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Abstract

Selective classification allows a machine learning model to reject some hard inputs
and thus improve the reliability of its predictions. In this area, the ensemble method
is powerful in practice, but there has been no solid analysis on why the ensemble
method works. Inspired by an interesting empirical result that the improvement
of the ensemble largely comes from fop-ambiguity samples where its member
models diverge, we prove that, based on some assumptions, the ensemble has a
lower selective risk than the member model for any coverage within a range. The
proof is nontrivial since the selective risk is a non-convex function of the model
prediction. The assumptions and the theoretical results are supported by systematic
experiments on both computer vision and natural language processing tasks.

1 Introduction

Although recent years have witnessed the broad applications of deep learning models, their reliability
has not been guaranteed, which gives rise to the study of selective classification. For any given deep
learning classifier, there might be inputs that the model is not able to classify correctly in practical
applications. One approach to overcoming this problem is accurately delimiting the deep learning
classifier’s application scope so that the classifier rejects to predict over those hard inputs.

To this end, selective classification aims to learn a pair of models consisting of a standard classifier
and a selective function that decides whether the system should reject the input. Since the classifier is
well studied, the study of selective classification focuses on the design of the selective function. A
selective function is usually a confidence estimator with a threshold [1]], rejecting the input if and only
if the estimated confidence is below the threshold. There are four categories of confidence estimation
methods: post-hoc methods [12} 3], Bayesian methods [4} 5} 6], learning-based methods [[7, 18} 9} [10],
and ensemble methods [[11]]. Details about these methods is provided in Section

Previous work has shown that Deep Ensemble has a good performance in selective classification
[l 1 but no solid analysis explains why the ensemble method works. This paper first proposes a
theoretical foundation of Deep Ensemble, i.e., with some assumptions, the ensemble has a lower
selective risk than the member model for any target coverage within a range. The proof is nontrivial
since the selective risk (with the 0/1 loss) are non-convex. We then verify our assumptions and

"We conducted more comprehensive experiments, showing that Deep Ensemble is still one of the SOTA in
Appendix C.
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theoretical result on both computer vision and natural language processing tasks. In summary, the
contributions of this paper are summarized as follows.

* We show an interesting empirical result that the performance improvement of Deep Ensemble
in terms of selective classification dominantly comes from top-ambiguity samples.

* We are the first to prove that the ensemble has a lower selective risk than the member
model for any target coverage within a range based on several reasonable assumptions. Our
assumptions and analysis results are verified by systematic experiments on the tasks of
image classification and text classification.

2 Preliminary

A selective classifier comprises a standard classifier and a selective function. Considering a standard
classification problem, X is a feature space, Y = {1, 2, ..., K} is a finite label set, and a classifier is a
function the maps X to Y. A labeled dataset D = {(x;, yz)}iil C X x Y is independently sampled
from an identical distribution D. Our goal is to learn a selective classifier (f, g), where f is a standard
classifier, and g : X — {0, 1} is a selective function that estimates the correctness of f’s prediction.
Given input z, the output of selective classifier (f, g) is

o) = Ik L= 1)

reject, if g(x)

The goal of selective classifiers is to minimize the selective risk subject to a given target coverage.
The coverage of (f, g) is defined to be the probability of (f, g) not rejecting the input, i.e., ¢(f, g) :
E(z,y)~plg(x)]. The selective risk of (f, g) is the risk of f conditioned on g(z) = 1,1i.e., R(f,g) :
E(,)~pl(f(2),)9(2)]/Ezy)~p(9(z)), where £ : ¥ x Y — Ris a given loss function. Typically,
¢ is the 0/1 loss [11 [7, 18] 9]. Based on these definitions, the objective of selective classifiers is
formalized as

Hflign R(f7 g)’ s.t. ¢(fa g) Z Ctarget,

where ciger 15 the target coverage. Note that the above objective is evaluated only on in-distribution
samples, i.e., samples independently drawn the same distribution of the training data, excluding
samples with distribution shifts — also known as OOD samples [12].

The selective function is usually realized by a confidence estimator x : X — R with a confidence
threshold t: g(x) = 1,(;)>¢, wWhere 1 is the indicator function [1]]. In this case, we denote the
selective classifier as (f, x;t). As the threshold ¢ controls the coverage, a fixed (f, <) can be fitted to
different target coverages (with different confidence thresholds). Thus, (f, )’s performance can be
evaluated under multiple different coverages, raising metrics such as risk-coverage curve (RC curve)
[1] and the Area Under the Risk-Coverage curve (AURC) [10]. The RC curve of (f, k) is a plot of
(f, k)’s selective risks against its coverages, which depicts the entire performance profile of (f, x).
A lower risk-coverage curve suggests a better selective classifier. The AURC is a more concise and
comprehensive metric. Similar to the RC curve, a lower AURC suggests a better selective classifier.

This paper focuses on analyzing the selective risk of Deep Ensemble [11], which is defined as
follows. To obtain a Deep Ensemble ( fz, ki), M member models are trained in parallel with random
initialization of their parameters and random shuffling of the data points. Assume that each member

classifier provides a predictive probability distribution 7, = (7}, ..., 7%), 1 < m < M and predicts
fm(z) = argmaxi<p<k 7¥ . Then Deep Ensemble is a uniformly-weighted soft voting of member

models: wp(z) = 4 Zf\g:l (), and its confidence estimator is () = maxy 75 ().

3 Related Work

Selective Classification. A selective function usually relies on a confidence estimator. To realize
the confidence estimator, four approaches has been investigated by previous work. 1. Post-hoc
methods, including Softmax Response (SR) [2]] and Trust Score [3]]. SR leverages the classifier’s
maximum class probability (MCP) as the confidence score. Trust Score considers both the distance
from the sample to the predicted class and the distance from the sample to another nearest class,
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using their ratio as the confidence score. 2. Bayesian methods. MC-Dropout is an easy-to-use
Bayesian methods [5]], which samples the classifier’s parameters through Dropout [13]]. Specifically,
MC-Droput enables the dropout layer of the classifier at test time, then runs multiple forwards passes,
and finally uses the minus variance of the maximum activation of the classifier’s softmax layer as the
confidence score. A shortcoming of MC-Dropout is its high time cost at test time. 3. Learning-based
methods. There are two categories of learning-based methods: 1. using MCP as the confidence
score and only modifying the standard classifier’s loss function, including OSP [14], and Reg-curr
[LO]; 2. modifying both the architecture and the loss function of the classifier, including SelectiveNet
[7, Gambler [8], ConfidNet [[15], and SAT [9]. SAT is the SOTA selective classifier in terms of
non-ensemble methods, which adds an extra class to the classifier as a reject option and proposes
a loss function to train the classifier and the confidence estimator simultaneously. 4. Ensemble
Methods. Deep Ensemble is a vanilla classifiers’ ensemble combined by soft voting and equipped
with an MCP confidence estimator [[11], which has achieved the SOTA in uncertainty estimation.
Considering the heavy computational overhead of the ensemble, [16}[17] reduced the ensemble’s
time consumption by ensemble distillation techniques that distill the ensemble’s knowledge into an
individual model with the ensemble’s diversity retained.

Analyses of Ensemble Methods. Ensemble methods combine multiple individual models to improve
machine learning models’ predictive performances (see [[L8] for a review). The error-ambiguity
decomposition has been proposed to explain the better performance of the ensemble in regression
tasks [[19]]. However, for classification tasks, there is no such simple and elegant analysis, since the
evaluation metrics are non-convex [20]. Thus, the corresponding analysis for classification tasks needs
additional assumptions, e.g., unbiased, uncorrelated, and identically distributed estimation errors
for the posterior probability distribution [21} [22]]. Nevertheless, these assumptions are impractical
[22]. In terms of metrics other than 0-1 loss, [23]] uses the entropy of the predictive distribution as
uncertainty, deriving the decomposition of data uncertainty and knowledge uncertainty of ensembles.
Several other works [24} 25! 26] also discuss different forms of ensemble performance decomposition
for metrics other than 0-1 loss. Despite these advances in analyzing ensembles, the analysis of the
selective risk of the ensemble remains under-explored.

Other related topic of selective classification include Out-Of-Distribution Detection (OOD De-
tection) and Calibration, which along with selective classification are subdomains of uncertainty
estimation [27]]. OOD detection (also known as open set recognition) aims to detect test samples
with semantic distribution shift (e.g., occurrence of new classes) without losing the in-distribution
classification accuracy [12]]. OOD detection and selective classification share the requirement for
in-distribution classification, and their difference lies in their mutually exclusive detection targets: the
former detects misclassified in-distribution samples; while the latter detects samples with semantic
distribution shifts. Calibration tackles the problem of predicting confidence scores that are repre-
sentative of the true correctness probabilities [28]]. Calibration and selective classification focus on
different dimensions of uncertain estimation: calibration focuses on the overall confidence level;
while selective classification focuses on the relative confidence ranking among the samples [10].

