penultimate line comes form the fact that all train example x ∈ X ty must get encoded to

some z ∈ Zcy as the empirical risk of f ′ is 0. We conclude that I
[
Zy → Ñ

]
6= 0, so by Lemma 5,

Z 6∈ MV which concludes the proof for the binary case.

For the multi-classification setting, the same proof holds by taking f ′ and effectively reducing it to a
binary classifier. This is possible by starting from f ′ and monotonically biasing it to construct f ′binary
which predicts with zero probability for all but two labels y, y′ ∈ Y . One of those labels (say y) has to
be the correct label (to ensure that f ′binary still reaches 0 empirical risk), while the other y′ can be any
label s.t. ∃z ∈ Zy with f ′[z](y′) 6= 0. Such a y′ always exists as the risk of f ′ is not 0. Due to the
monotonic biasing, ∀z ∈ Zy we have f ′binary[z](y) ≥ f ′[z](y) and f ′binary[z](y′) ≥ f ′[z](y′). As a
result f ′binary still reaches 0 empirical risk but non zero actual risk, it can thus be used to construct
the desired g as before.

C.4 V-minimal V-sufficient Properties

In this section we prove Prop. 2. We first show that universal sufficient representation corresponds to
the subset of sufficient representations that t.v.i. in the domain of predictors in U .

Lemma 6 (Recoverability of sufficiency). Let U be the universal family, then SU = S ∩ Z

Proof. In the following we abuse notation by using Z ∈ Z to denote that Z t.v.i. Z . Let us denote Ω =⋃Z as the set of all possible finite sample spaces. From the recoverability property of V-information,
we know that IU [Z→ Y] = I[Y; Z] so arg maxZ∈Z IU [Z→ Y] = arg maxZ∈Z I[Y; Z]. Suppose
that S ∩ Z is non empty, then S ∩ Z = (arg maxZ∈Ω I[Y; Z]) ∩ Z = arg maxZ∈Z I[Y; Z] = SU as
desired. To show that S ∩ Z is indeed non empty, notice that one can effectively learn the sufficient
representation Z = Y due to the assumption |Y| ≤ |Z| (when |Y| < |Z|, restrict the support to
Y).

Let us characterize the set of minimal sufficient representations in terms of independence.

Lemma 7 (Characterization of Minimal Sufficient Representations). Suppose Y is a deterministic
labeling t(X), then the set of minimal sufficient representationsM correspond to {Z ∈ S| Z ⊥
X|Y }.

Proof.

M := arg min
Z∈S

I[X; Z]

= arg min
Z∈S

I[X; Z] + I[Z; Y|X] Y −X− Z

= arg min
Z∈S

I[X,Y; Z] Chain Rule

= arg min
Z∈S

I[X; Z|Y] + I[Z; Y] Chain Rule

= arg min
Z∈S

I[X; Z|Y] Sufficiency

The last line uses the fact that I[Z; Y] is a constant as the optimization is contrained to sufficient Z ∈ S .
Notice that I[X; Z|Y] ≥ 0 and we know that it can reach zero when the labels are deterministic, for
example with Z = Y. SoM = {Z ∈ S| I[Y; Z|Y] = 0} = {Z ∈ S| Z ⊥ X|Y } which concludes
the proof.

26



Similarly, let us characterize U-minimal U-sufficient representations in terms of independence.

Lemma 8 (Characterization of U -Minimal U -Sufficient Representations). Suppose Y is a determin-
istic labeling t(X), then U-minimal U-sufficient representationsMU correspond to {Z ∈ SU | ∀y ∈
Y,∀N ∈ Dec(X, y), Z ⊥ N }

Proof. Because of Lemma 5, ∀y ∈ Y,∀N ∈ Dec(X, y) we have IV [Zy → N] = 0. As U -information
recovers MI that means N ⊥ Zy. SoMU = {Z ∈ SU | ∀y ∈ Y,∀N ∈ Dec(X, y), Z ⊥ N } as
desired.

Lemma 9 (Monotonicity of V-information). Let V ⊆ V+ be two predictive families, then ∀Z t.v.i Z
and ∀Y t.v.i. Y we have IV+ [Z→ Y] ≤ IV [Z→ Y].

Proof. Let us start from the monotonicity of the predictive entropy [23], which comes directly from
the fact that we are optimizing over a larger functional family:

HG [Y|Z] ≥ HG [Y|Z] Monotonicity V-ent.
H[Y]−HG [Y|Z] ≤ H[Y]−HG [Y|Z]

IG [Z→ Y] ≤ IV [Z→ Y] Prop. 5

Proposition 2. Let V ⊆ V+ be two families and U the universal one. If labels are deterministic:

• Recoverability The set of U-minimal U-sufficient representations corresponds to the mini-
mal sufficient representations that t.v.i. in the domain of U , i.e.,MU =M∩Z .

• Monotonicity V+-minimal V-sufficient representations are V-minimal V-sufficient, i.e.,
arg maxZ∈SV IV+ [Z→ Dec(X,Y)] ⊆MV .

• Characterization Z ∈MV ⇐⇒ Z ∈ SV and IV [Z→ Dec(X,Y)] = 0.

• Existence At least one U -minimal U -sufficient representation always exists, i.e., |MV | > 0.

Proof.

Existence In Eq. (9) we show how to construct such a Z ∈MV .

Characterization As IV [Z→ Dec(X,Y)] is an average over a non negative (positivity of V-
information) IV [Zy → N] it is equal to zero if and only if all the terms are zero:
IV [Z→ Dec(X,Y)] = 0 ⇐⇒ ∀y ∈ Y, ∀N ∈ Dec(X, y) we have IV [Zy → N] = 0.
We conclude the proof using Lemma 5.

Monotonicty Following the same steps as the proof in ( =⇒ ) of Lemma 5, we get that V+-minimal
V-sufficient representation implies ∀y ∈ Y,∀N ∈ Dec(X, y) we have IV+ [Zy → N] =
0. Using the monotonocity of V-information in our setting (Lemma 9) we have 0 =
IV+ [Zy → N] ≤ IV [Zy → N]. As V-information is always positive, we conclude that
∀y ∈ Y,∀N ∈ Dec(X, y), IV [Zy → N] = 0. By Lemma 5, we conclude that Z is V-
minimal V-sufficient as desired.

Recoverability Using Lemma 6 we know that SU = S ∩ Z so the domain of optimization for
minimality and U-minimality is the same. Using Lemma 7 and Lemma 8 we only need to
show that ∀Z ∈ SU we have Z ⊥ X|Y ⇐⇒ ∀y ∈ Y, ∀N ∈ Dec(X, y) we have N ⊥ Zy.
As a reminder, Zy and Xy have distribution PXy = PX|y , PZy = PZ|y and PXy,Zy = PX,Z|y
by definition.

( =⇒ ) Starting from minimality Z ⊥ X|Y so ∀y ∈ Y we have PXy,Zy = PX,Z|y =
PX|y ∗ PZ|y = PXy ∗ PZy from which we conclude that Zy ⊥ Xy. As N = t′(Xy), for all
N ∈ Dec(X, y) we have Zy ⊥ N as desired.
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( ⇐= ) Let us prove it by contrapositive. I.e. we show that Z 6⊥ X|Y =⇒ ∃y ∈
Y,∃N ∈ Dec(X, y) s.t. N 6⊥ Zy. As Z 6⊥ X|Y then ∃x̃ ∈ X , ỹ ∈ Y s.t. PZ|X,Y(· | x̃, ỹ) 6=
PZ|Y(· | ỹ). Let us define Ñ = 1[Xỹ = x̃ỹ], as 1[Xỹ = ·] is a deterministic function from
X → Y , we have Ñ ∈ Dec(X, ỹ). Then:

PZỹ|Ñ(· | 1) = PZỹ|Xỹ (· | x̃ỹ) Def. Ñ

= PZ|X,Y(· | x̃, ỹ) Def. Zỹ

6= PZ|Y(· | ỹ) Def. x̃, ỹ

= PZỹ Def. Zỹ

As PZỹ|Ñ(· | 1) 6= PZỹ we conclude that ∃ỹ ∈ Y,∃N ∈ Dec(X, ỹ) s.t. N 6⊥ Zỹ as desired.

