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Abstract

Continual test-time domain adaptation (CTTA) aims to
adapt the source pre-trained model to a continually chang-
ing target domain without additional data acquisition or
labeling costs. This issue necessitates an initial perfor-
mance enhancement within the present domain without la-
bels while concurrently averting an excessive bias toward
the current domain. Such bias exacerbates catastrophic
forgetting and diminishes the generalization ability to fu-
ture domains. To tackle the problem, this paper designs
a versatile framework to capture high-quality supervision
signals from three aspects: 1) The adaptive thresholds are
employed to determine the reliability of pseudo-labels; 2)
The knowledge from the source pre-trained model is utilized
to adjust the unreliable one, and 3) By evaluating past su-
pervision signals, we calculate a diversity score to ensure
subsequent generalization. In this way, we form a complete
supervisory signal generation framework, which can cap-
ture the current domain discriminative and reserve gener-
alization in future domains. Finally, to avoid catastrophic
forgetting, we design a weighted soft parameter alignment
method to explore the knowledge from the source model.
Extensive experimental results demonstrate that our method
performs well on several benchmark datasets.

1. Introduction

Deep neural networks have achieved remarkable success in
visual tasks when training and testing data obey the same
distribution. Such networks, however, suffer from the gen-
eralization problem due to the ubiquitous domain shift [30].
For example, a classification network pre-trained in the
normal, natural images may not recognize the corrupted
images. Thus, domain adaptation is essential to transfer
knowledge from the source domain to the target one by re-
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ducing the shift. However, the target domain labels are usu-
ally unavailable, and the problem is primarily explored at
Unsupervised Domain Adaptation (UDA) [15, 31]. More
realistically, the source data is often inaccessible during test
time due to privacy or business problems, making the adap-
tation problem more challenging. Initial approaches attempt
to employ the source model, and unlabeled target data for
testing, called Source-free / Test-Time domain Adaptation
(TTA) [3, 19, 33].

Existing TTA methods usually solve the domain shift
problem by updating the adapted model parameters us-
ing the generated pseudo-labels or entropy regularization,
which are effective when the target distribution is fixed but
perform unstably when the distribution of the target do-
main is continually changing [22, 29, 36]. Such a problem
has brought a novel and fully underexplored area, called
Continual Test-Time Domain Adaptation (CTTA), where a
source pre-trained model must adapt to a stream of contin-
ually changing target domains without using source data.
Research has demonstrated that CTTA mainly faces the fol-
lowing problems. First, we should explore supervisory sig-
nals without labels to improve performance in the current
target domain, where widespread noisy pseudo labels are a
crucial factor affecting performance. Then, the adaptation
process means moving the initial source parameterization
to a parameterization that better models the current target
distribution, which carries the risk that predictions on the
source distribution become inaccurate, causing catastrophic
forgetting. Finally, an excessive affinity for the existing do-
main will cause generalization to be lost for future domains
when the current target distribution is narrow, especially un-
der noisy pseudo labels.

Recently, some methods have been proposed to tackle
such an intractable problem. CoTTA [29] adopts a weight-
average teacher network to improve the quality of gener-
ated pseudo-labels and employs some source model pa-
rameters to cover the adapted model for alleviating catas-
trophic forgetting. Robust Mean Teacher [6] employs a
multi-viewed contrastive loss to pull test features towards
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the initial source space and learn invariances concerning the
input space. However, research [20] has shown that net-
work parameters tuned with the current domain may cause
the loss of generalization and impair the performance of
further domains. To this end, Gan [7] adopts the visual
domain prompts to dynamically update a small portion of
the input image pixels and mitigate the error accumulation
problem. ViDA [18] injects visual domain adapters into the
pre-trained model, which leverages high-rank and low-rank
features to adapt the current domain distribution and main-
tain the continual domain-shared knowledge. As a simpler
strategy, some methods [10, 20] only update the network’s
normalization parameters and freeze all others, which can
retain a large amount of source pre-trained model knowl-
edge. However, few works can fully enhance the perfor-
mance of the current domain while ensuring the general-
ization of future domains, which requires exploring a more
versatile optimization strategy.

The methods mentioned above lead to our research goal,
improving the network discrimination in the current domain
while ensuring the generalization of future domains. We
build a versatile framework that generates high-quality su-
pervision signals from two levels: reliability and diversity.
Specifically, we calculate an independent threshold for each
class through global and local strategies to divide pseudo-
labels into reliable and unreliable parts. Then, we adopt the
source predictions for the unreliable pseudo-labels to select
potentially similar samples and calibrate the pseudo-labels
for capturing diverse supervision signals. Based on the cal-
ibrated pseudo-labels, we begin by tracking the recent ten-
dency of a model’s prediction with an exponential moving
average. Finally, we calculate a diversity score to ensure
the generalization for future domains. In this way, we form
a complete supervisory signal generation framework, which
can optimize the current domain efficiently and reserve gen-
eralization in future domains.

