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ABSTRACT

Developing robust approaches for domain generalization is critical for the real
world deployment of deep learning models. Here, we address a particular domain
generalization challenge: selective classification for automated medical image di-
agnosis. In this setting, models must learn to abstain from making predictions
when label confidence is low, especially when tested with samples that deviate
significantly from the training set (covariate shift). Using the example of diabetic
retinopathy detection we show that even state-of-the-art deep learning models,
including Bayesian networks, fail during selective classification under covariate
shift. Bayesian estimates of predictive uncertainty do not generalize well under
covariate shift yielding catastrophic performance drops during referral. We iden-
tify the source of these failures and propose several post hoc referral solutions that
enable reliable selective classification under covariate shift.

1 INTRODUCTION

Deep learning models that are deployed in real-world situations must be able to readily generalize
when they encounter novel inputs. Yet, deep discriminative models do not perform well, typically,
when tested on data that is is far removed from the training distribution (domain shift). Previous
domain generalization studies have explored at least one of two complementary types of domain
shift: covariate shift and semantic shift. In covariate shift, the distribution of the input data changes
between training and testing phases whereas the target labels remain the same (e.g. a classifier
trained on photographs deployed to categorize paintings, |L1 et al.[(2017))). By contrast, in semantic
shift the distribution of input data and target labels assume additional degrees of freedom or meaning
(e.g. a classifier trained to distinguish cars from boats deployed on truck and ship images).

Here, we address a particular challenge with domain generalization for automated disease diagnosis
with domain-shifted medical images. Specifically, we focus challenges with selective classification
under covariate shift. In this setting, the model must abstain from making predictions when it is not
confident about label assignment, especially when the input (test) data deviates significantly from
its training set. Such “uncertain” instances are typically referred to an expert (e.g. clinician) for
further diagnosis and decision-making. In an ideal scenario, this approach would reduce the burden
on the clinician while also allowing the model to maximize its accuracy by making predictions only
for the most confident samples. Yet — using the example of diabetic retinopathy (DR) diagnosis
with retinal fundus images — we show that even state-of-the-art deep models, including Bayesian
networks, do not generalize well under covariate shift, yielding catastrophic performance failures
during referral. We analyze these failures, and propose post hoc referral solutions that enable robust
selective classification under domain shift. Related work is presented in Appendix E.

2 THE DOMAIN SHIFT CHALLENGE: DIABETIC RETINOPATHY

We demonstrate our solutions focusing on one medical imaging use case: diabetic retinopathy (DR)
detection using retinal fundus images (Band et al.|(2021)). In the Appendix, we apply our solutions
to a different use case: pneumonia detection with chest X-ray images (Appendix F).
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Figure 1: Referral performance of a Bayesian network (MCD) at baseline (black curves), or follow-
ing referral strategies proposed here (colored curves; SR, SSR, ). (a-b) AUROC for different
referral rates. (c-d) AUROC or accuracy for increasing referral rates (decreasing coverage).

2.1 BAYESIAN PREDICTIVE UNCERTAINTY UNDER COVARIATE SHIFT

The Retina Benchmark (Band et al.|(2021))) explores selective classification under two kinds of do-
main shift: i) semantic shift and ii) covariate shift. In the semantic shift case, also termed “Severity
shift”, a model trained on retinal fundus images with at most moderate DR is evaluated on images
with severe or proliferative DR. In the covariate shift case, also termed “Country shift”’, a model
trained on a DR dataset collected in United States (EyePACS| (2015)) is evaluated on a DR dataset
collected in India (APTOS|(2019)). For both tasks the underlying task is posed as binary classifica-
tion: whether a given image exhibits symptoms of diabetic retinopathy, or not. Here, we illustrate
selective classification challenges in the Country shift case.

For selective classification, uncertainty with predicting a test sample’s label is typically evaluated
using the model’s predictive entropy (equation 1).

