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ABSTRACT

Machine learning models that achieve high overall accuracy often make system-
atic errors on important subsets (or slices) of data. Identifying underperforming
slices is particularly challenging when working with high-dimensional inputs (e.g.
images, audio), where important slices are often unlabeled. In order to address this
issue, recent studies have proposed automated slice discovery methods (SDMs),
which leverage learned model representations to mine input data for slices on
which a model performs poorly. To be useful to a practitioner, these methods
must identify slices that are both underperforming and coherent (i.e. united by a
human-understandable concept). However, no quantitative evaluation framework
currently exists for rigorously assessing SDMs with respect to these criteria. Ad-
ditionally, prior qualitative evaluations have shown that SDMs often identify slices
that are incoherent. In this work, we address these challenges by first designing a
principled evaluation framework that enables a quantitative comparison of SDMs
across 1,235 slice discovery settings in three input domains (natural images, med-
ical images, and time-series data). Then, motivated by the recent development
of powerful cross-modal representation learning approaches, we present Domino,
an SDM that leverages cross-modal embeddings and a novel error-aware mixture
model to discover and describe coherent slices. We find that Domino accurately
identifies 36% of the 1,235 slices in our framework — a 12 percentage point im-
provement over prior methods. Further, Domino is the first SDM that can provide
natural language descriptions of identified slices, correctly generating the exact
name of the slice in 35% of settings.

1 INTRODUCTION

Machine learning models often make systematic errors on important subsets (or slices) of dat
For instance, models trained to detect collapsed lungs in chest X-rays have been shown to make
predictions based on the presence of chest drains, a device typically used during treatment (Oakden-
Rayner et al., 2019). As a result, these models frequently make prediction errors on cases without
chest drains, a critical data slice where false negative predictions could be life-threatening. Simi-
lar performance gaps across slices have been observed in radiograph classification (Badgeley et al.,
2019 [Zech et al.l 2018; [DeGrave et al., [2021), melanoma detection (Winkler et al., 2019), natu-
ral language processing (Orr et al., [2020; |Goel et al.l 2021), and object detection (de Vries et al.,
2019), among others. If underperforming slices can be accurately identified and labeled, we can
then improve model robustness by either updating the training dataset or using robust optimization
techniques (Zhang et al., 2018} Sagawa et al., 2020).

However, identifying underperforming slices is difficult in practice. When working with high-
dimensional inputs (e.g. images, time-series data, video), slices are often “hidden”, meaning that
they cannot easily be extracted from the inputs and are not annotated in metadata (Oakden-Rayner,
et al., [2019). For instance, in the collapsed lung example above, the absence of chest drains is
challenging to identify from raw image data and may not be explicitly labeled in metadata. In this
setting, we must perform slice discovery: the task of mining unstructured input data for semantically
meaningful subgroups on which the model performs poorly.

"We define a data slice as a group of data examples that share an attribute or characteristic.
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Figure 1: Proposed Approach. (Left) We design an evaluation framework to systematically com-
pare SDMs across diverse slice settings. Here, the example slice setting includes a dataset that
displays a strong correlation between the presence of birds and skies. (Right) A classifier trained
to detect the presence of birds makes false positive predictions on skies without birds. We present
Domino, a novel SDM that uses cross-modal embeddings to identify and describe the error slice.

In modern machine learning workflows, practitioners commonly attempt slice discovery with a com-
bination of feature-based interpretability methods (e.g. GradCAM, LIME) and manual inspection
(Selvaraju et al., 2017} Ribeiro et al., |2016). However, these approaches are time-consuming and
susceptible to confirmation bias (Adebayo et al., 2018). As a result, recent works have proposed
automated slice discovery methods (SDMs), which use learned input representations to identify se-
mantically meaningful slices where the model makes prediction errors (d’Eon et al., 20215 |Yeh et al.}
2020a; |Sohoni et al., |2020; [Kim et al.l 2018} |Singla et al., 2021). An ideal SDM should automat-
ically identify data slices that fulfill two desiderata: (a) slices should contain examples on which
the model underperforms, or has a high error rate and (b) slices should contain examples that are
coherent, or align closely with a human-understandable concept. An SDM that is able to reliably
satisfy these desiderata across a wide range of settings has yet to be demonstrated for two reasons:

Issue 1: No quantitative evaluation framework exists for measuring performance of SDMs with
respect to these desiderata. Existing SDM evaluations are either qualitative (d’Eon et al., |2021)),
performed on purely synthetic data (Yeh et al., 2020a)), or consider only a small selection of tasks
and slices (Sohoni et al.l [2020). A comprehensive evaluation framework should be quantitative,
use realistic data, cover a broad range of contexts, and evaluate both underperformance and coher-
ence. Currently, no datasets or frameworks exist to support such an evaluation, making it difficult to
evaluate the tradeoffs among prior SDMs.

Issue 2: Prior qualitative evaluations have demonstrated that existing SDMs often identify slices
that are incoherent. A practically useful SDM should discover coherent slices that are understand-
able by a domain expert. For example, in the chest X-ray setting described earlier, the slice “patients
without chest drains” is meaningful to a physician. Slice coherence has previously been evaluated
qualitatively by requiring users to manually inspect examples and identify common attributes (d’Eon
et al.,[2021} Yeh et al.,2020a). Such evaluations have shown that discovered slices often do not align
with concepts understandable to a domain expert. Additionally, even if slices do align well with con-
cepts, it may be difficult for humans to identify the shared attribute. Thus, an ideal SDM would not
only output coherent slices, but also identify the concept connecting examples in each slice.

In this work, we address both of these issues by (1) developing a framework to quantitatively evaluate
the effectiveness of slice discovery methods at scale and (2) leveraging this framework to demon-
strate that a powerful class of recently-developed cross-modal embeddings can be used to create an
SDM that satisfies the above desiderata. Our approach — Domino — identifies coherent slices and
generates automated slice descriptions.