Except for the supervising signal generation, we pro-
pose continually capturing source knowledge and calibrat-
ing the adapted model to maintain generalization and pre-
vent catastrophic forgetting. Unlike CoTTA [29] randomly
using some source model parameters to cover the adapted
model, we hope that the objective function can be employed
to guide the parameter transfer of the source pre-trained
model and the adapted one. To this end, we introduce a
soft-weighted parameter alignment that forces the adapted
network to be similar to the source one. More importantly,
noise signals inevitably appear in the generated pseudo-
labels due to the absence of supervisory signals. The ob-
servation that the latter layers in a network are much more
sensitive to label noise, while their former counterparts are
quite robust [1, 35], inspires novel weighted guidance. The
weights control the similarity of the adapted model to the
source one with the depth of layers, allowing noise-robust

former layers to be adjusted more and noise-sensitive latter
ones to be adjusted less.

Research Question. Existing continual test-time adap-
tation implementations may face a game between discrim-
ination in the current domain and generalization in future
domains. Meanwhile, the absence of label signals makes
the model performance worse when facing domain shifts.
Thus, one research question is how to construct a novel
pipeline that ensures generalization and improves discrimi-
nation, and the other is how to capture knowledge from the
source pre-trained model.

Contributions. The highlights of the paper are three-
fold: 1) By the analysis and summary of the previous work,
we design a versatile framework that generates high-quality
supervision signals from two levels: Reliability and Diver-
sity. The adaptive thresholds are employed to determine the
reliability of pseudo labels, and the diversity score is em-
ployed to ensure the generalization for future domains. 2)
We explore reliable supervision signals with a source pre-
trained model to guide the test time tuning. The prior dis-
tribution for the source model is utilized to calibrate unreli-
able pseudo-labels, and the learnable parameters are aligned
with the source parameters in a soft-weighted manner to
alleviate catastrophic forgetting; 3) Extensive experimen-
tal results demonstrate that our method achieves state-of-
the-art performance on several datasets. The ablation ex-
periments are conducted to verify the effectiveness of each
module.

2. Related Work
2.1. Domain Adaptation

Domain adaptation [2, 13, 34] refers to the goal of learn-
ing a concept from labeled data in the source domain that
performs well on different but related target domains. The
critical domain adaptation problem lies in the misalignment
between the feature and label spaces of the source and target
domains [5, 28, 32]. To solve this problem, some domain
adaptation methods guide the deep model to learn domain
invariant representations [25] and classifiers [31]. Specifi-
cally, some works [8, 9, 26] utilize adversarial training to
align feature distribution with a domain discriminator, and
some works constrain the cross-domain feature space by en-
tropy constraint [11, 23], or maximum prediction rank [4].
All the above methods need to access source and target data
during the adaptation process, making learning transduc-
tive.

2.2. Test-Time Domain Adaptation

Recently, some works on test-time domain adaptation focus
on a more challenging setting where only the source model
and unlabeled target samples are available. Some test-time
domain adaptation methods [15] utilize generative models
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Figure 1. This is the flow of our method. We propose a novel pipeline to optimize the network’s normalization parameters to ensure
long-term generalization and improve instantaneous discrimination, and confidence thresholds are utilized in a self-adaptive manner to
select reliable labels. Then, we explore various prior knowledge from the source pre-trained model to calibrate and enrich supervision
signals. Moreover, we track the recent tendency of a model’s prediction with an exponential moving average for a diversity score to ensure
subsequent generalization. Finally, the learnable parameters are aligned with the source parameters in a soft-weighted manner to alleviate

catastrophic forgetting.

to achieve the feature alignment between the source and
target domain without additional source data. In addition,
some methods achieve test-time domain adaptation by fine-
tuning the source model with the help of target data and do
not require explicit domain alignment. Test entropy mini-
mization (TENT) [27] introduces entropy minimization as
a test-time optimization objective, which estimates normal-
ization statistics and optimizes channel-wise affine transfor-
mations to update online on each batch. Source HypOthe-
sis Transfer (SHOT) [17] aims to learn the optimal target-
specific feature learning module to fit the source hypothe-
sis. EATA [21] utilizes certainty and diversity weighting for
test-time adaptation and achieves competitive performance.
However, the weighting scheme needs to be manually spec-
ified for each dataset.

