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ABSTRACT

Recently, significant progress has been made in unsupervised domain adaptation
(UDA) through techniques that enable reduction of the domain gap between labeled
source domain data and unlabeled target domain data. In this work, we examine
the diverse factors that may influence the effectiveness of UDA methods, and
devise a comprehensive empirical study through the lens of backbone architectures,
quantity of data and pre-training datasets to gain insights into the effectiveness
of modern adaptation approaches on standard UDA benchmarks. Our findings
reveal several non-trivial, yet valuable observations: (i) the benefits of adaptation
methods decrease with advanced backbones, (ii) current methods under-utilize
unlabeled data, and (iii) pre-training data matters for downstream adaptation in both
supervised and self-supervised settings. To standardize evaluation across various
UDA methods, we develop a novel PyTorch framework for domain adaptation and
will release the framework, along with the trained models, publicly.

1 INTRODUCTION

Deep neural networks for image classification often suffer from dataset bias where accuracy signifi-
cantly drops if the test-time data distribution does not match that of training, which often happens in
real-world applications. To overcome the infeasibility of collecting labeled data from each application
domain, a suite of methods have been recently proposed under the umbrella of unsupervised domain
adaptation (UDA) (Hoffman et al.l [2013]; Long et al., 2015} |2017; [Bousmalis et al.l 2017 2016;
Long et al., 2018; Ganin & Lempitsky} |2015; Saito et al.,|2017b; 2018}, [Zhang et al.,2019; Hoffman
et al.,2018; Xu et al., 2019; Jin et al., 2020} [Sharma et al.,|2021} |Kang et al., 2019; Wei et al., 2021}
Kalluri et al.| 2022; Berthelot et al., 2021) that allow training using only unlabeled data from the
target domain of interest while leveraging supervision from a different source domain with abundant

labels (Fig. [Ta).

UDA methods have been greatly successful in improving the target accuracy on benchmark datasets
under a variety of distribution shifts (Saenko et al.;, 2010; |[Peng et al., 2017 |Venkateswara et al.,|2017;
Caputo et al.l 2014} |Peng et al.,|2019). While literature in the area has focused on proposing new
algorithms or loss functions, a holistic understanding of training choices that influence real-world
effectiveness of domain adaptation has been lacking. In this paper, we make one of the first efforts to
address this through an empirical study of three major factors that potentially influence performance
the most, namely, 1. Choice of backbone architecture: With recent advances in architecture designs
such as vision transformers (Dosovitskiy et al., |2020; [Touvron et al., 2021} |Liu et al., 2021} and
improved CNNs (Liu et al., [2022b) we study which architectures suit domain transfer, and verify
compatibility of existing adaptation methods with these backbones. 2. Amount of unlabeled data:
Since the promise of unsupervised adaptation rests on its potential to leverage unlabeled target
data, we study how much unlabeled data is really used by the adaptation methods. 3. Choice of
pre-training data: We study whether pre-training the backbone on similar data as the downstream
domain adaptation task is more beneficial than standard ImageNet pre-training, and examine this
behavior across several supervised and self-supervised pre-training strategies.

Our study of a variety of UDA methods for image classification along those axes leads to several
surprising observations:

¢ Recent advancements in vision transformers such as Swin (Liu et al.,[2022a) and DeiT (Touvron
et al., [2022b)) exhibit superior robustness against diverse domain shifts when compared to the
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(a) Overview of UDA (b) A summary of the factors studied in our work.

Figure 1: @) UDA overview: Unsupervised domain adaptation allows training on unlabeled target data and
labeled source domain using a combination of classification and adaptation losses to improve target test accuracy
(Sec.[). (B) An overview of our empirical study: We examine the effectiveness of SOTA UDA approaches
through the lenses of backbone architectures (Sec.[5.1), unlabeled data quantity (Sec.[5.2) and nature of pre-
training data (Sec. @ and gather several useful observations.

conventional choice of ResNet-50 (see Tab. [T). When these advancements are incorporated into
the backbone, the benefits provided by modern UDA methods tend to diminish, often resulting in
significant changes to the relative ranking among the methods (see Fig. [3|and Sec.[5.).

* For many UDA methods, reducing amount of target unlabeled data by 75% only resulted in ~ 1%
drop in target accuracy (see Fig. d), suggesting that existing approaches may not be adequate
for enhancing performance, especially in scenarios where an increasing amount of inexpensive
unlabeled data becomes accessible (see Sec. [5.2).

* Pre-training data matters for downstream adaptation, but in different ways for supervised and
self-supervised pre-training. In supervised setting, pre-training on data similar to that used in the
downstream domain adaptation task (in-task data) significantly improves the accuracy of both the
baseline as well as all UDA methods compared to standard ImageNet pre-training (see Tab. 2)),
even when pre-training on the same amount of data.

* In self-supervised setting, pre-training on object-centric dataset enhances accuracy for object-
centric adaptation tasks, while pre-training on scene-centric data is more suitable for scene-centric
adaptation benchmarks (see Tab. [3). This trend holds across different types of pre-text tasks used
in unsupervised pre-training (see Sec. [5.3).

We provide a summary of the findings from our empirical study in Fig.[Tb] We believe such insights
into the behavior of UDA methods have been previously hindered due to local choices of adaptation-
independent factors like initialization, learning algorithm and batch sizes. To address this, we
develop a new PyTorch framework that allows standardizing multiple UDA methods for those factors.
Our framework will be made publicly available to continue improving our understanding of the
effectiveness of UDA methods.

2 RELATED WORKS

Unsupervised Domain Adaptation A majority of works in unsupervised adaptation aim to mini-
mize some notion of divergence between the source and target domains estimated using unlabeled
samples (Ben-David et al, 2010} [2006). Prior works studied various divergence metrics like MMD
distance (Long et al., [2015; 2017; Hsu et al., 2015} [Yan et al.| 2017; Baktashmotlagh et al., 2016; [Pan
et al.,2010;|Long et al.l[2013; [Tzeng et al., 2014)), higher-order correlations (Morerio et al.,2017; Sun
& Saenkol, 2016} |Sun et al., 2016} Jin et al., |2020) or optimal-transport (Courty et al., 2017;|Redko
et al., 2019; |Damodaran et al., 2018)), but adversarial discriminative approaches (Ganin & Lempitsky
2015; [Tzeng et al.l 20145 2017} Xie et al., 2018} [Long et al., 2018; Tzeng et al.; 2015} [Chen et al.
2019a; [Saito et al., 2018)) have been the most popular. To address the issue of noisy alignment
with global domam discrimination (Kumar et all, [2018)), recent works adopt category-level (Saito (Saito|

et al.| [2017a; [Pei et al. 2018}, [Kang et al., [2019; Na et al, 2021} Du et al} 2021} [Wei et al} 2021}
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Cui et al., [2020; [Prabhu et al.l [2021)), instance-level (Sharma et al., 2021} Kalluri et al., [2022)),
consistency-based (Berthelot et al.| [2021)) or cross-attention (Xu et al., [2021)) based techniques to
improve adaptation. While the primary focus of most of these works is on algorithmic innovations to
improve adaptation, our emphasis in this paper instead lies in identifying several key method-agnostic
factors that impact performance of UDA methods, and conducting a comprehensive empirical study
along these factors to uncover valuable insights that facilitate a better understanding of these methods.
While domain adaptive semantic segmentation is also popular (Tsai et al.; 2018} [Hoftman et al., 2018}
Vu et al., [2019; [Kalluri & Chandraker, [2022; |Lai et al., 2022)), we restrict focus on adaptation methods
for image-classification in our study.