After formally describing the slice discovery problem in Section 2, we introduce an evaluation
framework for rigorously assessing SDM performance in Section 3. We curate a set of 1,235 slice
discovery settings, each consisting of a real-world dataset, a trained model, and one or more “ground
truth” slices corresponding to a concept in the domain. During evaluation, the SDM is provided with
the dataset and the model, and we measure if the labeled slices can be successfully identified. We
find that existing methods identify “ground truth” slices in no more than 23% of these settings.
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a mixture model that jointly models the input embeddings, class labels, and model predictions.
This encourages slices that are homogeneous with respect to error type (e.g. all false positives). The
model assumes that data is generated according to the following generative process: each example is
randomly assigned membership to a single slice according to a categorical distribution S ~ Cat(ps)

with parameter ps € {p € RE : Ef 1D = 1} Given membership in slice j, the embeddings are
normally distributed Z|SU) = 1 ~ N (u9), £0)) with parameters mean () € R? and covariance
»0) ¢ Sd . (the set of symmetric positive deﬁnlte d x d matrices), the labels vary as a categorical
Y|S0 = 1 ~ Cat(p¥)) with parameter p) € {p € RS ¢ 30 pi = 1}, and the model
predictions also vary as a categorical Y|SU) = 1 ~ Cat(p(ﬂ)) with parameter pU) € {p €

RS : ZZ . Pi = 1}. This assumes that the embedding, label, and prediction are all independent
condltloned on the slice.

The mixture model is parameterized by ¢ = [ps, {1, £0) p), f)(f‘)}ﬁzl]. The log-likelihood
over the validation dataset D,, is given as follows and maximized using expectation-maximization:

n k
=Y "log) " P(SY=1)P(Z=2|SV =1)P(Y =y;|SV =1)"P(Y =hy(2;)|SV) =1)",

ey
where + is a hyperparameter that balances the trade-off between coherence and under-performance,
our two desiderata (see Section[A.4.2)).

5.3 GENERATING NATURAL LANGUAGE DESCRIPTIONS OF DISCOVERED SLICES

Domino can produce natural language statements that describe characteristics shared between ex-
amples in the discovered slices. To generate slice descriptions, we begin by sourcing a corpus of
candidate natural language phrases Diexy = {¢; }"‘“‘ Crltlcally, this text data can be sourced inde-
pendently and does not need to be paired with examples in D. In Section [A.4.3] we describe an
approach for generating a corpus of phrases relevant to the domain.

We generate an embedding for each phrase in Dy using the cross-modal embedding func-
tion gex, yielding {z“”‘t = glexl(t]—)}?‘“ﬁ Then, we compute a prototype embedding for
each of the dlscovered slices by taking the weighted average of the input embeddings in the

shce {zshce = zbfﬁ)ce(x y) zmpm}?:l. We also compute a prototype embedding for each class

{20 = Yy = ¢]Z™"1C_ | To distill the slice prototypes, we subtract out the proto-
(1) ()

type of the most common class in the slice Zgy;,, — Z,,- Finally, to find text that describes each

slice, we compute the dot product between the distilled slice prototypes and the text embeddings

and return the phrase with the highest value: argmax ., _; Z;¢XtT( g(flce — Ec(fa)“)

6 EXPERIMENTS

We use the evaluation framework developed in Section ] to systematically assess Domino, compar-
ing it to existing SDMs across 1,235 slice discovery settings. Our experiments validate the three
core design choices behind Domino: (1) the use of cross-modal embeddings, (2) the use of a novel
error-aware mixture model, and (3) the generation of natural language descriptions for slices. We
provide SDM implementation details in Section[A.3.2]and extended evaluations in Section[A.3]

6.1 CROSS-MODAL EMBEDDINGS IMPROVE SDM PERFORMANCE

In this section, we evaluate the effect of embedding type on performance. We hold our error-aware
slicing algorithm (Step 2) constant and vary our choice of embedding (Step 1).

Natural Images. We compare four embeddings: final-layer activations of a randomly-initialized
ResNet-50 (He et al., [2016), final-layer activations of hy, BiT (Kolesnikov et al., |2019), and CLIP
(Radford et al.,|2021). CLIP embeddings are cross-modal. Results are shown in Figure
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Figure 3: Cross-modal embeddings enable accurate slice discovery. Using our evaluation frame-
work, we demonstrate that the use of cross-modal embeddings leads to consistent improvements in
slice discovery across three datasets and two input modalities (1,235 settings).

When evaluating with synthetic models, we find that using CLIP embeddings results in a mean
precision-at-10 of 0.570 (95% CI: 0.554, 0.586), a 9 percentage point increase over BiT embeddings
and a 23 percentage point increase over random activationsﬂg

When evaluating with trained models, we find no difference between using CLIP embeddings and
BiT embeddings. However, both outperform activations of the trained classifier hy by nearly 15
percentage points in mean precision-at-10. This finding is of particular interest given that classifier
activations are a popular embedding choice in prior SDMs (d"Eon et al,[2021}; [Sohoni et al., [2020).
Notably, the gap between CLIP and hy activations is much smaller in settings with correlation slices.
This makes sense because a model that relies on a correlate to make predictions will likely capture
information about the correlate in its activations (Sohoni et al., [2020).

Medical Images. We compare five embeddings: the final-layer activations of a ResNet-50 pre-
trained on ImageNet (He et all, [2016), the final-layer activations of the trained classifier hg, BiT
(Kolesnikov et all, [2019), and domain-specific cross-modal embeddings that we trained using two
different methods: MIMIC-CLIP and ConVIRT. For synthetic models, cross-modal ConVIRT em-
beddings enable a mean precision-at-10 of 0.765 (95% CI: 0.747, 0.784), a 7 point improvement over
the best unimodal embeddings (BiT) with mean precision-at-10 of 0.695 (95% CI: 0.674, 0.716).
For trained models, we again find that although hy activations perform the worst on rare and noisy
label slices, they are competitive with cross-modal embeddings on correlation slices.

Medical Time Series. For our EEG dataset, we compare the final-layer activations of a pretrained
seizure classifier and a CLIP-style cross-modal embedding trained on EEG-report pairs. When
evaluating with synthetic models, we find that cross-modal embeddings recover coherent slices with
a mean precision-at-10 of 0.697 (95% CI: 0.605, 0.784). This represents a 17 point gain over using
unimodal embeddings 0.532 (95% CI: 0.459, 0.608). Cross-modal embeddings also outperform
unimodal embeddings when evaluated with trained models. This demonstrates that cross-modal
embeddings can aid in recovering coherent slices even in input modalities other than images.