Corollary 1. Suppose Y is a deterministic labeling t(X). Let U be the universal predictive family.
Under the assumptions stated in Appx. B.1, we have that: if Z is a minimal sufficient representation
of X for Y that t.v.i. Z , then any ERM on any dataset will achieve zero risk, i.e.

Z ∈M∩Z =⇒ ∀M ≥ |Y|, D i.i.d.∼ PMX,Y, ∀f̂ ∈ Û(D) we have R(f̂ ,Z) = 0

Proof. First notice that U is unconstrained and thus satisfies the assumptions in Appx. B.2. As a result,
Theorem 1 tells us that Z ∈ MU =⇒ ∀M ≥ |Y|, D i.i.d.∼ PMX,Y, ∀f̂ ∈ Û(D) we have R(f̂ ,Z) =

minZ minf∈U R(f,Z). Because the labeling is deterministic we have by Prop. 6 that the best
achievable risk is minZ minf∈U R(f,Z) = 0. From the recoverability property of V-minimality
and V-sufficiency (Prop. 2) we haveM∩ Z = MU so Z ∈ MU ⇐⇒ Z ∈ MU =⇒ ∀M ≥
|Y|, D i.i.d.∼ PMX,Y, ∀f̂ ∈ Û(D) we have R(f̂ ,Z) = minZ minf∈U R(f,Z) = 0 as desired.

C.5 Estimation Bounds

In this section we will prove and formalize Prop. 3, namely that L̂DIB(D) estimates LDIB with
PAC-style guarantees. First, let us formalize LDIB and L̂DIB(D) described respectively in Eq. (8) and
Fig. 2a. For simplicity, in the following we will use TDec(X, y) := {t |N = t(X), ∀N ∈ Dec(X, y)}
to denote the labeling that gave rise to Dec(X, y). For notational convenience we use the following
shorthands throughout this section:

HZ
V [T (Xy)] :=

1

|Dec(X, y)|
∑

t∈TDec(X,y)

HV [t(Xy) |Zy] (10)

ĤZ
V [Y] := inf

f∈V

1

|D|
∑
x,y∈D

− log f [z ∼ PZ|x](y) (11)

ĤZ
V [t(Xy)] := inf

f∈V

1

|Dy|
∑
x∈Dy

− log f [z ∼ PZ|x](t(x)) (12)

ĤZ
V [T (Xy)] :=

1

K

∑
t∈TDec(X,y;K)

ĤZ
V [t(Xy)] (13)

Definition 6 (DIB). Let β ∈ R>0 be a hyper-parameter controlling the importance of V-minimality.
The β-DIB criterion for the encoder PZ|X and predictions of Y from X is:

LDIB(X,Y, PZ|X;β) := − IV [Z→ Y] + β ∗ IV [Z→ Dec(X,Y)]

= −H[Y] + HV [Y |Z]

+
∑
y∈Y

β

|Y|
∑

t∈TDec(X,y)

(H[t(Xy)]−HV [t(Xy) |Zy] )

= (const) + HV [Y |Z]−
∑
y∈Y

β

|Y|
∑

t∈TDec(X,y)

HV [t(Xy) |Zy]
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= (const) + inf
f∈V

Ex,y∼PX,Y

[
Ez∼PZ | x [− log f [z](y)]

]
−

∑
y∈Y

β

|Dec(X, y)||Y|

∑
t∈TDec(X,y)

inf
f∈V

Ex∼PX|y

[
Ez∼PZ | x [− log f [z](t(x))]

]
= (const) + HV [Y |Z]− β

|Y| H
Z
V [T (Xy)]

Where (const) does not depend on PZ|X .

The empirical DIB is very similar but: (i) uses D to estimate all expectations over PX,Y; (ii) uses a
single sample from Bob’s encoder z ∼ PZ | x; (iii) estimates the average over t ∈ TDec(X, y) using
K samples TDec(X, y;K) := {ti}Ki=1 where ∀i = 1, . . . ,K, ti ∼ Unif(TDec(X, y)) .

Definition 7 (Empirical DIB). Let β ∈ R>0 be a hyper-parameter controlling the importance of
V-minimality,D i.i.d.∼ PMX,Y be a training set of M i.i.d. input-output pairs (x, y), and K ∈ N>0 denote
the number of r.v. to sample from each y decomposition of X. The empirical (under D,K) β-DIB
criterion for the encoder PZ|X and predictions of Y from X is:

L̂DIB(D, PZ|X;β,K) := (const) + inf
f∈V

1

M

∑
x,y∈D

− log f [z ∼ PZ|x](y)

−

∑
y∈Y

β

K|Y||Dy|
∑

t∈TDec(X,y;K)

inf
f∈V

∑
x∈Dy

− log f [z ∼ PZ|x](t(x))


= (const) + ĤZ

V [Y]− β

|Y| Ĥ
Z
V [T (Xy)]

Where we use z ∼ PZ|x to denote that z is one sample from PZ|x, (const) is the same constant as in
Def. 6 , and Dy := {x | (x, y) ∈ D} is the subset of input examples labeled y.

Prop. 3 says that despite the previous approximations, L̂DIB(D, PZ|X;β,K) still inherits V-
information’s PAC estimation guarantees. More formally:

Proposition 7 (PAC Estimation Guarantees). Let RM (log ◦V) denote the M -samples Rademacher
complexity of log ◦V := {g | g(z, y) = log f [z](y),∀f ∈ V}, X,Y,Z be r.v.s, D i.i.d.∼ PMX,Y be a
dataset of M i.i.d. input-output pairs (x, y), β ∈ R>0, and K ∈ N>0. Assume that ∀f ∈ V, ∀z ∈
Z, ∀y ∈ Y we have | log f [z](y)| ≤ C, then for any δ ∈]0, 1[, with probability at least 1− δ we have
that the estimation error12 err := |LDIB(X,Y, PZ|X;β)− L̂DIB(D, PZ|X;β,K)| is bounded by:

err ≤ 2RM (log ◦V) + β log |Y|+ C

√
2 log 1

δ

M
(14)

In order to prove Prop. 7, we need two key lemmas, one for PAC-estimation guarantees of the
V-sufficiency term and the other for estimation bounds of the V-minimality term.

C.5.1 Lemmas for Estimation Bounds

The estimation guarantees that we will use for the V-sufficiency term essentially comes from Lemma
3 of Xu et al. [23], which we state here with a slight modification to incorporate the sampling from
an encoder.

Lemma 10 (Estimation error V-sufficiency; Lemma 3 of Xu et al. [23]). Let D i.i.d.∼ PMX,Y be a dataset
of M input-output pairs. Assume that ∀f ∈ V, ∀z ∈ Z, ∀y ∈ Y we have | log f [z](y)| ≤ C, then

12Up to terms that are constant in PZ|X. We can provide similar guarantees when incorporating these constants
due to Lemma 4 of Xu et al.’s [23] but there is no reason to estimate these constants in our framework.
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for any δ ∈]0, 1[, with probability at least 1− δ, we have:∣∣∣HV [Y |Z]− ĤZ
V [Y]

∣∣∣ ≤ RM (log ◦V) + C

√
2 log 1

δ

M
(15)

Proof. For the bulk of the proof, we refer the reader to the proof in Xu et al. [23] which uses
the standard Rademacher machinery (McDiarmid’s inequality and a symmetrization argument for
Rademacher random variables) to prove that with probability at least 1− δ, we have:∣∣∣HV [Y |Z]− inf

f∈V

1

|D|
∑

z,y∈Dz,y

− log f [z](y)
∣∣∣ ≤ RM (log ◦V) + C

√
2 log 1

δ

M

The only difference with Eq. (15) is that the dataset Dz,y consist of i.i.d. samples from PZ,Y, while
ourD consists of samples from PX,Y. Sampling a pair (x, y) ∼ PX,Y and then a single from z ∈ PZ|x
is nevertheless equivalent to sampling directly from (x, y, z) ∼ PX,Y,Z so x, y ∈ D and z ∼ PZ|x in
Eq. (11) can be replaced by z, y ∈ Dz,y to get the desired Eq. (15).

