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Abstract. This paper proposes a novel test-time adaptation strategy
that adjusts the model pre-trained on the source domain using only
unlabeled online data from the target domain to alleviate the perfor-
mance degradation due to the distribution shift between the source
and target domains. Adapting the entire model parameters using the
unlabeled online data may be detrimental due to the erroneous signals
from an unsupervised objective. To mitigate this problem, we propose a
shift-agnostic weight regularization that encourages largely updating the
model parameters sensitive to distribution shift while slightly updating
those insensitive to the shift, during test-time adaptation. This regular-
ization enables the model to quickly adapt to the target domain without
performance degradation by utilizing the benefit of a high learning rate.
In addition, we present an auxiliary task based on nearest source pro-
totypes to align the source and target features, which helps reduce the
distribution shift and leads to further performance improvement. We
show that our method exhibits state-of-the-art performance on various
standard benchmarks and even outperforms its supervised counterpart.

Keywords: Test-Time adaptation - Domain generalization -
Source-free domain adaptation - On-Device Al

1 Introduction

After deep neural networks (DNNs) trained on a given dataset (i.e., source domain)
are deployed to a new environment (i.e., target domain), the DNNs make predic-
tions from the datain the target domain. However, in most cases, the distribution of
the source and target domains varies significantly, which degrades the model’s per-
formance in the target domain. If the deployed model does not remain stationary
during test time but adapts to the new environment using clues about unlabeled
target data, its performance can be improved [25,38,39,42,52,59,63,66].

Qualcomm AT Research is an initiative of Qualcomm Technologies, Inc.

Supplementary Information The online version contains supplementary material
available at https://doi.org/10.1007/978-3-031-19827-4_26.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
S. Avidan et al. (Eds.): ECCV 2022, LNCS 13693, pp. 440-458, 2022.
https://doi.org/10.1007/978-3-031-19827-4_26


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-19827-4_26&domain=pdf
http://orcid.org/0000-0003-2313-9243
http://orcid.org/0000-0002-0411-8407
http://orcid.org/0000-0002-1695-5894
http://orcid.org/0000-0003-2462-3854
https://doi.org/10.1007/978-3-031-19827-4_26
https://doi.org/10.1007/978-3-031-19827-4_26

Improving Test-Time Adaptation Via Shift-Agnostic Weight 441
Error Rate (b) i Error Rate
Loss L.ayers to Ground- Ent. min. Loss L.ayers to Ground-
70%- fine-tune truth 83.69 | 709- fine-tune  truth
°"| & | Entropy min. | All layers X : °"| @ | Cross entropy | All layers 0]
®—e@ Ent. min + SWR | All layers X : @—e Entropy min. BN layers X
—e Ours (Full) | All layers X @—e®  Ours (Full) | All layers X
s i
0% @ * PY ource | co%l ® PY Source
Source model (No adapt) 60.35 : Source model (No adapt) | 60.35
(d)
; Oracle
50%- ! 50%- 49.73
(e) ; (©
Ent. min. Ent. min TENT
39.81 + Ours (SWR) ;
0%, 37.96 (a)  40%- 3?:)4
[ ours | $2.62% 3.89% 3 Burs
35.65
le-5 5e-5 le-4 2e-4 3e-4 Se-4 le-3 5 le-5 5e-4 1le-d4 2e-4 5ed4 1e-33565

Learning Rate

Learning Rate

Fig. 1. Comparison of average error (%) between our approach and other methods with
varying learning rates on CIFAR-100-C [20]. The x- and y-axes are the learning rate
and average error rate, respectively. (a) Our method significantly outperforms the other
three methods: (b) updating the entire parameters with only entropy minimization, (c)
the state-of-the-art method, TENT [59], and (d) a supervised method. (e) Our proposed
SWR keeps the performance stable with the combining of entropy minimization even
at higher learning rates: [le-3, le-4].

Recently, several studies [25,42,59,63] have proposed test-time adaptation
to update the model during test time after model deployment. However, it is
extremely challenging to adapt the model to the target domain with only unlabeled
online data. As shown in Fig. 1(b), the adaptation of the entire model parameters
may be detrimental due to the erroneous signals from the unsupervised objective
such as entropy minimization [15,26,40,57,59], and the performance may be highly
dependent on the learning rate. In addition, since the test-time adaptation can
access unlabeled target data only once, and the adaptation proceeds simultane-
ously with the evaluation, updating all network parameters may result in overfit-
ting [17,62]. Thus, several approaches present the methods to update only some
part of the network architecture [25,42,59,63] such as batch normalization [24]
or classifier layers. Especially, T3A [25] proposes an optimization-free method to
adapt only the classifier layers using unlabeled target data, and TENT [59] updates
batch statistics and affine parameters in the batch normalization layers by entropy
minimization on unlabeled target data. However, updating only partial parame-
ters or layers of the model may only result in marginal performance improvement,
as shown in Fig. 1(c). Furthermore, such methods cannot be applied to the model
architecture without a specific layer such as batch normalization or classifier layers.