’Note that synthetic models do not have activations, so we cannot compare to trained activations here.
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Figure 4: Error-aware mixture model enables accurate slice discovery. When cross-modal
embeddings are provided as input, our error-aware mixture model often outperforms previously-
designed SDMs. Results on medical images and medical time-series data are in Section

6.2 ERROR-AWARE MIXTURE MODEL IMPROVES SDM PERFORMANCE

In order to understand the effect of slicing algorithms on performance, we hold the cross-modal
embeddings (Step 1) constant and vary the slicing algorithm (Step 2). We compare the error-aware
mixture model to four prior SDMs: George (Sohoni et al.,2020), Multiaccuracy (Kim et al.,|2018)),
Spotlight (d’Eon et al., 2021)), and a baseline we call ConfusionSDM, which outputs slicing func-
tions that partition data into the cells of the confusion matrix. We provide cross-modal embeddings
as input to all five SDMs. On noisy and rare slices in natural images, the error-aware mixture model
recovers ground truth slices with a mean precision-at-10 of 0.639 (95% CI: 0.617,0.660) — this
represents a 105% improvement over the next-best method, George. Interestingly, on correlation
slices, the naive ConfusionSDM baseline outperforms our error-aware mixture model. Extended
evaluations are provided in Section[A.3]

6.3 DOMINO GENERATES NATURAL LANGUAGE DESCRIPTIONS OF DISCOVERED SLICES.

Domino is the first SDM that can generate natural language descriptions for identified slices. For
natural images, we provide a quantitative analysis of these descriptions. Specifically, since Domino
returns a ranking over all phrases in the corpus Dy, We can compute the percentage of settings in
which the name of the “ground truth” slice (or a WordNet synonym (Fellbaum, 1998))) appears in the
top-k words returned by Domino. In Figure[9] we plot this percentage for k = 1 to k = 10. We find
that for 34.7% of rare slices, 41.0% of correlation slices, and 39.0% of noisy label slices, Domino
ranks the name of the slice (or a synonym) first out of the thousands of phrases in our corpus. In
57.4%, 55.4%, and 48.7% of rare, correlation, and noisy label slices respectively, Domino ranks the
phrase in the top ten. In Section [A.T] we show that Domino is successful at recovering accurate
explanations for natural image, medical image, and medical time series data.

7 CONCLUSION

In this work, we analyze the slice discovery problem. First, we observe that existing approaches
for evaluating SDM performance do not allow for large-scale, quantitative evaluations. We address
this challenge by introducing a programmable framework to measure SDM performance across two
axes: underperformance and coherence. Second, we propose Domino, a novel SDM that combines
cross-modal representations with an error-aware mixture model. Using our evaluation framework,
we demonstrate that the embedding and slicing steps of Domino outperform those of existing SDMs.
We also show for the first time that using cross-modal embeddings for slice discovery can enable
the generation of semantically meaningful slice descriptions. Notably, Domino requires only black-
box access to models and can thus be broadly useful in settings where users have API access to
models. Future directions include executing controlled user studies to evaluate when generated
explanations are actionable, developing strategies for computing input embeddings when access
to both pre-trained cross-modal embeddings and paired input-text data is limited, and exploring
strategies for improving slice discovery in settings where slice strength, «, is low. We hope that our
evaluation framework accelerates the development of slice discovery methods and that Domino will
help practitioners better evaluate their models.
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8 REPRODUCIBILITY STATEMENT

We provide an open-source implementation of our evaluation framework at https://github.
com/HazyResearch/domino. Users can run Domino on their own models and datasets by
installing our Python package via: pip install domino.

9 ETHICS STATEMENT

Domino is a tool for identifying systematic model errors. No matter how effective it is at this task,
there may still be failure-modes Domino will not catch. There is a legitimate concern that model
debugging tools like Domino could give practitioners a false sense of security, when in fact their
models are failing on important slices not recovered by Domino. It is critical that practitioners still
run standard evaluations on accurately-labeled, representative test sets in addition to using Domino
for auditing models. Additionally, because Domino uses embeddings trained on image-text pairs
sourced from the web, it may reflect societal biases when identifying and describing slices. Future
work should explore the impacts of using biased embeddings to identify errors in models. What
kinds of error modes might we miss? Are certain underrepresented groups or concepts less likely to
be identified as an underperforming slice?
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A.1 EXAMPLES OF SLICE DESCRIPTIONS

In this section, we provide examples of the natural language slice descriptions generated by Domino.
Figure[5)includes natural language descriptions and representative photos for discovered slices in the
natural image domain, Figure[f]includes natural language descriptions in the medical image domain,
and Figure [7]includes natural language descriptions in the medical time-series domain.

vehicle building food

o - o - o
slubmarine banana
Sice

mosque
i/ 4l

siice sice
@ photo of submarine

\a photo of mosque

a photo of banana

a photo of underway a photo of imam a photo of potassium
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a photo of warship a photo of caliphate a photo of eel

a photo of navy a photo of caliph a photo of anarctica

black hair _ wearing earrings blonde hair
target correlation target target

correlation correlation
slice category slice category slice category

brown hair

slice

eyeglasses
slice

a photo of a man spectacled a photo of a woman with brown hair a photo of a woman with brown hair

a photo of a man with tinted glasses
a photo of a man with refractive glasses
a photo of a guy with tinted glasses

a photo of a man in aviator sunglasses

building

target

label

slice caegory

a photo of a girl with brownish hair

a photo of a girl with brown hair

a photo of a girl with reddish hair

a photo of a woman with reddish hair

vehicle -
target noisy label
egory

slice cal

a photo of a woman smiling warmly
a photo of a woman with a smile

a photo of a smiling woman

a photo of a girl with brownish hair

food

target label
slice category

barn locomotive
slice

slice

beverage
slice

S~

a photo of drink

a photo of barn a photo of locomotive

a photo of winter a photo of railway a photo of coffee

a photo of snow a photo of railroad a photo of beverage

a photo of snowfall a photo of train a photo of milk

a photo of farmhouse a photo of electrification a photo of drinking

Figure 5: Domino produces natural language descriptions of discovered slices. Natural language
descriptions for discovered slices in (top row) 3 settings randomly selected from the set of the 85
rare slice, natural image settings where Domino includes the exact name of the slice in its top 5
slice descriptions; (middle row) 3 settings randomly selected from the set of the 45 correlation
slice, natural image settings where Domino includes the exact name of the slice in its top 5 slice
descriptions and precision-at-25 exceeds 0.8; and (bottom row) 3 settings randomly selected from
the set of the 95 noisy label slice, natural image settings where Domino includes the exact name
of the slice in its top 5 slice descriptions and precision-at-25 exceeds 0.8. The length of the bars
beneath each description are proportional to the dot product score for the description (see Section
@. Also shown are the top 3-4 images that Domino associates with the discovered slice.
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Trained Model

Pleural condition
slice category

...there is no...pneumothorax...

Synthetic Model
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target Tare
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slice slice
...mild cardiomegaly...

...heart is mildly enlarged... ...there is no focal consolidation or pneumothorax...

...the heart remains mildly enlarged... ...there is no...effusion, or pneumothorax...
...heart size remains moderately enlarged... ...no evidence of pneumothorax...