We now provide a bound on the error of the V-minimality.

Lemma 11 (Estimation error V-minimality). D i.i.d.∼ PMX,Y be a dataset of M i.i.d. input-output pairs
(x, y), β ∈ R>0, and K ∈ N>0. We have:

β

|Y|
∑
y∈Y
|HZ
V [T (Xy)]− ĤZ

V [T (Xy)] | ≤ β log |Y| (16)

Proof. Suppose that at y = arg maxy∈Y(HZ
V [T (Xy)] − ĤZ

V [T (Xy)]) we have HZ
V [T (Xy)] >

ĤZ
V [T (Xy)] then:

errMin :=
β

|Y|
∑
y∈Y
|HZ
V [T (Xy)]− ĤZ

V [T (Xy)] |

≤ βmax
y∈Y
|HZ
V [T (Xy)]− ĤZ

V [T (Xy)] | Max > Mean

= βmax
y∈Y

(HZ
V [T (Xy)]− ĤZ

V [T (Xy)]) Assumption

≤ βmax
y∈Y

HZ
V [T (Xy)] Non negativity

= βmax
y∈Y

1

|Dec(X, y)|
∑

t∈TDec(X,y)

HV [t(Xy) |Zy] Eq. (10)

≤ βmax
y∈Y

max
t∈TDec(X,y)

HV [t(Xy) |Zy] Max > Mean

= βmax
y∈Y

max
t∈TDec(X,y)

inf
f∈V

Ex∼PX|y

[
Ez∼PZ | x [− log f [z](t(x))]

]
Def.

≤ βmax
y∈Y

max
t∈TDec(X,y)

Ex∼PX|y

[
Ez∼PZ | x

[
− logPt(Xy)(t(x))

]]
f [·] = Pt(Xy)

= βmax
y∈Y

max
t∈TDec(X,y)

Ex∼PX|y

[
− logPt(Xy)(t(x))

]
E[const]

≤ βmax
y∈Y

max
t∈TDec(X,y)

log Ex∼PX|y

[
1

Pt(Xy)(t(x))

]
Jensen’s Ineq.

≤ βmax
y∈Y

max
t∈TDec(X,y)

log

|Y|∑
n=1

PN(n)
1

PN(n)
t(Xy) = N

= βmax
y∈Y

max
t∈TDec(X,y)

log |Y|

= β log |Y|
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The fourth line uses the non-negativity of V-entropy in the finite sample setting which can be
shown using the non-negativity of entropy and the monotonicity of V-entropy. The fact that ∃f ∈
V, s.t. ∀z ∈ Z we have f [z] = Pt(Xy) comes from the arbitrary biasing assumption of V . The third
to last line uses the fact that t(Xy) t.v.i. the co-domain of t which is Y .

In the above we assumed that HZ
V [T (Xy)] > ĤZ

V [T (Xy)] at the arg max y. When HZ
V [T (Xy)] ≤

ĤZ
V [T (Xy)], we have:

errMin ≤ βmax
y∈Y
|HZ
V [T (Xy)]− ĤZ

V [T (Xy)] | Max > Mean

= βmax
y∈Y

(HZ
V [T (Xy)]− ĤZ

V [T (Xy)]) Assumption

≤ βmax
y∈Y

ĤZ
V [T (Xy)] Non negativity

= β log |Y|

Where we get the last line by applying the same steps as before to bound ĤZ
V [T (Xy)] instead of

HZ
V [T (Xy)].

Note that the latter bound is loose and is not a PAC-style bound. To derive a tighter PAC-style
bound one can use the fact that each HV [t(Xy) |Zy] term in HZ

V [T (Xy)] is C√
M

-sub-Gaussian due
to Lemma 10. We do not provide such bounds as the current looser bounds are more succinct and
sufficient to show that LDIB is easier to estimate than LIB with finite samples.

C.5.2 Proof for Estimation Bounds

We are now ready to prove Prop. 7

Proof. Due to the triangular inequality the error is:

err :=
∣∣∣LDIB(X,Y, PZ|X;β)− L̂DIB(D, PZ|X;β,K)

∣∣∣
=
∣∣∣(const)− (const) + HV [Y |Z]− ĤZ

V [Y]− β

|Y|
∑
y∈Y

(
HZ
V [T (Xy)]− ĤZ

V [T (Xy)]
)∣∣∣

≤ |0|+
∣∣∣HV [Y |Z]− ĤZ

V [Y]
∣∣∣+

β

|Y|
∑
y∈Y

∣∣∣HZ
V [T (Xy)]− ĤZ

V [T (Xy)]
∣∣∣ (17)

We can now compute the probability of not being approximately correct:

PAC := P

err > 2RM (log ◦V) + β log |Y|+ C

√
2 log 1

δ

M


≤ P

(∣∣∣HV [Y |Z]− ĤZ
V [Y]

∣∣∣+
β

|Y|
∑
y∈Y

∣∣∣HZ
V [T (Xy)]− ĤZ

V [T (Xy)]
∣∣∣

> 2RM (log ◦V) + β log |Y|+ C

√
2 log 1

δ

M

)
Eq. (17)

≤ P

(∣∣∣HV [Y |Z]− ĤZ
V [Y]

∣∣∣ > 2RM (log ◦V) + C

√
2 log 1

δ

M
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∨

 β

|Y|
∑
y∈Y

∣∣∣HZ
V [T (Xy)]− ĤZ

V [T (Xy)]
∣∣∣ > β log |Y|

)

≤ P

(∣∣∣HV [Y |Z]− ĤZ
V [Y]

∣∣∣ > 2RM (log ◦V) + C

√
2 log 1

δ

M

)

+ P

(
β

|Y|
∑
y∈Y

∣∣∣HZ
V [T (Xy)]− ĤZ

V [T (Xy)]
∣∣∣ > β log |Y|

)
Union Bound

≤ δ + 0 Lemma 10 and Lemma 11

So, as desired, the probability of being approximately correct is:

P

err ≤ 2RM (log ◦V) + β log |Y|+ C

√
2 log 1

δ

M

 = 1− PAC = 1− δ

D Reproducibility

In this section we provide further details of the hyperparameters chosen for the various experiments
in the main text. Unless stated otherwise, all the models are trained for 300 epochs, using Adam [99]
as the optimizer, a learning rate of 5e-5, a batch-size of 256, without data augmentation, and using 5
and 3 random seeds respectively for experiments in the main text and appendices. We checkpoint and
use the model which achieves the smallest training loss for evaluation.13 Activation functions are
ReLU(·) = max(·, 0) while other unspecified parameters are PyTorch [100] defaults.

D.1 V-Minimality V-Sufficiency

Bob’s encoder is a neural network which maps the input X to a mean µz and standard devia-
tion σz used to parametrize a multivariate normal distribution with diagonal Gaussian: PZ|X =
N (Z;µz, softplus(σz)), where softplus(·) = log(1 + exp(·)). During training we sample a single
z ∼ PZ|X, while we sample 12 during evaluation (as done in VIB [19]). 14 The representation
then goes through a batch normalization layer without trainable parameters (setting the mean to 0
and standard deviation to 1), which ensures that the representation cannot diverge as discussed in
Appx. E.3.

The encoder is trained using two losses which are weighted by a hyperparameter β, L̂DIB(D) =
LVsuff − βLVmin:

• V-sufficiency LVsuff. The representation z goes through a head of architecture V . The last
layer of this head goes through a softmax to parametrize a distribution over of labels, i.e.,
f [z](y) corresponds to the yth neuron in that layer. The resulting loss LVsuff is the standard
cross entropy. We then back-propagate to jointly minimize the loss with respect to the head
and the encoder.