H (po (Yz)) Zpe = ylz)logpe(Y = yl|z) (1

where z is a test sample, Y is arandom varlable denoting the model output, C is the number of output
classes, and € are the model parameters. However, conventional training objectives for deterministic
models can result in overconfident, yet incorrect predictions especially when the test data are far re-
moved from the training distribution. To address this challenge, Band et al.|(202 1)) proposed various
Bayesian deep learning models, including Monte-Carlo dropout (MCD, |Gal & Ghahramani| (2016))
and mean-field variational inference (MFVI, |Xing et al.|(2012))), which enable estimating predictive
uncertainties reliably. Specifically, taking into account both aleatoric uncertainty — uncertainty due
to inherent ambiguity and noise in the data — and epistemic uncertainty — uncertainty due to model
constraints or biases in the training process — was shown to be important for robust referral.

Briefly, the total uncertainty for Bayesian networks, where the network parameters 6 are stochastic,
is given as the sum of its aleatoric and epistemic uncertainties:

H(E [po (y|x)]) = E(H [po (y|2)]) + Z(y; 0) 2)
total aleatoric epistemic

where expectation is taken over network parameters, and Z(y; 0) represents the mutual information
between the outputs and the network parameters. Using this metric (Band et al.| (2021)) showed
consistent improvement over a deterministic baseline, especially for in-domain data.

2.2  BAYESIAN UNCERTAINTY FAILS TO GENERALIZE UNDER COVARIATE SHIFT

We illustrate a surprising failure of the Bayesian uncertainty metrics to generalize under covariate
shift. To illustrate this, we plot the area under the ROC curve (AUROC) values for the MCD model
for different referral rates — proportion of cases referred to the expert — for the Country shift case
with the out-of-domain (OOD/APTOS) data (Fig. [Ic). Note that the proportion of samples retained
for evaluation by the model decreases along the x-axis: these represent samples with progressively
lower predictive uncertainties, or greater model confidence. Therefore, AUROC should increase
monotonically with the proportion of referred cases.
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Figure 2: Analyzing referral failures. (a) Total entropy (CDF) for True and False Positives (TP/FP,
orange), and True and False Negatives (TN/FN, blue), for the MCD model. Black curve: Logit
magnitude for each total entropy bin. (b) Visualizing the in-domain (dashed contours) and out-of-
domain (solid contours) data distributions for healthy (blue) and pathological (orange) classes (see
text for details). (c¢) Distribution of OOD logits for the MCD model at baseline (filled histograms)
and following SPS with mean-matching (dashed, open histograms).

Yet, this is not the case. Despite a high AUROC (> 0.9) for zero referral, it decreases systematically
for higher referral rates (Fig. black). Plotting the ROCs for different referral rates (50%, Fig.
black; and 70%, Fig. black) confirm these observations. Moreover, we observe a less pro-
nounced, albeit similarly non-monotonic behavior with the accuracy-referral rate curve also (Fig.
[Id] black) — accuracy decreases with increasing referral rates, upto around 0.6. Such failures are
largely absent for in-domain (ID/EyePACS) data (Appendix D.2).

We have illustrated this pathological behavior in the AUROC-referral curve with the MCD model,
among the best performing of the Bayesian deep learning models. Nonetheless, a similar pattern of
catastrophic failures occurs for the other Bayesian models also, albeit to varying degrees, and for the
deterministic (MAP) model also (see Appendix D.1), replicating observations in the original study
(Band et al.|(2021), see their Figure 5d).

3 AMELIORATING REFERRAL FAILURES UNDER COVARIATE SHIFT
3.1 IDENTIFYING THE SOURCE OF REFERRAL FAILURES

We analyze the reasons for this failure by visualizing the entropy distributions for the Country shift
test data (Fig. [2a). While true positives (TP) and true negatives (TN) are predicted with high con-
fidence (low entropy), we find a significant imbalance in entropies among two error types. While
false negatives are generally predicted with low confidence (high entropy), a significant fraction of
false positives are predicted with high confidence (low entropy).