4 The Dominant Source of Performance Improvement of Deep Ensemble

Before we analyze the selective risk of Deep Ensemble, we present an experimental result that
helps us to focus on the dominant source of performance improvement of Deep Ensemble. The
experiment is to examine whether the performance improvement of the ensemble dominantly comes

M .
from high-ambiguity samples, where ambiguity is quantified as S = W We conduct

the experiment on datasets CIFAR-10, CIFAR-100 [29], SVHN [30], MRPC [31], MNLI [32], and
QNLI [33] (the details of the datasets and the models are provided in Section [6)). The procedure
of this experiment is as follows. First, we train a member model and an ensemble, and feed them
test data. Second, all test samples are sorted by their ambiguities, and we define samples with
the top-50% ambiguities as high-ambiguity samples and the rest 50% samples as low-ambiguity
samplesﬂ Third, we construct ensembling on high-ambiguity samples, i.e., combining the member
models (ensembling) on high-ambiguity samples and using a member model on low-ambiguity
samples. Mathematically, denoting the median of ambiguities on the dataset as ¢, ensembling on

?To intuitively see how large are the top-50% ambiguities, we plot the distribution of ambiguities on each
dataset in Appendix F.
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Figure 1: The risk-coverage curves of the member model, Deep Ensemble, ensembling on
high-ambiguity samples, and ensembling on low-ambiguity samples on each dataset, where
top/lowest-50%-S ens. represents ensembling on high/low-ambiguity samples.

high-ambiguity samples induces a model f that makes predictions as

Folz) = fe(x), (echoing the prediction of the ensemble) if S(x) > ¢;
BV fm (), (echoing the prediction of a member model), otherwise.

We equate this model with ensembling on high-ambiguity samples in the following. Similarly, we
define ensembling on low-ambiguity samples as combining the member models (ensembling) on
low-ambiguity samples and using a member model on high-ambiguity samples. Finally, we plot
risk-coverage curves of the member model, the ensemble, ensembling on high-ambiguity samples,
and ensembling on low-ambiguity samples.

Figure [T shows the results of these risk-coverage curves. As we can see, on each dataset, the risk-
coverage curve of ensembling on high-ambiguity samples almost coincides with that of the ensemble,
and risk-coverage of ensembling on low-ambiguity samples almost coincides with that of the member
model. This result suggests that ensembling on high-ambiguity samples provides the dominant
performance improvement of the ensemble, while ensembling on low-ambiguity samples provides a
minor performance improvement.

5 Analysis

This section aims to prove that the selective risk of Deep Ensemble is lower than its member models
for any given coverage within a range. If the selective risk is a convex function of member models’
predictive probability distributions, then the definition of the ensemble guarantees that the ensemble’s
selective risk is less than or equal to that of the member model according to Jensen’s inequality.
However, the selective risk is not a convex function of member models’ predictive probability
distributions due to the 0/1 loss. Thus, the definition of the ensemble is not sufficient to prove
the superiority of the ensemble. The same problem exists in the analysis of error rate in standard
classification tasks. To address this problem in classification, three unrealistic assumptions: unbiased
estimation error, identically distributed estimation error, and uncorrelated estimation error have been
proposed [22]. However, we develop other assumptions that are more realistic to make our analysis
practical.

il
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5.1 Intuition

Our first assumption is motivated by the empirical result in Section[d] In the previous experiment, the
samples are divided into two categories: low-ambiguity samples and high-ambiguity samples. The
result shows that low-ambiguity samples bring little performance improvement, but high-ambiguity
samples bring the dominant performance improvement of the ensemble. For the convenience of
theoretical analysis, we approximate these two types of samples as follows: 1. definite samples on
which all member models produce the same predictive probability distribution; 2. ambiguous samples
on which member models produce statistically-dependent predictive probability distributions (but
their joint distribution is unknown).

Based on this assumption, Figure []illustrates the intuition of why ensembling works. Given a target
coverage, the corresponding confidence thresholds of the member model and the ensemble are shown
as the dashed green line and the solid green line, respectively. The solid blue line represents the
PDF of the member’s (as well as the ensemble’s) confidence score over definite samples, and the
dashed/solid red line represents the PDF of the member/ensemble model’s confidence score over
ambiguous samples. Thus, in the upper subfigure, the area under the blue/red line on the right-hand
side of the dashed green line is the probability of the member model accepting (i.e., not rejecting) the
sample given the sample being definite/ambiguous; and a similar result applies to the ensemble in
the lower subfigure. In addition, we assume that the member model is not modest over ambiguous
samples and over definite samples, i.e., the right-hand ends of the dashed red line and blue line are
above the horizontal axis. We can prove that the ensemble prevents high confidence scores (termed
as being modest) over ambiguous samples, i.e, the right-hand end of the solid red line falls on the
horizontal axis. Thus, through ensembling, the PDF over ambiguous samples moves down from the
dashed red curve to the solid red curve when the confidence score is near 1 ( as the red arrows show).
On the contrary, the PDF over definite samples stays the same. Thus, if the target coverage is small
so that the threshold of the member model is near 1, within accepted samples (on the right-hand side
of the dashed green line), the proportion of ambiguous samples drops. The threshold of the ensemble
model also drops to retain the target coverage, but the net effect of these two changes is a lower
proportion of ambiguous samples (or a higher proportion of definite samples) within accepted samples.
In addition, we assume that the error rate of classifiers over definite samples is lower than that over
ambiguous samples. Thus, the selective risk becomes smaller through ensembling given this coverage.

In the following, we first introduce the assump-
tions, then we show that the ensemble is mod-

—mem. on definite samples
- - mem. on ambiguous samples

est over ambiguous samples, which leads to an Member .
P Model
upper bound of ensembles’ selective risk, and vl
. . = -~
finally we prove the superiority of the ensemble & >
model. Z .
= —ens. on definite samples

— ens. on ambiguous samples

Ensemble &

5.2 Assumptions Model 2

This section follows the notations of Section >
Assume that (f,, k) is any member model of UK confidence score 1
(fE, kE), where both &, and xp are MCP con-

A -
fidence estimators, whose outputs are in [, 1]. Figure 2: An illustration of the intuition of our

For the convenience of notation, let R*(tg(and analysis. The upper/lower graph shows the PDF
¢+ (t) denote ([, K;1)’s selective risk and cov-  of the member/ensemble model’s confidence score

erage, respectively; and Rp (t) and ¢p(t) de- qyer ambiguous samples and definite samples.
note (fg, kg;t)’s selective risk and coverage,

respectively, where ¢ is a confidence threshold.

According to the motivation in Section[d] we assume that the whole data distribution comprises two
types of samples: 1. definite samples for which all member models provide the same predictive prob-
ability distribution; 2. ambiguous samples for which member models provide dependent predictive
probability distributions (but their dependency is unknown). Formally, we have

Assumption 1. (Correlation and Diversity Assumption) Let a(x) € {0,1} (or a for short) be
a hidden variable that denotes whether the sample z is ambiguous (¢ = 0/1 indicates a defi-
nite/ambiguous sample). We assume: first, given a = 0, w1 = w3 = --- = 7)s; second, given

q
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a=1,Vke{l,...,K},p(rk, 7k, ... 7% ;|a = 1) is bounded, i.e., always finite, where p denotes
probability density function (PDF).

Assumption[I]depicts both the correlation and the diversity of the ensemble. The existence of definite
samples provides a strong correlation among ensemble members’ predictions, and the existence of
ambiguous samples provides both the correlation and the diversity of the member models’ predictions.
Furthermore, because Assumption [T] does not specify the correlation of ensemble members over
ambiguous samples, this assumption is a relaxation of the uncorrelated-estimation-error assumption
of [21} 22]].

In addition, because ambiguous samples seem more difficult to classify than definite samples, we
assume the member model’s selective risk on ambiguous samples is greater than that on definite
samples:

Assumption 2. (Hardness Assumption) For any member model (f.,x.), we assume
lim; ,1- R.(tla = 1) > limy; ,1- R.(tla = 0), where R.(t|a) is the conditional selective risk
of (f., k«;t) given a, i.e., E(I)y)ND[ly#ﬂ(xﬂa, ki () > t].

Finally, we assume that the member model is not modest over some ambiguous samples and some
definite samples:

Assumption 3. (Confidence Assumption) For any member model (fi, k), we have
lim; ,1- p(k«(z) = tla = 0) > 0and lim;_,1- p(k«(x) =tla=1) > 0.