Most test-time adaptation methods only consider the of-
fline scenario, where the full set of test data is provided
during the training process. Further, CoTTA [29] extends
test-time adaptation from offline scenario to online contin-
ual scenario. It considers a more challenging but more real-
istic problem named Continual Test-Time Domain Adapta-
tion, where a source pre-trained model needs to adapt to a
stream of continually changing target test data without us-
ing any source data. RMT [6] uses symmetric cross-entropy
and contrastive learning to pull the test feature space closer
to the source domain. To prevent the loss of generaliza-
tion and impair the performance of future domains, Gan
[7] adopts the visual domain prompts to dynamically up-
date a small portion of the input image pixels and miti-

gate the error accumulation problem, and ViDA [18] in-
jects visual domain adapters into the pre-trained model to
adapt the current domain distribution and maintain the con-
tinual domain-shared knowledge. In a simpler manner,
NOTE [10] proposes an instance-aware batch normaliza-
tion to correct normalization for out-of-distribution sam-
ples, and RoTTA [37] presents a robust batch normaliza-
tion scheme to estimate the normalization statistics. Re-
cently, ROID [20] proposes to continually weight-average
the source and adapted model, and an adaptive additive
prior correction scheme for diversity.

Our Study. Existing methods lack the integration of
reliability optimization and diversity generalization within
a unified framework, leading to performance deficiencies.
Our approach initially assesses the reliability of the super-
visory signals, and subsequently enhances the unreliable
ones with a source pre-trained model. We assign diverse
weights to different signals, ensuring comprehensive learn-
ing in the current domain while efficiently generalizing fu-
ture domains.

3. Proposed Method

Following [29], we consider a continual test-time domain
adaptation setting, where a pre-trained model needs to adapt
to a continually changing target domain online without
source data. Consider a pre-trained model Fy(x) with pa-
rameter 6 trained on the source data. Unlabeled target do-
main data X, is provided sequentially, and the data distri-
bution continually changes. At testing stage ¢, when the
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unlabeled target data X; = [z}, ..., zP] is sent to the model
Fy,, where B is the number of samples. The model Fp,
needs to make the prediction P; = [p}, ..., pP] and adapts
itself accordingly for the next input (8; — 6;41). It is worth
noting that the total evaluation process is online, and the
model only has access to the data X of the current stage ¢.
We design a dual-stream network, which optimizes different
parameters independently in each stream, to capture knowl-
edge from continual domains. Meanwhile, we explore prior
knowledge from the source pre-trained model. The frame-
work is shown in Figure 1.

3.1. High-quality Supervision Generator

We first design a pipeline for continual test-time domain
adaptation to capture discrimination and generalization. For
the convenience of expression, 6, in the following mainly
refers to the parameters of the proposed network at time ¢,
where only the batch normalization layers are tuned. The
learning process can be denoted as follows.

p? = SoftmaX(Fat (xfﬁ)))’

1 &, (1)
Lee(Xy) = B Zyt log py,
b=1

where p! represents classification result of the sample b at
time ¢, and y? is the supervision signal of the ith sample.
L. represents the cross-entropy loss. Usually, we adopt
the current network output as the supervision signals, that
is, y? = p?. However, such signals have many limitations.
First, network-based output results are not entirely correct,
and the corresponding supervision signals contain a lot of
noise. Long-term noise accumulation may cause the net-
work to fall into a vicious cycle, causing catastrophic for-
getting and collapse problems. Thus, we need to process
y? to improve the reliability of supervision, which will be
introduced in follows.

Selection with Self-adaptive Thresholds. First, we
adopt a confidence threshold to filter reliable labels. We
present self-adaptive thresholding that automatically de-
fines and adaptively adjusts the confidence threshold for
each class by leveraging the current predictions during
adaptation. The global threshold should represent the confi-
dence of the model, reflecting the overall learning status.
We set the global threshold 7; as the average confidence
from the model, and estimate the global confidence at each
stage t. 7; is defined and adjusted as:

B
1
T = B ; max(yf). 2)

Except for the global threshold, the local threshold is
utilized to modulate the global threshold in a class-specific

fashion to account for the intra-class diversity and the pos-
sible class adjacency. We compute the expectation of the
model’s predictions on each class to estimate the class-
specific learning status:

1 B
&(0) =5 D> u" 3)

b=1

where ¢ € C' is the number of classes. After integrating
the global and local thresholds, we can obtain the final self-
adaptive threshold of each class c.

§i(c) .
max{&(c):ce C} ©

Ti(c) = )
Based on such thresholds, the samples at the current batch
can be divided into two parts, the reliable part N, (t) =
{b|b € B,max(y?) > 7i(argmaxy?)} and the unreliable
one Nynrei(t) = {b|b € B, max(y?) < 7 (argmaxy?)}.