To understand the reason behind this trend we visualize the model outputs (logits, f(x)) using a two-
dimensional representation (Fig.[2b): the x-axis represents the model logits themselves, whereas the
y-axis represents a dimension that maximally discriminates the ID from the OOD data (detailed de-
scription in Appendix D.3). The dashed vertical line in the figure denotes the model’s classification
boundary estimated from the ID data, such that positive (diseased) and negative (healthy) label as-
signments are made to either side of this boundary. Note that there exists a monotonic relationship
between the total entropy () and the logit magnitude (|L|, Fig. black curve): for any referral
rate based on an entropy threshold (#,), there is a unique threshold L, on the logit magnitude, such
that all the test samples with f(x) € [—L,, L,] are referred.

From the visualization, it is apparent that healthy class OOD distribution has a long tail to the
right of the classification boundary (false positives, Fig. [2b] solid blue contours to the right of the
classification boundary). Thus, some of these samples would be predicted, albeit incorrectly, with
even greater confidence than the most confident true negatives! The long tail in the distribution of the
healthy class logits (Fig. filled blue histogram) highlights this failure case even more starkly. As
a result, a significant proportion of the most confident predictions are also incorrect. Consequently,
these incorrectly labeled samples are retained with high confidence at higher referral rates, leading
to the catastrophic drop in AUROC.
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3.2 OUTPUT TRANSFORMATIONS AND REFERRAL STRATEGIES

We propose three novel strategies for referral, including transformations to model outputs. All
approaches are applied post hoc and do not require retraining the model.

3.2.1 SPLIT REFERRAL

In this approach, we rank OOD test samples based on their transformed logit values (total entropies),
separately for each predicted class. Then, referrals are made in the order of the least to the most
confident predictions, proportionately for each class label. Mathematically,

o) = [ BN 1 iz <0
ST @p(2), otherwise

where z = f(x) are the model outputs (logits), @ and Pp are the empirical CDFs of the sets of
negative f(N) and positive f(P) predictions respectively, where N' = {x € Dy : z < 0}, and
P = {x € Dyes : z > 0}. Thus, for a given referral rate 7, 7| /| and 7|P| samples are referred from
N and P respectively, and the proportion of predicted labels is maintained at every rate of referral.
This approach does not require validation data or parameter tuning.

3.2.2 SHIFTED SPLIT REFERRAL

Shifted Split Referral (SSR) is essentially identical with the previous approach, except that model
outputs are transformed by “shifting” before split referral.

Pr(z+b)—1, ifz+b<0
tSSR(Z;b)Z{ n )

Op(z+0), otherwise
where b is a tunable parameter, N' = {z € Dyt : 2+ b < 0}, and P = {2z € Diegr : 2 + b > 0}

3.2.3 SPLIT PLATT SCALING

Platt scaling (Platt| (2000)) is a simple algebraic transformation on model outputs to obtain calibrated
probabilities. Inspired by this, we propose Split Platt Scaling (SPS), which transforms model outputs

using a shift and a scaling parameter.
an(z+b), ifz+b<0
t ; b) =
sps(23an, ap, b) {ap(z +b), otherwise

where axr, ap and b are tunable parameters (tuning procedure described in the next section). We
scale the logits of positive and negative predictions by different factors, which allows balancing their
relative uncertainties. Because the relative uncertainties depend on the ratio of ax and ap and not
their magnitudes, we consider a, = s—f/ and b as the two tunable parameters.

3.3 TUNING THE TRANSFORMATION PARAMETERS

For SSR and SPS we optimize the transformation parameters with an iterative shrinking grid search
(Appendix C). We consider the following optimization objectives:

* Risk-coverage: Maximizing the area under a performance metric versus referral rate curve, using
held out validation data from the OOD set; this is equivalent to minimizing the area under a
risk-coverage curve (El-Yaniv & Wiener|(2010)). The performance metric was either AUROC or
Accuracy, depending on whichever metric was being evaluated for the OOD test set.

* Mean-matching: Minimizing the squared difference between the mean logits of ID and OOD,
separately for each prediction label.

min(E[t o f(Noop)] — E[f (Mp)])* + (E[t o f(Poop)] — ELf (Pm)])*+
B(Var[t o f(Noop)] + Var[t o f(Poop)])

where ¢ o f represents the transformed logits and the last term represents a penalty for transforma-
tions that significantly increase the range of the transformed outputs (5 = 0.01).