Comparative Studies Many recent works aim to enhance our understanding of the factors impact-
ing the success of state-of-the-art models through extensive empirical analysis. Within computer
vision, these works span the areas of semi-supervised learning (Oliver et al., 2018)), metric learn-
ing (Musgrave et al. 2020; Roth et al.| |2020), transfer learning (Mensink et al., [2021), domain
generalization (Gulrajani & Lopez-Paz,2020), optimization algorithms (Choi et al., 2019)), few-shot
learning (Chen et al., [2019b), contrastive learning (Cole et al.,|2022), GANs (Lucic et al., [2018]),
fairness (Goyal et al.l 2022) and self-supervised learning (Goyal et al.l 2019; Newell & Deng| 2020).
Our work follows suit, where we carefully devise an empirical study to revisit several standard training
choices in unsupervised adaptation and reassess the competence of modern adaptation methods. The
works closest to ours in domain adaptation are (Kim et al., |2022), which explores the impact of
scalability of pre-training methods and (Musgrave et al.,2022), which assesses UDA methods through
fair hyperparameter searches. Different from these, our focus extends to several other factors that
impact adaptation such as quantity of unlabeled data and nature of pretext data used in pre-training.

3 BACKGROUND: UNSUPERVISED DOMAIN ADAPTATION

The task of unsupervised domain adaptation (UDA) aims to improve performance on a certain target
domain with only unlabeled samples by leveraging supervision from a different source domain with
distribution shift. Specifically, we denote the source domain data using Ds={Xj, ys} where X,y
denote the images and corresponding labels. Similarly, the unlabeled target domain is denoted using
D;={X;}. We assume that the source images are drawn from an underlying distribution P;, and the
target images are drawn from P;, and domain shift arises due to discrepency between the source and
target distributions. Of particular interest is the case of covariate shift (Ben-David et al., 2010), when
P+ P,, although other forms of shift have also been studied in literature (Tan et al., [2020; Kalluri
et al., 2023} |Azizzadenesheli, [2022; (Garg et al., 2020; |Alabdulmohsin et al., 2023)). The task of UDA
is then to learn a predictive model using { X, X¢, ys} to improve performance on samples from the
target domain P; (see Fig.[Ta). A common choice for the feature encoder in UDA is a ResNet-50 (He
et al., 2015)) model pre-trained on ImageNet (Russakovsky et al., 2015)), while a 2-layer MLP is
generally used as the classifier on top the learnt features. While recent literature in UDA focuses on
novel training algorithms and loss functions to improve transfer, this paper instead aims to study their
effectiveness under several important but often overlooked axes of variations pertaining to backbone
architectures, unlabeled data quantity and encoder pre-training strategies.

4  ANALYSIS SETUP

Adaptation Methods We show results using a variety of UDA methods ranging from classical
(DANN (Ganin & Lempitsky, [2015), CDAN (Long et al.,|2018))), modern (MDD (Zhang et al., 2019),
MCC (Jin et al.| [2020)), AdaMatch (Berthelot et al., [2021))) to state-of-the art (MemSAC (Kalluri et al.,
2022), ToAlign (Wei et al.,|2021)), DALN (Chen et al.,|2022))) approaches. The choice of methods in
our comparative study is not aimed to be exhaustive of all the adaptation methods, but rather sampled
to cover a wide variety of model families including adversarial (Ganin & Lempitsky} 2015} [Long
et al., 2018), non-adversarial (Zhang et al., 2019; Jin et al., 2020} |Chen et al., [2022), consistency
based (Kalluri et al., 2022} |Berthelot et al., 2021)) and alignment based methods (Wei et al.,[2021)).
As shown recently (Kalluri et al.| 2022), many other methods such as MCD (Saito et al., [2018)),
ILADA (Sharma et al., 2021), MSTN (Xie et al., 2018), AFN (Xu et al.,[2019), CGDM (Du et al.,
2021), RSDA (Gu et al.} 2020) and BSP (Chen et al., 2019c) yield lesser accuracies even compared
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Figure 2: Need for a joint framework We illustrate the disparity between various codebases proposed for
different UDA methods by noting their difference in accuracies for a plain source only model, which is computed
without using any adaptation and should ideally match across implementations. We propose a new PyTorch
framework for UDA to standardize evaluation across various methods and facilitate fair comparisons.

to a source-only baseline on many real-world datasets preventing their use in our study, although our
inferences should readily transfer to any UDA method.

Adaptation Datasets We use visDA (Peng et al.,[2017), OfficeHome (Venkateswara et al.,|2017),
DomainNet (Peng et al., [2019) and CUB200 (Wang et al., |2020) datasets in our analysis which
are popularly used in UDA literature. visDA contains images for synthetic to real transfer from
12 categories, OfficeHome contains 65 categories across four domains, while DomainNet contains
images from 345 categories from 6 domains. CUB200 is designed for fine-grained adaptation with
images of 200 categories of birds from real and drawing domains. We additionally use the GeoPlaces
dataset (Kalluri et al., 2023)), which contains images from disparate geographies such as USA and
Asia, in our analysis on effect of pre-training on downstream adaptation in Sec.[5.3]

Evaluation Metrics We report results using the accuracy on the test set of the target domain. In
most prior works using OfficeHome and CUB200 datasets, the same set of data doubles up as the
unlabeled target as well as the target test set used to report the results. To avoid possible over-fitting
to target unlabeled data we create separate train and test sets for these datasets (using a 90%-10%
ratio), and use images from train set as labeled or unlabeled data during training while reporting the
final numbers on the unused test images. While this could lead slightly different numbers from those
reported in the original papers, it also motivates fair comparison with the source-only baseline.

Training Framework We identify a problematic practice in most UDA methods where they are
trained on different frameworks with different choices in various training hyper-parameters, making
fair comparison across these works difficult. To highlight this issue, we compute the plain source-only
accuracy using original code-bases of various UDA algorithms in Fig. [2](the links to the open-source
code for each of these methods are given in the supplementary). Essentially, we take the open-source
code base for the methods, switch off all the adaptation losses, and train the model only on the source
dataset to compute the target accuracy. Ideally, this accuracy, which acts as the baseline, should be
the same across all the methods since it is independent of any adaptation. In practice, however, we
observe that this baseline accuracy varies significantly between various UDA codebases, pointing
to an underlying discrepency in various training choices adopted by these works unrelated to the
adaptation algorithm itself. For example, unique to the respective methods, MDD (Zhang et al.,[2019)
uses a deeper MLP as a classifier, MCC (Jin et al., 2020) uses batchnorm layers in the bottleneck
layer, CDAN (Long et al.,[2018)) uses 10-crop evaluation and AdaMatch (Berthelot et al.,[2021) uses
stronger augmentation on source data.

To alleviate this issue, we create a new framework in PyTorch (Paszke et al., [2017) for domain
adaptation and implement several existing methods in this framework. Our framework standardizes
different UDA methods with respect to adaptation-independent factors such as learning algorithm,
network initialization and batch sizes while simultaneously allowing flexibility for incorporating
algorithm-specific hyperparameters like loss coefficients and custom data loaders within a unified
framework. All our comparisons and analyses in this paper are implemented using this framework,
while using the same adaptation-specific hyperparameters proposed in the original papers in our
re-implementation. Our framework will be publicly released to the research community to enable fair
comparisons and fast prototyping of UDA methods in future works.
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Table 1: Comparison of domain robustness of various vision architectures on standard adaptation datasets. We
use the source accuracy (A;) and the target accuracy (A\¢) of a model trained only on source data to calculate
the relative drop in accuracy (os:=100 * (As — A¢)/As, lower the better). Swin transformer shows consistently
better robustness to domain shifts on several benchmarks.