...the heart is mildly enlarged... ...no pleural effusion or pneumothorax...

Pleural effusion Iung opacity
rget targe

correlation
. slice category
support devices
slic

o dialysis catheter terminates ...

correlation

slice category
pleural effusion
Sice

...improving pleural effusion on the right...

...enteric tube is again noted... ...basal pleural effusions are noted...
...sternotomy wires are noted... ...small bilateral pleural effusions are persistent...
...a dual lead pacemaker... ...and absence of pleural effusions...

...right-sided port-a-cath is again seen... ...there is no significant interval change...

lung condition lung condition 7
(argeg (argeg noisy label

slice category

noisy label
slice category

atelectasis

slice

a‘telectasis
...there is trace bibasilar atelectasis...

U mild bibasilar atelectasis slightly improved...
...with overlying atelectasis... ...there is mild left basal atelectasis...
...with overlying atelectasis... ...probable bibasilar atelectasis...
..felt to most likely represent atelectasis... ...mild bibasilar atelectasis...

...mild right basilar atelectasis... ...likely reflect areas of atelectasis. ..

Figure 6: Domino produces natural language descriptions for discovered slices in a medical
image dataset. Here, we provide the top five natural language descriptions for discovered slices in
(top row) two rare slice settings, (middle row) two correlation slice settings, and (bottom row) two
noisy label slice settings. Colored bars represent accurate slice descriptions, and gray bars represent
incorrect descriptions. Note that in our medical examples, the vocabulary consists of physician
reports in the training set; since, we are unable to provide the full-text reports due to patient privacy
concerns, the figure includes relevant fragments of reports. The length of the bars beneath each
description are proportional to the dot product score for the description (see Section@)

tseizure

roct rare
age slice category
sliZe

...25 year old healthy man...

...24 hour video-EEG recording...
...correlating seizures noted...
...ex-term female with seizure...

...7 y/o ex-term male with...

seizure

age Slice category
slice

...15 month old baby...

...intractable epilepsy...
...2 year old boy...

...tonic clonic movements...

...awake/asleep EEG...

seizure
target

age slice ctegory
...15 month old baby...
...intractable epilepsy...

.17 yo girl ex-35 weeker with IVH...
...tonic clonic movements...

...a seizure lasting less than a minute...

Figure 7: Domino produces natural language explanations for discovered slices in a medical
time-series dataset. Natural language descriptions for discovered slices in 3 of our EEG slice
discovery settings. In all three settings, the model is trained to detect seizures and underperforms
on the slice of young patients. The three settings span all three slice categories and in each Domino
describes the slice with reports mentioning young age. Note that the description corpus consists
of physician reports in the training set; however, we are unable to provide the full-text reports due
to patient privacy concerns, so the table includes only relevant fragments. The bar lengths beneath
each description are proportional to the dot product score for the description (see Section @)
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A.2 EXTENDED RELATED WORK: SURVEY OF SLICES IN THE WILD

Several recent studies have shown that machine learning models often make systematic errors on
critical data slices. In this section, we provide a survey of underperforming slices documented in the
literature.

Skin Lesion Classification (Correlation Slice): [Bissoto et al.| (2019) reveal that models
trained to classify skin lesion images depend on clinically irrelevant information due to
biases in the training data. Specifically, a computer vision model trained to classify skin
lesions performs poorly on images of malignant lesions with color charts (i.e. colored
bandages), since color charts more commonly appear with benign lesions.

Melanoma Detection (Correlation Slice): A study by Winkler et al.[(2019) showed that
melanoma detection models trained on dermascopic image datasets often rely on the pres-
ence of surgical skin markings when making predictions. Since dermatologists mark sus-
picious lesions during clinical practice with a gentian violet surgical skin marker, dermas-
copic images will often include skin markings, causing models to learn spurious correla-
tions between markings and the presence of melanoma. Models then underperform on the
slice of lesions without markings.

Pneumothorax Detection (Correlation Slice): Models trained to detect the presence of
pneumothorax (collapsed lungs) have been found to rely on the presence of chest drains, a
device used during treatment (Oakden-Rayner et al., [2019).

Hip-Fracture Detection (Rare Slice): Due to the low prevalence of cervical fractures in a
pelvic X-ray dataset collected from the Royal Adelaide Hospital, computer vision models
trained to detect fractures underperform on this slice (Oakden-Rayner et al.,[2019).

Hip-Fracture Detection (Correlation Slice): [Badgeley et al.| (2019) show that the per-
formance of models trained to detect hip fractures from X-rays are sensitive to multiple
patient-specific and hospital-specific attributes. In particular, when the test distribution is
subsampled to remove correlations with patient attributes (age, gender, BMI, pain, fall) and
hospital attributes (scanner, department, radiation, radiologist name, order time), the model
performance drops to close to random.

Gender Classification in Images (Rare Slice): Buolamwini & Gebru| (2018)) demon-
strated that facial analysis datasets are often composed primarily of lighter-skinned subjects
(based on Fitzpatrick Skin Types) and as a result, three commercial gender classification
systems systematically underperform on rare subgroups (e.g. darker faces, female faces).

COVID-19 Detection in Chest X-rays (Correlation Slice): |DeGrave et al.| (2021) re-
veal that some models trained to detect COVID-19 from radiographs do not generalize to
datasets from external hospitals, indicating that the models rely on source-specific attributes
instead of pathology markers.

Pneumonia Detection in Chest X-rays (Correlation Slice): [Zech et al.| (2018) evalu-
ated pneumonia screening CNNs on three external hospitals, and found that performance
on the external hospitals was significantly lower than the original hospital dataset. Addi-
tionally, the CNNs were able to very accurately classify the hospital system and depart-
ment where the radiographs were acquired, indicating that the CNN features had learned
hospital-specific confounding variables.

Weakly Supervised Aortic Valve Malformation Classification (Noisy Label Slice):
Weak supervision is commonly used in medical machine learning practice to label clin-
ical datasets. Using a set of labeling functions, [Fries et al.|(2019) train a weakly-supervised
model to classify aortic valve malformations. They note that noise in the labels is induced
by labeling functions. These may systematically miss coherent slices of data, meaning that
a model trained on these labels may underperform on those slices.

Predicting Gender from Photos of the Iris (Correlation Slice): Several studies have
reported models capable of predicting a person’s gender from a photo of their iris Bansal
et al.[(2012); Tapia et al.| (2016). However, |Kuehlkamp et al.|(2017) show that these models
may be relying on the presence of mascara to make these predictions. This suggests that
performance will likely be degraded on the slice of females without mascara and males
with mascara.
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* Speech Recognition (Rare Slice): [Koenecke et al.[ (2020) demonstrated that automated
speech recognition systems have large performance disparities between white and African
American speakers. The disparities were traced to the race gap in the corpus used to train
the model, indicating that African American speakers were a rare slice.