5.3 The Ensemble is Modest over Ambiguous Samples

According to Assumption [3| the member model is not modest over ambiguous samples. However, we
show that the ensemble is more modest over ambiguous samples (proof is provided in Appendix A):

Lemma 1. Let B := Zszl supyg, 1) p(rk, .7k la = 1). Assumptionimplies vVt € [0,1],
p(kp(x) =tla=1) < MM B(1 — t)M~1, Integrating this inequality, we derive P(rkg(x) > tla =
1) < MM-1B(1 - )M,

The first inequality in this lemma shows that the ensemble satisfies lim;_,;- p(kg(z) = tla=1) =0,
which is the opposite of a member model. In other words, the ensemble is less possible to provide
high confidence scores over ambiguous samples than its member models. This result then leads to an
upper bound of the ensemble’s selective risk.

5.4 An Upper Bound of the Ensemble’s Selective Risk

We derive an upper bound of the ensemble’s selective risk, demonstrating how members’ performance
and their diversity affect the ensemble’s performance. According to selective risk’s definition, the
ensemble’s selective risk can be bounded as (see Appendix A for proof)

Rp(t) < Rp(tla = 0) + P(a = 1|rp(z) > 1). )

The two terms in the right-hand side of (2) can be further reduced to member models’ performance
and their diversity as follows. First, given a = 0, we have fg(z) = f.(z) and kg(z) = K. (z) (due
to Assumption [I), which suggests Rp(tla = 0) = R.(t|a = 0). Second, combining the second
inequality in Lemma [T with Bayes’ rule, we can bound the second term as follows:

(=M
v (1 =M + P(ke(z) > t,a=0)’

Pla=1lkg(x) > 1) < 3)

where v = BMM~1. P(a = 1). The right-hand side of (3) is negatively related to the diversity of
member models. The reason of this statement is as follows. More diverse member models may result
in a flatter p(7¥, ..., 7% |a = 1), leading to a lower B. A lower B further leads to a lower right-hand
side of (3). Combining the results above, we have

Lemma 2. (Selective Risk Bound of The Ensemble) The ensemble’s selective risk is bounded as
v- A=t
v (1 =M + P(ky(x) > t,a=0)

Re(t) < Ri(tla=0) + 4)

A
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Figure 3: The member model’s selective risks on low-ambiguity samples (denoted as def .) and on
high-ambiguity samples (denoted as amb.) given confidence thresholds near 1 on each dataset.

The first term of this upper bound is the selective risk of a member model on definite samples, and
the second one is negatively related to the diversity among member models. When member models’
performance on definite samples or the diversity improves, this upper bound decreases, which is a
reasonable result.

5.5 Main Result

Based on Lemma 2] we can prove that Deep Ensemble has a lower selective risk than a member
model for any target coverage that is in a range (Theorem [T} see Appendix A for the proof).

Theorem 1. If Assumptions|[I| 2| and[3|hold, then 3¢o € (0,1) such that V¢ € (0, ¢o), ¢g(ts) =
6.(t.) = 6 = Rp(tp) < Re(ts).

Furthermore, it is interesting to figure out the maximum ¢, in Theorem|[I} In Appendix E, we use
Lemma[2]to estimate the maximum ¢, (without accessing the ensemble) and find that it can be large,
say > 50%, on several datasets. When we instead have the access to the ensemble in experiments,
the actual maximums of ¢y on most datasets are 1, i.e., the largest possible value of ¢g. These results
seem interesting, and we will intuitively explain them in the next section.

6 Experiments

This section verifies the assumptions and analysis results in realistic tasks, and then compares
Deep Ensemble with several SOTA methods and their ensembles in image classification and text
classification tasks. However, we do not verify Assumption [I)in the following because the empirical
result in Section [4] has shown that Assumption [I] is a reasonable approximation that does not
compromise the performance of the ensemble.

Datasets. Following [9], we used CIFAR-10, CIFAR-100, and SVHN for image classification tasks.
Following [10], we used MRPC, MNLI, and QNLI for text classification tasks. More details of the
datasets used in our experiments are described in Appendix B.

Models. Following [9,[10], we use VGG-16 [34]] and BERT-base [35] as the backbones of selective
classifiers for image classification and text classification, respectively. Each member model is built on
basis of a backbone model, and an ensemble consists of five member models by default in experiments.
More details of the backbone models and their training procedures are provided in Appendix B.

Verification of Assumptionsand We use samples with ambiguity lower than ¢(e > 0) (termed
as low-ambiguity samples) to represent definite samples and use samples with ambiguity greater than
or equal to € (termed as high-ambiguity samples) to represent ambiguous samples in experiments as
we use definite/ambiguous samples to approximate low/high-ambiguity samples in theory. We choose
€ = 1073 for datasets of image classification and e = 10~2 for datasets of text classification. Figure
shows a member model’s conditional selective risks over low-ambiguity samples and high-ambiguity
samples against a range of confidence thresholds near 1. The results show that the member model’s

7
35503 https://doi.org/10.52202/075280-1542



CIFAR-10 SVHN CIFAR-100

5000 12000 ]
mem. on def. mem. on def. 1600 mem. on def.
© 4000 mem. on amb. 10000 mem. on amb. 1400 mem. on amb.
%_ [ ens. on def. [ ens. on def. 12004 =1 ens. on def.
£ — 8000 1
© 3000+ ens. on amb [ ens.onamb 10004 ens. on amb
‘5 60001 800
@ 2000
£ 4000+ 6001
2 4004
< 4
1000 20004
200 -
0 T 0 0
0.990 0.992 0.994 0.996 0.998 1.0C 0.990 0.992 0.994 0.996 0.998 1.0C 0.990 0.992 0.994 0.996 0.998 1.0C
confidence confidence confidence
(@ (b) (©
MRPC QNLI MNLI
] — ] 3500 A — ] 4000
300 mem. on def. mem. on def. mem. on def.
» 2504 mem. on amb. 30001 mem. on amb. 35001 mem. on amb.
% [ ens. on def. 25001 [— ens. on def. 30001 [ ens. on def.
€ 2001 7 ens. on amb. [ ens.onamb. | 1 ens.onamb.
© 2500
n 2000 A
'S 150+ 2000
5 1500
Q 15004
£ 1001 1000+
2 1000
501 500 L
500 -
. R o - o
090 0.92 094 096 0.98 1.0/ 090 0.92 094 096 098 1.0 090 092 0.94 096 0.98 1.0/
confidence confidence confidence
(@) © ®

Figure 4: The histograms of the member model’s confidence scores and the ensemble’s confidence
scores on low-ambiguity samples (denoted as def.) and on high-ambiguity samples (denoted as
amb.) for each dataset.

selective risk over low-ambiguity samples is consistently lower than that over high-ambiguity samples
given confidence thresholds near 1, which verifies Assumption 2] Figure [ shows histograms of
confidence scores of the member model (as well as the ensemble) on low-ambiguity samples and on
high-ambiguity samples. As we can see, the number of low-ambiguity samples and the number of
high-ambiguity samples are non-zero in the top bin on each dataset, which verifies Assumption 3] In
summary, Assumption 2]and 3 hold on all datasets.

Verification of Lemmal|T} Figure [ shows histograms of the ensemble’s confidence scores on low-
ambiguity samples and on high-ambiguity samples. As we can see, the ensemble’s confidence score
over high-ambiguity samples has little distribution in the top bin, which is tremendously lower than
the corresponding distribution of the member model, while the histogram of confidence score over
low-ambiguity samples has almost no change throughout ensembling. This result is consistent with
Lemma T]and our intuition in Figure 2}

Verification of Theorem [I} Figure [I]already shows the risk-coverage curves of Deep Ensemble
and a member model on each dataset. As we can see, on each dataset except MRPC, the ensemble
has a consistently lower selective risk than the member model under any coverage; on MRPC, the
ensemble has a lower selective risk than the member model except for coverage of around 30% and
around 90%F] These results are consistent with Theorem

Despite of this consistency, the theorem does not explain the lower selective risk of the ensemble given
a large coverage, say 70%. This is somehow resolved by the analysis in Appendix E. Here, instead of

3The exception on MRPC might be due to the sparsity of data. The test set of MRPC only contains about 400
examples. Even worse, when the coverage is 30%, the number of accepted examples is much smaller (about 120).
These data are inadequate to accurately estimate the selective risk, leading to its high variance. For example,
mis-classifying an example by chance could raise the selective risk by about one percent. This high variance
might explain why the risk-coverage curve of the member model shakes violently and goes below that of the
ensemble several times when the coverage is low. This problem seems irresolvable since we cannot sample more
MRPC data to reduce this variance.