Calibration with Source Knowledge. Second, we
attempt to distill knowledge from the source pre-trained
model to calibrate the unreliable signals. The source pre-
trained model is fully trained with labels, so even if the do-
main shift causes the classification results to be biased, it is
still a suitable feature extractor. In other words, the source
pre-trained model can still judge samples’ similarity. Based
on this, We hope to extract prior distribution from the source
pre-trained model to calibrate the unreliable results. Specif-
ically, we use the features of the source pre-trained model to
retrieve similar samples, and calculate the pseudo-labels of
these samples . To this end, we first exploit the source pre-
trained model to extract the sample features and establish a
similarity matrix.

f? = softmax(Fy(z?)), s = sim(f2, f4), (5

where f? and f{ are the representations of the sample b and
d at time ¢. sim(-) represents the consine similarity. Here,
the set of the K nearest neighbors N7, (t),b € Nuprei(t)

are selected by si”d for the sample, and the calibrated
pseudo-labels are calculated.

1

b bd . d b

Yy = bd E S x Yy + Yy (6)
ZdeN,’;eg(t) s+ deN?, ()

Diversity with Prior Distribution. Following the afore-
mentioned steps, we acquire the refined supervisory signals.
Subsequently, our objective is to learn a set of weights to as-
sess the importance of various supervisory signals. The out-
put results of the network may become biased or collapse to
a trivial solution after a narrow distribution during test time.
Therefore, we introduce a diversity criterion [20] to ensure
that diverse samples are favored compared to samples simi-
lar to the central tendency of recent model predictions. The
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diversity weighting is employed by tracking the recent ten-
dency of a model’s prediction with an exponential moving
average.

B
_ N e b
Y41 = affy + B ;yt, @)

where o = 0.9. To determine a diversity weight for each
test sample, the cosine similarity between the current model
output 3 and the tendency of the recent outputs ¥; is calcu-
lated as follows.

=1 ,,b
b Yt Yy (8)

Uy = — T -
' ly? g2l

u? has the advantage that if the model output is uniform,
uncertain predictions receive a smaller weight, mitigating
errors in the model. More importantly, certainty weighting
based on negative entropy is employed to avoid bias towards
specific classes.

vy = y; logyy. )

We normalize the certainty and diversity weights to be
within the unit range, and exponentiate the product of di-
versity and certainty weights, scaled by a temperature 7.
Thus, the weight of each sample can be obtained.

b b
Uy * Uy

w? = exp( ). (10)
After the above selection, calibration and weighting, the
objective in Eq. 1 can be reconstructed as follows.

B
1
Lee(Xe) = =3 D wiytlogp, (n
b=1

3.2. Soft-weighted Parameter Alignment

The source pre-trained model, trained on labeled data, is
more reliable and exhibits better generalization. Conse-
quently, exploring knowledge from the source pre-trained
model is crucial for our task. CoTTA employs a direct
utilization of source parameters to encompass the adapted
ones randomly, a practice that may compromise the perfor-
mance of the adapted model. To address this, we construct a
soft parameter alignment function and incorporate it into the
loss function to optimize the network. This ensures that the
network parameters are highly correlated with those of the
source pre-trained model during loss optimization, rather
than being overwritten afterward. The weights are derived
from the fitting preference of the parameters to noisy labels
(given the absence of real labels during adaptation). As a re-
sult, we anticipate that parameters susceptible to noise will
exhibit greater alignment with the parameters of the source
model, thus preventing excessive parameter deviation.

We hope that the objective function can be employed to
directly guide the parameter transfer of the source model

and the adapted one, and the Weighted Soft Parameter
Alignment can be defined as follows.

Loa(0) =Y 1€ BN]- 8]0} — 0|2, (12)

l

where [ is the layer of the network and ' repressents the
10

similarity strength of [-th layer. We set 3' = };27:1(; which
is increased with the deeper layers.
3.3. Overall
The overall objective of our method is as follows.
L(X¢) = Lee(Xt) + A1 Lpa(62), 13)

where \; is the hyperparameter. In general, we do not di-
rectly use the results of pre-trained and adapted models as
supervision signals, but apply them as prior knowledge to
calibrate pseudo-labels, and design a soft-weighted param-
eter alignment method to prevent excessive parameter devi-
ation.

4. Experiments

In this section, we evaluate the effectiveness of the proposed
method on three benchmark datasets in terms of 1) whether
the proposed label selection and correction strategies can
improve the discrimination, 2) whether our soft-weighted
alignment learns meaningful results, and 3) the parameters
analysis of the proposed method.