* Object Recognition (Rare Slice): A study by|de Vries et al.|(2019) demonstrated that pub-
licly available object recognition algorithms often systematically underperform on house-
hold items that commonly occur in non-Western countries and low-income communities.
This is likely due to objects appearing in different environments as well as differences in
object appearance.

* Named Entity Disambiguation (Rare Slice): Named entity disambiguation (NED) sys-
tems, which map textual mentions to structured entities, play a critical role in automated
text parsing pipelines. Several studies have demonstrated that NED systems underperform
on rare entities that occur infrequently in the training data (Orr et al., 2020} |Varma et al.,
2021).

A.3 EXTENDED DESCRIPTION OF EVALUATION FRAMEWORK

Domain Rare Settings Correlation Noisy Label Total settings
Settings Settings

Natural 177 (trained) 520 (trained) 287 (trained) 984 (trained)
Images 197 (synthetic) 520 (synthetic) 394 (synthetic) 1,111 (synthetic)
MIMIC 15 (trained) 176 (trained) 30 (trained) 221 (trained)

55 (synthetic) 352 (synthetic) 55 (synthetic) 462 (synthetic)
EEG 10 (trained) 10 (trained) 10 (trained) 30 (trained)

10 (synthetic) 10 (synthetic) 10 (synthetic) 30 (synthetic)

Table 1: Overview of evaluation framework. We evaluate SDMs across 1,235 (trained) slice
discovery settings across three domains, four slice categories, and five slice parameters ().

A.3.1 EXTENDED DESCRIPTION OF SLICE CATEGORIES

In Section[d.1.1] we describe how we categorize each slice discovery setting based on the underlying
reason that the model hy exhibits degraded performance on the slices S. We survey the literature
for examples of underperforming slices in the wild, which we document in Section Based on
our survey and prior work (Oakden-Rayner et al., 2019), we identify three popular slice types. We
provide expanded descriptions below.

Rare slice. Consider a slice S € {0, 1} (e.g. patients with a rare disease, photos taken at night) that
occurs infrequently in the training set (i.e. P(S = 1) < « for some small «). Since a rare slice will
not significantly affect model loss during training, the model may fail to learn to classify examples
within the slice. To generate settings with rare slices, we use base datasets with hierarchical label
schema (e.g. ImageNet (Deng et al.,[2009)). We construct dataset D such that for a given class label
Y, the elements in subclass C' occur with proportion «, where « ranges between 0.01 and 0.1.

Correlation slice. If the target variable Y (e.g. pneumothorax) is correlated with another variable
C (e.g. chest tubes), the model may learn to rely on C' to make predictions. This will induce
a slice S = 1[C' # Y] (e.g. pneumothorax without chest tubes and normal with chest tubes)
with degraded performance. To generate settings with correlation slices, we use base datasets with
metadata annotations (e.g. CelebA (Liu et al., 2015)). We sub-sample the base dataset Dy, such
that the resulting dataset D exhibits a linear correlation of strength o between the target variable and
another metadata label C'. Here, o ranges between 0.2 and 0.8.

We now describe our procedure for subsampling the base dataset to achieve a desired correlation.
Assume we have two binary variables Y, C' € {0,1} (Bernoulli random variables) and a dataset of
Drase = {(yi, i)}y Given a target correlation o, we would like to subsample the dataset Dyyse
such that the resulting dataset D = (y;, ¢;);-, of size n exhibits a sample correlation between Y and
Cof a.

19



Published as a conference paper at ICLR 2022

The population correlation between Y and C is given by a(Y,C) = cvM.C) ang cov(Y,C) =

Oy ocC

E[YC] — E[Y]E[C]. For a sample, the unbiased estimator of the covariance is:

n

covy,0) = =10 Dol — e ) = - (e - o)

i=1

Since we know Y and C are Bernoulli random variables, we can express this in terms of variables
like ny—1,.—1 (i.e. the number of samples 7 where y; = 1 and ¢; = 1) and ny—1(i.e. the number of
samples 7 where y;=1).

1 Ny=1Mc=1
COV(y, C) = n_1 Ny=1,c=1 — 777/

The correlation coefficient can then be expressed in terms of this covariance and the sample standard
deviations s, and s.:

MNy=1Mc=1
Ny=1,c=1 — = n <
(n—1)sys.

In addition to supplying a target correlation v, assume we also have target means p, and p;, (these
could be the sample means in the original dataset D for example) and a target sample size n. Since
Y and C are Bernoulli random variables, we can compute sample standard deviations as s, =
ta(l — pg) and s, = pup(1 — pp). We can then derive simple formulas for computing the desired
values needed to properly subsample the data:

Ny=1 = HaT

Ne=1 = Upn
Ny=1MNec=1
— Yy c
Ny=1,c=1 = a(n — 1)8,5. + -
Ny=1,c=0 = Ny=1 — Ny=1,c=1
Ny=0,c=1 = Mc=1 — Ny=1,c=1

Ny=0,c=0 =N — (nyzl + Ne=1 — ny:l,c:l)

Noisy label slice. Errors in labels are not always distributed uniformly across the training distri-
bution. A slice of data S € {0, 1} may exhibit higher label error rates than the rest of the training
distribution. This could be due to a number of different factors: classes may be ambiguous (e.g. an-
notators labeling sandwiches may disagree whether to include hot dogs), labeling heuristics may fail
on important slices (e.g. medical imaging heuristics that only activate on images from one scanner
type), or human annotators may lack expertise on certain subsets (e.g. annotators from one country
labeling street signs in another). A model hy trained on these labels will likely exhibit degraded per-
formance on S. To generate settings with noisy label slices, we can use a base dataset with metadata
annotations (e.g. CelebA (Liu et al., 2015)). We construct dataset D such that for each class label
Y, the elements in subclass C' exhibit label noise with probability «, where « ranges between 0.01
and 0.3.

A.3.2 SDM IMPLEMENTATIONS

Spotlight. |d’Eon et al.|(2021)) search for an underperforming slice by maximizing the expected loss
with respect to a multivariate Gaussian with spherical covariance. We use the authors’ implemen-
tation provided at https://github.com/gregdeon/spotlight. We enforce a minimum
spotlight size equal to 2% of the validation data as recommended in the paper. We use a initial learn-
ing rate of 1 x 10~3 (the default in the implementation) and apply the same annealing and barriers
as the authors. We optimize for 1,000 steps per spotlight (the default in the implementation).