Model ResNet-50  Swin-V2-t ConvNext-t ResMLP-s DeiT3-s
#Params 24.12 M 27.86 M 28.10 M 29.82 M 21.86 M
DomainNet (R—C)
Source Accuracy (As, T) 81.86 85.99 84.37 82.68 84.52
Target Accuracy (A, T) 44.85 55.51 50.80 46.62 50.75
Relative Drop (0, ) 45.21 35.45 39.78 43.61 39.95
OfficeHome (Ar—Pr)
Source Accuracy (\s, 1) 60.10 76.17 74.72 69.69 71.76
Target Accuracy (A¢, 1) 53.33 72.56 70.77 65.90 67.18
Relative Drop (o, ) 11.26 4.74 5.29 5.44 6.38
CUB200 (CUB—Draw)
Source Accuracy (As, T) 81.00 87.75 85.88 84.62 88.12
Target Accuracy (A, T) 52.60 58.90 52.74 53.41 56.36
Relative Drop (o5, ) 35.0 32.88 38.50 36.88 36.05
GeoPlaces (USA— Asia)
Source Accuracy (As, T) 57.17 63.11 60.39 58.99 61.65
Target Accuracy (A, T) 36.12 42.53 40.30 38.11 40.34
Relative Drop (os¢, ) 36.82 32.61 33.27 35.40 34.57

5 METHODOLOGY AND EVALUATION

5.1 WHICH BACKBONE ARCHITECTURES SUIT UDA BEST?

Motivation = While using ResNet-50 (He et al.l 2015) is a widely adopted standard in many
adaptation methods (Long et al., 2018 Saito et al.l 2018;2017a; Berthelot et al., 2021} Kalluri et al.,
2022; |Wei et al., [2021)), we aim to study if recent advances in vision architectures such as vision
transformers (Dosovitskiy et al.l |2020) confer additional benefit to cross-domain transfer. While
robustness properties of vision transformers to adversarial and out-of-context examples has been
widely studied (Bai et al.| |2021; Bhojanapalli et al., 2021} Shao et al.| 2021} Zhao et al., 2021} Zhou
et al.| 2022)), our analysis differs from these by focusing on the cross-domain robustness properties of
these architectures instead on standard UDA benchmarks and investigate their potential as a substitute
for the backbone in state-of-the-art adaptation methods.

Experimental Setup Along with ResNet-50, we choose four different vision architectures which
showed great success on standard ImageNet classification benchmarks: (i) DeiT (Touvron et al.| [2021)),
(i1) Swin (Liu et al., 2021)), (iii) ResMLP (Touvron et al., [2022a), and (iv) ConvNext (Liu et al.,2022b).
We use newer versions of DeiT (DeiT-III (Touvron et al.,2021)) and Swin (Swin-V2 (Liu et al., 2021))
as they have better accuracy on ImageNet. We use the variants of these architectures which roughly
have comparable number of parameters as ResNet-50, namely DeiT-small, Swin-tiny, ResMLP-small
and ConvNext-tiny. All of them are pre-trained on ImageNet-1k, so their differences only arise from
specific architectures. We use all pre-trained checkpoints from the timm library (Wightman, [2019))
and architecture-specific training details are provided in the supplementary.

Discussion For a model trained only on source-domain data (no adaptation), we use the accuracy
on the source test-set (\¢) and the accuracy on the target test-set (\;), to define relative cross-domain
accuracy drop ast:)‘g\i:)‘f * 100. From Tab.|1| vision transformer architectures have the least value
of o, indicating better robustness properties compared to CNNs or MLPs. Specifically, Swin-V2-
t pre-trained on ImageNet-1k showed least relative drop (o) across all the datasets. Notably,
on Real—Clipart from DomainNet, using Swin backbone with plain source-only training alone
yields 55.5% accuracy, which is already higher than SOTA UDA methods that use ResNet-50
(54.5%) (Kalluri et al., 2022), indicating that using a better backbone may have the same effect as

using a complex adaptation algorithm on the target accuracy.
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Figure 3: Effect of backbone. For each of the UDA methods, we show the gain in accuracy relative to a baseline
trained only using source-data. Across datasets, we observe that the benefits offered by UDA approaches over
the baseline diminish when using better backbones that have improved domain-robustness properties.

Next, we explore the viability of incorporating these advanced architectures into existing UDA
methods. From Fig.[3] we observe that most methods do yield complimentary benefits over a source-
only trained baseline even with newer architectures, but the relative improvement offered by UDA
methods over this baseline tends to diminish when using better backbones. On Real—Clipart in
Fig.[3a the best adaptation method provides 20% relative gain over the baseline using ResNet-50,
which falls to just 7% with Swin and 10% with DeiT backbone. Similarly, the relative gains offered
by best UDA methods fall from 18% with ResNet-50 to 8% using Swin on Art—Product in Fig.[3d|
These observation also holds for visDA Fig.[3bland CUB200 Fig. [3c|datasets.

Furthermore, the relative ranking of the best adaptation method changes across architectures and
datasets, and is not consistent. For example, an older and simpler method like CDAN gives best
accuracies in Fig. @with Swin, ConvNext and DeiT, while MCC outperforms other methods with a
ResMLP backbone. Likewise, MemSAC, CDAN and DALN yield best accuracy with Swin, ResMLP
and DeiT backbones respectively on CUB200 in Fig. [3c| while MCC works best with most backbones
on OfficeHome. Overall, these findings indicate that the effectiveness of many SOTA UDA methods
is not entirely independent of the underlying backbone utilized, and often reduces in the presence of
superior backbones that have stronger domain robustness properties.

5.2 HOW MUCH UNLABELED DATA DOES UDA NEED?

Motivation Although UDA algorithms hold great potential in leveraging unlabeled data from a
target domain to enhance performance, an insight into their scalability properties in relation to the
quantity of unlabeled data is lacking. This information is important to inform us which method has the
greatest potential to improve performance when more unlabeled data becomes accessible. Therefore,
we examine how much unlabeled data is actually necessary to train modern UDA approaches.

Experimental Setup To study the effects of data volume, we use {1, 5, 10, 25, 50, 100}% of
the data from the target domain and run the adaptation algorithm using each of these subsets as
the unlabeled data. For each fraction, we repeat the experiment with three different subsets and
report the mean accuracy to eliminate sampling bias. Further, to avoid tail effects, we perform
stratified sampling so that the label distribution is constant across all the subsets. Similar sampling
strategies have been previously adopted in data volume ablation studies 2020). More
details on our sampling procedure are provided in the supplementary. We note the possibility that the
hyper-parameters in the respective methods are sensitive to the amount of target unlabeled data, but
we do not preform any additional tuning to keep the number of experiments manageable. We restrict
to using DomainNet and visDA in our analysis as those are the largest available datasets for domain
adaptation. The already tiny data volume in OfficeHome and CUB200 prevents us from drawing any
meaningful inferences appropriate for examining scalability suitable for our study. In supplementary,
we show results on another recent large-scale adaptation benchmark GeoPlaces.
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Figure 4: How much unlabeled data do UDA methods need? Across different adaptation datasets as well as
different backbone architectures (Resnet50 in[a] [f] Resnet101 in[d]and ConvNext-tiny in[c), we find that the
performance saturates quickly with respect to amount of target data, showing their limited efficiency in utilizing
the unlabeled samples. In most cases, even using 25% of the data only leads to less than 1% drop in accuracy.

Discussion Remarkably the trends from Fig. [ indicate that on all the settings the accuracy achieved
by the unsupervised adaptation saturates rather quickly. This trend holds for almost all of the studied
adaptation methods, including adversarial and non-adversarial methods. For example, on R—C
(Fig. , the accuracy achieved at using just 25% of the unlabeled data is within 1% of the accuracy
obtained at 100% of the data using any adaptation method. In P—R, (Fig. the accuracy plateaus
much earlier, at around 10 — 15% of the unlabeled data. The improvements while adding additional
unlabeled data stay less than 2% in most cases between 25% and 100% of unlabeled data. Using a
different backbone like ConvNext (Fig. or different dataset like visDA (Fig.[#d) showed similar
results, where the performance saturates after using only 25% of the unlabeled data.

We hypothesize that the main reason behind this observation is the underlying adaptation objective
used in many works, which fails to effectively utilize growing amounts of unlabeled data. To verify
this, we consider the objective of domain classification which forms the backbone of several adver-
sarial UDA methods (Ganin & Lempitskyl 2015 Long et al., 2018), and examine its data efficiency.
We plot the accuracy of the domain discrimination objective
against the quantity of unlabeled samples in Fig. [5|for different

settings in DomainNet. We notice that the domain classification .
accuracy reaches a plateau after using approximately 25% of the -

data, potentially explaining the saturation of the adaptation accu- ¢
racy in methods that rely on this objective for bridging the domain ~°

gap. We posit that this observation applies to other adaptation :
objectives as well, highlighting the need for novel objectives that Tt
can better utilize readily available unsupervised data to enhance Figure 5: Domain classifica-
adaptation. In the supplementary, we juxtapose this observation tion accuracy vs. number of
with a similar ablation using source labeled data, and identify target samples (using ResNet-
that source supervision has a more pronounced effect on the final 50).

accuracy than target unlabeled data.