• V-minimality LVmin. In addition to being used for LVsuff, the representation z is used as
input to V-minimality heads that each predict a different N ∈ Dec(X, y) in the same way
as how the V-sufficiency head predicts the label Y. We get each N using Algorithm 1, i.e.,
assigning each example x ∈ X some index and then performing base |Y| expansion (see
Appx. E.5). For the case of CIFAR10 this corresponds to: (i) assigning each image some
index between 0 and the number of examples (∼ 6000); (ii) having 4 nuisance labels N

13Notice that we use a small learning rate, a large number of epochs, and checkpoint based on training loss
because we are interested in studying the generalization ability of a model depending solely on the criterion
being optimized over.

14Contrary to VIB, DIB does not require the use of an encoder that parameterizes a Gaussian distribution. We
use a Gaussian to make it more comparable to VIB.
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corresponding to each digit of the new index, e.g., the cat number 627 will have N1 = 0,
N2 = 6, N3 = 2, N4 = 7.
Each V-minimality head predicts the corresponding N. Having to treat every example
differently based on their underlying label y (“for loop” in Fig. 2a) is not amenable to batch
GPU training, which assumes that every example in a batch is treated the same way. We thus
use the same predictor for a set {Dec(X, y)}y∈Y (see Appx. E.6), i.e., instead of having one
predictor for Dec(X, cat) and another for Dec(X, dog) where representations are z ∼ Zy
(as shown in Appx. D) we use a single head to predict both Dec(X, cat),Dec(X, dog) using
representations z ∈ Z from cats or dogs as inputs. By taking an average over the loss of each
head we get the LVmin term of Fig. 2a. Throughout the paper we unroll the optimization of
V-minimality heads for 5 steps, i.e., for every batch LVmin) is minimized by V-minimality
heads while the encoder maximizes it. We show in Appx. E.2 that, as seen in Fig. 2b, DIB
can perform similarly well with joint gradient ascent descent — by reversing gradients
which is more efficient and easier to implement.

Once the encoder is trained, we can train Alice’s classifier by:

• Standard (Avg, ERM). We freeze the trained encoder and use the representations as inputs
to Alices head of architecture V . Alice then trains her classifier by minimizing the usual
cross-entropy.

• Worst ERM. In some cases we want to explicitly find a Classifier from Alice that will
perform well on train but bad on test. To do so, we optimize arg minf∈V R̂(f,Z;D)− 0.1 ∗
R(f,Z) (see Appx. E.7), which corresponds to minimizing the training cross-entropy while
directly maximizing the test cross-entropy.

Finally, Alice’s classifier is then evaluated by its test log loss (risk).

D.1.1 V-Sufficiency

For the V-Sufficiency experiments (Sec. 4.1), we use a ResNet18 for Bob’s encoder and a single-
hidden layer MLP for Alice with varying width (see Appx. E.1 for details and justification). For
Fig. 3a we use a 2 dimensional Z and odd-even classification of CIFAR100. For Fig. 3b we use a 8
dimensional Z and full CIFAR100. The encoder is trained to be VBob-sufficient and so we do do not
use LVmin. Alice uses an architecture VAlice and is trained using standard cross-entropy. To support
Prop. 1 we want to show that V-sufficient representations are optimal when Bob and Alice have
access to the entire underlying distribution. As a result, we evaluate Alice’s classifier on the training
set.

D.1.2 V-Minimality V-Sufficiency

For the V-minimality experiments (Sec. 4.2), our goal is to show that if Bob trains V-minimal V-
sufficient representations, any ERM trained by Alice will perform well on test (supporting Theorem 1).

Since our theory does not impose any limitation on the possible representations Z, we need an encoder
that is very flexible and as close as possible to a universal function approximator. Thus, we use a large
MLP with three hidden layers each with 2048 hidden units, for a total of around 21M parameters.
Furthermore, we use a 1024 dimensional Z in order to avoid constraints arising from a dimensionality
bottleneck rather than from the criterion that Bob uses to train Z. Alice’s predictive family V is a
single hidden layer MLP with 128 hidden units.

For Fig. 4a and Fig. 4b (Effect of DIB on generalization), we use the CIFAR10 dataset, and train Al-
ice’s classifier in the “Worst ERM” setting. The same holds for Fig. 4c, but uses the CIFAR10+MNIST
dataset (see Appx. D.2). In this case, the Bob’s encoder is still trained using only CIFAR10. Once the
encoder is trained and frozen, we evaluate how well Alice’s (worst) ERM can predict the CIFAR10
labels (as before). In addition, we also train another classifier in V to predict the MNIST labels, using
the same encoder.

For Table 1 (performance of Avg. and worst ERM for different regularizers) we train the encoder
in different ways, and Alice’s classifier in the “Worst ERM” (top row) and “Avg. ERM” (bottom
row) settings. Importantly, each regularizer is used only during Bob’s training, as we are interested to
know how DIB performs compared to other regularizers for representation learning, when the Alice’s
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downstream classifier is an empirical risk minimizer as in our problem formulation (Sec. 2.1). The
regularizers are as follows (we tuned all models): (i) “No Reg.” does not use any regularizer and the
encoder directly outputs the representation z rather than a distribution from which to sample (this is
the only such deterministic encoder in these results); (ii) “Stoch Rep.” does not use any regularizer
but the encoder is the same as the one used in DIB, i.e., it parametrizes a Gaussian distribution from
which 12 z are sampled and the predictions are marginalized over these samples; (iii) “Dropout” uses
50% dropout after every layer in the encoder and is kept when training Alice’s encoder; (iv) “Wt.
Dec.” uses 1e-4 weight decay during Bob’s training; (v) “VIB” uses a KL-divergence “regularizer”
to force the parametrized to be closer to a standard normal distribution (as described in [19]), the
weight of the regularizer β = 1e− 1. (vi) “V−-DIB” uses a one hidden layer MLP with 2 hidden
units (instead of 128) and β = 100. (vii) “V+-DIB” uses a one hidden layer MLP with 8192 hidden
units (instead of 8192) and β = 0.01. (viii) “V-DIB” uses the correct one hidden layer MLP with
128 hidden units and β = 10.

D.2 CIFAR10+MNIST Dataset

We follow Achille and Soatto [20] and overlay MNIST digits on top of CIFAR10 images to create
the CIFAR10+MNIST dataset. Concretely, we pick a CIFAR10 image and on top of it overlay an
MNIST image selected uniformly at random. The code used to generate the dataset as well as some
samples can be found in https://github.com/YannDubs/Overlayed-Datasets.

D.3 Correlation

For the correlation experiments in Sec. 4.3, we largely follow previous work by Jiang et al. [50] in the
sweeps over hyperparameters to get an initial set of models with potentially different generalization
errors.

Let Conv(kernel_size, stride) denote a convolutional layer. The basic block of the convolu-
tional networks consist of (in order): Conv(3, 2, padding=1), BatchNorm, Relu, Conv(1,
1), BatchNorm, Relu, Conv(1,1), Relu, dropout. The final networks consist of one
Conv(1,1),Relu used to set the correct number of channels, followed by “depth” number of
blocks, followed by Conv(1,1) that set the number of channels to the dimensionality of the rep-
resentation, followed by an average pooling over the spatial dimensions. The resulting output is a
(deterministic) representation which will go through an MLP with 2 hidden layers of width 128 to
perform classification.