MD:{$EDIDZf($)<O}; NOOD:{$€DOOD:tOf(I)<O}
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Pip = {z € Dip : f(x) >=0}; Poop = { € Doop : t o f(z) >= 0}

Note that risk-coverage objective requires an annotated validation set, which may not be avail-
able for OOD data in practical settings. On the other hand, the mean-matching objective does
not require such an annotated OOD dataset. Moreover, for SPS with the mean-matching objec-
tive, we add the constraint that equalizes the range of the transformed logits across the two classes,
MaXzeNogp |t 0 f(2)] = maxzepyp [t © f(2)], to enable a balance in the relative predictive uncer-
tainties across the two classes. We also explore the effect of varying the size of the OOD validation
set for parameter tuning in Appendix G.

4 RESULTS

To illustrate the advantages with our referral strategies we examine the ROC curves for the Country
shift DR test set (OOD/APTOS) with the MCD model at referral rates of 50% and 70% (Fig. Fig.
[ID). We observe systematically poor AUROCS at each of these referral rates with the baseline MCD
model (Fig. [Ta] & Fig. [Tb] black curve); each of these is significantly alleviated by our methods

(Figs. [TB]and [1b] colored curves).

Next, we examine the AUROC-referral curve for progressively increasing values of referral rates.
Although AUROC:s are virtually identical with the baseline model (Fig. black curve) at lower
referral rates (<0.2), with our strategies, the MCD model is rescued from catastrophic failure at all
higher referral rates (Fig. colored curves). A qualitatively similar improvement is also apparent
when we plot accuracy-referral curves (Fig. [Id). With our referral strategies, the long-tail in the
logit distribution for the healthy class is also alleviated (Fig. dashed blue histogram).

We quantify overall performance improvements using the area under the performance-coverage
curve (AUPCC); as mentioned earlier, this metric is inversely related to the area under the risk-
coverage curve, measured conventionally (EI-Yaniv & Wiener| (2010)). Across the spectrum of
models, incorporating our referral strategies yields systematic improvements in performance (Table
and Appendix D.4). Overall, shifted split referral (SSR), with one tunable parameter, yields the
highest gains over baseline AUPCC as measured with AUROC (up to 13.3% for the MAP model,
19.9% for MCD and 4.6% for MFVI). Split Platt scaling (SPS) yields gains comparable to SSR in
nearly all cases (up to 12.5% for the MAP model, 19.7% for MCD and 3.8% for MFVI), despite
having one additional tunable parameter. Despite having no tunable parameters, vanilla split referral
(SR) achieves significant improvements, albeit with more modest gains (up to 11.6% for the conven-
tional model, 17.7% for MCD and 3.5% for MFVI) (Table[I). A qualitatively similar pattern of gains
is also observed for AUPCC measured with accuracy (Table[I). We also evaluate the robustness of
our strategies by swapping the ID and OOD dataset in the Country shift case (Appendix H).

In summary, we propose targeted, lightweight strategies to rescue catastrophic referral failures for
DR images under covariate shift. Our solutions are relevant for developing robust and reliable au-
tomated diagnosis and referral pipelines in medical imaging applications. Future work will involve
incorporating self-supervised representations tailored for medical imaging data (Azizi et al.| (2022)),
as well as extending these solutions to multiclass settings (Shui et al.|(2022)).

Referral method MAP MCD MFVI
AUROC Accuracy AUROC Accuracy AUROC Accuracy

None (baseline) 0.833 0.904 0.773 0.894 0.899 0.901
Split Referral (SR) 0.949 0.931 0.950 0.933 0.934 0.913
SSR (Risk-Coverage) 0.966 0.941 0.972 0.946 0.945 0.919
SSR (Mean-Matching) 0.956 0.939 0.958 0.942 0.943 0.919
SPS (Risk-Coverage) 0.961 0.957 0.970 0.965 0.937 0.934
SPS (Mean-Matching) 0.962 0.944 0.967 0.951 0.920 0911