Other approaches [39,52] propose to jointly optimize a main task! and a self-
supervised task, such as rotation prediction [13] or instance discrimination [6,18],
during pre-training in the source domain, and then update the model using only
the self-supervised task during test time. In contrast to the unsupervised objec-
tive for the main task that highly depends on the model’s prediction accuracy,

! refers to the ultimate objective of the model (e.g., classification).
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the self-supervised task always obtains a proper supervisory signal. However,
the self-supervised task may interfere with the main task if both tasks are not
properly aligned [39,50,64]. In addition, these approaches cannot be applied
to adapt arbitrary pre-trained models to the target domain since they require
specific pre-training methods in the source domain.

To resolve these issues, we present two novel approaches for the test-time
adaptation. First, we consider a shift-agnostic weight regularization (SWR) that
enables the model to quickly adapt to the target domain, which is beneficial when
updating the entire model parameters with a high learning rate. In contrast to
Fig. 1(b), the entropy minimization with the proposed SWR shows superior per-
formance and less dependency on the learning rate choice, as shown in Fig. 1(e).
In terms of distribution shift, the SWR identifies the entire model parameters
into shift-agnostic and shift-biased parameters, updating the former less and the
latter more. Second, we present an auxiliary task based on a non-parametric
nearest source prototype (NSP) classifier, which pulls the target representation
closer to its nearest source prototype. With the NSP classifier, both source and
target representations can be well aligned, which significantly improves the per-
formance of the main task. Our proposed method (Fig.1(a)) outperforms the
state-of-the-art method [59] (Fig.1(c)) and even the supervised method using
ground-truth labels (Fig. 1(d)).

Our method requires access to the source data to identify shift-agnostic and
biased parameters and generate source prototypes before the model deployment,
but it is applicable to any model regardless of its architecture or pre-training
procedure. If a given model is pre-trained on open datasets, or if the source data
owner deploys the model, source data is accessible before model deployment. In
this case, our method significantly enhances the test-time adaptation capability
by leveraging the source data without modifying the pre-trained model. Unlike
TTT [52] and TTT++ [39], we do not change the pre-training method of a given
model, so our method can take benefit from any pre-trained strong models, such
as AugMix [21] (Table1) or CORAL [51] (Table6), as a good starting point for
test-time adaptation. In these respects, we believe our method is practical.

The major contributions of this paper can be summarized as follows

e Two novel approaches for test-time adaptation are presented in this paper.
The proposed SWR enables the model to quickly and reliably adapt to the
target domain, and the NSP classifier aligns the source and target features to
reduce the distribution shift, leading to further performance improvement.

e Our test-time adaptation method is model-agnostic and not dependent on the
pre-training method in the source domain, and thus it can be applied to any
pre-trained model. Therefore, our method can also complement other domain
generalization approaches that mainly focus on the pre-training method in
the source domain before model deployment.

e We show that our method achieves state-of-the-art performance through
extensive experiments on CIFAR-10-C, CIFAR-100-C, ImageNet-C [20] and
domain generalization benchmarks including PACS [31], OfficeHome [55],
VLCS [10], and TerraIncognita [5]. Especially, our method even outperforms
its supervised counterpart on CIFAR-100-C dataset.
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2 Related Work

2.1 Source-Free Domain Adaptation

Unsupervised domain adaptation (UDA) [11,12,22,46,51,53,57] assumes simulta-
neous access to both the source and target domains. Datais often distributed across
multiple devices. In such cases, UDA requires data sharing for simultaneous access
to all data. However, it is often impossible due to data privacy concerns, limited
bandwidth, and computational cost. Source-free domain adaptation [1,30,36, 38,
58,60,61] overcomes this challenge by adapting a source pre-trained model to the
target domain using only unlabeled target data. These approaches focus on offline
adaptation in which the same target sample is fed to the model multiple times dur-
ing target adaptation, whereas our method concentrates on online adaptation.