R
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diving into theory, we intuitively explain the experimental results as follows. As Lemma|I|claims,
P(the ensemble yielding confidence > t|an ambiguous input example) is O(1 — )M (t — 17),
where M is the number of ensemble members. Therefore, the ensemble hardly provides an ambiguous
sample with confidence close to 1. On the contrast, definite samples are always assigned confidence
scores close to 1, as the the experimental results show in Figure 4. By this mean, the ensemble
stratifies the definite samples and ambiguous sample by their confidence scores, where the definite
samples reside on a thin higher layer of confidence than the ambiguous samples (see the rightmost
black-edged bars vs. red-edged bars in Figure 4). Combined with the low risk (of both the member
model and the ensemble) on definite samples, this stratification lowers the selective risk when the
coverage is around the proportion of definite samples in the dataset. Considering the large amount of
definite samples (see the heights of black-edged bars in Figure 4), the ensemble model will exhibit
lower selective risk than the member model given a considerably large coverage.

In the explanation above, the key factor that leads to the lower selective risk of the ensemble given
a large coverage is the experimental fact that the definite samples are large-amounted and always
assigned confidence close to 1. This fact is not involved as an assumption in the theory since it seems
a very strong assumption (though it holds throughout our experiments). We guess this is attributed to
the low bias of DNNs (from a bias-variance perspective), which might be a widespread property of
DNNs. Therefore, it would be an interesting direction for future work to strengthen our theory by
exploiting this fact.

Extended Experimental Settings. To further validate our analysis, we extended the experimental
settings on three dimensions: 1. model architecture (to ResNet [36], AlexNet [37], and DenseNet[38]);
2. dataset (to ImageNet100, a subset of ImageNet [39]]); 3. number of member models in the ensemble
(to 20).

The results are shown in Figure[5] As the figure shows, Assumptions 1, 2, and 3 are consistently
verified across various experiment settings. The results indicate that our assumptions might reflect
the general characteristics of DNNs. For example, Assumptions 2 and 3 might be attributed to the
low bias of DNN5s (from a bias-variance perspective) due to DNNs’ large model capacity.

These results were unknown when we established our analysis. However, all of them reproduce
similar results to the previous results in new settings, further confirming our analysis in practical
settings.

7 Discussion and Conclusion

We prove that under some assumptions, Deep Ensemble has a lower selective risk than the member
model for any target coverage within a range. Although the metrics of selective classification are
non-convex, we complete the proof with the help of several assumptions motivated by empirical
observations, e.g., the performance improvement of the ensemble dominantly comes from high-
ambiguity samples. The assumptions and analysis results are well supported by the experimental
results on multiple datasets of image classification tasks and text classification tasks.

Our analysis may benefit the analysis of the Deep Ensemble for standard classification. The previous
analyses of the randomization-based ensemble for standard classification require some impractical
assumptions [22]]. On the contrary, this paper’s assumptions are a good approximation of practical
settings (see Section @ Moreover, the standard classification is a subset of selective classification,
i.e., selective classification with coverage of 1 (not covered by our analysis result). Thus, our analysis
may motivate the analysis of the Deep Ensemble for standard classification in practical settings.

Other possible directions for future work include: 1. extending the (0, ¢¢) mentioned in Theorem
to (0, 1], i.e., proving that the ensemble has a lower selective risk than the member model under any
coverage; 2. adapting the analysis to other selective classifier ensembles, e.g., the ensemble of SAT;
3. relaxing the assumptions to generalize the application scope of our analysis.
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Figure 5: The results of the extended experiments. Here, the 1st/2nd/3rd row reproduces Figure
1/3/4 of the paper in new experiment settings, respectively; each new experiment setting corresponds
to a column. Counting from the left, the first three columns show the results of extending model
architectures to AlexNet, ResNet50, and DenseNet22 (fixing the dataset to CIFAR10); the 4th column
shows the results of extending datasets to ImageNet100 (using the model ResNet50); and the 5th
column shows the results of extending the number of member models to 20 (using VGG16 on

CIFARI10).
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A  Proofs

A.1 Proof of Lemma 1

The proof of the second inequality in Lemma 1, i.e.,

P(ip(z) > tla=1) < MM71B(1 - t)M, 5)
can be reduced to the proof of the first inequality, i.e.,
p(hp(r) =tla=1) < MMB(1 - t)M~1, (6)

The reason is as follows. If @ holds, then we have
1
P(kg(r) > tla=1) :/ p(kg(z) =ta=1)dt
t

1
S/ MMB(I—IJ;/)M71
t

:M]\J—IB(l _ t)]W7
which directly derives (5). Therefore, we only need to show () at following.

Firstly, we derive the PDF of the average of multiple continuous random variables expressed by the
PDFs of these random variables (Lemma [3), which helps us to analyze the PDF of the ensemble’s
predictive probabilities.

Lemma 3. Let X1, Xg, ..., X be M continuous random variables, and their average is Xayg :=
& M X;. Then the PDF of Xayd]is
M—1
DPXave (Tavg) =M daidas - -dear—1 - pg(T1, T2, s Tp—1, MTayg — Z xi), @)

M —
RM—1 i=1

where pg is Px, X,,... X, for short.

Proof. The distribution function of X,y is

Fx,,,(Tavg) :/ day - -dey—dens - pg(Te, ... 200)
Zi wiSM(Eavg

Maye =507 " @
= d$1~'~d$(}M,1 dSL’M'p)—('(.%‘l,“- ,QTM).
RM—1

— 00

Letxzpy = u — Zl]\ifl z;, then the integral above is equal to

Mzavg M—-1
/ del"'dxM—l/ du - pg(w1,..., 21,0 — E x;)
R}M—l

- i=1

Mzayg M-—1
:/ du/ day - -dey—1 - pg(er, .., -1, u — Z x;). (8)

—0o0 RM—1 P

The PDF of X,y is the derivative of FY,_,, which, combined with (@) derives

PXave (man) :F;(m,g (xan)
d(Mzavg) — dFX,,
dZavg d(Mzayg)

M-1
=M day - -dey—1 - pg(xn, ., -1, MTayg — E i),

M —
RM—1 i=1

which is exactly (7). O

4 A PDF has a subscript to denote which random variable this PDF belongs to.
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Secondly, we show the relationship between the PDF of confidence score and the PDFs of predictive
probabilities. Note that the confidence score of an SR model is the maximum predictive probability,
so the following lemma bounds the PDF of confidence by PDFs of predictive probabilities.

Lemma 4. Let I1* (1 < k < K) be K continuous random variables, and C := maxy, I1¥. Then we

have
K
pe(k) < pre (k). ©)
k=1
Proof. First of all, we prove V&1, ko, k1 < Ka,
K
Fe(ka) = Fe(r) < Fre(ka) — Fipe (k1) (10)
k=1
It is easy to see that
FC(H) - FH1 ..... K (H, ) H) - / d’]Tl dTrK P, K (ﬂ_la 77TK)7
(7OO7K]K

so the left-hand side of (I0) is

/ drl. .. dn¥ pn17...7HK(7T17"' ,7TK)
(—o0,k2] ¥

—/ d771~-~d7erH1,m7HK(7rl,~-~ ,7TK)
(—o0,k1]K

:/ drl. . dr¥ pnl)m’HK('ﬂ'17"' ,7TK), (11)
(=00,k2] F\(—00,K1]K
where the last equality is due to (—oo, k1] C (—00, k2], and the right-hand side of is

K

Z/ dz® pre (7%)

k=1 [w1,52]

>

= [ drt - dn p (o 7), (12)
i(:l Rkilx[ﬁl,lﬂg]Xkak i

where the last inequality is because R¥~1 x [k1, ko] x RE~F for different k, 1 < k < K, may have
an intersection. To prove (I0), we only need to prove that the right-hand side of (TT) is less than or

equal to the right-hand side of (T2Z)), which is equivalent to prove
K
(—00, ko] K\ (=00, k1] € U RF=1 X [k, ko] x REF, (13)
k=1

Now we prove (13). V(r?, ..., 75) € (=00, k2] K \ (=00, 1], we have

VEk, 1<k < K, 7" < ko, (14)
Fko, 1 < ko < K, 7% > gy, (15)
where is because if all 7% is less than or equal to #; instead, then (7!, ..., 75) € (—o0, 5],
which contradicts with (7!, ..., 7%) € (=00, k2] K \ (=00, k1]¥. Thus, 7% € [k1, ko), sO
K
(.)€ RFTY [y, o] x RETH | R¥! ¢ [y, o] x RETH,
k=1

which is precisely (I3)), and therefore (I0) is proved.