5.3 DOES PRE-TRAINING DATA MATTER FOR UDA?

Motivation The availability of large pre-trained vision models has led to a widely adopted
practice of utilizing these models for initialization and fine-tuning on downstream datasets of interest.
Following recent works that revealed the importance of pre-training data in influencing downstream
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Table 2: Supervised pre-training and domain adaptation. We analyze the relationship between nature of data
used for supervised pre-training and the downstream adaptation task. Across all the methods, we observe that
in-task supervised pre-training significantly helps adaptation. All models use ResNet-50 backbone.

Plain Transfer (no adaptation) ToAlign (Wei et al.|[2021) MemSAC (Kalluri et al.|[2022)
Pre-training DNet  GeoP CUB DNet GeoP CUB DNet  GeoP CUB
ILSVRC-1M 41.46 34.55 50.20 49.29 3042 62.78 50.75 32.98 62.92
Places205-1M 35.14 4195 40.83 38.55 349 55.29 41.93 40.16 54.22
iNat2021-1M 33.77 31.53 58.77 37.65 26.81 67.47 38.67 29.99 67.34

accuracy (Cole et al., 2022), we revisit the standard practice in UDA of employing ImageNet
pre-training irrespective of the downstream adaptation task. This study contributes to revealing
the properties that influence the selection of data and algorithms in various domain adaptation
applications. While Kim et al. (Kim et al.}|2022) share similar motivations as ours in their broad study
of pre-training for adaptation, a notable distinction lies in their focus on scaling pre-training data and
architectures. In contrast, our work provides complementary insights by exploring the relationship
between the type of pre-training and downstream adaptation while maintaining a constant datasize.

Experimental Setup We use ImageNet (Russakovsky et al., [2015)), iNaturalist-2021 (Van Horn
et al., |2021) and Places-205 (Zhou et al., 2017) as datasets during pre-training. While ImageNet
contains images from diverse natural and object categories, iNaturalist contains images of bird species
and Places-205 is designed for scene classification. We select 1M images from each of these datasets
(indicated as ImageNet-1M, iNat-1M and Places205-1M) to keep the size of the pre-training datasets
constant, allowing us to decouple the impact of nature of data from the volume of the dataset. In
terms of pre-training methods, we use supervised pre-training using labeled data, along with recent
state-of-the-art self-supervised methods SwAV (Caron et al., [2020), MoCo-V3 (Chen et al., [2021})
and MAE (He et al.l [2022)), which broadly cover the three families of clustering, contrastive and
patch-based self-supervised learning. We train SWAV on ResNet-50, MoCo on ViT-S/16 and MAE
on ViT-B/16 architectures, along with supervised pre-training on ResNet-50. More details on the
training strategies followed for each method is provided in our supplementary material.

For the downstream adaptation tasks, we use Real—+Clipart on DomainNet, CUB—Drawing on
CUB200 and USA—Asia on GeoPlaces covering three distinct application scenarios for adaptation
on objects, birds and scenes respectively. To prevent overlap between pre-training and adaptation
data, we remove images from Places-205 that are also present in GeoPlaces and remove images from
iNaturalist that belong to the same class as those in CUB200.

Supervised Pre-training In our analysis, we loosely consider pre-training on ImageNet, iNaturalist
and Places205 to be in-task pre-training for downstream adaptation on DomainNet, CUB200 and
GeoPlaces respectively. We show our results using supervised pre-training on Resnet-50 in Tab. 2] for
three settings - plain source-only transfer (no adaptation), and adaptation using ToAlign and MemSAC.
Across the board, we observe that in-task pre-training always yields better results on downstream
adaptation even when using the same amount of data. Focusing on plain transfer from Tab. [2}
the de-facto practice of using supervised ImageNet pre-training gives 50.2% on CUB—Drawing
transfer task, while just changing the pre-training dataset to iNaturalist2021 yields 8.5% absolute
improvement on target accuracy. Likewise, we observe a non-trivial improvement of 7.4% absolute
accuracy for GeoPlaces by using Places205 for pre-training even without any adaptation, challenging
the common assumption of using an ImageNet-pretrained model irrespective of the downstream task.
It is notable that most UDA algorithms actually yield negative returns when applied on GeoPlaces. We
hypothesize that supervised pre-training on in-task data creates strong priors and learns more relevant
features, thereby enhancing generalization on similar downstream tasks. Consequently, we conclude
that selecting in-task pre-trained models is a viable approach to improve transfer, particularly when
target unlabeled data is unavailable. Our inferences follow similar recommendations recently made
in other problems like robotics (Xiao et al., 2022) and medical imaging (Taher et al.| [2021]).

We also observe that the benefits obtained from in-task supervised pre-training complement the
advantages potentially obtained using UDA methods, resulting in additional improvements in accuracy.
From Tab. |2, on CUB200, we observe 17.1% and 17.3% improvement using MemSAC and ToAlign
respectively together with in-task pre-training, over standard practice of ImageNet-pretraining and
fine-tuning on source data (12% from changing the backbone and further 5% from the adaptation).
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Table 3: Self-supervised pre-training and domain adaptation. We find that self-supervised pre-training on
object-centric images (on ImageNet) help downstream accuracy on object-centric adaptation (on DomainNet and
CUB200), while scene-centric pre-training (on Places205) benefit adaptation on scene-centric GeoPlaces task.

(a) Plain Transfer (No Adaptation)

SwAV (ResNet50)|Caron et al.|(2020) MoCo-V3 (ViT-s/16)Chen et al.|(2021) MAE (ViT-b/16)He et al. |(2022)
Pretraining DNet  GeoP CUB DNet  GeoP CUB DNet  GeoP CUB
ILSVRC-1M 36.51 35.76 31.59 3048 31.13 40.7 38.58 35.85 52.34
Places205-1M 30.86 42.26 27.44 2745 35.89 39.49 3476  38.1 45.25
iNat2021-1M 28.01 29.01 30.12 25.66 27.82 40.03 3378 31.68 49.4

(b) Using MemSAC Adaptation

SwAV (ResNet50)|Caron et al.|(2020) MoCo-V3 (ViT-s/16)|Chen et al.|(2021) MAE (ViT-b/16)He et al.|(2022)
Pretraining DNet  GeoP CUB DNet  GeoP CUB DNet  GeoP CUB
ILSVRC-IM 44.6 36.33 51.81 3433 30.35 52.61 4491 34.07 64.26
Places205-1M 36.48 41.14 39.49 30.83 35.51 46.99 39.56  37.00 53.68
iNat2021-1M 31.6 2875 45.65 2824  26.01 48.46 3848 2874 59.7

On the other hand, a significant mismatch between the pre-training dataset and the downstream
domain adaptation dataset (such as Places and Birds datasets), noticeably reduces the accuracy by
>10% in most cases, underlining the dependence of model’s generalizability to the pre-training data.

Self-supervised Pre-training We show results for self-supervised setting in Tab.[3] We first note
that supervised pre-training achieves much higher accuracies after downstream adaptation compared
to self-supervised pre-training. This is expected, as supervised pre-training captures richer object
semantics through labels inherently benefiting any downstream task, whereas self-supervised learning
relies on pretext tasks that may not provide the same level of semantic understanding.

In terms of pre-training data, we observe that both CUB200 and DomainNet benefit from self-
supervised pre-training on ImageNet, while GeoPlaces still benefits from pre-training on Places205.
This observation holds for both source-only transfer (Tab. [3a) as well as adaptation using MemSAC
(Tab. Bb). We posit that in a self-supervised setting, the nature of images in the datasets (whether
object-centric or scene-centric) plays a crucial role in downstream transfer. Specifically, pre-training
on object-centric images from ImageNet leads to improved image classification accuracies on Do-
mainNet and CUB200. Conversely, unsupervised pre-training on scene-centric Places205 showcase
better transfer performance in place recognition tasks on the GeoPlaces dataset. Among object-centric
datasets, we find that the diversity of images in ImageNet is better for effective transfer compared
to specific domain-based datasets like iNaturalist. The diversity in images from ImageNet is also
shown to benefit self-supervised learning in general (Cole et al., 2022)), potentially explaining away
our observations. This property is consistent across different kinds of self-supervised pretext tasks
like SWAV, MoCo and MAE. We emphasize that, in contrast to the findings of |Kim et al.[(2022)) who
revealed improvements using larger or multimodal datasets, we maintain a consistent scale across all
datasets uncovering complementary characteristics pertaining to the type of the employed pre-training
data. We focus on image-only pre-training here, and studying effects of vision-language foundation
models (Radford et al.|[2021) on domain adaptation is left to a future work.