2.2 Test-Time Adaptation and Training

Test-time adaptation focuses on online adaptation in which all target data can
be accessed only once at test time, and adaptation is performed simultaneously
with evaluation. More specifically, it forward propagates target samples through
the model for evaluation and then backpropagates the error signal from the
model’s output in an unsupervised manner for training [59]. Several studies adopt
self-supervised learning, such as rotation prediction [52] or instance discrimina-
tion [39], to jointly optimize the main and self-supervised tasks on the source
domain and then optimize only the self-supervised task on the target domain. How-
ever, these methods are not universally applicable to arbitrary pre-trained mod-
els as they require specific pre-training methods in the source domain. Recently,
model-agnostic test-time adaptation methods independent of the pre-training
method in the source domain have been proposed [25,42,59,63]. TENT [59] uses
the batch statistics of the target domain and optimizes channel-wise affine param-
eters using entropy minimization loss. T3A [25] proposes an optimization-free
method that adjusts a pre-trained linear classifier by updating the prototype for
each class during test time. However, since these methods update only partial
parameters or layers of the model, such as the batch normalization [42,59,63] or
classifier layer [25], they may be suboptimal for target adaptation.

2.3 Domain Generalization

Since UDA aims to adapt the model to the predefined target domain before
model deployment, it is not suitable to guarantee generalization performance to
other arbitrary target domains. On the other hand, domain generalization (DG)
differs from UDA in that it assumes that the model accesses only the source
domain during training time before model deployment and aims to improve
the generalization capability in arbitrary unseen target domains. Numerous DG
approaches using meta-learning [3,32,33], normalization [7,8,44,47], adversarial
training [34,37,45], and data augmentation [14,35,56,67] have been proposed to
learn domain-agnostic feature representations for the target domain. However,
these studies only focus on methods at training time before model deployment,
whereas our method focuses on a test-time adaptation after model deployment.
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Fig. 2. Our method consists of two stages: (b) and (c). (a) our method takes the
pre-trained model in an off-the-shelf manner and (b) generates penalty vector w and
source prototypes g while keeping the model frozen before model deployment. After
model deployment, (¢) our method does not access labeled source data Ds other than
unlabeled online target data D; during test-time adaptation.

3 Proposed Method

Assume that the model parameters 6 trained on the source domain consist of
an encoder part 6. and a classifier part 6., as shown in Fig.2(c). After being
deployed to the target domain, the model infers the class probability distribution
of the target sample and then optimizes our proposed test-time adaptation loss
Eteffgft. The overall loss of our proposed method is defined as

Leet = L3 + L5 + A Y will6r — 673, (1)
l

where w; denotes the [-th element of the penalty vector w used to control the
update of the model parameters, 8; is the parameter vector of the I-th layer?
of the model, 8" is the parameters from the previous update step, )\, is the
importance of the regularization term, and g‘ag: and L§" denote the main
and auxiliary task losses, respectively. Optimizing the main task loss updates
the entire model parameters 6. and 6., whereas optimizing the auxiliary task
loss updates only the encoder part 6.. We first present a shift-agnostic weight
regularization (SWR) and then describe an entropy objective of the main task.
Finally, we propose an auxiliary task based on a nearest source prototype (NSP)
classifier, which directly benefits the main task.

3.1 Shift-Agnostic Weight Regularization

The main idea of the SWR is to impose different penalties for each parame-
ter update during test-time adaptation, depending on the sensitivity of each
model parameter to the distribution shift. Assuming that the distribution shift
is mainly caused by color and blur shifts, we mimic the distribution shift using
transformation techniques such as color distortion and Gaussian blur. Experi-
ments on variations of the SWR, including the use of other transform functions,
can be found in the supplementary Section B.

2 denotes a part divided into torch.nn.Module units defined in Pytorch. The gradient
vector of each layer can be easily obtained using torch.nn.module.parameters().
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Fig. 3. Overall process of our proposed SWR. We first obtain the penalty vector w
before model deployment and then use it as layer-wise penalties to control the update
of the model parameters at test-time adaptation after model deployment.

To obtain the penalty vector w specified in Eq. (1), we first forward-propagate
two input images (i.e., an original and its transformed image) through the pre-
trained source model and then back-propagate the task loss (i.e., cross entropy)
using the source labels to produce two sets g and g’ of L gradient vectors,
respectively. Note that L is the total number of layers in the model. Then the [-th
element w; of the penalty vector w is calculated by employing the average cosine
similarity s; between two gradient vectors, g; and g; from N source samples as

z g
ngIIIIQ

w:(y[sl,...,sl,...,sL])Q ERL,

)

(2)

where v [-] denotes min-max normalization with the range of [0,1], gi and g/ denote
the [-th gradient vectors for i-th source sample and its transformed sample, respec-
tively. N denotes the total number of samples. Note that the penalty vector w is
obtained from a frozen pre-trained source model before model deployment. There-
fore, this process is independent of the source model’s pre-training method and
does not require source data after model deployment, as shown in Fig. 2.