Table 1: Area under the performance-coverage curve (AUPCC) for 3 different models: determinis-
tic/maximum a posteriori (MAP), Monte-Carlo dropout (MCD) and mean field variation inference
(MFVI), after applying each of our referral strategies. Blue: best performance for the respective
model. Bold: best performance across all models.
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APPENDICES: AVOIDING CATASTROPHIC REFERRAL FAILURES IN DOMAIN-SHIFTED MEDICAL
IMAGES

A MODEL ARCHITECTURE AND TRAINING

We use the model architectures and trained checkpoints from the Retina Benchmark to reproduce
their results for the deterministic, Monte Carlo dropout (MCD) and mean-field variation inference
(MFVI) models. The deterministic model uses the maximum a posteriori estimate for classification
and is also referred to as the MAP model. Each model has a ResNet-50 (He et al.| (2016)) backbone
with a fully connected layer on top. Expectations for the MCD and MFVI models in equation (2) (see
section 2.1) are estimated using Monte Carlo sampling over the parameter distributions; the number
of samples per test input is set at 5. When running the Benchmark code we noticed (and corrected)
a logical error that affects entropy computation due to sub-optimal floating point truncation; our
results include this correction.

More details, including hyperparameter settings, are available at the Retina Benchmark repository.

B DIABETIC RETINOPATHY DATASETS AND PREPROCESSING

In the diabetic retinopathy Country shift benchmark, the in-domain data is from the EyePACS dataset
(EyePACS| (2015))), and the out-of-domain data is from the APTOS dataset (APTOS| (2019)). The
EyePACS dataset is part of the Kaggle DR Detection Challenge (2015), and consists of 35,126
training, 10,906 validation, and 42,670 test RGB images of human retinas, collected in USA. Each
image is annotated with a severity level from 0 to 4. The annotations are interpreted as follows: O -
no DR, 1 - mild DR, 2 - moderate DR, 3 - severe DR, and 4 - proliferative DR. APTOS consists of
retina images with the same annotation scheme, but was collected in India using different medical
equipment. 80% of the images (2,929) are used as the test set and the other 20% (733) as a secondary
validation set (used for selecting training checkpoints); the validation set was not used in our study.

The severity labels {0, 1} are considered to be healthy (negative class), and the labels {2, 3, 4} are
considered retinopathic (positive class). EyePACS has ~20% positive samples, whereas APTOS
has ~40% positive samples. The images are preprocessed following the Kaggle competition win-
ner (EyePACS| (2015)): resizing such that retinas have a radius of 300 pixels, local Gaussian blur
smoothing, and clipping to 90% size to avoid imaging artifacts at the retina boundary.

C OPTIMIZING TRANSFORMATION PARAMETERS

We optimize shifting/scaling parameters with an iterative shrinking grid search. These are first
initialized such that the transformation is the identity function: ° = 0 (and a® = 1 if using SPS).

In iteration 4, we search the set of parameters B’ (for SPS we search A® x B?), given by:
B ={b'+jsp: —wy < j < wp}
A" = {aj exp(js,) : —wa < j < wa}
where w, (search width / number of steps) and s (step size) are hyperparameters. The terms are
updated as: _
bt = argmin,. 5 £(b)

for SPS: 4 4

(a¢+17 bl+1) = argmin(umb)eAi « Bi E(G;T, b)

where L(-) is the optimization objective (area under risk-coverage curve or mean-matching) as a
function of the parameters. The step size is halved:

. 1.
Serl — *SZ

* 2 *
We set the search width (w, = w, = 2) and initial step size (s = 3.0,s) = 32.0) such that
the algorithm searches a very large space, but the iteratively shrinking search space ensures a local
optimum is precisely achieved. The total number of iterations is fixed at 7. Increasing this enables

higher precision of the local optima.


https://github.com/google/uncertainty-baselines/tree/main/baselines/diabetic_retinopathy_detection
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D DR DATASET: ADDITIONAL RESULTS

D.1 CATASTROPHIC REFERRAL FAILURES IN OUT-OF-DOMAIN DATA

We show here that catastrophic referral failures, similar to those reported in the main text, also occur
with another Bayesian network (MFVI, Fig.[d) as well as the deterministic model (MAP, Fig.[3)) on
out-of-domain (OOD/APTOS) data.
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Figure 3: Referral failures in the deterministic (MAP) model. Other conventions are as in Fig.
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Figure 4: Referral failures in the Bayesian (MFVI) model. Other conventions are as in Fig.