6 CONCLUSION

In this paper, we provide a holistic understanding of factors that impact the effectiveness of image-
classification based UDA methods, most of which are not apparent from standard training and
evaluation practices such as ImageNet-pretrained ResNet backbones. We perform a comprehensive
empirical study through the lens of backbone architectures, quantity of unlabeled target data and pre-
training datasets on standard benchmarks like DomainNet, OfficeHome and CUB200, highlighting
several key insights regarding the sensitivity of these methods to the backbone architecture, their
limited efficiency in utilizing unlabeled data, and the potential for enhancing performance by opting
for in-task pre-training. These observations shed new light into several areas where future research
might be needed in order to improve adaptation. In terms of limitations, we only consider UDA
designed for classification in this work, and our findings might or might not hold for other problem
areas such as domain adaptive semantic segmentation. Likewise, conducting similar study into
other types of transfer like universal adaptation (You et al., 2019)), source-free adaptation (Kundu
et al.| [2020) and semi-supervised adaptation (Saito et al.| 2019) is left to a future work. We also
acknowledge the potential existence of other unexplored factors that may impact the performance of
UDA methods, beyond those studied here.



Under review as a conference paper at ICLR 2024

REFERENCES

Ibrahim Alabdulmohsin, Nicole Chiou, Alexander D’ Amour, Arthur Gretton, Sanmi Koyejo, Matt J
Kusner, Stephen R Pfohl, Olawale Salaudeen, Jessica Schrouff, and Katherine Tsai. Adapting
to latent subgroup shifts via concepts and proxies. In International Conference on Artificial
Intelligence and Statistics, pp. 9637-9661. PMLR, 2023. E]

Kamyar Azizzadenesheli. Importance weight estimation and generalization in domain adaptation
under label shift. [EEE Trans. Pattern Anal. Mach. Intell., 44(10):6578—6584, 2022. doi: 10.1109/
TPAMI.2021.3086060. URL https://doi.org/10.1109/TPAMI.2021.3086060.[3

Yutong Bai, Jieru Mei, Alan L Yuille, and Cihang Xie. Are transformers more robust than cnns?
Advances in Neural Information Processing Systems, 34:26831-26843, 2021. 3|

Mahsa Baktashmotlagh, Mehrtash Harandi, and Mathieu Salzmann. Distribution-matching embed-
ding for visual domain adaptation. Journal of Machine Learning Research, 17:Article-number,
2016. 12

Shai Ben-David, John Blitzer, Koby Crammer, and Fernando Pereira. Analysis of representations for
domain adaptation. Advances in neural information processing systems, 19:137-144, 2006. [2]

Shai Ben-David, John Blitzer, Koby Crammer, Alex Kulesza, Fernando Pereira, and Jennifer Wortman
Vaughan. A theory of learning from different domains. Machine learning, 79:151-175, 2010.

David Berthelot, Rebecca Roelofs, Kihyuk Sohn, Nicholas Carlini, and Alex Kurakin. Adamatch:
A unified approach to semi-supervised learning and domain adaptation. arXiv preprint
arXiv:2106.04732,2021. 11 Bl EL 3]

Srinadh Bhojanapalli, Ayan Chakrabarti, Daniel Glasner, Daliang Li, Thomas Unterthiner, and
Andreas Veit. Understanding robustness of transformers for image classification. In Proceedings
of the IEEE/CVF international conference on computer vision, pp. 10231-10241, 2021. [3]

Konstantinos Bousmalis, George Trigeorgis, Nathan Silberman, Dilip Krishnan, and Dumitru Erhan.
Domain separation networks. In Advances in neural information processing systems, pp. 343-351,
2016. 111

Konstantinos Bousmalis, Nathan Silberman, David Dohan, Dumitru Erhan, and Dilip Krishnan.
Unsupervised pixel-level domain adaptation with generative adversarial networks. In Proceedings
of the IEEE conference on computer vision and pattern recognition, pp. 3722-3731, 2017. 1]

Barbara Caputo, Henning Miiller, Jesus Martinez-Gomez, Mauricio Villegas, Burak Acar, Novi
Patricia, Neda Marvasti, Suzan Uskiidarli, Roberto Paredes, Miguel Cazorla, et al. Imageclef
2014: Overview and analysis of the results. In Information Access Evaluation. Multilinguality,
Multimodality, and Interaction: 5th International Conference of the CLEF Initiative, CLEF 2014,
Sheffield, UK, September 15-18, 2014. Proceedings 5, pp. 192-211. Springer, 2014. [I]

Mathilde Caron, Ishan Misra, Julien Mairal, Priya Goyal, Piotr Bojanowski, and Armand Joulin.
Unsupervised learning of visual features by contrasting cluster assignments. Advances in neural
information processing systems, 33:9912-9924, 2020. [8 9]

Chaoqi Chen, Weiping Xie, Wenbing Huang, Yu Rong, Xinghao Ding, Yue Huang, Tingyang Xu, and
Junzhou Huang. Progressive feature alignment for unsupervised domain adaptation. In Proceedings
of the IEEE Conference on Computer Vision and Pattern Recognition, pp. 627-636, 2019a.

Lin Chen, Huaian Chen, Zhixiang Wei, Xin Jin, Xiao Tan, Yi Jin, and Enhong Chen. Reusing the
task-specific classifier as a discriminator: Discriminator-free adversarial domain adaptation. In
Proceedings of the IEEE/CVF Conference on Computer Vision and Pattern Recognition (CVPR),
pp. 7181-7190, June 2022.

Wei-Yu Chen, Yen-Cheng Liu, Zsolt Kira, Yu-Chiang Frank Wang, and Jia-Bin Huang. A closer look
at few-shot classification. arXiv preprint arXiv:1904.04232,2019b. [3]

Xinlei Chen, Saining Xie, and Kaiming He. An empirical study of training self-supervised vision
transformers. In Proceedings of the IEEE/CVF International Conference on Computer Vision, pp.
9640-9649, 2021. [8] 9]

10


https://doi.org/10.1109/TPAMI.2021.3086060

Under review as a conference paper at ICLR 2024

Xinyang Chen, Sinan Wang, Mingsheng Long, and Jianmin Wang. Transferability vs. discriminability:
Batch spectral penalization for adversarial domain adaptation. In International conference on
machine learning, pp. 1081-1090. PMLR, 2019c. [3]

Dami Choi, Christopher J Shallue, Zachary Nado, Jachoon Lee, Chris J Maddison, and George E
Dahl. On empirical comparisons of optimizers for deep learning. arXiv preprint arXiv:1910.05446,
2019.

Elijah Cole, Xuan Yang, Kimberly Wilber, Oisin Mac Aodha, and Serge Belongie. When does
contrastive visual representation learning work? In Proceedings of the IEEE/CVF Conference on
Computer Vision and Pattern Recognition, pp. 14755-14764, 2022. [3| 8| 0]

Nicolas Courty, Rémi Flamary, Devis Tuia, and Alain Rakotomamonjy. Optimal transport for domain
adaptation. IEEFE Transactions on Pattern Analysis and Machine Intelligence, 39(9):1853—-1865,
2017. doi: 10.1109/TPAMI.2016.2615921. [2]

Shuhao Cui, Xuan Jin, Shuhui Wang, Yuan He, and Qingming Huang. Heuristic domain adaptation.
In Advances in Neural Information Processing Systems, volume 33, pp. 7571-7583. Curran
Associates, Inc., 2020.