With and the definition of derivatives, it is easy to see that F/(x) < Z§=1 F{ (), which is
equivalent to pc(k) < Zszl prx (k). Thus, Lemmais proved. O
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Based on the lemmas above, we have the following lemma, which is precisely (€). When (6) is
proved, the proof of Lemma 1 completes.

Lemma 5. If Assumption I holds, then
p(rp(z) =tla=1) < MMB(1 - )M, (16)

Proof. Applying Lemma [3to the ensemble, we have

M—1
p(rh =tla=1)=M o drk .. drxk, | p(a¥,... 7k 7k = Mt — Z e =1),
RM= i=1
17)
The integrand in the right-hand side of (I7) being non-zero requires
ogﬁg1i_12“.M—1
' - (18)
O<Mt— M rk <
The inequalities above imply Mt < 1+ Zi af <M -—1+rk Vz €{1,2,. — 1}, which
further derives Mt — M +1 < wf <1,Vie {1 2 ., M}. Thus, can be rewrltten as
M—1
plrk = tla=1) =M ek -drky_y - plek, o nhy = M- Y wla=1)
[Mt—M+1,1]M~1 i=1
Considering that p(7¥, ..., 7%, |, 7%/|a = 1) is bounded as Assumption 1 claims, let By, be its least
upper bound. Then we have
p(rh =tla=1)< M drf - drk, By =MMB,-(1-t)M~1. (19

[Mt—M+1,1]M~-1

This inequality combined with Lemmaderives p(e(z) = tla = 1) < Zle p(rh = tla =
1) < MM(1 - )M-1. Zszl By, which is equivalent to the conclusion of this lemma since
B=Y1, By O

A.2  Proof of Equation (2) of the Main Text (Preparing for Lemma 2)

According to the definition of selective risk, we have

R(f,k;t)
—E(ac y) ~D[1y;£ m)|"€(x) > t]
=P(y # f(x)|x(x) = t)
—P(y # f(x),a=0ls(x) = t) + P(y # f(2),a = 1|x(x) > 1)

Py # f(z)la =0,k(x) = t)P(a = 0|x(x) > t) + Py # f(z)la = 1,k(x) = t)P(a = 1|x(x) > 1).
According to the definition of conditional selective risk, the equation above can be rewritten as

R(f,k;tla =0)P(a=0lk(z) > t) + R(f, k;tla = 1)P(a = 1|x(z) > t)

=R(f,r;tla = 0)[1 = Pla = 1|x(z)] = 1) + R(f, r;tla = 1) Pla = 1|x(x) > 1)
R(f,ritla = 0) + P(a = 1|s(x) > 1) - [R(f, kitla = 1) = R(f, ks tla = 0)]
=R(f,k;tla=0) + A(f,k;t) - P(a = 1]s(z) > t), (20)

where \(f,s;t) := R(f,n;tla = 1) — R(f,s;t|la = 0). Applying to the ensemble and
considering A\(fg, kg;t) < 1, we derive an upper bound of the ensemble’s selective risk

Rp(t) < Rp(tla = 0) + Pla = 1|rp(z) > t). 2D

Thus, Equation (2) of the main text is proved.
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A.3 Proof of Theorem 1

Proof. Step 1. We prove

lim Rgp(t) < lim R,(t). (22)
t—1- t—1-
Firstly, we prove lim;_,;- Rg(t) < lim;_,;- R.(t|a = 0). According to Lemma 2, we have
. . v-(1—-t)M
lim Rg(t) < 1 R.(tla=0
i Res(t) < Jim | el =0 S 0 Pl () = £ = 0)
. : v (=Y
= lim R.(tla=0 1
Jm Reltla =0)+ lim s e S ha = 0)
= lim R.(tla=0 1
Jim Re(tla =0)+ lim — i @) = La = 0)
= lim R.(t|la =0) (23)
t—1—

where the second-to-last equality is due to L’Hospital’s rule, and the last equality is due to
limy - M~y(1 —t)M~1 = 0 and lim,_,;- p(k«(7) = t,a = 0) = P(a = 0)lim;_,1- p(k.(x) =
tla = 0) > 0 (Assumption 3).

Secondly, we prove lim; ;- R.(t) > lim;_,;- R.(t|a = 0). According to , we have
lim R.(t) = lim Ri(tla=0)4+ lim A(fs,Kst) - lim Pa = 1|k (x) > t). (24)
t—1- t—1- t—1-

t—1—

Using Bayes’ rule and L’Hospital’s rule, we have

lim P(a =1|k«(x) >t) = lim

t—1- t—1- P(ky(z) > tla=1)P(a =1) + P(k«(x) > tla =0)P(a =0)
~ lim p(k(z) =tla=1)Pla=1)
t—=1- p(ke(z) =tla = 1)P(a =1) + p(k«(x) = tla = 0)P(a = 0)
>0, (25)

where the last inequality is due to Assumption 3. Applying this inequality along with
limy_yq- A(f*, ks t) = limy_,1- [Ri(tla = 1) — R.(t|a = 1)] > 0 (Assumption 2) to (24), we have

lim R,(t) > lim R,(tla =0). (26)
t—1— t—1—

Combining (23) and (26), we derive (22).

Step 2. We prove the ensemble’s confidence threshold and the member model’s confidence threshold
approach 1 when their coverage approach 0. Due to ¢.(t) = P(k«(z) > t) = P(k«(x) > tla =
0)P(a = 0) + P(ks«(z) > tla = 1)P(a = 1), we derive
do.(t)
dt

= —p(k«(x) =tla =0)P(a =0) — p(k«(x) =tla=1)P(a = 1)

< —p(k«(z) = tla = 0)P(a = 0). (27)
Because lim;_,1- p(k«(z) = t|la = 0) > 0 (Assumption 3), there exists d; > 0, such that p(x.(z) =
tla = 0) > 0,Vt € (1 — &;,1). Combining this with (27), we have %) < 0, vt € (1 - §;,1) and

thus ¢, (t) is reversible on (1 — d1, 1). Considering p(kg(x) = tla = 0) = p(k«(x) = tla = 0), we
derive ¢ (t) is reversible on (1 — d1, 1) with the same reasoning as above.

Let ¢, ! and (/5;31 be the reverse functions of ¢, and ¢ on (1 — d1, 1), respectively. It is easy to see
that ¢, ! is a continuous function, and ¢, *(0) = 1. Therefore,

lim ¢, '(¢) = 1. 28
S, 6. (¢) (28)

For the ensemble, we similarly have
lim ¢5'(¢) = 1. 29
Jm o (¢) (29)
Step 3. Combining (22), (28) and (29), we have Rp(65' (¢)) < R.(4; ' (¢)) when ¢ — 0%, which
is equivalent to the result of Theorem 1. O
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Table 1: Sizes of training sets, development sets, and test sets for each dataset used in experiments

Datasets Training Set ~ Development Set Test Set Number of Classes
CIFAR-10 50.0k 10.0k 10
CIFAR-100 50.0k 10.0k 100
SVHN 73.3k 26.0k 10
MRPC 3.7k 0.4k 1.7k 2
QNLI 104.7k 5.5k 5.5k 2
MNLI 392.7k 9.8k (m)/ 9.8k(mm)  9.8k(m)/9.8k(mm) 3

Table 2: The value of o on each dataset

Dataset CIFAR-10 SVHN CIFAR-100  MRPC QNLI MNLI-(m)
0 2.20 2.60 4.60 1.80 1.60 2.80

B Details of Experiments

B.1 Datasets

The experiments were conducted on multiple data sets of image classification and text classification.
The image classification datasets are CIFAR-10, CIFAR-100, [29] and SVHN [30]], whose image
sizes are all 32 x 32 x 3 pixels. The datasets of text classification are MRPC [31]], MNLI [32] and
QNLI [33]]. The task of MRPC is to judge whether two paragraphs of text are semantically equivalent.
MNLI’s task is to judge the inferential relationship between sentences (three categories). The task
of QNLI is to determine whether a paragraph has the answer to a given question. The sizes of the
training set, development set, and test set of each data set used in experiments are shown in Table[I]
MNLTI’s development set and test set are divided into matched and mismatched parts. In the table, (m)
represents matched, and (mm) represents mismatched. The matched parts are sampled from the same
source as the training set, while the mismatched parts are sampled from different sources. Current
selective classification only considers test samples from the same distribution as the training set, so
only the matched parts are used in experiments. In addition, test sets of MRPC, QNLI, and MNLI are
not accessible, so we use their development sets as test sets. According to [8, (9], since CIFAR-10,
CIFAR-100 and SVHN originally had no development set, their development sets were 2000 samples
randomly divided from corresponding test sets.