As shown in Eq. (1) and Fig.3, during test-time adaptation, we apply the
layer-wise penalty value w; to the difference between previous and current model
parameters for each layer, and this controls the update of model parameters
differently for each layer. Therefore, the model parameters belonging to the
layers with high cosine similarity between the two gradient vectors are considered
shift-agnostic, and we less update them by imposing high penalties. Section 4.6
experimentally shows that SWR takes advantage of using high learning rates to
adapt the model to the target domain quickly.

3.2 Entropy Objective for the Main Task

The main task of the model fy is defined as the task performed by the parameters
0. and .. The loss function for the main task during test time is built using
the entropy of model predictions g on test samples from the target distribution.
We adopt information maximization loss [23,27,48], validated in several test-
time adaptation and source-free domain adaptation methods [38,42,58], as an
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Fig. 4. Source prototype generation phase before model deployment. First, we repeat
steps (1) and (2) until prototypes of all classes are generated, then train the projector
and update the source prototype at the same time through an iterative process from
(1) to (6) on the source data. (a) and (b) pull the original source projection and its
transformed source projection, respectively, such that they become closer to the nearest
source prototype from the original one.

unsupervised learning objective for the main task. This loss consists of entropy
minimization [38,49,57,59] and mean entropy maximization [2,28,38,58] as

N

Y HG) — AmaH(G), 3)

i=1

1
’n’LlN

main __
6.0, = A

where H(p) = — 25:1 pFlogp*, 7 = % > ; Uis Am, and Ay, indicate the impor-
tance of each term. The number of classes and the batch size are denoted by C'
and N. Intuitively, entropy minimization makes individual predictions confident,
and mean entropy maximization encourages average prediction within a batch
to be close to the uniform distribution.

3.3 Auxiliary Task Based on the Nearest Source Prototype

Due to the distribution shift between the source and target domains, the target
features deviate from the source features at test time. To resolve this issue, we
propose an auxiliary task based on the nearest source prototype (NSP) classifier,
which pulls the target embeddings closer to their nearest source prototypes in
the embedding space. Eventually, optimizing the auxiliary task improves perfor-
mance significantly since it directly supports the main task by aligning the source
and target representations. We first explain how to generate source prototypes
and define the NSP classifier based on them.

Source Prototype Generation. The source prototypes are defined as the
averages over source embeddings for each class. As shown in Fig. 4, we freeze the
model fy trained on the source data and attach an additional projection layer
hy behind the encoder fy_ . The encoder fg, infers the representation h from the
source sample z, and the projector hy maps h to the projection z in another
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Fig. 5. Test-time adaptation phase after model deployment. (a) main task loss. (b),(c)
auxiliary task loss. (b) and (c) pull the original target projection and its transformed
target projection, respectively, such that they become closer to the nearest source
prototype from the original one.

embedding space where the loss Lzmb is applied as z = hy(fo, (x)). The source
prototype gf for class k is updated through exponential moving average (EMA)
with the projection zF of the source sample (w,yk)ke[lg] at time t during the
optimization trajectory as

g =a g+ (1-a) 2, (4)

where a=0.99 and qf = 25.

We define the NSP classifier as a non-parametric classifier. It measures the
cosine similarity of a given target embedding to the source prototypes for all
classes and then generates a class probability distribution ¢ as

C
gzz<ch( (2, )/) >yk7 (5)

j=1€Xp (S(z, q])/T)

where S(+, ) is a cosine similarity function, S(a,b) = (a-b)/||al|||b]|, T denotes a
temperature that controls the sharpness of the distribution, and 4* is the one-hot
ground-truth label vector of k-th class.

In addition, inspired by recent self-supervised contrastive learning meth-
ods [4,6,18], we enable the projector h, to learn transformation-invariant map-
ping. We obtain projection z’ of the transformed source sample by z' =
hy(fo. (T (x))), where 7 () denotes an image transform function. The embedding
loss Ef/}mb consisting of two cross entropy loss terms is applied to the embedding
space to train the projector hy as

N
em 1
Ew b = NZ CE yz,yz +CE (y17yl)) (6)

where CE (p,q) = _chz1 pFlog¢®, and y; is the ground-truth label of i-th
source sample. Here, § and ¢’ denote the outputs of the NSP classifier for the
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projections z and 2’ of the source sample and its transformed one, respectively.
As shown in Fig. 4, optimizing the embedding loss encourages the projector hy,
to learn a mapping that pulls the projections belonging to the same class closer
together and pushes source prototypes farther away from each other.

Note that this process is applied to a frozen pre-trained source model and
completed before model deployment. Therefore, it is model-agnostic and does
not require source data during test time.