Bharath Bhushan Damodaran, Benjamin Kellenberger, Rémi Flamary, Devis Tuia, and Nicolas
Courty. Deepjdot: Deep joint distribution optimal transport for unsupervised domain adaptation.
In Proceedings of the European conference on computer vision (ECCV), pp. 447-463, 2018.

Alexey Dosovitskiy, Lucas Beyer, Alexander Kolesnikov, Dirk Weissenborn, Xiaohua Zhai, Thomas
Unterthiner, Mostafa Dehghani, Matthias Minderer, Georg Heigold, Sylvain Gelly, et al. An
image is worth 16x16 words: Transformers for image recognition at scale. arXiv preprint
arXiv:2010.11929, 2020. [1} B

Zhekai Du, Jingjing Li, Hongzu Su, Lei Zhu, and Ke Lu. Cross-domain gradient discrepancy
minimization for unsupervised domain adaptation. In Proceedings of the IEEE/CVF conference on
computer vision and pattern recognition, pp. 3937-3946, 2021. 2] [3]

Yaroslav Ganin and Victor Lempitsky. Unsupervised domain adaptation by backpropagation. In
International conference on machine learning, pp. 1180-1189. PMLR, 2015. [1} 21 [3

Saurabh Garg, Yifan Wu, Sivaraman Balakrishnan, and Zachary Lipton. A unified view of label shift
estimation. Advances in Neural Information Processing Systems, 33:3290-3300, 2020.

Priya Goyal, Dhruv Mahajan, Abhinav Gupta, and Ishan Misra. Scaling and benchmarking self-
supervised visual representation learning. In Proceedings of the ieee/cvf International Conference
on computer vision, pp. 6391-6400, 2019. 3|

Priya Goyal, Quentin Duval, Isaac Seessel, Mathilde Caron, Ishan Misra, Levent Sagun, Armand
Joulin, and Piotr Bojanowski. Vision models are more robust and fair when pretrained on uncurated
images without supervision. arXiv preprint arXiv:2202.08360, 2022. 3|

Xiang Gu, Jian Sun, and Zongben Xu. Spherical space domain adaptation with robust pseudo-label
loss. In Proceedings of the IEEE/CVF Conference on Computer Vision and Pattern Recognition,
pp. 9101-9110, 2020. 3]

Ishaan Gulrajani and David Lopez-Paz. In search of lost domain generalization. arXiv preprint
arXiv:2007.01434, 2020. 3]

Kaiming He, Xiangyu Zhang, Shaoqing Ren, and Jian Sun. Deep residual learning for image
recognition. arxiv 2015. arXiv preprint arXiv:1512.03385, 14, 2015. 3 3]

Kaiming He, Xinlei Chen, Saining Xie, Yanghao Li, Piotr Dollar, and Ross Girshick. Masked
autoencoders are scalable vision learners. In Proceedings of the IEEE/CVF Conference on
Computer Vision and Pattern Recognition, pp. 16000-16009, 2022. [8| 0]

Judy Hoffman, Erik Rodner, Jeff Donahue, Trevor Darrell, and Kate Saenko. Efficient learning of
domain-invariant image representations. arXiv preprint arXiv:1301.3224,2013.

11



Under review as a conference paper at ICLR 2024

Judy Hoffman, Eric Tzeng, Taesung Park, Jun-Yan Zhu, Phillip Isola, Kate Saenko, Alexei Efros,
and Trevor Darrell. Cycada: Cycle-consistent adversarial domain adaptation. In International
conference on machine learning, pp. 1989-1998. Pmlr, 2018. [1} 3]

Tzu Ming Harry Hsu, Wei Yu Chen, Cheng-An Hou, Yao-Hung Hubert Tsai, Yi-Ren Yeh, and
Yu-Chiang Frank Wang. Unsupervised domain adaptation with imbalanced cross-domain data. In
Proceedings of the IEEE International Conference on Computer Vision, pp. 4121-4129, 2015.

Ying Jin, Ximei Wang, Mingsheng Long, and Jianmin Wang. Minimum class confusion for versatile
domain adaptation. In European Conference on Computer Vision, pp. 464—480. Springer, 2020.

Tarun Kalluri and Manmohan Chandraker. Cluster-to-adapt: Few shot domain adaptation for semantic
segmentation across disjoint labels. In Proceedings of the IEEE/CVF Conference on Computer
Vision and Pattern Recognition, pp. 4121-4131, 2022.

Tarun Kalluri, Astuti Sharma, and Manmohan Chandraker. Memsac: Memory augmented sample
consistency for large scale domain adaptation. In Computer Vision—-ECCV 2022: 17th European
Conference, Tel Aviv, Israel, October 23-27, 2022, Proceedings, Part XXX, pp. 550-568. Springer,

2022. [MBRE

Tarun Kalluri, Wangdong Xu, and Manmohan Chandraker. Geonet: Benchmarking unsupervised
adaptation across geographies. arXiv preprint arXiv:2303.15443, 2023. 3| @]

Guoliang Kang, Lu Jiang, Yi Yang, and Alexander G Hauptmann. Contrastive adaptation network for
unsupervised domain adaptation. In Proceedings of the IEEE Conference on Computer Vision and
Pattern Recognition, pp. 4893-4902, 2019. [1] [2]

Donghyun Kim, Kaihong Wang, Stan Sclaroff, and Kate Saenko. A broad study of pre-training
for domain generalization and adaptation. In Computer Vision—-ECCV 2022: 17th European
Conference, Tel Aviv, Israel, October 23-27, 2022, Proceedings, Part XXXIII, pp. 621-638.

Springer, 2022. Ol

Abhishek Kumar, Prasanna Sattigeri, Kahini Wadhawan, Leonid Karlinsky, Rogerio Feris, Bill
Freeman, and Gregory Wornell. Co-regularized alignment for unsupervised domain adaptation. In
Advances in Neural Information Processing Systems, pp. 9345-9356, 2018.

Jogendra Nath Kundu, Naveen Venkat, R Venkatesh Babu, et al. Universal source-free domain adap-
tation. In Proceedings of the IEEE/CVF Conference on Computer Vision and Pattern Recognition,
pp. 45444553, 2020. 9]

Xin Lai, Zhuotao Tian, Xiaogang Xu, Ying-Cong Chen, Shu Liu, Hengshuang Zhao, Liwei Wang,
and Jiaya Jia. Decouplenet: Decoupled network for domain adaptive semantic segmentation. In
European Conference on Computer Vision, 2022. 3]

Ze Liu, Yutong Lin, Yue Cao, Han Hu, Yixuan Wei, Zheng Zhang, Stephen Lin, and Baining Guo.
Swin transformer: Hierarchical vision transformer using shifted windows. In Proceedings of the
IEEE/CVF international conference on computer vision, pp. 10012-10022, 2021. E], E]

Ze Liu, Han Hu, Yutong Lin, Zhuliang Yao, Zhenda Xie, Yixuan Wei, Jia Ning, Yue Cao, Zheng
Zhang, Li Dong, et al. Swin transformer v2: Scaling up capacity and resolution. In Proceedings of
the IEEE/CVF conference on computer vision and pattern recognition, pp. 12009-12019, 2022a. 1]

Zhuang Liu, Hanzi Mao, Chao-Yuan Wu, Christoph Feichtenhofer, Trevor Darrell, and Saining Xie.
A convnet for the 2020s. In Proceedings of the IEEE/CVF Conference on Computer Vision and
Pattern Recognition, pp. 11976-11986, 2022b. [1] [3]

Mingsheng Long, Jianmin Wang, Guiguang Ding, Jiaguang Sun, and Philip S Yu. Transfer feature
learning with joint distribution adaptation. In Proceedings of the IEEE international conference on
computer vision, pp. 22002207, 2013. [2]

Mingsheng Long, Yue Cao, Jianmin Wang, and Michael Jordan. Learning transferable features with
deep adaptation networks. In International conference on machine learning, pp. 97-105. PMLR,

2015.