GEORGE. |Sohoni et al.| (2020) propose identifying underperforming slices by performing class
conditional clustering on a U-MAP reduction of the embeddings. We use the implementation pro-
vided at https://github.com/HazyResearch/hidden-stratification.
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Multiaccuracy Boost. To identify slices where the model hy is systematically making mistakes,
Kim et al. (2018) use ridge regression to learn a function f : R — R mapping from an example’s
embedding z; € R? to the partial derivative of the cross entropy loss with respect to the prediction

6£(h9(aji), yi) _ 1 (2)

Ohg(x:) 1—ho(x:) —yi

Because this function grows as the absolute value of the residual |hg(z;) — y;| grows, a good f
should correlate with the residual.

In order to discover multiple distinct slices, the authors repeat this process k times updating the
model predictions on each iteration according to

B () oc e IR (), 3)
where 7 is a hyperparameter defining the step size for the update.

We use an implementation of Multiaccuracy Boost based on the authors’, which was released at
https://github.com/amiratag/MultiAccuracyBoost. We use n = 0.1 as in the
authors’ implementation. We fit f on 70% of the validation data and use the remaining 30% for
evaluating the correlation with the residual. The authors use the same ratio in their implementation.

Confusion SDM. A simple, embedding-agnostic way to identify underperforming subgroups is to
simply inspect the cells of the confusion matrix. We include this important baseline to determine
when more complicated slice discovery techniques are actually useful.

A.3.3 EXTENDED DESCRIPTION OF TRAINED MODELS

In Section we discuss training a distinct model hy for each slice discovery setting. In this
section we provide additional details on model training.

For our natural image settings and medical image settings, we used a ResNet-18 randomly ini-
tialized with He initialization (He et al., |2015;/2016). We applied an Adam optimizer with learning
rate 1 x 10~% for 10 epochs and use early stopping using the validation dataset (Kingma & Bal,
2017). During training, we randomly crop each image, resize to 224 x 224, apply a random hori-
zontal flip, and normalize using ImageNet mean and standard deviation (1 = [0.485, 0.456, 0.406],
o = [0.229,0.224,0.225]). During inference, we resize to 256 x 256, apply a center crop of size
224 x 224 and normalize with the same mean and standard deviation as in training.

For our medical time series settings, we use a densely connected inception convolution neural
network (Roy et al.,|2019) randomly initialized with He initialization (He et al., 2015 2016). Since
the EEG signals are sampled at 200 Hz, and the EEG clip length is 12 seconds, with 19 EEG
electrodes, the input EEG has shape 19 x 2400. The models are trained with a learning rate of 10~°
and a batch size of 16 for 15 epochs.

A.3.4 EXTENDED DESCRIPTION OF SYNTHETIC MODELS

In Section4.1.2] we discuss how synthesizing model predictions in order to provide greater control
over the evaluation. Here, we provide additional details describing this process.

Assume a binary class label Y € {0,1} and a slice variable S € {0,1}. We sample the predicted

probability ¥~ € [0, 1] from one of four beta distributions, conditional on Y and S. The parameters
of those four beta distributions are set so as to satisfy a desired specificity and sensitivity in the slice
(i.e. when S = 1) and out of the slice (i.e. when S = 0).

For natural image settings, we set both specificity and sensitivity to 0.4 in the slice and 0.75 out of
the slice. For medical image and time series settings, we set both specificity and sensitivity to 0.4 in
the slice and 0.8 out of the slice.

A.4 EXTENDED DESCRIPTION OF DOMINO

A.4.1 EXTENDED DESCRIPTION OF CROSS-MODAL EMBEDDINGS

Here, we provide implementation details for the four cross-modal embeddings used in this work:
CLIP, ConVIRT, MIMIC-CLIP, and EEG-CLIP. Domino relies on the assumption that we have ac-
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cess to either (a) pretrained cross-modal embedding functions or (b) a dataset with paired input-text
data that can be used to learn embedding functions.

Large-scale pretrained cross-modal embedding functions can be used to generate accurate represen-
tations of input examples. For instance, if our inference dataset consists of natural images, we can
use a pre-trained CLIP model as embedding functions gippue and giex; to obtain image embeddings
that lie in the same latent representation space as word embeddings.

However, pre-trained cross-modal embeddings are only useful if the generated representations accu-
rately represent the inputs in the inference dataset. For example, if the inference dataset consists of
images from specialized domains (i.e. x-rays) or non-image inputs, CLIP is likely to generate poor
representations.

If pre-trained cross-modal embeddings are not available or cannot effectively represent the inference
dataset, we require access to a separate dataset that can be used to learn the cross-modal embedding
functions ginpur and giex; We will refer to this dataset as the CM-training dataset for the remainder of
this work. The CM-training dataset must consist of paired input-text data (e.g. image-caption pairs
or radiograph-report pairs). Further, we assume that the text data provides a sufficient description
of the input and includes information about potential correlates, such as object attributes or subject
demographics. Note that paired input-text data is only required for the CM-training dataset; we
make no such assumptions about the slice discovery dataset.

We use the following four cross-modal embeddings in our analysis:

e CLIP (Natural Images): CLIP embeddings are cross-modal representations generated
from a large neural network trained on 400 million image-text pairs (Radford et al., 2021)).

* ConVIRT (Medical Images): ConVIRT embeddings are generated from pairs of chest X-
rays and radiologist reports in the MIMIC-CXR dataset. We create a CM-training set with
70% of the subjects in MIMIC-CXR, ensuring that no examples in our training set occur
in validation or test data at slice discovery time. We then replicate the training procedure
detailed in [Zhang et al.| (2020), which uses contrastive learning to align embeddings. We
use the implementation provided in ViLMedic (Delbrouck et al., 2022).

* MIMIC (Medical Images): We generate a separate set of cross-modal embeddings for the
MIMIC-CXR dataset using a variant of the CLIP training procedure (Radford et al.| 2021}).
We use the same CM-training set as detailed above, with 89,651 image and report pairs. In
order to generate text representations, we extract the findings and impressions sections from
radiologist reports, which then serve as input to a BERT-based transformer initialized with
weights from CheXBert and then frozen (Smit et al.,|2020). Chest x-rays are passed as input
to a visual transformer (ViT) pre-trained on ImageNet-21k and ImageNet 2012 at an image
resolution of 224 x 224 (Dosovitskiy et al.,[2021). All images are resized to 224 x 224 and
normalized using mean and standard deviation values from ImageNet. Text representations
are extracted from the output of the [CLS] token and image representations are extracted
from the output of the final model layer. Image representation and text representations are
separately passed through projection layers consisting of fully-connected layers and non-
linear activation functions as detailed in an open-source implementation of CLIlﬂ Finally,
we align text and image representations using the InfoNCE loss function with in-batch
negatives as detailed in [Radford et al|(2021). We train our implementation for 30 epochs
with a learning rate of 10~%, a batch size of 64, and an embedding dimension of 256. The
training process comes to an early stop if the loss fails to decrease for ten epochs.