In order to be comparable to Jiang et al. [50] we sweep over the following hyperparameters: (i) the
learning rate (1e-3, 3e-4, 1e-4); (ii) the batch size (32, 64, 128); (iii) the dropout rate (0, 0.25,
0.5); (iv) the width/channel size (192, 384, 768); (v) the depth/number of blocks (2, 4, 8); (vi) the
dimensionality of the representation (32, 128, 512). We train every models with combination of
these parameters on CIFAR10 and stop once the train log likelihood is better than 0.01 (with a hard
stop at 300 epochs if the model did not reach that threshold by then). The resulting subset of 562
models thus all (approximately) perform equally well on training, which enables to study the effect
of hyperparameters on generalization in isolation without the influence of performance on training
as an indicator for generalization. For each resulting model we compute the difference between
performance on train and test (generalization gap), both in terms of accuracy and log likelihood. We
then compare the rank correlation between the desired measure and the observed generalization gap.

The methods that we compare to are the best performing in each section of Jiang et al. [50], namely:
(i) “Entropy” is the average entropy of the predicted probabilities; (ii) “Path Norm” takes an input of
all ones and passes it through the network where all the parameters are squared and returns the square
root of the sumed logits; (iii) “Var. Grad.” computes the average gradients at the end of training;
(iv) “Sharp. Mag” essentially finds the maximum (relative) perturbation that can be applied to the
weights to get less than 0.1 log likelihood difference. We use 1

α′ version of sharpness magnitude as
described in Jiang et al. [50].

The code of Jiang et al. [50] is not (currently) public but we did our best to follow their work on all
but the following three points: (i) We use an MLP after the CNN, which was used to evaluate V+,V−
minimality as in the rest of the paper, (ii) We do not sweep over the weight decay and optimizer but
instead we vary the size of the representation, to try to incorporate a representation-specific parameter,
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(a) Width (b) Depth

(c) Width and Depth (d) Weight Pruning

Figure 6: Sweeping over functional families. Each plot shows how the complexity of a functional
family (measured by its ability to learn arbitrary CIFAR10 labels from a 2, 16, 1024 dimensional
representation) increases by sweeping over the following properties of an MLP: (a) Width, (b) Depth,
(c) Width and Depth (width = 32∗2depth), (d) Weight Pruning. The results in all panels are averaged
over 3 runs with 95% bootstrap confidence interval.

(iii) our implementation of the sharpness magnitude measures differences in log-likelihood instead of
accuracy. 15

E Additional Experiments

In the rest of the appendices we provide additional experiments and results. Specifically we investigate:
(i) How to obtain meaningful nested predictive families V− ⊂ V ⊂ V+ which we use throughout our
paper (Appx. E.1); (ii) Different methods to deal with the min-max optimization in LDIB (Appx. E.2);
(iii) An important “trick” that helps the min-max optimization of LDIB (Appx. E.3); (iv) The effect
of using Monte Carlo estimation of IV [Z→ Dec(X,Y)] (Appx. E.4); (v) How to improve LDIB

by sampling approximately independent nuisance r.v.s from Dec(X, y) (Appx. E.5); (vi) How to
efficiently implement LDIB for standard GPU batch training (Appx. E.6); (vii) How to obtain an
ERM which performs well on train but bad on test (“Worst ERM”;Appx. E.7); (viii) Whether our
V − sufficiency results in Sec. 4.1 hold across various settings (Appx. E.8); (ix) Why V-sufficiency
is not as important in large networks trained with SGD (Appx. E.9); (x) The effect of β on different
V-minimality terms (Appx. E.10); (xi) The performance of DIB as a standard regularizer (Appx. E.11);
(xii) Whether the degree of V-minimality is correlated with generalization across different neural
networks and datasets (Appx. E.12).
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E.1 Sweeping over Predictive Families

A core set of our experiments involve using nested predictive families V− ⊂ V ⊂ V+. In this
appendix, we study different ways of “sweeping” over functional families, i.e. finding some parameter
s.t. increasing the value it can take k < k′ means increasing the family Vk ⊂ Vk′ . Using neural
networks with varying architectures, we investigate the following possibilities:

Width Sweeping over the width (w = 4k) of a single layer MLP (d = 1).

Depth Sweeping over the depth (d = k) of an MLP (w = 128) 16.

Width and Depth Simultaneously sweeping over the depth (d = k) and width (w = 32 ∗ 2k) of an
MLP.

Weight Pruning Sweeping over the percentage of non-pruned weights (% 6=0 = 2k

28 ) of an MLP
(d = 3,w = 2048). 17

To see whether the aforementioned methods are effective ways of sweeping over functional families,
we analyze their respective complexity by looking at how well they can fit arbitrary labelling, which
was proposed by [37] as a measure of complexity intuitively similar to Rademacher complexity.
Specifically, we train a X − 1024− 1024−Z − 64−Y MLP on CIFAR10, then freeze the encoder
X − 1024− 1024−Z , shuffle the labels PZ×Y = PZ ×PY, and compute the training log likelihood
achieved by the predictive family minf∈V R̂(f,Z;D). We do so for increasing dimensionality
(2,16,1024) of the representations Z.

Figure 6 shows that each of the four aforementioned sweeping methods increases their respective
complexities (besides for two dimensional representations which appears constant). Sweeping only
over depth does not appear to significantly increase the complexity of the functional family 18.
Sweeping over weight pruning fraction is a very effective method to increase the functional family.
Sweeping over the width and depth together is also very effective to increase the complexity of the
family, but we found that in some experiments the deepest MLPs were too difficult to optimize.
Sweeping over the width of the MLP increases the complexity significantly. This last method is
simple and effective, so we decided to use it as the sweeping method in the main text.

E.2 Min-Max Optimization

As mentioned in Sec. 3.3, optimizing the DIB involves a min-max procedure that is hard to optimize.
In all our experiments, we optimize over Z by using variants of stochastic gradient descent (SGD) to
learn the parameters of the encoder and thus require the gradient of the DIB objective Eq. (8) with
respect to the encoding model’s parameters. To see where the issues arise, we show how to compute
the gradients ∂

∂ZLDIB
19:

∂

∂Z
LDIB = − ∂

∂Z
IV [Z→ Y] +

∂

∂Z
β ∗ IV [Z→ Dec(X,Y)]

= − ∂

∂Z
IV [Z→ Y]

+
∂

∂Z

∑
y∈Y

β

|Y| ∗ |Dec(X, y)|
∑

N∈Dec(X,y)

IV [Zy → N]

15We initially only wanted to consider generalization in terms of log-likelihood since our theory only talks
about log-likelihood. For this reason, the correlation of sharpness magnitude in Table 2 is lower than in Jiang
Jiang et al. [50], which is why we also transcribe their results.

16We also tried with a width of 32 but the differences due to depth was surprisingly less pronounced there.
17To implement that, we start with a usual MLP and then prune recursively 50% of the weights. The

recursiveness ensures that every weight which were previously pruned will also be pruned in the next round.
18This is likely because the sweeping interval [1, . . . , 5] is quite small. When using a larger sweeping interval,

the optimization was harder, often yielding smaller randomized log likelihood.
19We use the notation ∂

∂Z
LDIB to denote ∂

∂θ
LDIB where Z = encoderθ(X, ε), ε ∼ U(0, 1). In other words

the encoder will take some noise ε and some input x and will output a representation z, we are interested in the
parameters of that encoder.
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Figure 7: Effect of taking multiple inner optimization steps (over V) on Alice’s generalization gap
during the min-max optimization in DIB. The left figure shows the gap when higher order gradients
are computed through the unrolled internal optimization. The right figure is a baseline showing the
result of taking the same number of internal optimization steps but not tracking gradients through the
internal optimization. An inner optimization of 0 means joint optimization using gradient reversing.