12



Under review as a conference paper at ICLR 2024

Mingsheng Long, Han Zhu, Jianmin Wang, and Michael I Jordan. Deep transfer learning with joint
adaptation networks. In International conference on machine learning, pp. 2208-2217. PMLR,

2017. M7

Mingsheng Long, Zhangjie Cao, Jianmin Wang, and Michael I Jordan. Conditional adversarial
domain adaptation. In Advances in Neural Information Processing Systems, pp. 1640-1650, 2018.

DRBHEED

Mario Lucic, Karol Kurach, Marcin Michalski, Sylvain Gelly, and Olivier Bousquet. Are gans created
equal? a large-scale study. Advances in neural information processing systems, 31, 2018. 3]

Thomas Mensink, Jasper Uijlings, Alina Kuznetsova, Michael Gygli, and Vittorio Ferrari. Factors of
influence for transfer learning across diverse appearance domains and task types. IEEE Transactions
on Pattern Analysis and Machine Intelligence, 44(12):9298-9314, 2021.

Pietro Morerio, Jacopo Cavazza, and Vittorio Murino. Minimal-entropy correlation alignment for
unsupervised deep domain adaptation. arXiv preprint arXiv:1711.10288, 2017. [2]

Kevin Musgrave, Serge Belongie, and Ser-Nam Lim. A metric learning reality check. In Computer
Vision—-ECCV 2020: 16th European Conference, Glasgow, UK, August 23-28, 2020, Proceedings,
Part XXV 16, pp. 681-699. Springer, 2020.

Kevin Musgrave, Serge Belongie, and Ser-Nam Lim. Benchmarking validation methods for unsuper-
vised domain adaptation. arXiv preprint arXiv:2208.07360, 2022.

Jaemin Na, Heechul Jung, Hyung Jin Chang, and Wonjun Hwang. Fixbi: Bridging domain spaces
for unsupervised domain adaptation. In Proceedings of the IEEE/CVF Conference on Computer
Vision and Pattern Recognition, pp. 1094-1103, 2021. 2]

Alejandro Newell and Jia Deng. How useful is self-supervised pretraining for visual tasks? In
Proceedings of the IEEE/CVF Conference on Computer Vision and Pattern Recognition, pp.
7345-7354, 2020. 3]

Avital Oliver, Augustus Odena, Colin A Raffel, Ekin Dogus Cubuk, and Ian Goodfellow. Realistic
evaluation of deep semi-supervised learning algorithms. Advances in neural information processing
systems, 31, 2018. 3]

Sinno Jialin Pan, Ivor W Tsang, James T Kwok, and Qiang Yang. Domain adaptation via transfer
component analysis. IEEE transactions on neural networks, 22(2):199-210, 2010.

Adam Paszke, Sam Gross, Soumith Chintala, Gregory Chanan, Edward Yang, Zachary DeVito,
Zeming Lin, Alban Desmaison, Luca Antiga, and Adam Lerer. Automatic differentiation in
pytorch. 2017.

Zhongyi Pei, Zhangjie Cao, Mingsheng Long, and Jianmin Wang. Multi-adversarial domain adapta-
tion. arXiv preprint arXiv:1809.02176, 2018.

Xingchao Peng, Ben Usman, Neela Kaushik, Judy Hoffman, Dequan Wang, and Kate Saenko. Visda:
The visual domain adaptation challenge. arXiv preprint arXiv:1710.06924, 2017.

Xingchao Peng, Qinxun Bai, Xide Xia, Zijun Huang, Kate Saenko, and Bo Wang. Moment matching
for multi-source domain adaptation. In Proceedings of the IEEE International Conference on
Computer Vision, pp. 1406-1415, 2019. [ 4

Viraj Prabhu, Shivam Khare, Deeksha Kartik, and Judy Hoffman. Sentry: Selective entropy opti-
mization via committee consistency for unsupervised domain adaptation. In Proceedings of the
IEEE/CVF International Conference on Computer Vision, pp. 8558-8567, 2021. E]

Alec Radford, Jong Wook Kim, Chris Hallacy, Aditya Ramesh, Gabriel Goh, Sandhini Agarwal,
Girish Sastry, Amanda Askell, Pamela Mishkin, Jack Clark, et al. Learning transferable visual
models from natural language supervision. In International conference on machine learning, pp.
8748-8763. PMLR, 2021.[9]

13



Under review as a conference paper at ICLR 2024

Ievgen Redko, Nicolas Courty, Rémi Flamary, and Devis Tuia. Optimal transport for multi-source do-
main adaptation under target shift. In The 22nd International Conference on Artificial Intelligence
and Statistics, pp. 849-858. PMLR, 2019. 2|

Karsten Roth, Timo Milbich, Samarth Sinha, Prateek Gupta, Bjorn Ommer, and Joseph Paul Co-
hen. Revisiting training strategies and generalization performance in deep metric learning. In
International Conference on Machine Learning, pp. 8242—-8252. PMLR, 2020.

Olga Russakovsky, Jia Deng, Hao Su, Jonathan Krause, Sanjeev Satheesh, Sean Ma, Zhiheng Huang,
Andrej Karpathy, Aditya Khosla, Michael Bernstein, Alexander C. Berg, and Li Fei-Fei. ImageNet
Large Scale Visual Recognition Challenge. International Journal of Computer Vision (IJCV), 115
(3):211-252, 2015. doi: 10.1007/s11263-015-0816-y.

Kate Saenko, Brian Kulis, Mario Fritz, and Trevor Darrell. Adapting visual category models to
new domains. In Computer Vision—ECCV 2010: 11th European Conference on Computer Vision,
Heraklion, Crete, Greece, September 5-11, 2010, Proceedings, Part IV 11, pp. 213-226. Springer,
2010. ]

Kuniaki Saito, Yoshitaka Ushiku, and Tatsuya Harada. Asymmetric tri-training for unsupervised
domain adaptation. arXiv preprint arXiv:1702.08400, 2017a. 2] [5]

Kuniaki Saito, Yoshitaka Ushiku, Tatsuya Harada, and Kate Saenko. Adversarial dropout regulariza-
tion. arXiv preprint arXiv:1711.01575, 2017b. [1]

Kuniaki Saito, Kohei Watanabe, Yoshitaka Ushiku, and Tatsuya Harada. Maximum classifier
discrepancy for unsupervised domain adaptation. In Proceedings of the IEEE Conference on
Computer Vision and Pattern Recognition, pp. 3723-3732, 2018. [T} 2| B 5]

Kuniaki Saito, Donghyun Kim, Stan Sclaroff, Trevor Darrell, and Kate Saenko. Semi-supervised
domain adaptation via minimax entropy. In Proceedings of the IEEE/CVF international conference
on computer vision, pp. 8050-8058, 2019. 9]

Rulin Shao, Zhouxing Shi, Jinfeng Yi, Pin-Yu Chen, and Cho-Jui Hsieh. On the adversarial robustness
of vision transformers. ArXiv, abs/2103.15670, 2021. 3]

Astuti Sharma, Tarun Kalluri, and Manmohan Chandraker. Instance level affinity-based transfer for
unsupervised domain adaptation. In Proceedings of the IEEE/CVF Conference on Computer Vision
and Pattern Recognition, pp. 5361-5371, 2021.

Kihyuk Sohn, David Berthelot, Nicholas Carlini, Zizhao Zhang, Han Zhang, Colin Raffel, Ekin Dogus
Cubuk, Alexey Kurakin, and Chun-Liang Li. Fixmatch: Simplifying semi-supervised learning
with consistency and confidence. In Hugo Larochelle, Marc’ Aurelio Ranzato, Raia Hadsell,
Maria-Florina Balcan, and Hsuan-Tien Lin (eds.), Advances in Neural Information Processing
Systems 33: Annual Conference on Neural Information Processing Systems 2020, NeurIPS 2020,
December 6-12, 2020, virtual, 2020. URL https://proceedings.neurips.cc/paper/
2020/hash/06964dce%addblc5cb5d6e3d9838f733-Abstract.html.[f

Baochen Sun and Kate Saenko. Deep coral: Correlation alignment for deep domain adaptation. In
Computer Vision—ECCV 2016 Workshops: Amsterdam, The Netherlands, October 8-10 and 15-16,
2016, Proceedings, Part Il 14, pp. 443—450. Springer, 2016.