* EEG (Medical Time-Series Data): In order to generate cross-modal embeddings for EEG
readings and associated neurologist reports, we modify the CLIP training procedure to work
with time-series data (Radford et al.| [2021} |Saab et al., |2020). We create a CM-training
set with 6,254 EEG signals and associated neurologist reports. We use the same EEG
encoder described in Section In order to represent text representations, we extract
the findings and narrative from the reports, which are then served as input to a BERT-
based transformer initialized with weights from CheXBert (Smit et al [2020). Text and
EEG representations are aligned using the InfoNCE loss function with in-batch negatives
as described in (Radford et al.,[2021). We also add a binary cross-entropy classification loss

3https://github.com/moein-shariatnia/OpenAI-CLIP
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for seizure classification, where we weigh the InfoNCE loss by 0.9, and the cross-entropy
loss by 0.1. The cross-modal model is trained with a learning rate of 10~%, an embedding
dimension of 128, and a batch size of 32 for 200 epochs.

A.4.2 EXTENDED DESCRIPTION OF ERROR-AWARE MIXTURE MODEL

In Section[5.2] we describe a mixture model that jointly models the input embeddings, class labels,
and model predictions. Here, we provide an expanded description of the model and additional
implementation details.

Motivation and relation to prior work. Recall from Section [3| that our goal is to find a set of k
slicing functions that partition our data into subgroups. This task resembles a standard unsupervised
clustering problem but differs in an important way: we are specifically interested in finding clus-
ters where the model makes systematic prediction errors. It is not immediately obvious how this
constraint can be incorporated into out-of-the-box unsupervised clustering methods, such as princi-
pal component analysis or Gaussian mixture models. One potential approach would be to calculate
the model loss on each example z; in D,,, append each loss value to the corresponding embedding
ginput(xi), and cluster with standard methods (Sohoni et al., 2020). Empirically, we find that this
approach often fails to identify underperforming slices, likely because the loss element is drowned
out by the other dimensions of the embedding.

Recently, |d’Eon et al.| (2021) proposed Spotlight, an algorithm that searches the embedding space
for contiguous regions with high-loss. Our error-aware mixture model is inspired by Spotlight, but
differs in several important ways:

* Our model partitions the entire space, finding both high and low performing slices. In
contrast, Spotlight searches only for regions with high loss. Spotlight introduces the “spot-
light size” hyperparameter, which lower bounds the number of examples in the slice and
prevents Spotlight from identifying very small regions.

* Because we model both the class labels and predictions directly, our error-aware mixture
model tends to discover slices that are homogeneous with respect to error type. On the other
hand, Spotlight’s objective is based on the loss, a function of the labels and predictions that
makes false positives and false negatives indistinguishable (assuming cross-entropy).

* |d’Eon et al.[(2021) recommend using a spherical covariance matrix, 3 = al with a € R,
when using Spotlight because it made their Adam optimization much faster and seemed
to produce good results. In contrast, we use a diagonal covariance matrix of the form
3 = diag(a1, ag, ...a;,). Fitting our mixture model with expectation maximization remains
tractable even with these more flexible parameters.

Additional implementation details. The mixture model’s objective encourages both slices with a
high concentration of mistakes as well as slices with a high concentration of correct predictions.
However, in the slice discovery problem described in Section 3] the goal is only to identify slices of
mistakes (i.e. slices that exhibit degraded performance with respect to some model hg). To reconcile
the model’s objective with the goal of slice discovery, we model k& > k slices and then select k slices
with the highest concentrations of mistakes. Specifically, we model k& = 25 slices and return the top

k clusters with the largest absolute difference between p and p, Sy 1P — pil)-
In practice, when d is large (e.g. d > 256), we first reduce the dimensionality of the embedding to

d = 128 using principal component analysis, which speeds up the optimization procedure signifi-
cantly.

We include an important hyperparameter v € R that balances the importance of modeling the class
labels and predictions against the importance of modeling the embedding. The log-likelihood over
n examples is given as follows and maximized using expectation-maximization:

n k
= log» P(SW=1)P(Z=2]SY) =1)P(Y =y, SV =1) P(Y =hg(x;)| SV =1)
“)

In practice, this hyperparameter allows users to balance between the two desiderata highlighted in
Section |1} When ~ is large (i.e. v > 1), the mixture model is more likely to discover underper-
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forming slices, potentially at the expense of coherence. On the other hand, when ~ is small (i.e.
0 < v < 1), the mixture model is more likely to discover coherent slices, though they may not be
underperforming. In our experiments, we set v = 10. We encourage users to tweak this parameter
as they explore model errors with Domino, decreasing it when the discovered slices seem incoherent
and increasing it when the discovered slices are not underperforming.

We initialize our mixture model using a scheme based on the confusion matrix. Typically, the
parameters of a Gaussian mixture model are initialized with the centroids of a k-means fit. However,
in our error-aware mixture model, we model not only embeddings (as Gaussians), but also labels and
predictions (as categoricals). It is unclear how best to combine these variables into a single k-means
fit. We tried initializing by just applying k-means to the embeddings, but found that this led to
slices that were too heterogeneous with respect to error type (e.g. a mix of false positives and true
positives). Instead, we use initial clusters where almost all of the examples come from the same cell
in the confusion matrix. Formally, at initialization, each slice j is assigned a y<j ) € Y and g)(j )ey
(i.e. each slice is assigned a cell in the confusion matrix). This is typically done in a round-robin
fashion so that there are at least | k/|)|?] slices assigned to each cell in the confusion matrix. Then,
we fill in the initial responsibility matrix ) € R™**, where each cell Q; j corresponds to our model’s

initial estimate of P(SU) = 1|Y = y;,Y = ;). We do this according to

N — ) A = ()
€ otherwise
Qij % (6)
Zl:l Qi

where € is random noise which ensures that slices assigned to the same confusion matrix cell won’t
have the exact same initialization. We sample e uniformly from the range [0, E] where E is a
hyperparameter set to 0.001.