Auxiliary Task Loss at Test Time. Once the source prototypes are generated
and the projection layer is trained, we can deploy the model and then jointly
optimize both main and auxiliary tasks on unlabeled online data. The auxiliary
task loss L' consists of two objective functions: the entropy objective 1335“"*‘”“
using the entropy of the NSP classifier’s prediction g, and the self-supervised
loss Ez:“‘*sel that encourages the model’s encoder fy, to learn transformation-
invariant mappings as

ES‘:X — Ezzlx,ent JF Asﬁz:jxjel’ (7)

where A\g denotes the importance of the self-supervised loss term. Similarly to
Eq. (3), the entropy objective is built by using the entropy of the prediction g
of the NSP classifier on the target sample as

N

1 R _

Eg:lx,ent — )\al N Z H(yz) - )\QQH(y)7 (8)
i=1

where N is batch size, A,, and ), indicate the importance of each term, H (p) =

— chzl pFlogp®, and § = % Zi\il 7;- The self-supervised loss is applied to the

prediction g’ of the NSP classifier on the transformed target sample as

1 N C
et L Yt logil (9)
i=1 k=1

As shown in Fig. 5, the entropy objective function (Fig. 5(b)) pulls the projection
z of the target sample to move closer to its nearest source prototype, and the self-
supervised objective (Fig.5(c)) encourages the projection z’ of the transformed
target sample to get closer to the same target as z.

4 Experiments

This section describes the experimental setup, implementation details, and the
experimental results of the comparisons with other state-of-the-art methods in
test-time adaptation. We also show that generalization performance can be fur-
ther improved by combining our proposed method with an existing domain gen-
eralization strategy that mainly focuses on training time in the source domain.
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4.1 Experimental Setup

Following TENT [59] and T3A [25], all experiments in this paper are con-
ducted on the online adaptation setting, where adaptation is performed concur-
rently with evaluation at test time without seeing the same data twice or more.
After a prediction is obtained, the model is updated via back-propagation. We
evaluate our proposed method on CIFAR-10-C, CIFAR-100-C, ImageNet-
C3 [20] and four domain generalization benchmarks such as PACS [31], Office-
Home [55], VLCS [10], and TerraIncognita [5]. Since our method can be used
independently of the backbone networks and its pre-training method, we apply
our method to publicly available pre-trained models for evaluation. We perform
experiments on CIFAR datasets using WideResNet-28-10 [65] and WideResNet-
40-2 [65] as backbone networks, based on RobustBench [9]. In the domain gener-
alization setup, we use ResNet-50 [19] without the batch normalization layer,
which is the default setting of DomainBed [16], DG benchmark framework.
CIFAR-10/100 dataset [29] contains 50k images for training and 10k images
for testing. Corruptions such as noise, blur, weather, and digital are applied to
10k images from CIFAR-10/100 test set to create CIFAR-10/100-C test images.
For test-time adaptation, 50k images for CIFAR training set are defined as the
source domain, and 10k images for CIFAR-C test set are defined as the target
domain.

4.2 TImplementation Details

We integrate our proposed method within the frameworks officially provided by
other state-of-the-art methods [25,39,59] for fair comparisons. Specifically, dif-
ferent frameworks are used for each experiment as follows: TENT framework [59]
for all experiments with WRN-40-2 and WRN-28-10 backbone networks on
CIFAR-10/100-C, TTT++ framework [39] for all experiments with ResNet-
50 on CIFAR-10/100-C, and T3A framework [25] for all domain generalization
benchmarks. For experiments on CIFAR, we follow the default values provided
by each framework for experimental settings such as batch size and optimizer.

Color distortion, random grayscale and Gaussian blurring are used as the
image transformations specified in Fig.3 and Fig. 5, and random cropping and
random horizontal flipping are additionally applied for the image transforma-
tions in Fig. 4. We use batch statistics on test data instead of using running esti-
mates. The hyper-parameters are empirically set as A, =0.2, Ay, =0.8 A\, =0.25,
Ay =0.25, A;=0.1, \,=250, and softmax temperature 7=0.1. The epoch for train-
ing the projector is 20, and N=1024 in Eq. (2). Since these hyper-parameters
are not sensitive to the backbone and datasets, they are fixed without individual
tuning in most experiments in this paper unless noted otherwise. The projector
as described in Sect. 3.3 can be configured as a single- or multi-layer perceptron
(MLP). The MLP consists of a linear layer followed by batch normalization [24],
ReLU [43], and a final linear layer with output dimension 512. The performance
change according to the projector configuration is shown in Table 3, and the
detailed architecture is described in the supplementary Section C.