B.2 Model Implementations and Training Procedures

For image classification, the backbone model is VGG-16 [34] with Dropout [13]], batch normalization
[40Q]. It is trained in the same way as [9]. The model is optimized using SGD with an initial learning
rate of 0.1 (the learning rate decays by half in every 25 epochs), the momentum of 0.9, weight decay
of 0.0005, batch size of 128, and a total training epoch of 300. Data preprocessing includes data
augmentation (random cropping and flip) and normalization. The implementations of the backbone
model and data preprocessing are based on the official open-sourced implementation of SAT to ensure
a fair comparison.

For text classification, the backbone model of selective classifiers is BERT-base [35]. Pretrained
BERT-base is provided by the Huggingface Transformer Library [41]]. It is trained/fine-tuned in the
same way as [[10], except on dataset MRPC. On QNLI and MNLI, the model is trained/fine-tuned
using AdamW [42]] for 3 epochs, with a learning rate of 2 x 10~?, batch size of 32, and the maximum
input sequence length of 128. On MRPC, the model is trained/fine-tuned for 10 epoch, with other
settings the same as those on QNLI and MNLI. This unique setting of training epoch is due to
the small number of samples in MRPC, which makes the training require more epochs to reach
convergence on MRPC.

17
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Figure 6: Comparison of the risk-coverage curves between the ensembles (including Deep Ensemble
and baselines’ ensembles) and their corresponding member models on each dataset.

B.3 Hyperparameters of Selective Classifiers

For the hyperparameter o of Gambler, we tune o on validation sets in the same way as [8]. The value
of o on each dataset is listed in Table 2] For the hyperparameter cv of SAT, we set o = 0.99, the same
as [9]]. For the hyperparameter A of Reg-curr, we set A = 0.05.

C Evaluation of Deep Ensemble

To show that Deep Ensemble is still one of the state-of-the-art, it is necessary to evaluate Deep
Ensemble again on selective classification. The reasons are as follows. First, the original paper of
Deep Ensemble only reports the accuracy given a confidence threshold, which is not a commonly
used metric in selective classification. Second, recent work in selective classification excluded Deep
Ensemble as a baseline due to its heavy computational cost [10} 43]]. Therefore, no comparison
between recent methods and Deep Ensemble are available.

To fill this gap, we report the comparison results of Deep Ensemble and other recent work in this
section. We compare Deep Ensemble with three non-ensemble methods: Gambler, SAT, Reg-
curr, and their corresponding ensembles. The ensemble method for a baseline is a uniformly-

weighted soft voting of the classifiers and the confidence estimators: 75 (2) = 25 Zf\il 7;(z) and

kp(z) = 4 Zf\il k;(x) if the baseline has separate classifier and confidence estimator (i.e., the
case of Gambler and SAT); and otherwise, the ensemble method is the same as Deep Ensemble (i.e.,
the case of Reg-curr). The details of baselines’ hyperparameters are provided in Appendix B. Figure
[ shows the risk-coverage curves of Deep Ensemble, baselines, and their corresponding ensembles
on each dataset, where each ensemble consists of five member models. The result shows that the
ensemble has consistently lower selective risks than the member model under (almost) any coverage
across each baseline on each dataset, so we focus on comparing Deep Ensemble with baselines’
ensembles. Table[3]shows the AURCs of the ensembles (including Deep Ensemble and baselines’
ensembles) and their corresponding member models. Among all ensembles, Deep Ensemble has
the lowest AURCs on CIFAR-10, CIFAR-100, and MRPC; SAT ensemble has the lowest AURC
on SVHN; and Reg-curr has the lowest AURCs on QNLI and MNLI. Table [Z_f] and E] shows the
selective risks of ensembles under coverage 10%-100% on each dataset. The results show that no
ensemble consistently outperforms others under all coverage on all datasets, indicating they have
close performances but adopt different trade-offs between coverage and selective risk. In summary,
the ensemble largely outperforms more recent methods and is competitive with their ensembles. We
hope these results will draw more attention from researchers to the ensemble method.

In addition, we find that the Deep Ensemble can outperform SAT ensemble on SVHN as long as
the label noise of SVHN is removed (see Appendix D). These results are surprising considering
that Deep Ensemble only uses the MCP as the confidence score, while the baselines adopts more
sophisticated techniques to train confidence estimators. Furthermore, we empirically explore further
properties of selective classifier ensembles in Appendix D. We show that an ensemble with more
member models has a better selective classification performance, and good classification performance
does not necessarily imply good selective classification performance.
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Table 3: AURC/10~* of the ensembles (including Deep Ensemble and baselines’ ensembles) and
their corresponding member models on each dataset, where mem. and ens. represent the member
model and the ensemble, respectively. The means and standard deviations are calculated over three
trials. The best entries are marked in bold.

Dataset Deep Gambler SAT Reg-curr
atase Ensemble Ensemble Ensemble Ensemble
mem.  66.145.6 707426 671403  67.142.0
CIFAR-10 o7 512420 574410  57.6406 535405
mem.  793.149.0 9306102 8073460  851.9+412.8
CIFAR-100 o' 672.541.9  857.1447 71554122 7142463
GypN | mem. 467402 442425 350405  438+10
ens. 371403 370408 324409 366412
MRpC  mem. 65431683 6956659 7946+519  696.8+66.0
ens. 561.3455.6 650.14248  563.04165 6403+14.1
OnLi  mem. 221581 23584350 2466442  2010£13
ens. 1733418 1777453 1929418 1719 +2.4
VNL]  mem.  SIS386  G07.6+193 519880 4968495

ens. 4652438 5694 +114 4544 +£3.1 451.9 £2.1

AURC on CIFAR-10

— SR
Gambler
—— SAT

AURC / le-4
] o o ~
o] <) o] o

[
o

IS
«

5 10 15 20
Number of Members

Figure 7: The AURCSs on the test set of CIFAR-10 of the SR ensemble (Deep Ensemble), Gambler
ensemble, and SAT ensemble of different numbers of members

D Further Properties of Selective Classifier Ensemble

D.1 The Effect of Number of Members on Selective Classifier Ensemble

We evaluate AURC:s of the SR ensemble (i.e., Deep Ensemble), Gambler ensemble, and SAT ensemble
of different numbers of members on CIFAR10, and find that an ensemble with more members has
a better performance, but is less efficient. The results are shown in Figure E} In most cases, the
AURC on the test set of CIFAR-10 decreases as the number of members in the ensemble increases.
In addition, as the number of members in the ensemble grows, the effect of adding one member
drops. On the one hand, the result shows that an ensemble with a small number of members has
good selective classification performance. On the other hand, it indicates that when the number
of member models is large, increasing the number of members to improve the performance of the
selective classification ensemble is inefficient.

D.2 Good Classification Performance Does Not Imply Good Selective Classification
Performance

It is well known that the ensemble has better classification performance than an individual model, but
this does not guarantee a better selective classification performance of the ensemble. To demonstrate

10
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Table 4: The selective risks of ensembles under coverage 10%-100% on image classification datasets.
The means and standard deviations are calculated over three trials. The best entries are marked in

bold.
Dataset coverage (%) Deep Ensemble = Gambler ensemble  SAT ensemble  Reg-curr ensemble

100 5.314+0.03 5.29+0.03 5.4740.04 5.74£0.07

90 1.68+0.02 1.99+0.01 2.15+0.06 1.89+£0.02

80 0.45+0.05 0.5140.02 0.6340.03 0.61+0.09

70 0.17+0.01 0.21+£0.01 0.26+0.01 0.18£0.02

CIFAR-10 60 0.1140.01 0.1840.03 0.1740.01 0.08-+£0.00
50 0.11+0.01 0.14+0.02 0.11+0.01 0.07+0.01

40 0.1240.03 0.1540.02 0.06+0.01 0.07£0.01

30 0.13+0.05 0.13+0.03 0.06-£0.02 0.08+0.03

20 0.1240.02 0.1740.05 0.00-£0.00 0.02+0.02

10 0.10+£0.08 0.14+£0.05 0.00-£0.00 0.00£0.00

100 2.44+0.01 2.42+0.02 2.36+0.01 2.41+0.01

90 0.59+0.00 0.60+0.03 0.50-+0.01 0.54£0.02

80 0.42+0.03 0.38+0.01 0.34+0.01 0.39£0.02

70 0.34+0.02 0.32+0.01 0.31+0.01 0.35+0.01

SVHN 60 0.32+0.02 0.30+0.01 0.28+0.01 0.35+0.01
50 0.29+0.02 0.26+£0.01 0.26£0.00 0.30+0.01

40 0.25+0.02 0.27+£0.02 0.25+0.01 0.28+0.01

30 0.22+0.03 0.26+0.01 0.20+£0.01 0.25+0.03

20 0.22+0.01 0.26+0.01 0.18+0.02 0.19£0.03

10 0.21+£0.02 0.23+0.00 0.17+0.02 0.18+0.03
100 24.66+0.08 25.50+0.05 25.23+0.13 25.70£0.09
90 19.154+0.15 19.88+0.05 19.77+0.28 20.16+0.14
80 14.32+0.22 15.75+0.09 15.00£0.20 15.22+0.07
70 9.78+0.13 12.11£0.18 10.29+0.24 10.4140.38