4.1. Datasets

We adopt CIFAR10, CIFAR100, and ImageNet as the
source domain datasets, and CIFAR10C, CIFAR100C, and
ImageNet-C as the corresponding target domain datasets,
respectively. The target domain datasets were created
to evaluate the robustness of classification networks [12].
Each target domain dataset contains 15 corruption types
with five severity levels. Following [29], for each corrup-
tion, we use 10000 images for both CIFAR10C and CI-
FAR100C datasets and 5000 images for ImageNet-C.

4.2. Implementation Details

Following [29], the corrupted images are provided to the
network online, which means these images can be utilized
to update the model only once in the adaptation process.
In addition, unlike traditional test-time adaptation methods,
which adapt to each corruption type data individually, we
adjust the source model to each corruption type sequen-
tially. We evaluate the adaptation performance immediately
after encountering each corruption type data. The total type
of corruption is 15, and the corruption level is set to the
highest level of 5 (except for the gradual experiments on
CIFAR10-to-CIFAR10C).
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Time t

g & 5 5 & § &5 § @
Method Backbone 05, &5 @Q' Q% & .§9 1\? 5 £ & '5 Og 5) i%u £ Mean | Gain
l g

Source 723 657 729 469 543 348 42.0 25.1 413 26.0 9.3 46.7 26.6 585 30.3 | 435 -

BN Stats Adapt 28.1 26.1 363 128 353 142 12.1 173 174 153 84 126 238 19.7 273 | 204 |+23.1
Pseudo-Label 267 22.1 32.0 13.8 322 153 127 173 17.3 165 101 134 224 189 259 | 19.8 |+23.7
TENT-continual [ICLR’21] - 248 205 285 145 31.7 162 150 192 176 174 114 163 249 21.6 260 | 204 |+23.1
CoTTA [CVPR’22] > 246 219 265 119 278 124 10.6 152 144 128 74 11.1 187 13.6 17.8 16.5 | +27.0
NOTE [NeurIPS’22] § 73 74 125 209 13.8 155 342 342 39.6 250 11.6 242 299 14.1 127 | 20.1 | +234
RoTTA [CVPR’23] 303 254 346 183 34.0 147 110 164 14.6 140 8.0 124 203 168 194 19.3 | +24.2
RMT [CVPR’23] 24.1 202 257 132 255 147 128 162 154 146 108 140 18.0 14.1 16.6 17.0 | 426.5
ROID [2023.6.1] 237 18.7 264 11.5 28.1 124 10.1 147 143 12.0 7.5 93 198 145 203 16.2 | +27.3
Ours 20.7 17.1 202 12.1 243 11.6 109 13.8 129 10.5 8.1 93 179 134 153 | 145 | +29.0
Source 60.1 532 383 199 355 226 18.6 12.1 12.7 228 53 49.7 23.6 247 23.1 | 282 -

CoTTA [CVPR’22] © 58.7 51.3 33.0 20.1 34.8 20.0 152 11.1 11.3 185 4.0 347 188 19.0 179 | 24.6 | +3.6
VDP [AAAT’23] § 575 495 31.7 213 351 19.6 15.1 108 10.3 18.1 4.0 275 184 225 199 | 24.1 | +4.1
ViDA [2023.6.7] = 529 479 194 114 313 133 76 76 99 125 38 263 144 339 182 | 20.7 | +7.5
ROID [2023.6.1] > 208 145 105 93 203 102 83 79 74 9.6 4.1 92 13.0 109 155 11.4 | +16.8
Ours 163 11.1 96 84 146 86 55 63 57 71 33 54 109 7.7 128 8.9 |+19.3

Table 1. Classification error rate (%) for the standard CIFAR10-to-CIFAR10C continual test-time adaptation task. All results are evaluated
with the largest corruption severity level 5 in an online fashion. Bold text indicates the best performance. Blue is the suboptimal solution.

In our experiments, we adhere to the implementation de-
tails outlined in previous works [29] to ensure consistency
and comparability. For the classification CTTA, we em-
ploy ViT-base and ResNet [38] as the backbone. In the case
of ViT-base, we resize the input images to 224x224, while
maintaining the original image resolution for other back-
bones. For experiments involving ImageNet-to-ImageNet-
C, we conduct trials under ten diverse corruption orders.
The factor A\; = 0.1 and K = 3 in our experiments. We

—101
set B! = ﬁgﬁ, where [ represents the number of layers.