= − ∂

∂Z
H[Y] +

∂

∂Z
HV [Y |Z]

+
∑
y∈Y

β′
∑

N∈Dec(X,y)

(
∂

∂Z
H[Y]− ∂

∂Z
HV [N |Zy])

=
∂

∂Z
min
f∈V

R(Y)(f,Z)−
∑
y∈Y

β′
∑

N∈Dec(X,y)

∂

∂Z
min
f∈V

R(N)(f,Z) Lemma 2

=

 ∂

∂Z
min
f∈V

R(Y)(f,Z) +
∑
y∈Y

β′
∑

N∈Dec(X,y)

∂

∂Z
max
f∈V

R(N)(f,Z)

 (18)

Where we used R(Y) and R(N) to make it explicit that the risk terms are for different predictions.
For the first term in Eq. (18), we follow the de facto method of computing gradients, i.e., to treat
the problem simply as joint optimization over Z and V . Complications arise, however, because the
V-minimality term involves a maximization, thus giving rise to a min (over the encoding) - max (over
classifiers) optimization. There exist at least three ways of estimating such gradients:

Exact Assuming that we can perform the inner optimization exactly f∗Y = arg minf∈V R(Y)(f,Z)

and f∗N = arg maxf∈V R(N)(f,Z), then we we know by the Envelop theorem [101] that the
gradients are simply:

∂

∂Z
R(Y)(f∗Y,Z) + β′

∑
y∈Y

∑
N∈Dec(X,y)

∂

∂Z
R(Y)(f∗N,Z)

This exact method is very restrictive, as we can essentially only find the optimal functions if
we add strong restrictions on V (e.g. linear classifiers).

Joint Optimization One could disregard the issues that arise from min-max optimization and
optimize everything jointly. This can easily be implemented by reversing the sign (sometimes
referred to as a gradient reversal layer [102]). This is what we show in Fig. 2b. Note that
there are no guarantees of convergence, even to a local minimum.

Unrolling Optimization A third possibility consists in “unrolling” the inner optimization [39, 103–
105] by taking a few SGD steps in the internal optimization loop (over the functions f ) and
computing the gradients with respect to the Z. Note that there are again no guarantees of
converging even to a local minimum. Nevertheless, the gradients are better estimates of the
true gradients than in the joint case. A key hyper-parameter then becomes the number of
inner optimization steps to perform for each Z update.
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(a) Absolute Value of Mean of Z (b) Standard Deviation of Z

Figure 8: Consequences of not performing the internal optimization to convergence on (a) the average
(across batches) absolute value of the mean of Z; (b) the average (across batches) of the standard
deviation of Z. In both cases we plot “DIB Free”, which consists of the naive DIB, and “DIB” which
uses our batch normalization solution.

We experimented with the three aforementioned approaches to estimating the gradients. While
preliminary results suggested that the “Exact” method is, unsurprisingly, better than the two other
methods, we did not want to restrict the function families and thus opted for the other two approaches.
In the following, we compare two performance of the other methods that do not necessitate any
restriction on V . For all of experiments, we employ an additional trick that arises due to the inner
optimization not being run until convergence (see Appx. E.3).

Figure 7 shows the effect of the number of inner optimization steps on Alice’s generalization. We see
that she achieves best performance by either joint optimization (which is noted as 0 inner optimization
steps) or unrolling optimization with multiple inner optimization steps. Although it is not clear from
Fig. 7 using 5 inner optimization steps is significantly better than performing joint optimization.
Indeed, at the best β (β = 10 for 5 inner steps, and β = 1000 for joint optimization) taking 5 inner
steps gives an average test log likelihood of−1.56±0.03 against−1.65±0.00 for joint optimization.
We also see that increasing the number of steps results in an objective which appears more robust to
the choice of β. This comes, however, at the cost of increased computational complexity. Throughout
the paper we use five inner optimization steps, but note that for larger problems, it would be advisable
to use joint optimization in order to decrease the computational complexity.

E.3 Diverging Representation from Min-Max

As discussed in Appx. E.2, the DIB objective requires a minimax optimization, which we solve using
5 steps of inner optimization. A major issue that arises from with this approach is that the encoder
can “cheat” because the inner optimization is not done until convergence. As a result the encoder can
learn representations Z that are highly variable such that the decoder f ∈ V , which tries to predict N,
cannot adapt quickly enough.

To solve this issue we pass the sampled representations through a batch normalization layer [106] but
without trainable hyper-parameters, i.e. we normalize each batch of representations to have a mean
of zero and a variance of one. As this is simply a rescaling, it could easily be learned by any f ∈ V if
the inner optimization were performed until convergence (it does not modify V). Nevertheless, it
does give much better results since it ensures that the encoder learns a meaningful representation,
rather than taking advantage of the limited number of steps in the internal maximization. Note that
the encoder has many more parameters than the classifier, allowing it to alter the representation such
that the classifier cannot “keep up”. Figure 8 shows that without this “trick” the mean and standard
deviation in fact diverges as β increases (labeled DIB Free). This is solved by the normalization trick
(labeled DIB), which we use throughout the paper.
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(a) Generalization Gap

(b) Terms in DIB

Figure 9: Effect of number of Monte Carlo Samples on (a) the worst case generalization gap; (b) the
terms estimated by DIB. In both (a) and (b) the left plot show [4, 12, 20] Monte Carlo samples per
label. The right plot (labeled DIB Same) is a baseline that always has four Monte Carlo samples, but
uses [1, 3, 5] predictors with different decoders with different initializations each predicting the same
N (for a total of [4, 12, 20] predictors as in the left plots). All other hyperparameters are the same as
for Fig. 4.

E.4 Monte Carlo Estimation of IV [Z→ Dec(X,Y)]

Optimizing DIB involves the task of minimizing IV [Z→ Dec(X,Y)] , which requires (Eq. (7))

computing an average over all Y decompositions of X — of which there are |Y|
|X|
|Y|+1. As a result,

even though the V-information terms are sample efficient (due to the estimation bounds given in
[23]), estimating it directly is not computationally efficient. To estimate the IV [Z→ Dec(X,Y)] in a
computationally efficient manner, we thus perform a Monte Carlo estimation of the average (corre-
sponding to random_choice in Fig. 2a). In this section we show that in practice, we only require a
very small number of Monte Carlo samples, allowing DIB to be implemented in a computationally
efficient manner.

Figure 9 shows the result of using a different number of Monte Carlo samples (4, 12, or 20 r.v.s N
per label y). All other hyperparameters are identical to those used in Fig. 4. In order to ensure that
the gains come from sampling different Ns rather than from using a larger number of predictors, we
also trained a model (labeled “DIB Same”) which always uses four N labelings multiple predictors
per labeling to match the total number of different predictors. For example, “DIB Same” with 20
predictors corresponds to sampling four N and then having 5 predictors (different initializations) per
N that each try to predict the same arbitrary labels N. Indeed, increasing the number of predictors
(even with the same N) might help as each will converge to a different local minimum. We see that
increasing the number of predictors does seem to have an effect on DIB, but the number of Monte
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Input :All possible inputs X , labels Y associated with each X , all possible labels Y
Output :A matrix N, where the ith column is the value of Ni for the corresponding X
indices← zeros(|X |)
Ns← zeros(|X |, dlog|Y|(|X |)e − 2)
for y ∈ Y do

idcs[Y == y]← range(0, len(Y == y))
end
for i← 0 to |X | do

Ns[i,:] ← base |Y| expansion of idcs[i]
end

Algorithm 1: Y decomposition of X through base expansion

(a) Generalization Gap (b) Terms in DIB

Figure 10: Effect of using Base |Y| expansion (labeled “DIB”) vs. randomly selecting N from the set
of Y decompositions of X (labeled “DIB Random”) on (a) the worst case generalization gap; (b) the
terms estimated by DIB. All other hyper-parameters are the same as for Fig. 4.

Carlo estimates does not seem to change much compared with using more predictors. Interestingly,
the best test log likelihood comes from using the fewest number of predictors.

This finding that the number of Monte Carlo samples has little effect on DIB might seem surprising

as we only use four instead of the |Y|
|X|
|Y|+1 ≈ 10000 different N. But it is important to notice that

many of these Y decompositions of X are redundant (i.e. they contain the same V-information).
For example, due to the invariance of V to permutations, minimizing IV [Z→ N] also minimizes
IV [Z→ πN ], for all permutations π on Y . Generally speaking, the larger the functional family V ,
the more that N ∈ Dec(X, y) will be redundant in that minimizing the V-information with respect to
some subset of N will also minimize the V-information of a different subset of N ∈ Dec(X, y).