60 5.81+0.06 8.89+0.16 6.43+0.20 6.58+0.27

CIFAR-100 50 2.95:£0.04 6.2240.10 3.4140.15 3.4540.05
40 1.40+0.13 4.37£0.06 1.96£0.13 1.74+£0.11

30 0.75+0.05 2.67+0.01 1.134+0.02 0.89£0.06

20 0.62-£0.06 1.91+0.04 0.72+0.06 0.62£0.04

10 0.3340.09 1.42+0.16 0.57+£0.09 0.13£0.05

this, we design an SR model with a big backbone, and show that it has as good classification
performance as an Deep Ensemble with a standard backbone but worse selective classification
performance than an SR model with a standard backbone. The big backbone is designed to have
twice as many filters in every convolutional layer and neurons in every fully connected hidden layer
as those of the standard VGG-16, which is therefore called Big VGG-16. It is easy to see that its
number of parameters is approximately 22 = 4 times as many as that of standard VGG-16. We train
an Deep Ensemble of 4 VGG-16s and an SR model with a backbone of Big VGG-16 on CIFAR-10
and show the evaluation results in Figure [§] and Table [6] Figure [§] shows that when coverage is
high, the ensemble and the big individual model have similar selective risks, and especially, the
classification error rates (i.e., selective risk of 100% coverage) of the ensemble and the big individual
model are similar. However, when coverage is low, the big individual model has significantly higher
selective risk than the ensemble. Table [6] shows that the AURC of Big VGG-16 is much higher
than the ensemble of 4 VGG-16s and even higher than SR. In summary, we show that a selective
classifier with a good classification performance is not guaranteed to have good selective classification
performance, so the good selective classification performance of the ensemble is not a trivial result of
its good classification performance.

D.3 The Effects of Label Noise of SVHN on Selective Classifier Ensembles

In this section, we compare the effect of label noise of SVHN on the Deep Ensemble with that on
SAT ensemble, whose result might explain the abnormal experimental results (compared to results on
other datasets) on SVHN in Section 6 of the main text. SVHN is not a clean dataset, and much more
label noise can be detected in SVHN than in CIFAR-10 and CIFAR-100. Using the soft label of SAT
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Table 5: The selective risks of ensembles under coverage 10%-100% on text classification datasets.
The means and standard deviations are calculated over three trials. The best entries are marked in
bold.

Dataset coverage (%) Deep Ensemble Gambler ensemble  SAT ensemble  Reg-curr ensemble

100 14.134+0.23 14.624+0.23 13.64+0.23 15.2840.31
90 11.41£1.02 11.50+0.46 10.69+0.13 11.68+0.44
80 7.754+0.29 9.99+0.88 8.46+0.63 8.361+0.29
70 6.414+0.33 8.51£0.72 7.934+0.44 6.64+0.29
MRPC 60 5.714+0.33 7.35£1.20 6.39+0.19 6.12+0.33
50 4.08+1.29 4.4140.40 3.59+1.01 4.744+0.23
40 3.254+0.29 3.86+0.76 3.25+0.76 3.66+0.50
30 3.25£0.00 3.5240.38 3.52+0.38 2.98+0.77
20 2.44+1.72 3.25+0.58 3.25£0.58 3.6640.00
10 3.25£2.30 4.8840.00 1.63£1.15 5.69£1.15
100 8.16£0.04 8.18+0.20 8.03+0.09 8.171+0.01
90 4.7440.04 5.044+0.14 5.034+0.09 4.741+0.12
80 2.9440.11 3.08+0.08 2.97+0.04 2.98+0.01
70 1.84+0.10 1.9140.04 1.9240.11 1.8840.06
ONLI 60 1.20+0.05 1.27+0.05 1.3640.01 1.30+0.08
50 1.0410.05 1.0440.08 1.13+0.03 0.98+0.03
40 0.72+0.02 0.73£0.04 1.02+0.11 0.70+0.06
30 0.4540.03 0.5140.03 0.8340.08 0.43+0.09
20 0.30+0.11 0.37£0.15 0.67£0.04 0.30+0.09
10 0.3040.09 0.124+0.09 0.61+0.34 0.124-0.09
100 15.04+0.06 14.821+0.15 15.03+0.06 14.89+0.14
90 11.01+0.11 11.78+0.09 11.3740.06 11.214£0.17
80 7.934+0.08 9.6240.08 8.26£0.20 8.02+0.07
70 5.81+0.04 8.03+0.23 5.81+£0.12 5.85+0.22
MNLI 60 4.2840.07 6.41£0.25 4.084+0.19 4.05+0.10
50 3.22+0.04 4.95+0.10 2.99+0.18 3.04+0.10
40 2.69+0.11 3.57+0.21 2.08+0.03 2.2240.06
30 2.13£0.14 2.35+0.18 1.5740.03 1.7540.06
20 1.34+0.10 1.53+0.17 1.3940.13 1.36+0.06
10 0.98+0.05 1.32+0.14 0.71+£0.22 0.71+0.08
0.06
—— 4 VGG-16 Ensemble
0.05 Big VGG-16
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Figure 8: Risk-coverage curves of the ensemble of 4 VGG-16s and the Big VGG-16 on CIFAR-10

[9], we detect label noise in SVHN, CIFAR-10, and CIFAR-100, and find that SVHN has significantly
more label noise than CIFAR-10 and CIFAR-100. The result is presented in the following. In addition,
it is known that SAT is robust to label noise [9], while SR is not so, so we conjecture that the label
noise of SVHN is why the Deep Ensemble is inferior to SAT on SVHN.

We detect label noise with the help of the soft label of SAT. For a sample x;, the soft label of SAT [9]],
14,4, 1s used to measure x;’s learning difficulty. The soft label of SAT is initialized as 1 and updated
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Table 6: The AURCs(/10~%) of Big VGG-16, a vanilla VGG-16, and the ensemble of 4 VGG-16s on
CIFAR-10. The best entries are marked in bold.

Dataset Big VGG-16 VGG-16 Ensemble
CIFAR-10 89.2 69.6 49.3

Table 7: Numbers of mislabeled samples in the top-0.1% difficult training samples of SVHN,
CIFAR-10, and CIFAR-100.

Dataset #Mislabeled #Top-0.1% Proportion

SVHN 73 73 100%
CIFAR-10 1 50 2%
CIFAR-100 1 50 2%

at every training epoch as below
tig, < axXtiy + (1 —a) x py(yilz),

where py(Y|z) is the predictive probability distribution of the classifier, y; is the label of x;, « is a
hyperparameter. The smaller the ¢; ,, is, the lower the true class predictive probability of the classifier
on x; during training time, indicating that x; is more difficult to learn. By selecting a percentage of
samples with the lowest ¢; ,,,, we get the most difficult samples to learn for the classifier, from which
we can easily detect label noise manually.

In training sets of SVHN, CIFAR-10, and CIFAR-100, we detect label noise manually among the
top-0.1% difficult (measured by the soft label of SAT) samples. The numbers of mislabeled samples
detected in SVHN, CIFAR-10, and CIFAR100 are shown in Table The result shows that SVHN
has significantly more mislabeled samples detected than CIFAR-10 and CIFAR-100, indicating much
more label noise in SVHN than in CIFAR-10 and CIFAR-100.

To verify the effect of label noise, the following experiments are designed. Firstly, we detect label
noise manually among the 1% of the hardest-to-learn samples of SVHN training set and test set,
using the soft label of SAT. Secondly, we remove the detected mislabeled samples from the original
dataset. The remaining SVHN dataset is called the clean SVHN. Accordingly, the original dataset is
called the original SVHN. Finally, we retrain and test the Deep Ensemble and SAT ensemble and
compare their test results. In the second step, the reason for removing mislabeled samples rather than
modifying them is that some samples cannot be classified even by humans, and some samples are not
in the range of categories of SVHN. Thus, the label noise cannot be eliminated by modifying the
labels but by removing mislabeled samples.