4.3. Baselines

We compare our method with several state-of-the-art con-
tinual test-time adaptation algorithms, the details of these
methods are as follows: 1) Source directly uses the pre-
trained model for adaptation without any specific method
for domain adaptation; 2) BN Stats Adapt keeps the pre-
trained model weights and uses the Batch Normalization
statistics from the input data of the input batch for the
prediction [16, 24]; 3) Pseudo-Label [14] picks up the
class which has the maximum predicted probability as the
pseudo-labels to update the model; 4) TENT [27] reduces
generalization error by reducing the entropy of model pre-
dictions on test data, TENT-continual is a continual learn-
ing version of TENT; 5) CoTTA [29] reduces the error
accumulation by using weight-averaged and augmentation-
averaged predictions and avoids catastrophic forgetting by
stochastically restoring a small part of the source pre-
trained weights; 6) NOTE [10] adopts an Instance-Aware
Batch Normalization to correct normalization for out-of-
distribution samples; 7) RoTTA [37] presents a robust batch
normalization scheme to estimate the normalization statis-
tics; 8) RMT [6] uses symmetric cross-entropy and con-

trastive learning to pull the test feature space closer to
the source domain; 9) ROID [20] proposes to continually
weight-average the source and adapted model, and an adap-
tive additive prior correction scheme; 10) ViDA [18] injects
visual domain adapters into the pre-trained model to adapt
the current domain distribution and maintain the continual
domain-shared knowledge.

4.4. Performance Evaluation

CIFAR10-to-CIFAR10C. Table 8 shows the classification
error rate for the standard CIFAR10-to-CIFARI10C task.
We compare our method with the eight baseline methods.
‘Gain’ represents the percentage of improvement in model
accuracy compared with the source method. CoTTA con-
siders the error accumulation to improve performance fur-
ther. As the latest proposed methods, NOTE attempts to
improve the performance of the model in different domains
from the distribution with BN. Although it performs well
in domains such as Gaussian and shot, it performs poorly
in some simple domains, such as Brightness and Contrast.
ROID has dramatically improved the overall performance
of the model. However, the model does not perform well
in some difficult domains due to the limited parameters that
can be learned. Compared with all the previous methods,
our method achieves the best results in the average error
value and most of the corruption-type data under different
backbones. It is worth mentioning that currently, only fine-
tuning the BN layer of the Transformer network is an ideal
learning strategy. Both ROID and our method achieved
good performance, but our method is obviously superior.
CIFAR100-to-CIFAR100C. Table 2 shows the classifi-
cation error rate for the standard CIFAR 100-to-CIFAR100C
task. In the ResNet, BN Stats Adapt and NOTE do not bring
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Time t ‘ ‘

g & 5 5 & § & § 2

g 85 5 & £ £ § § 5 » £ 5 J F o» i
Method Backbone og &5 § Q% & ‘§ 1\? 5 £ & ﬁ Og 5 ii%» £ Mean | Gain
Source 73.0 68.0 394 293 54.1 30.8 28.8 39.5 458 50.3 295 551 372 747 412 | 464 -
BN Stats Adapt 42.1 40.7 427 27.6 419 29.7 279 349 350 41.5 265 303 357 329 412 354 | +11.0
Pseudo-Label 38.1 36.1 40.7 332 459 383 364 440 456 52.8 452 535 60.1 58.1 64.5 | 46.2 | +0.2
TENT-continual [ICLR’21] = 372 358 41.7 37.7 509 485 485 582 632 714 720 831 886 91.6 951 | 61.6 |-15.2
CoTTA [CVPR’22] > 40.1 37.7 39.7 26.8 38.0 279 26.5 329 31.7 404 246 268 325 28.1 338 | 325 |+13.9
NOTE [NeurIPS’22] &“)’ 284 327 364 444 429 422 658 61.1 70.8 51.6 344 454 6277 399 364 | 433 | +3.1
RoTTA [CVPR’23] 49.1 449 455 302 4277 295 26.1 322 30.7 37.5 247 29.1 326 304 36.7 | 348 |+11.6
RMT [CVPR’23] 40.2 362 36.0 279 339 284 264 287 28.8 31.1 255 27.1 280 26.6 29.0 | 302 |+16.2
ROID [2023.6.1] 36.5 319 332 249 349 268 243 289 285 31.1 228 242 30.7 265 344 | 293 |+17.1
Ours 335 31.8 31.2 259 309 252 259 279 274 30.6 252 235 26.6 262 27.2 | 279 |+18.5
Source 55.0 51.5 269 24.0 60.5 29.0 214 21.1 250 352 11.8 348 432 56.0 359 | 354 -
CoTTA [CVPR’22] ® 55.0 51.3 25.8 24.1 59.2 289 214 21.0 247 349 11.7 31.7 404 557 356 | 348 | +0.6
VDP [AAAT’23] § 548 512 256 242 59.1 288 21.2 205 233 338 75 11.7 320 51.7 352 | 320 | +34
ViDA [2023.6.7] = 50.1 40.7 22.0 21.2 452 21.6 16,5 179 166 25.6 11.5 29.0 29.6 347 27.1 | 273 | 48.1
ROID [2023.6.1] = 457 322 205 222 37.8 246 172 168 158 232 10.6 283 29.1 332 262 | 256 | +9.8
Ours 38.2 31.8 18.2 208 343 203 17.5 149 162 229 115 275 282 325 253 | 24.0 |+114

Table 2. Classification error rate (%) for the standard CIFAR100-to-CIFAR100C continual test-time adaptation task. All results are
evaluated with the largest corruption severity level 5 in an online fashion. Bold text indicates the best performance. Blue is the suboptimal
solution.