E.5 y Decomposition of X Through Base Expansion

In the main paper and Appx. E.4, we discussed how estimate to estimate IV [Z→ Dec(X,Y)] by
uniformly sampling N ∈ Dec(X, y). As previously mentioned, many N ∈ Dec(X, y) will actually
be redundant and have the same V-information. It thus makes sense to only using Ns which are
(approximately) mutually independent so as to minimize redundancies. We do so by assigning to
each Xy a certain index and then computing the base |Y| expansion of that index. For example,
in the case of binary cat-dog classification, we would assign some index to all cats and have N be
the binary expansion of that index. Using base |Y| indexing gives a set {Ni}i of dlog|Y| |X | − 2e
elements, which ensures that (i) each of the N is a deterministic function from Xy → Y and thus
part of Dec(X, y); (ii) each of the N are (approximately) uncorrelated and thus will not be redundant.
The algorithm to compute the set of N from which we estimate IV [Z→ Dec(X,Y)] is described in
Algorithm 1.

Figure 10 shows the effect of using the y decomposition of X through base |Y| expansion, instead
of randomly sampling labels N ∈ Dec(X, y). We see that although differences are not large, the
base expansion is better. At the optimal β = 10, using base |Y| expansion gives a test log likelihood

40



R
eal labeling

CatDog Dog Cat

...

BA B A

...3

1

2
Encoder

01 1 1

...

...

Every possible binary labeling

Reverse
Gradients

Classifier

Cats and 
Dogs

...

K

4
...

(a) DIB for Batch Training

(b) Generalization Gap

Figure 11: (a) Schematic illustration of using the predictor / V-minimality head for a set
{Dec(X, y)}y∈Y which is more amenable to batch training than the standard way of one predictor /
V-minimality head for each Dec(X, y) shown in Fig. 2b. (b) Effect on Alice’s log likelihood when
sharing the predictors (labeled “DIB Shared Pred.”) compared to no sharing (labeled “DIB.”).

of −1.41± 0.05 vs. −1.66± 0.09. Note that the base |Y| expansion does not incur any additional
computational costs nor does it have any other drawbacks that we know about.

E.6 Sharing Predictors of {Dec(X, y)}y∈Y for Batch Training

In Eq. (7) we see that every example has to be treated differently depending on its underlying label
y ∈ Y . Indeed, Dec(X, y) depends on the underlying label y. In practice this means having a “for
loop” over y ∈ Y (see Fig. 2) and using a different V-minimality head for each Dec(X, y). This
makes DIB hard to take advantage of the standard batch GPU training, where all examples in a batch
are assumed to go through the same predictor regardless of their underlying label. Here we investigate
whether DIB can be modified to take advantage of batch training by having a single predictor for a set
of nuisance r.v. {Dec(X, y)}y∈Y as seen in Fig. 11a, i.e. treating all representations z ∼ Z the same
way instead of having to distinguish them based on their underlying label z ∼ Zy . This has the same
under underlying computational complexity, but it has the advantage of being trainable in batches.
Interestingly, Fig. 11b shows that sharing the predicors (“DIB shared Pred.”) reaches a better test
performance in practice. This is probably an artefact of the values β we are sweeping over, but it
nevertless shows that one can perform well by sharing the predictors and this take advantage of batch
training.

E.7 Searching for an ERM That Does Not Generalize

In Sec. 4.2 we briefly outlined a method to test Theorem 1, which states that all ERMs should
generalize well when trained from V-minimal V-sufficient representations. In other words, no ERM
should have a non-zero generalization gap. Since we can only approximate V-minimal V-sufficient
representations, our aim is to show that no ERM predicting from such a representation will incur a
large generalization gap. Of course, it is infeasible to train all possible ERMs and then check that
each generalizes well. So instead we directly search for the ERM with the largest generalization gap
(worst case). We expect from Theorem 1 that even this ERM will have a small gap. Specifically, we
want to maximize the test loss under the empirical risk minimization constraint:

arg max
f∈V

R(f,Z)

s.t. R̂(f,Z;D) = min
f∈V

R̂(f,Z;D)
(19)
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Figure 12: Sweeping over γ to find a poorly generalizing ERM. As γ increases, the test performance
decreases without having much effect on the training performance, until approximately γ = 0.1. In
these experiments, Bob learns representations with either joint ERM (labeled ERM) or DIB. Alice
then trains a decoder from Bob’s representation using Eq. 20. Left plot shows results on CIFAR100,
right plot is for our CIFAR10+MNIST dataset.

Using a Lagrangian relaxation of Eq. (19) and flipping the sign, our objective is then:

arg min
f∈V

R̂(f,Z;D)− γR(f,Z) (20)

We thus minimize the training loss as usual while maximizing the test loss times a factor γ. This can
easily be optimized by training on training and test examples, but multiplying all the gradients of test
examples by −γ. Note that this is the same loss used by [107].

In order to find an f that is a poorly generalizing ERM, we sweep over values of γ and select the
largest such that f is (approximately) an ERM. Figure 12 shows that γ = 0.1 seems to be a good
value for both datasets, to ensure that f is approximately an ERM but performs as poorly as possible
on test. We thus use this value for all “worst case” experiments in the paper.

E.8 Optimality of V-Sufficiency in Various Settings

In Fig. 3b we have provided experimental evidence for the optimality of V-sufficient representations
for the considered setting (CIFAR100, 8-dimensional representations, ResNet18). Here we show that
similar conclusions hold for CIFAR100 and SVHN, with 2- or 8-dimensional representations, and
with ResNet18 or X -1024-1024-Z MLP encoders.

Fig. 13 summarizes all the results under various settings. Similarly to Fig. 3b we see that for most
VAlice the empirical optimal representation is recovered by maximizing IV [Z→ Y]. The 3 exceptions
(e.g. SVHN, MLP, 2 dimenional representation, width 2 VAlice) out of the 40 possible VAlice in
each setting are likely due to optimization issues. Notice that the results for SVHN with a ResNet18
encoder show that when the width of VAlice and VBob are both larger, performance becomes less
dependent on VBob. We investigate this phenomenon in the following subsection Appx. E.9.

E.9 The Surprising Effect of Large Neural Families Trained with SGD

Figure 14 shows the same results as Fig. 3 for much larger widths of [4, 16, 64, 256, 1024] instead
of [1, 2, 4, 8, 16]. Figure 14b shows that VBob = VAlice is still optimal but the difference for using
VAlice larger than VBob is much less pronounced and mostly disappears at the largest widths. For
example, the difference in performance when VBob has width 4 and VAlice has width 16 is much
larger than the difference in performance when VBob has width 256 and VAlice has width 1024.

This seems to imply that the larger the functional families, the more similar they become. However,
Figure 14a suggests a simpler explanation. Notice that that when VBob is very large, the representation
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(a) MLP

(b) ResNet18

Figure 13: Optimality of V-sufficiency for different hyperparameters. Both plots show the compara-
tive training performance of VBob-sufficient representations for classifiers in VAlice. As in the main
text, the log likelihood is scaled to lie in the range [0, . . . , 100] for each column. The predictive
families V∗ are single MLPs with varying width. (a) shows X -1024-1024-Z MLP encoders, where
the left and right columns use 2 and 8 dimensional Z, respectively, and the rows are CIFAR100 and
SVHN. (b) is the same as in (a) but with a ResNet18 encoder.
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(a) 2D Visualization

(b) Scaling Up

Figure 14: Optimality of V-sufficiency in larger functional families. Plots are the same as in Fig. 3
but for widths [4, 16, 64, 256, 2014] instead of [1, 2, 4, 8, 16]. Notably, the representations learned by
Bob become nearly linearly decodable for the largest VBob.

that is learned is more linearly decodable. Recall that from Fig. 6 larger functional families are indeed
more powerful, however it seems that once networks are wide enough, SGD favors the learning of
classifiers that are very simple, and thus the functional family does not need to be matched. This
notion echoes the fact that SGD is known to learn simple classifiers first [108].