The test results of the Deep Ensemble and SAT ensemble on clean SVHN are shown in Table 8] It is
not surprising that the AURC:s of the Deep Ensemble and SAT ensemble are significantly lower on
the clean SVHN than the original SVHN. Furthermore, on the clean SVHN, when the number of
members is 5, the AURC of the Deep Ensemble is lower than that of SAT ensemble. Combined with
results on the original SVHN, where the AURC of the Deep Ensemble is higher than that of SAT
ensemble, we conclude that label noise in SVHN is why the Deep Ensemble has a higher AURC than
SAT ensemble. In other words, label noise is why the Deep Ensemble performs worse in selective
classification than SAT ensemble on SVHN.

In summary, by experiments, we show that the Deep Ensemble is not as robust to label noise as SAT
ensemble, and label noise in SVHN is why the Deep Ensemble is not as good as SAT ensemble on
SVHN. We construct the clean SVHN, which is SVHN without some mislabeled samples. On the
clean SVHN, we compare the Deep Ensemble with SAT ensemble and find that the Deep Ensemble is
superior to SAT ensemble in selective classification performance. Combined with former experimental
results, we conclude that label noise in SVHN is why the Deep Ensemble is inferior to SAT on
SVHN.

Considering the experimental results on the clean SVHN and previous experimental results on CIFAR-
10 and CIFAR-100 (see Table|8|and Table 1 of the main text), the Deep Ensemble is superior to SAT
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Table 8: AURC/10~* of Deep Ensemble and SAT ensemble on the clean SVHN

Dataset #Member Deep Ensemble SAT Ensemble

1 12.3 7.8
2 8.2 7.1
clean SVHN 3 7.3 6.8
4 6.8 6.8
5 6.4 6.8

ensemble in selective classification on clean image classification datasets, Thus, Deep Ensemble is
the state-of-the-art selective classification method on clean image classification datasets, but is not as
robust to label noise as SAT ensemble.

E The Lower Bound of Maximum ¢, in Theorem 1

This section discusses the lower bound of maximum ¢y mentioned in Theorem 1. We aim to calculate
the maximum ¢q’s lower bound without training an ensemble (otherwise, we can measure it directly
on the ensemble).

Optimization Problem. To calculate the lower bound of maximum ¢, we need to solve the following
optimization problem

min ¢.(0) st du(te) = 6.(1) (30)
RE(tE) < R*<t)

Using Lemma 2 and ¢g(t) > P(kg(z) > t,a = 0) = P(k.«(x) > t,a = 0), we strengthen the
constraints of to obtain a looser lower bound of maximum ¢y:

max Pi(ts) s.t. P(ki(x) > tp,a=0) > ¢.(ts)

(-t
v-(1—tg)M + P(k.(z) > tg,a =0)

R.(tsla=0) + < R.(t,).

For the convenience of solving this optimization problem, we further strengthen the first constraint to
obtain a looser lower bound:

max Pi(ts) s.t. P(ku(x) > tp,a =0) = ¢u(ts) 31)

v (1—tg)™
v (1—tg)M + P(k.(z) > tp,a =0)

R.(tpla=0) + < R.(t.).

Algorithm. We design Algorithm [I]to search for the solution to (3I)), where oracle tells whether
a sample is definite, and this oracle can be implemented by an ensemble with M’ (M’ <« M)
members. Since ¢z is determined by ¢, according to the first constraint of (31, (31)) can be reduced
to a one-dimensional search problem. Our algorithm adopts a binary search for efficiency, although
this method might provide a suboptimal solution. Because ¢, (t.) is a non-increasing function of ¢,,
Algorithm first search for the minimum ¢, by binary search. The procedure of AlgorithmI]in each
iteration of the binary search is as follows.

1. Given current t,., Algorithm [I|determines ¢ ; using SEARCHFORTAUENS (see Algorithm
), a procedure that searches for ¢ € [0, 1] using binary search s.t. P(k.(z) > tg,a =
0) = ¢.(t.). Note that ¢z might not exist if ¢, is so low that ¢, (t.) > P(a = 0) =
supy, efo,1] P(k«(x) > t,a = 0). This problem will be addressed shortly.

2. Algorithm exams whether t g exists. If t g exists, Algorithmthen examines whether the
second constraint of @ holds for current ¢, and ¢, which is implemented by VERIFY-
SECONDCONSTRAINT (see Algorithm 3).

A
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Algorithm 1 A Lower Bound of Maximum ¢;.

Input: «.(-), B, the test set D = {(z;,v;)}},; the oracle 2 : X — {0, 1} that tells whether a
sample is definite; the number of member models M.
Output: An lower bound of maximum ¢y mentioned in Theorem 1

left =0
right =1
e=10""°

while right — left > e do
t. = (left + right)/2
t = SEARCHFORTAUENS (¢4, ks, D, )
if ¢ is not None and VERIFYSECONDCONSTRAINT(Ky, ts, tg, D, ), M, B) is True then

right = t,
else
left = t,
end if
end while

opt = (left + right)/2
return - vazl 1, (zi)>opt

Algorithm 2 SEARCHFORTAUENS

Input: «.(-), the confidence threshold ¢,; the test set D = {(z;,y;)} Y ;; the oracle Q : X —
{0, 1} that tells whether a sample is definite.
Output: ¢z € [0, 1] that satisfies the first constraint of (31} given ¢,.
N

¢= % D e 1 (@i>t.
if ¢ > < SN Q(;) then

return None
end if
left=0

while right — left > e do
tg = (left +right)/2
if 5N 1, (w)sis - Qi) < 6 then

right =tg
else
left =tp
end if
end while

return (left + right)/2

3. If tg exists and the second constraint holds, Algorithm E] searches for a smaller ¢, in the left
half feasible area; otherwise, Algorithmﬂ] searches for a greater ¢, in the right half feasible
area.

Once the binary search completes, Algorithm [I]returns the coverage of minimum ¢,.

Experiment. To show that Algorithm [I| works in reality, we run this algorithm in the same setting as
Section 6 of the main text. In this experiment, M = 5, the oracle is implemented by another ensemble
with two member models and outputs True if and only if the S < 1073, Note that it is difficult to
estimate B, because: 1. we need to train an ensemble with M models to estimate B, which is costly;
2. the domain of p(7}, ..., ¥, |a = 1) is of high dimension, so the observed data points are sparse in
this domain, which makes the estimation of B more difficult. Thus, we do not estimate B but try
several hypothetical values of B to see at what B the lower bound of maximum ¢ is big.

With different Bs, we obtain different lower bounds of maximum ¢ as Table E] shows. We can see
that when the order of magnitude of B is not too big, the lower bound of maximum ¢ is large and
stable, which makes it possible for our algorithm to be used in practical applications. This result also
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Algorithm 3 VERIFYSECONDCONSTRAINT

Input: . (-); the confidence threshold ¢.; ¢ g; the test set D = {(z;, yl) Y ;theoracle Q : X —
{0, 1} that tells whether a sample is definite; the number of member models M; ;and B.
Output True if and only if ¢, and ¢ satisfy the second constraint of (3T)).

MM“ZZ_[ Q)]

. 1 Liesi0)2y; @) 1, (2) >0 y(1—tg)M
leftHandSide = Lz L0z, * 2
f SN Q) ley(a)>ty + FA—tm) M+ L SN Q)1 w(24) >t R

. . N L (wsi0)2y; L () 20
right HandSide = == S 7vi L=
Zi:l llw(zi)Zt*

return 1;c st gandSide<right HandSide

Table 9: The lower bound of maximum ¢q (%).

B 1 10 10* 10*® 10* 10° 10 107 108 10° 10 10™ 10'2 10' 10M
CIFAR-10 7372 7372 7372 7370 73.62 7347 7290 7050 59.90 0 0 0 0 0 0
SVHN 7751 7751 7751 7751 7744 7723 7654 6886 0 0 0 0 0 0 0
CIFAR-100 3203 3203 3200 3200 3193 3179 3150 3045 2691 1796 1036 0 0 0 0
MNLI 5837 57.62 5648 5394 49.62 3873 0 0 0 0 0 0 0 0 0
QNLI 6531 6531 6531 64.34 6231 5920 5307 3716 0 0 0 0 0 0 0
MRPC 8137 8137 8137 8137 8137 8113 80.64 7941 7843 41.67 4167 0 0 0 0

indicates the relationship between the ensemble’s diversity and its selective classification performance.
Since an ensemble with a smaller B seems to have more diversity over ambiguous samples, the result
in Table 9] suggests that as long as the ensemble has enough diversity over ambiguous samples, the
ensemble is guaranteed to have a lower selective risk than the member model under a considerable
range of coverage.

F Distributions of Ambiguities

See Figure 9] for the results.
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Figure 9: The distribution of ambiguity on different tasks. The pattern of these distributions is clear.
For each dataset, the distribution concentrates on a small interval near zero (which we refer to as
low-ambiguity samples), and has a long tail (which we refer to as high-ambiguity samples).
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