3 Experiments on ImageNet-C are in the supplementary Section B.
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4.3 Robustness Against Image Corruptions

Table 1(a) shows a comparison of the robustness between our method and recent
test-time adaptation methods for the most severe corruptions on CIFAR-100-
C. TFA [39] and TTT++ [39] were originally implemented as offline adaptation
methods that train a model by observing the same data multiple times across
numerous epochs, so we change these methods to the online adaptation setting
to reproduce the results. Our proposed method significantly outperforms other
state-of-the-art methods with large margins of 3.89% for ResNet-50 and 2.59%
for WRN-40-2. Table 1(b) shows the results on the most severe corruptions of
CIFAR-10-C. Our method consistently outperforms other methods on CIFAR-
10/100-C datasets across various backbone networks. In particular, WRN-40-2,

Table 1. Comparison with other methods. * denotes the reported results from the
original paper, and the others are reproduced values in our environment based on the
official framework provided by TENT [59] and TTT++ [39]. Source denotes the source
pre-trained model without test-time adaptation.

(a) Comparison of error rate (%) on CIFAR-100-C with severity level 5

Backbone | Methods | Avg. err| Gaus. Shot Impu. Defo. Glas. Moti. Zoom Snow Fros. Fog Brig. Cont. Elas. Pixe. Jpeg

| Source | 4675 | 657 601 590 320 510 336 323 d4l4 452 54 B3L6 555 403 597 424
WRNAO-2 | ppNy [50] | 35.53 | 401 305 420 206 49 307 207 345 348 3901 275 329 37.6 328 40.3
(AugMix)

(21,65 | Core*[63] | 3530 | 30.8 303 415 205 417 306 208 342 349 386 275 326 371 327 40.1
ResNet-50
9] Ours | 3271 | 37.6 36.6 351 28.0 39.5 287 285 31.3 32.6 344 263 20.0 355 30.1 37.7

‘ Source ‘ 60.35 80.8 77.8 87.8 39.6 823 542 384 546 602 681 289 509 59.5 723 50.0

‘lb% 39]‘ 44.13 49.0 470 614 342 589 415 321 468 430 546 312 337 489 398 39.7

|
|
|
|
|
‘SHOI 38‘ 43.53 ‘49.0 471 612 338 583 41.0 31.3 450 420 520 29.7 334 479 418 394
|
|
|
|

‘ TTT++ [3 ‘ 44.38 50.2  47.7 66.1 358 61.0 387 350 446 438 486 288 30.8 49.9 392 455
‘ TENT [: ‘ 39.54 43.8 420 54.1 31.2 517 370 29.9 423 39.6 456  30.1 309 445 342 364
Ours ‘ 35.65 40.0 38.4 46.3 29.3 46.0 32.5 27.9 37.3 36.6 37.3 27.5 28.8 41.0 31.4 34.7

(b) Comparison of error rate (%) on CIFAR-10-C with severity level 5

Backbone | Methods | Avg. err| Gaus. Shot Impu. Defo. Glas. Moti. Zoom Snow Fros. Fog Brig. Cont. Elas. Pixe. Jpeg

WRN-40-2 ‘ Source ‘ 18.27 288 23.0 262 95 206 10.6 9.3 142 153 175 7.6 209 147 413 147
(A[ﬁ]\éi:]() ‘ TENT [ ‘ 12.08 156 13.2 188 79 182 9.0 8.0 104 109 124 6.7 100 140 114 148
WRI?I;:Z]S—IO Ours ‘ 10.37 13.1 114 147 7.4 158 8.3 7.4 9.2 94 9.5 6.3 7.8 13.1 9.4 129

R ‘ Source ‘ 43.51 723 657 729 499 543 348 420 251 413 260 9.3 467 266 585 30.3

‘TE\IT 50‘ 18.58 248 235 331 119 318 137 108 159 162 137 7.9 120 220 173 242

‘Core* (‘%‘ 16.80 225 203 298 110 292 123 10.2 144 148 124 7.7 106 204 153 214

ResNet-50
‘ Source 29.14 48.7 440 570 11.8 508 234 108 219 282 294 7.0 13.13 234 479 195
‘ SHOT [38] 16.19 200 18.8 29.6 9.9 271 150 8.5 154 145 198 73 85 187 158 14.0

188 179 292 9.8 273 146 8.0 16.0 140 203 7.8 86 194 141 139

|
\
\
|
|
|
[19] Ours ‘ 15.70 ‘2(].1 18.4 26.2 10.8 289 12.1 10.2 13.7 139 11.1 7.6 8.8 202 14.2 194
|
|
|
|
|

|
|
| TFA [39] | 1597
9
59] |
|

‘ TTT++ [3! 15.82 180 171 308 104 299 13.0 9.9 148 141 158 7.0 78 193 127 164
‘ TENT [ 14.02 16.0 145 24.7 91 235 126 7.6 143 131 168 8.2 80 181 10.8 133
Ours 12.52 ‘ 14.1 134 209 83 20.7 11.2 7.3 124 11.7 144 73 7.4 16.5 9.7 12.4

(c) Comparison of average error (%) on CIFAR-100-C with all severity levels

Methods | Backbone| Lv.5 | Lvd4 | Lv3 | Lv2 | Lvl

M ResNet-50 ‘39%54‘ 3.89 ‘LOQ‘ 3.27 1‘ 3355 ‘2.81 M 238 | ‘Lﬁz‘ 2.11 |
Ours | |35.65 | |32.82] |30.54] |28.92] |27.51]

TENT [59] | WRNAO2 | 35.53 \2.82 | 32.89 \2.40 | 3072 \1.87 | 29.06 \153 l‘ 27.67 \1.29 .