A.4.3 GENERATING A CORPUS OF NATURAL LANGUAGE DESCRIPTIONS

In Section[5.3] we describe an approach for generating natural language descriptions of discovered
slices. This approach uses cross-modal embeddings to retrieve descriptive phrases from a large cor-
pus of text Dyex. In this section, we describe how we curate domain-specific corpora of descriptions
to be used with Domino.

First, we solicit a set of phrase templates from a domain expert. For example, since CelebA is a
dataset of celebrity portraits, we use templates like:

a photo of a person [MASK] [MASK]
a photo of a [MASK] woman

a [MASK] photo of a man

In our experiments with CelebA, we use a total of thirty templates similar to these (see GitHub for the
full list). In our experiments with ImageNet we use only one template: a photo of [MASK].

Next, we generate a large number of candidate phrases by filling in the [MASK] tokens using either
(1) a pretrained masked-language model (in our experiments with CelebA we use a BERT base
model (Devlin et al., 2018) and generate 100,000 phrases, keeping the nx = 10,000) with the
lowest loss) or (2) a programmatic approach (in our experiments with ImageNet, we create one
phrase from each of the ny = 10,000 most frequently used words on English Wikipedia (Semenov
& Arefinl [2019).

For our medical image and time-series datasets, we use corpora of physician reports sourced from
MIMIC-CXR (Johnson et al.}|2019)) and |Saab et al.|(2020)) with 1y = 159,830 and ney = 41,258,
respectively.
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A.5 EXTENDED RESULTS
A.5.1 EXTENDED ANALYSIS OF CROSS-MODAL EMBEDDINGS

In Section [6.1] we explore the effect of embedding type on slice discovery performance. Here, we
provide an extended evaluation of our results.

We note that slice discovery performance is generally lower across rare slices when compared to
correlation and noisy label slices. This trend is visible for both model types (synthetic and trained)
and all embedding types (unimodal and cross-modal). This is likely due to the nature of the rare
slice setting; since a rare subclass occurs in the dataset with very low frequency, it is difficult for
SDMs to identify the error slice.

Slice discovery performance on synthetic models is often higher than performance on trained mod-
els. This is expected because the use of synthetic models allows us to explicitly control performance
on our labeled ground-truth slices, and as a result, Domino can more effectively recover the slice. On
the other hand, trained models are likely to include underperforming, coherent slices that are not la-
beled as “ground-truth”, which may limit the ability of Domino to recover the labeled slice. Trained
models are also likely to exhibit lower slice performance degradations than synthetic models. We
discuss these trade-offs in Section 4. 1.2l

A.5.2 EXTENDED ANALYSIS OF ERROR-AWARE MIXTURE MODEL

In Section [6.2] we explore how the choice of slicing algorithm affects slice discovery performance.
Here, we provide an extended evaluation of our results.

Additional experimental results with our error-aware mixture model are shown in Figure[§]
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Figure 8: Error-aware mixture model enables accurate slice discovery. We show that when
cross-modal embeddings are provided as input, our error-aware mixture model often outperforms
previously-designed SDMs.

We note that the naive Confusion SDM demonstrates high performance on correlation slices across
all three datasets, even outperforming our error-aware mixture model in some cases. This find-
ing suggests that when a strong correlation exists, simply inspecting the confusion matrix may be
sufficient for effective slice discovery.
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GLOSSARY OF NOTATION

Classification (Section [3)

The set of values that the inputs can take on in a standard classification setting. For exam-
ple, this could be the set of all possible 256 x 256 RGB images.

The set of values that the labels can take on in a standard classification setting. In this
work, we deal primarily with binary classification where ) = {0, 1}.

A random variable representing the input in a standard classification setting.
A random variable representing the label in a standard classification setting.

A probability distribution. For example, the joint distribution over inputs and labels can
be expressed as P(X,Y).

The realization of the i sample of X.

The realization of the i sample of Y.

The number of samples in a classification dataset.

The set of n samples of X, such that x = {x;}, € X™.

The set of n samples of Y, such thaty = {y;}7_, € V™.

A labeled dataset sampled from P(X,Y"), such that D = {(z;,v;)}7,

A classifier with parameters 6 that predicts Y from X, where hy : X — ).

A random variable representing the prediction of the model, such that Y =hg (X).

A performance metric for a standard classification setting, where £ : ) x ) — R (e.g.
accuracy).

Slice Discovery (Section

A random variable representing the j data slice. This is a binary variable S¢) € {0,1}.
The realization of the i sample of S(7).

The number of slices in the data.

A random variable representing a set of & slices S = {S0) ke {01}k

The realization of the i sample of S.

A slicing function 90) : X x Y — {0,1}

The number of slicing functions returned by a slice discovery method.

A set of k slicing functions ¥ = {4 )}le.

A slice discovery method, M (D, hg) — V.

Evaluation Framework (Section

A slice discovery metric, L : 0,1% x [0,1] — R (e.g. precision-at-10).

A random variable representing a metadata attribute. We use C' to generate datasets with
underperforming slices.

The strength of a generated slice. For example, in a correlation slice, « is the Pearson
correlation coefficient between the label Y and the correlate C'.

The performance degradation in metric ¢ required for a model to be considered underper-
forming.

A synthetic model, & : [0,1]% x Y — [0, 1], which samples predictions Y conditional on
Y and S.
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Domino (Section

The set of possible text strings.
A random variable representing a text string in a paired data setting, T' € 7T .

A random variable representing inputs in a paired data setting, V € X'. Note that we do
not use X here in order to emphasize the difference between the data used to train the
classifier and the data used to learn cross-modal embeddings.

The number of examples in a paired dataset.

A paired dataset D = {(v;,t;)} "', where the text ¢; describes the input v;.

The dimensionality of the embeddings.

An embedding function for inputs, gipu : X — R4,

An embedding function for text, gext : 7 — R,

A random variable representing the embedding of an input, such that Z = gi,pu(X).
The value of the i sample of Z, such that z; = Ginpu (%)

The set of n samples of Z, such that z = {z;}7, € R"*4.

A random variable representing the embedding of a text string, such that Z = gyex (7).
The realization of the i sample of Ziey, such that 2! = giex(¢;).

The average embedding of the i slice.

The average embedding of the i class.

In the error-aware mixture model, the mean parameter of the Gaussian distribution used
to model Z for the ™ slice.

In the error-aware mixture model, the covariance parameter of the Gaussian distribution
used to model Z for the ™ slice.

In the error-aware mixture model, the parameter of the categorical distribution used to
model Y for the i slice.

In the error-aware mixture model, the parameter of the categorical distribution used to
model Y for the i" slice.

The parameters of the error aware mixture model: ¢ = [pg, {u(*), £, p() p(s) }Ezl]
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