Time ‘t ‘ ‘

5 & 5 . 5 . § & § 2

F & 5 & & § 5§ 5§ 5 & £ 5 T F & -
Method Backbone (5? & § Q§ & § S & & &£ g 6,5 é?s 4’5? £ Mean | Gain
Source 97.8 97.1 98.2 81.7 89.8 852 78.0 83.5 77.0 759 41.3 945 825 79.3 68.5 | 82.0 -
CoTTA [CVPR’22] = 84.5 82.0 804 81.8 79.5 69.2 58.8 60.8 61.1 485 36.5 675 47.8 41.8 459 | 63.1 |+18.9
RoTTA [CVPR’23] > 88.3 82.8 82.1 91.3 837 729 594 662 643 533 356 745 543 482 526 | 67.3 |+14.7
RMT [CVPR’23] &‘3 79.9 763 73.1 757 729 647 56.8 564 583 49.0 40.6 582 47.8 437 44.8 | 599 |+22.1
ViDA [2023.6.7] 79.3 747 73.1 769 745 650 564 59.8 62.6 49.6 382 668 49.6 43.1 462 | 61.2 | +20.8
ROID [2023.6.1] 717 622 622 69.6 665 57.1 493 523 574 435 334 59.1 454 418 462 | 54.5 | 4275
Ours 70.8 60.3 60.5 65.8 55.2 55.5 46.7 49.0 50.1 40.3 34.1 56.1 42.8 40.2 439 | 51.4 | +30.6
Source 53.0 51.8 52.1 685 788 585 63.3 499 542 577 264 914 575 38.0 362 | 558 -
CoTTA [CVPR’22] ° 529 51.6 514 683 78.1 57.1 62.0 482 527 553 259 90.0 564 364 352 | 54.8 | +1.0
VDP [AAAT’23] _:§ 527 51.6 50.1 58.1 702 56.1 58.1 42.1 46.1 458 23.6 704 549 345 36.1 50.0 | +5.8
ViDA [2023.6.7] & 4777 425 429 522 569 455 489 389 427 407 243 528 49.1 33.5 33.1 | 434 | +124
ROID [2023.6.1] - 57.6 51.5 522 55.1 524 465 47.2 456 395 36.0 26.0 450 43.8 39.7 363 | 45.0 |+10.8
Ours 475 421 41.6 555 554 445 479 38.8 37.8 39.6 23.6 57.0 444 33,5 323 | 42.7 | +13.1

Table 3. Average error of standard ImageNet-to-ImageNet-C experiments over 10 diverse corruption sequences. All results are evaluated
with the largest corruption severity level 5 in an online fashion. Bold text indicates the best performance. Blue is the suboptimal solution.

Avg. Error (%) ‘ Source ‘ BN Adapt ‘ TENT-continual ‘ CoTTA ‘ ROID ‘ Ours
CIFARIOC | 248 | 137 | 29.2 | 104 | 61 | 57

Table 4. Gradually changing setup results on CIFAR10-to-CIFAR10C. The severity level changes gradually between the lowest and the
highest. Results are the mean over ten diverse corruption type sequences. Bold text indicates the best performance. Blue is the suboptimal
solution. All results are evaluated on the ResNet.

error accumulation, but there is little room for improvement. ImageNet-to-ImageNet-C. We also make experiments
CoTTA considers the error accumulation problem and re- on the ImageNet dataset. Following [29], we conduct
duces the error to 32.5%. Further, the performance of our ImageNet-to-ImageNet-C experiments over ten diverse cor-
method is better than RMT and ROID on several corrup- ruption type sequences in severity level 5. The average re-
tion types of data, and the average error value is reduced sult of ten experiments is shown in Table 3. ImageNetC is
to 27.8%. Obviously, ViT-base is still our first choice, its more complex than CIFAR100C and CIFAR10C, and the
overall performance is better than ResNet, and our method overall average test error is more significant. Our method
is still ahead of existing learning strategies. outperforms other competing methods and reduces the av-
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Time t