Ours | |32.71] |30.49 ] |28.85 | |27.53 | |26.38
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Table 2. Ablation study on CIFAR-100-C. ResNet-50 is used.

Methods ‘ Learning rate ‘ Average err (%)
Main \ le-3 \ 75.70
Main (optimal learning rate) ‘ le-4 ‘ 39.44
Main + NSP (L5 4 L) \ le-4 \ 37.55
Main + SWR \ le-3 \ 37.76
Main + SWR + NSP (L£5") \ le-3 \ 35.80
Main + SWR + NSP (L5 4 L) | le-3 \ 35.65

Table 3. Comparison of error rate (%) according to changes in projector depth.

‘ Backbone
‘ ‘ None ‘ 1 ‘ 2 ‘ 3
| WRN-40-2 | 33.04 | 32.79 | 32.7132.89

‘ Projector depth
Datasets

CIFAR-100-C

| ResNet-50 | 36.34 | 35.43| 35.65 | 36.81

| WRN-40-2 | 10.37 | 10.52 | 10.42 | 10.46

CIFAR-10-C | WRN-28-10|15.70 | 16.45 | 16.09 | 16.39

| ResNet-50 | 12.52 | 12.91 | 12.95 | 12.87

which is trained with AugMix [21] for a data processing to increase the robustness
of the model, outperforms the other backbone networks, and our method further
enhances the performance by complementing it. Table1(c) shows the results
on CIFAR-100-C with all severity levels. Because severity denotes the strength
of the corruption, it shows how much the distribution shift presents, and our
method outperforms TENT [59] at all levels with a large margin.

4.4 Ablation Studies

Table 2 shows the effectiveness of our proposed shift-agnostic weight regular-
ization (SWR) and nearest source prototype (NSP) classifier through ablation
studies. At a high learning rate, optimizing only the main task loss based on the
entropy of the model prediction results in poor performance, but adjusting the
learning rate reduces the error rate to 39.44%. Adding the NSP to the main task
loss leads to the performance improvement of 1.89%, and including the SWR
improves the performance by 1.68% even at a high learning rate. Our method
with both SWR and NSP achieves 35.65% error rate with 3.79% performance
enhancement compared to using only the main task loss.
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Table 4. Hyper-parameter impacts on CIFAR-100-C. ResNet-50 is used.

(a)
Width | Error (%)

(b) (©)

Transformation ‘Error (%) ‘ Error (%)
128 | 3634 Backbone
‘ No transform ‘ 37.88 ‘ WRN-40-2 ‘ ResNet-50
256 35.85
| Color distortion | 35.79 Freeze. | 3271 | 35.65
512 35.65
+Crop. & Blur. ‘ 35.65 Finetune. ‘ 32.85 ‘ 35.96
1024 | 36.09

4.5 Projector Design and Hyper-parameter Impacts

Table 3 shows the performance impact of changing the projector depth (i.e.,
number of projection layer). In addition, we conduct experiments to apply the
auxiliary task loss £3"* directly to the feature representation h, the encoder’s
output without using the projector. The model with the projector outper-
forms the one without the projector on CIFAR-100-C, and opposite results are
obtained on CIFAR-10-C. Since the auxiliary task loss is applied to the embed-
ding space based on the cosine similarity between the source prototypes and the
target embeddings, its effect may be minimal if they are severely misaligned.
To compensate for this issue, we attach and train the projector that mini-
mizes the misalignment between the source and target embeddings by enabling
transformation-invariant mapping and bringing the projections belonging to the
same class closer together in the new embedding space. However, if the num-
ber of classes is small (e.g., CIFAR-10-C), the source and target may already
be relatively well aligned compared to the case with a large number of classes
(e.g., CIFAR-100-C). In this case, we conjecture that applying the auxiliary task
loss directly to the encoder’s output h rather than the new embedding space z,
the projector’s output, generates a better-aligned representation h between the
source and target, which can be more helpful to the classifier.