Baochen Sun, Jiashi Feng, and Kate Saenko. Return of frustratingly easy domain adaptation. In
Proceedings of the AAAI conference on artificial intelligence, volume 30, 2016.

Mohammad Reza Hosseinzadeh Taher, Fatemeh Haghighi, Ruibin Feng, Michael B. Gotway, and
Jianming Liang. A systematic benchmarking analysis of transfer learning for medical image
analysis. Domain adaptation and representation transfer, and affordable healthcare and Al for
resource diverse global health : third MICCAI workshop, DART 2021 and first MICCAI workshop,
FAIR 2021 : held in conjunction with MICCAI 2021 : Strasbou..., 12968:3—-13, 2021. E]

Shuhan Tan, Xingchao Peng, and Kate Saenko. Class-imbalanced domain adaptation: an empirical
odyssey. In Computer Vision—-ECCV 2020 Workshops: Glasgow, UK, August 23-28, 2020,
Proceedings, Part I 16, pp. 585-602. Springer, 2020.

14


https://proceedings.neurips.cc/paper/2020/hash/06964dce9addb1c5cb5d6e3d9838f733-Abstract.html
https://proceedings.neurips.cc/paper/2020/hash/06964dce9addb1c5cb5d6e3d9838f733-Abstract.html

Under review as a conference paper at ICLR 2024

Hugo Touvron, Matthieu Cord, Matthijs Douze, Francisco Massa, Alexandre Sablayrolles, and Hervé
Jégou. Training data-efficient image transformers & distillation through attention. In International
conference on machine learning, pp. 10347-10357. PMLR, 2021. [T} ]

Hugo Touvron, Piotr Bojanowski, Mathilde Caron, Matthieu Cord, Alaaeldin El-Nouby, Edouard
Grave, Gautier Izacard, Armand Joulin, Gabriel Synnaeve, Jakob Verbeek, et al. Resmlp: Feedfor-
ward networks for image classification with data-efficient training. IEEE Transactions on Pattern
Analysis and Machine Intelligence, 2022a.

Hugo Touvron, Matthieu Cord, and Hervé Jégou. Deit iii: Revenge of the vit. In Computer Vision—
ECCV 2022: 17th European Conference, Tel Aviv, Israel, October 23-27, 2022, Proceedings, Part
XXIV, pp. 516-533. Springer, 2022b.

Yi-Hsuan Tsai, Wei-Chih Hung, Samuel Schulter, Kihyuk Sohn, Ming-Hsuan Yang, and Manmohan
Chandraker. Learning to adapt structured output space for semantic segmentation. In Proceedings
of the IEEE conference on computer vision and pattern recognition, pp. 7472-7481, 2018.

Eric Tzeng, Judy Hoffman, Ning Zhang, Kate Saenko, and Trevor Darrell. Deep domain confusion:
Maximizing for domain invariance. arXiv preprint arXiv:1412.3474, 2014.

Eric Tzeng, Judy Hoffman, Trevor Darrell, and Kate Saenko. Simultaneous deep transfer across
domains and tasks. In Proceedings of the IEEE international conference on computer vision, pp.
4068—4076, 2015.

Eric Tzeng, Judy Hoffman, Kate Saenko, and Trevor Darrell. Adversarial discriminative domain
adaptation. In Proceedings of the IEEE conference on computer vision and pattern recognition, pp.
7167-7176, 2017.

Grant Van Horn, Elijah Cole, Sara Beery, Kimberly Wilber, Serge Belongie, and Oisin Mac Aodha.
Benchmarking representation learning for natural world image collections. In Proceedings of the
IEEE/CVF conference on computer vision and pattern recognition, pp. 12884-12893, 2021. [§]

Hemanth Venkateswara, Jose Eusebio, Shayok Chakraborty, and Sethuraman Panchanathan. Deep
hashing network for unsupervised domain adaptation. In Proceedings of the IEEE Conference on
Computer Vision and Pattern Recognition, pp. 5018-5027, 2017. [T] ]

Tuan-Hung Vu, Himalaya Jain, Maxime Bucher, Matthieu Cord, and Patrick Pérez. Advent: Adver-
sarial entropy minimization for domain adaptation in semantic segmentation. In Proceedings of
the IEEE/CVF Conference on Computer Vision and Pattern Recognition, pp. 2517-2526, 2019. 3]

Sinan Wang, Xinyang Chen, Yunbo Wang, Mingsheng Long, and Jianmin Wang. Progressive adver-
sarial networks for fine-grained domain adaptation. In Proceedings of the IEEE/CVF Conference
on Computer Vision and Pattern Recognition, pp. 9213-9222, 2020. E]

Guogqiang Wei, Cuiling Lan, Wenjun Zeng, Zhizheng Zhang, and Zhibo Chen. Toalign: Task-oriented
alignment for unsupervised domain adaptation. In NeurIPS, 2021. [T, 2L 3] 5] [§]

Ross Wightman. Pytorch image models. https://github.com/rwightman/
pytorch-image-models)} 2019. [j]

Tete Xiao, Ilija Radosavovic, Trevor Darrell, and Jitendra Malik. Masked visual pre-training for
motor control. arXiv preprint arXiv:2203.06173, 2022.

Shaoan Xie, Zibin Zheng, Liang Chen, and Chuan Chen. Learning semantic representations for
unsupervised domain adaptation. In International Conference on Machine Learning, pp. 5423—
5432, 2018.

Ruijia Xu, Guanbin Li, Jihan Yang, and Liang Lin. Larger norm more transferable: An adaptive fea-
ture norm approach for unsupervised domain adaptation. In Proceedings of the IEEE International
Conference on Computer Vision, pp. 14261435, 2019. [1] 3]

Tongkun Xu, Weihua Chen, Pichao Wang, Fan Wang, Hao Li, and Rong Jin. Cdtrans: Cross-domain
transformer for unsupervised domain adaptation. arXiv preprint arXiv:2109.06165, 2021.

15


https://github.com/rwightman/pytorch-image-models
https://github.com/rwightman/pytorch-image-models

Under review as a conference paper at ICLR 2024

Hongliang Yan, Yukang Ding, Peihua Li, Qilong Wang, Yong Xu, and Wangmeng Zuo. Mind the
class weight bias: Weighted maximum mean discrepancy for unsupervised domain adaptation. In

Proceedings of the IEEE conference on computer vision and pattern recognition, pp. 2272-2281,
2017.02

Kaichao You, Mingsheng Long, Zhangjie Cao, Jianmin Wang, and Michael I Jordan. Universal
domain adaptation. In Proceedings of the IEEE/CVF conference on computer vision and pattern
recognition, pp. 2720-2729, 2019. 0]

Yuchen Zhang, Tianle Liu, Mingsheng Long, and Michael I Jordan. Bridging theory and algorithm
for domain adaptation. arXiv preprint arXiv:1904.05801, 2019. M

Bingchen Zhao, Shaozuo Yu, Wufei Ma, Mingxin Yu, Shenxiao Mei, Angtian Wang, Ju He, Alan
Yuille, and Adam Kortylewski. Robin: a benchmark for robustness to individual nuisances in
real-world out-of-distribution shifts. arXiv preprint arXiv:2111.14341,2021. 3]

Bolei Zhou, Agata Lapedriza, Aditya Khosla, Aude Oliva, and Antonio Torralba. Places: A 10
million image database for scene recognition. IEEE transactions on pattern analysis and machine
intelligence, 40(6):1452—-1464, 2017. E]

Daquan Zhou, Zhiding Yu, Enze Xie, Chaowei Xiao, Animashree Anandkumar, Jiashi Feng, and
Jose M Alvarez. Understanding the robustness in vision transformers. In International Conference
on Machine Learning, pp. 27378-27394. PMLR, 2022. [3|

16



	Introduction
	Related Works
	Background: Unsupervised Domain Adaptation
	Analysis Setup
	Methodology and Evaluation
	Which backbone architectures suit UDA best?
	How much unlabeled data does UDA need?
	Does pre-training data matter for UDA?

	Conclusion