D.2 CATASTROPHIC FAILURES ARE ABSENT IN-DOMAIN DATA

By contrast, catastrophic referral failures do not occur for in-domain (ID/EyePACS) data (Fig. E])

D.3 VISUALIZING THE MODEL OUTPUTS

In Figure 2b] in the main text, the contours are obtained using Gaussian kernel density estimation
over the projections of the penultimate ResNet-50 layer features (2048 dimensional), on the fol-
lowing two components: the x-axis represents the projection on the last layer classifier weights for
DR detection, and the y-axis represents a dimension that maximally discriminates ID from OOD
data that is orthogonal to the last-layer classifier projection. The y-axis projection is calculated as
follows:

Let h(z) be the penultimate layer features for a given image «. Fitting a logistic regression on h(z)
to discriminate ID and OOD on the combined test set with a cross-entropy minimization objective
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Figure 5: Referral failures are absent for in-domain data (MCD model). Other conventions are as in

Fig.

gives us a weight vector wp and bias bp (§(z) = (wp - h(z) + bp)). Now let the retinopathy

classifier be (w¢ - h(z) 4 be), and define wp, = wp — wp - ToaTs -

In Figure 2b] the y-axis shows the (unnormalized) value of (w}, - h(z)). Thus OOD data assumes
higher values on the y-axis, on average, than ID data. Moreover, OOD points that are lower on the
y-axis (closer to the ID distribution) are reasonably well classified, whereas the tail of false positives
in the OOD data lies higher up on y-axis and, thus, those points are less similar to the ID data.
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Figure 6: Entropy partitions across outcomes (TP, FP, TN, FN) following the different referral strate-
gies proposed here. Other conventions are the same as in Fig. @
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D.4 AVERAGE PRECISION AND F1 SCORES

We show that our approaches marginally benefit, but certainly do not impair, precision and recall on
OOD (APTOS) data. For this, we plot the area-under-the-precision-recall curve (AUPRC or average
precision, Fig. [7h), as well as the F1 scores (Fig.[7p), for different referral rates (MCD model). We
observe a marginal increase in F1 scores with our approaches and no detriment in average precision.
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Figure 7: Average precision and F1 scores for the MCD model

E RELATED WORK

We build upon the Retina Benchmark, a part of the Uncertainty Baselines repository (Nado et al.
(2021)); the benchmark comprising various Bayesian deep networks is described in Section 2. PLEX
(Tran et al.|(2022)) extends the benchmark by applying state-of-the-art pretrained vision transform-
ers with its last layers modified for reliable uncertainty quantification. Yet, PLEX suffers from many
of the same shortcomings as the Retina Benchmark.

Multiple studies on selective classification have proposed training separate networks to estimate
predictive uncertainty for abstention (e.g. SelectiveNet/Geifman & El-Yaniv|(2019), Deep Gamblers
Liu et al.| (2019) & Self-Adaptive Training Huang et al.| (2020)). Yet, |[Feng et al.| (2022) show
that simple softmax response (Geifman & El-Yaniv| (2017)) based abstention outperforms these
approaches. Similarly, Gangrade et al.| (2021) formulate selective classification as an optimization
problem of maximizing coverage with an upper bound on model error. Yet, none of these studies, to
our knowledge, have addressed the challenge of selective classification in the domain generalization
setting.

Also relevant to our objective are studies on model calibration. Yet, while well calibrated models
can give reliable uncertainty estimates, calibration on ID data does not ensure that uncertainty esti-
mates generalize for OOD data. (Fisch et al.| (2022)) show state-of-the-art performance on a related
problem: calibrated selective classification under domain shift. Yet, this approach requires retrain-
ing a base model to improve selective calibration error, unlike our approaches which can be applied
post hoc on pretrained models.

F COVARIATE SHIFT IN THE PNEUMONIA DATASET

We show that the pattern of catastrophic referral failures happens in a different medical domain:
detecting pneumonia from chest X-ray images.