Table 4 shows the experimental results according to (a) the projector width
(i.e., output dimension of the last layer), (b) the transformation used for training
the projector, and (¢) whether to fine-tune or freeze the projector during test-
time adaptation. Our default settings are marked with gray-colored cells, and
these settings are also applied to the domain generalization benchmarks in the
following section without additional tuning.

4.6 Quick Adaptation

As shown in Table 5, it is natural that the supervised method performs perfectly
when learning and evaluating the same test samples iteratively. However, inter-
estingly our method outperforms the supervised one in an online setting where
the test sample is seen only once. Unlike the other methods that require a low
learning rate to train (Fig. 1(b),(d)), our method updates the entire parameters
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Table 5. Comparison of error rate (%) on CIFAR-100-C. Our method outperforms the
supervised method in an online setting. LR denotes a learning rate.

| GT | Optimal| Epoch
Methods Label) LR 1y (online) | 2 (offline) |3 (offtine)
Entropy Minimization | No | led | 39.81 | 3884 | 39.08
Cross Entropy (Supervised) | Yes | 2e4 | 3827 | 7.41 | 0.86
Ours . No | le3 | 35.65 | 3334 | 3325

at a high learning rate. We conjecture that SWR enables quick convergence with-
out performance degradation because only parameters sensitive to distribution
shift (i.e., parameters that need to quickly adapt to a new domain) are largely
updated with a high learning rate.

4.7 Domain Generalization Benchmarks

To evaluate our method on the DG benchmarks, we follow the protocol proposed
by DomainBed [16] and T3A [25]. Our method is model-agnostic, so we apply
it to the pre-trained models using empirical risk minimization (ERM) [54] or
CORAL [51] on the source domain in order to adapt the models to the target
domain at test time. We use the leave-one-domain-out validation [16] for model
selection in all experiments in Table 6. Our methods show state-of-the-art per-
formance on average over four datasets and especially outperform T3A [25] and
the source pre-trained models with a large margin on PACS, OfficeHome, and
Terralncognita datasets. The detailed experimental setup can be found in the
supplementary Section C.

4.8 Qualitative Results

Figure 6 visualizes the features on CIFAR-10-C using t-SNE [41]. The results in
the first row are from WRN-40-2 as a source pre-trained model, and the results in
the second row are from ResNet-50. Even without test-time adaptation, WRN-
40-2 (AugMix) [21] is more robust against corruptions than ResNet-50, so better
results can be obtained. Our method significantly improves the performance in
terms of intra-class cohesion and inter-class separation in both backbones.
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Table 6. Comparison of accuracy (%) on four DG benchmarks. T denotes the reported
results from DomainBed [16], and the others are reproduced values.

Methods‘ VLCS ‘ PACS ‘Oﬂ"iceHome‘ Terra ‘Average

ERM' | 76.8+£1.0 | 83.3£0.6 | 67.3+0.3 | 46.2+£0.2  68.4
CORAL! |77.04£0.5 | 83.6+0.6 68.6+0.2 |48.1+£13 69.3

ERM 77.4£0.9 | 83.5+0.7 65.6+0.4 47.1+1.1 68.4
+T3A 79.44+0.4 | 86.5+0.3 67.840.5 45.6£0.7 69.8
+Ours | 77.0£0.5 | 88.94+0.1| 69.2+0.1 | 49.5+0.8 71.2

CORAL | 77.9£0.9 | 85.34+0.1 67.840.3 44.1+£0.4 68.8
+T3A 79.3£0.3 | 86.3£0.2 69.51+0.2 45.44+1.2 70.1
+Ours | 78.7+£0.4 | 89.94+0.1| 71.0+0.0 |47.5+0.6 71.8

No Adapt Ours No Adapt Ours No Adapt Ours

~ R L . 9 ¥ . L]
3 e N e & Phy ‘ *g;.x e
=|* -® N ¥ 3%
g B : Qﬁ 4" L

& ‘ Contrast & n BI % ‘ Frost e

.Snow ' T’ixelate ’&

Fig. 6. t-SNE visualization of features from the target domain (CIFAR-10-C).

ResNet-50

5 Conclusions

This paper proposed two novel approaches for model-agnostic test-time adap-
tation. Our proposed shift-agnostic weight regularization enables the model to
reliably and quickly adapt to unlabeled online data from the target domain by
controlling the update of the model parameters according to their sensitivity
to the distribution shift. In addition, our proposed auxiliary task based on the
nearest source prototype classifier boosts the performance by aligning the source
and target representations. Test-time adaptation is a challenging but promising
area in terms of allowing the model to evolve itself while adapting to a new envi-
ronment without human intervention. In this regard, our efforts aim to promote
the importance of this field and stimulate new research directions.
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Hyunsin Park, Juntae Lee, Janghoon Cho, Hyoungwoo Park, Byeonggeun Kim, and
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