P
5 & S § s 5 g ‘5 g
& 5 & §§ 5§ § 5§ 5 & £ 5 F F &
Method 65, & § 56' & .S') (\? 5 & &£ 5 Qg § ,'Qjé) £ Mean
Source 28.1 26.1 363 12.8 353 142 12.1 17.3 174 153 84 126 238 19.7 273 | 204
SST 233 204 25.0 13.8 30.5 139 12.8 155 14.6 154 8.0 124 224 182 194 | 17.7
SST+CSK 27.5 248 289 120 328 13.6 11.2 169 128 102 7.9 122 20.5 13.8 17.5 17.4
SST+DPD 25.8 222 27.0 11.3 29.5 13.1 10.6 15.8 12.0 10.1 7.8 12.0 19.6 135 15.5 16.1
SST+CSK+DPD 213 17.8 227 132 268 13.2 11.5 147 13.2 109 8.0 10.2 188 145 16.8 15.8
SST+CSK+SPA 25,5 19.1 222 12.1 283 119 109 147 119 106 8.5 11.6 185 132 159 15.6
SST+DPD+SPA 22.1 18.1 21.2 126 25.1 119 105 143 122 98 8.1 10.6 183 139 15.6 14.8
SST+CSK+DPD+SPA | 20.7 17.1 20.2 12.1 243 11.6 109 13.8 129 10.5 8.1 93 179 134 153 14.5

Table 5. Ablation experiments of the framework for the CIFAR10-to-CIFAR10C task. ‘SST’ represents the label selection with self-
adaptive thresholds, and the unreliable part is discarded directly. ‘CSK’ is the Calibration with Source Knowledge, and ‘DPD’ is the
Diversity with Prior Distribution module. SPA is the Soft-weighted Parameters Alignment. All results are evaluated on the ResNet.

erage test error to 51.4% and 41.3% with ResNet and ViT
networks respectively.

The improvement of the model we proposed on CI-
FAR100C and ImageNet is not as significant as on CI-
FAR10C. The main reason is that as the complexity of the
category increases, the disadvantages of the limited learning
ability to fine-tune normalization layers gradually become
apparent. However, we still achieved extremely competi-
tive results through label calibration. More importantly, the
proposed model does not involve any parameter or data ex-
pansion. This efficient learning strategy is more in line with
the practical application requirements of CTTA.

Gradually Changing Setup. Following [29], we also
consider a gradually changing setup. For the standard setup,
corruption types change abruptly in the highest severity. For
the gradually changing setup, the corruption types change
is gradual. The results shown in Table 4 represent that the
proposed method achieves better performance.

4.5. Ablation Studies

We first conduct ablation experiments with the same super-
vision signals to prove the effectiveness of the proposed
framework in Table 7. For the convenience of expres-
sion, ‘SST’ represents the label selection with self-adaptive
thresholds, and the unreliable part is discarded directly.
Then, such a module is combined with label calibration
(Calibration with Source Knowledge, CSK) and diversity
reweighting (Diversity with Prior Distribution, DPD), re-
spectively. Ultimately, these three will form a versatile su-
pervisory signal generator. SPA is the Soft-weighted Pa-
rameters Alignment module. The results demonstrate that
the pseudo-label after selection and calibration strategies
can effectively suppress noisy labels and improve perfor-
mance. Moreover, diversity with prior distribution is vital
for the model. Such modules work together to build high-
quality supervision signals. Subsequently, we focus on val-
idating the proposed supervision signals module. Finally,

although we only fine-tuned the normalization parameters,
the results show that it is still necessary to use parameter
alignment. This indicates a large amount of generalization
knowledge in the source pre-trained model waiting for fur-
ther exploration.

5. Conclusion

This paper first proposes a versatile framework that gener-
ates high-quality supervision signals from two levels: relia-
bility and diversity. We calculate an independent threshold
for each class through global and local strategies to divide
pseudo-labels into reliable and unreliable parts. Then, we
propose continually capturing source knowledge using dif-
ferent strategies to guide the adapted model. To this end,
we adopt the source predictions for the unreliable pseudo-
labels to select potentially similar samples, and calibrate
the pseudo-labels for capturing diverse supervision signals.
Based on the calibrated pseudo-labels, we begin by track-
ing the recent tendency of a model’s prediction with an ex-
ponential moving average, and calculate a diversity score
to ensure the generalization for future domains. More-
over, we introduce a soft-weighted parameters alignment
that forces the adapted network to be similar to the source.
The proposed framework can optimize the current domain
efficiently and reserve generalization in future domains effi-
ciently. Finally, we evaluate the proposed method on several
benchmarks and prove its superiority.
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