We trained the MAP and MCD models on the pneumonia dataset from (Kermany et al.| (2018)),
which consists of frontal chest X-ray scans from children, having 5,232 train and 624 test images.
These are labeled as one of healthy, bacterial pneumonia, or viral pneumonia. We consider only
the binary classification task with the negative class being healthy and postive class being pathol-
ogy (either bacterial or viral pneumonia). We evaluated these models on the ChestX-ray14 dataset
(Wang et al.| (2017)), consisting of a total of 112k images from 33k unique patients, annotated with
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14 predetermined pathologies (including pneumonia), which are extracted with NLP from textual
reports.

In this case, we observe catastrophic referral failures, even for in-domain data (Fig. Eh black curves).
Our methods alleviate this catastrophic referral failure (Fig. [8p, colored curves)
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Figure 8: MC-Dropout model for Pneumonia detection. Other conventions are as in Fig.

Interestingly, we observed that with the OOD data, AUROCSs were not much greater than 0.5, even
for zero referral rates (Fig. , black curve). Moreover, none of our referral methods could rescue
this failure (Fig.[8p, colored curves).

Examining the OOD logits revealed that the model did not generalize at all to the OOD data (Fig.[9p),
even at zero referral rates. This failure case suggests that the post hoc solutions we have proposed
here are relevant for correcting referral failures arising from an imbalance in entropy when the model
generalizes reasonably well. Alternative domain adaptation approaches — for example, retraining the
model in an unsupervised or semi-supervised setting — may be necessary for rescuing more extreme
cases of OOD generalization failures that occur even prior to referral.
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Figure 9: Logit distributions for Pneumonia detection (MC-Dropout model).

G EFFECT OF OOD VALIDATION SET SIZE USED FOR TUNING TRANSFORMATION
PARAMETERS

We studied the effect of varying the OOD validation set size used for tuning the transformation
parameters for the SSR and SPS approaches (Figure [I0). With smaller validation size the test
AUPCCs were lower, especially for SPS(Risk-Coverage). Though SPS(Risk-Coverage) exhibited
high scores overall, it also needed larger validation set sizes for optimization, compared to the other
methods. On the other hand, SSR(Mean-Matching) was more robust to validation set size variation
— only a marginal change in AUPCCs occurred across diverse validation set sizes (8 to 1024).
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Figure 10: Variation of Area Under the Performance Coverage Curves (AUPCCs) with varying OOD
validation set sizes. Other conventions are as in Fig.

H ROBUSTNESS CHECK BY SWAPPING ID AND OOD DATASETS: COUNTRY SHIFT CASE
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Figure 11: Swapping ID and OOD datasets in the Country shift case. Models were trained on the
APTOS dataset, and tested on the EyePACS dataset. Other conventions are as in Fig.

To test the robustness of our methods, we also evaluated them by swapping the ID and OOD datasets
in the Country Shift DR setting. In this case, the ID dataset is APTOS and the OOD dataset is
EyePACS. We follow the same procedure as Country shift — train the model (MAP or MCD) on
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APTOS, perform model output transformations using validation sets from both datasets, and report
the results on the EyePACS test set.

In this case also, we observe dramatic referral failures at baseline: the AUROC decreases sys-
temtaically with increasing referral rates (Fig [TTp,c, black). Nearly all of our methods, except
SPS(Mean-matching), were able to rescue this failure (Fig ,c, all curved except solid green). On
the other hand accuracies show a marginal decrease with SR and SSR(Mean-matching) (Fig [LTp,
d); notably, both of these strategies lack outlier label exposure.

We suspect that this failure occurred due to the smaller size of APTOS (2,929 train images) com-
pared to EyePACS (35,126 train images), resulting in potential overfitting and poor generalization.
This hypothesis is supported by the fact that zero referral rate AUROC was considerably higher for
the original case (>0.9 for EyePACS/ID and APTOS/OOD, Fig. as compared to the swapped
case (~0.7 for APTOS/ID and EyePACS/OOD, Fig. [ITk).
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