We emphasize that this behavior does not contradict our theoretical prediction that the optimal setting
for Bob is to set VBob = VAlice. Instead, it simply illustrates that if both Alice and Bob use large
neural networks with standard initialization and train with SGD, the difference in the full expressivity
of the models is not accessed. It is still provably better to use the same family, and we never observe
performance to be less than optimal when the families are chosen to match.

E.10 Effect of β on Different ∗-Minimality Terms

In Fig. 4a and Fig. 4b, we showed the effect of varying the β of Bob’s DIB objective on Alice’s
worst-case performance. We also plotted the estimated value of the individual V-sufficiency and
V-minimality terms. Figure 15 shows the same plot but for different ∗-minimality terms in Bobs
objective, in particular: V-minimality (single-layer MLP with 128 hidden units), V+-minimality
(single-layer MLP with 8192 hidden units), V−-minimality (single-layer MLP with 2 hidden units),
and variational minimality (using VIB’s bound [19]). For each objective, the best (over β) test
performance is transcribed in Table 1.

Figure 15a shows that V+-minimality gives rise to an objective that may be more robust to the choice
of β but also exhibits higher variance (in line with the estimation bounds from [23]). Figure 15b
shows that the representation can be V−-minimal (that is, IV- [Z→ Dec(X,Y)] is close to zero) but
have little effect on the V-sufficiency term (large IV [Z→ Y]).

E.11 V-Minimality as a Regularizer

In the main text, we have seen that minimizing IV [Z→ Dec(X,Y)] is theoretically optimal (Theo-
rem 1) and empirically outperforms other regularizers in our two stage setting (Table 1). It is thus
natural to ask whether IV [Z→ Dec(X,Y)] can also perform well as a regularizer in a standard neural
network setting.

We investigate this question in the same setting as Alemi et al. [19], where the neural network is an
MLP, thus treating the pixels as permutation invariant. We use the same hyperparameters as [19]:
1e-4 learning rate with exponential decay of factor 0.984, Adam optimizer, 200 epochs, trained on the
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(a) Generalization Gap

(b) Terms in DIB (c) Terms in VIB

Figure 15: Effect of β on the worst case generalization gap, as well as the terms estimated by
DIB (using different Vs for the minimality term) and VIB. (a) Train log likelihood and worst case
test log likelihood of the different predictors; (b) Estimated IV [Z→ Y] and IV [Z→ Dec(X,Y)] ,
IV+ [Z→ Dec(X,Y)] , and IV- [Z→ Dec(X,Y)] ; (c) Estimated IV [Z→ Y] and (a variational esti-
mate of) I[Z; X] for VIB [19]. Similarly to Fig. 4 all experiments ran on cifar10 and the results show
the average over 5 runs as well as 95% bootstrap confidence interval.

Table 3: Evaluation of regularizers for permutation invariant classification (test accuracy).
No Reg. Stoch. Rep. Dropout Wt. Dec. VIB DIB

MNIST 98.29± .05 98.33± .04 98.68± .04 98.49± .04 98.63± .04 98.69± .03

CIFAR10MNIST 46.49± .07 47.23± .13 48.86± .17 44.86± .06 46.38± .01 48.07± .10

train and validation set, batch size 100, 256 dimensions for Z, X − 1024− 1024−Z MLP encoder,
logistic regression classifier V . The only known difference being that we do not use exponential
moving average (we did not test with it). We jointly train Bob and Alice (“1 Player, Avg ERM” in
Appx. D.1).

We evaluate the model on MNIST (as done in Alemi et al. [19]) as well as on our CIFAR10+MNIST
dataset. Table 3 compares the test accuracy of DIB with the same regularizers as in Table 1, the only
difference being that all the regularizers are applied both on Bob and Alice (as it is now a single
network trained jointly). For dropout the rate is droping rate 50%, for weight decay it uses a factor of
1e-4, VIB uses β = 1e− 3, DIB uses β = 0.1. We see that DIB performs best along with Dropout
on MNIST, and performs second best after dropout on CIFAR10MNIST.

Although DIB performs well, it does not stand out as much as in the other settings we investigated in
the main paper. We suggest a few potential explanations: (i) As is standard practice, we evaluate on
accuracy, while our theory only speaks to log likelihood performance (although recall that Table 2
does show a strong correlation with accuracy generalization gap); (ii) With standard training methods
(large learning rate and avg ERM), neural networks generalize relatively well without the need for
regularizers, as seen by the strong performance of the stochastic representation baseline in Table 3.
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(iii) Our representations work well for a downstream ERM, they only regularize the model by the
representation. In the single player game setting, other methods (such as dropout) regularize both the
representation and the downstream classifier, which is not discussed in our theory.

E.12 Additional Correlation Experiments

In this section, we expand on the results in Sec. 4.3 in the main paper and show how our approach
compares to our implementation of sharpness (the best generalization measure from [50]) in a setting
with heterogeneous model and dataset choices.

We hypothesize that V-minimality should be a fairly model- and dataset- agnostic measure of gener-
alization. Indeed, IV [Z→ Dec(X,Y)] has the advantage of being a measure in [0, log |Y|], which
is 0 when V-minimal (Prop. 2) and seems to be monotonically decreasing with the generalization
capacity of a model (Table 2).

In order to study this hypothesis we sweep over different hyper-parameters across two datasets
(CIFAR-10 and SVHN) and two models (ResNet18 and a X -2048-2048-2048-Z MLP) each followed
by a Z-128-128-Y MLP, and 5 seeds. The difference with the experiments in the main paper is that
we do not run all possible combination of hyperparemters (computationally prohibitive as we already
have 2*2*5=20 models for each seed,data,architecture) but rather sweep over one hyperparameter at
the time and compute then average rank correlation. Here are the hyperparameters we sweep over:
(i) learning rates (1e-3,1e-4,1e-5,1e-6); (ii) weight decay (1e-6,1e-5,1e-4,1e-3,1e-2,0.1); (iii) dropout
(0.,0.1,0.2,0.3,0.4,0.5,0.6); (iv) Z dimensionality (8,32,128,512,2048). We additionally train a
set of models using VIB with different β values (100,10,1,1e-1,1e-2,1e-3). This gives a total
of 5 ∗ 2 ∗ 2 ∗ (4 + 6 + 7 + 5 + 6) = 560 models, from which we only keep models that reach
a training loss of 0.01. Similar to the main experiment in the paper, we compute the correlation
between the probes and the observed generalization gap, with the difference being that the correlation
is now computed across experiments with both the datasets as well as models while varying only one
hyperparameter at a time.

Table 4: Evaluation of our probe and sharp mag. in settings with different datasets and architectures

W. Dec |Z| VIB Lr Dropout

τloglike.
V 0.67 0.50 0.45 0.62 0.09
Sharp Mag. 0.05 −0.27 −0.16 0.09 −0.36

τacc.
V 0.63 0.52 0.49 0.56 0.06
Sharp Mag. −0.03 −0.09 −0.03 0.29 −0.19

Table 4 shows the performance of IV [Z→ Dec(X,Y)] probe compared to sharpness (the best
performing baseline in Table 2). We observe that our approach is significantly better correlated
than sharpness, both in terms of generalization in terms of accuracy as well as log-likelihood. This
seems to support that V-minimality gracefully handles different datasets and model architectures,
providing reliable estimates of generalization across the spectrum. In contrast, we see that the
sharpness magnitude cannot be used to predict well generalization when sweeping over datasets and
architectures. This suggests that the intuitive idea behind IV [Z→ Dec(X,Y)] (considering how easy
it is to decode the training examples from a representation using the correct functional family) is
useful and robust to predict generalization.
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