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Abstract

Test-time adaptation (TTA) allows a model to be adapted
to an unseen domain without accessing the source data.
Due to the nature of practical environments, TTA has a
limited amount of data for adaptation. Recent TTA meth-
ods further restrict this by filtering input data for reliabil-
ity, making the effective data size even smaller and limit-
ing adaptation potential. To address this issue, We propose
Feature Augmentation based Test-time Adaptation (FATA),
a simple method that fully utilizes the limited amount of in-
put data through feature augmentation. FATA employs Nor-
malization Perturbation to augment features and adapts the
model using the FATA loss, which makes the outputs of the
augmented and original features similar. FATA is model-
agnostic and can be seamlessly integrated into existing
models without altering the model architecture. We demon-
strate the effectiveness of FATA on various models and sce-
narios on ImageNet-C and Office-Home, validating its su-
periority in diverse real-world conditions. Code is avail-
able at https://github.com/RangeWING/FATA.

1. Introduction

Deep learning models have significantly enhanced the
performance of computer vision applications [3, 8]. How-
ever, real-world scenarios often present challenges such as
performance degradation caused by domain shifts between
training and target domain. To mitigate this gap, unsuper-
vised domain adaptation (UDA) [7, 17, 18,21, 23,26, 28]
and test-time training (TTT) techniques [16,27] have been
proposed. These methods typically rely on adapting mod-
els to unseen domains using extensive source data during
testing, which is often impractical due to limited computa-
tional resources and privacy issues. Recently, fully test-time
adaptation (TTA) methods [1, 13, 19,20, 33] have emerged,
enabling online adaptation of trained models to target en-
vironments without the need for source data or labels. The
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dominant paradigm among TTA methods involves minimiz-
ing entropy loss while updating the affine parameters of
Batch Normalization [ 1] layers, as initially proposed by
TENT [33], which demonstrates the correlation between en-
tropy and accuracy. Extending TENT, several methods pro-
pose sample selection based entropy minimization, which
filters out unreliable or redundant samples. For example,
Niu et al. [19] demonstrates that not all data samples are re-
liable and performs sample selection based on entropy and
sample weighting based on the reliability for each sample.
Similarly, SAR [20] filters out samples with high entropy.
DeYO [13] also uses entropy for sample selection and filters
out harmful samples that degrades the adaptation process,
using structure or shape in the data for further sampling.

However, the limited amount of sampled data limits the
performance improvement. For instance, only 11.85% of
data from ImageNet-C [9] is selected and utilized by DeYO
to perform naive entropy minimization [13], highlighting
the inefficiency in leveraging the available samples. Fur-
thermore, as depicted in Fig. 1a, 64.0% of the total classes
are sampled less than five times, which leads to poor per-
formance on those classes, as shown in Fig. 1b. Wang
et al. [34] addresses this issue by using consistency loss,
which involves comparing predictions with pseudo-labels
predicted on augmented images for all samples. While this
approach can mitigate the problem, it requires tens of in-
ferences for each sample, rendering it impractical for real-
world applications due to its high computational cost.

To fully utilize limited samples obtained by entropy-
based sample selection, we propose a simple yet effective
TTA method, named Feature Augmentation based Test-
time Adaptation (FATA). FATA trains a model by compar-
ing the pseudo-labels of reliable samples, obtained through
entropy-based sample selection, with predictions made on
the augmented features of these samples using normaliza-
tion perturbation techniques [5, 14]. Augmented features
allow the model to obtain the effect of having more reliable
samples with only a small amount of data, thereby acquir-
ing a more generalized representation. To augment the fea-
tures, we adopt Normalization Perturbation (NP) [5], which
randomly perturbs the features in a channel-adaptive man-
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Figure 1. Problem analysis. We use ImageNet pretrained ResNet-50 [8] and Gaussian noise of level 5 from ImageNet-C [9]. We follow
EATA [19] and SAR [20] to set the entropy threshold. (a) 64.0% of the classes are selected 5 times or fewer, where each class contains 50
images. (b) The less frequently a class is selected, the lower the performance. (c) Only 11.85% of samples in ImageNet-C are used when

entropy based filtering is used.

ner using channel statistics. This enables greater variation
in features, not limited to the small variance of the source
domain, and facilitates learning from a more diverse set of
samples. Following Stochastic Feature Augmentation [14],
this mechanism is embedded between the last two blocks of
the backbone model, mitigating the inefficiency of multiple
inferences since only two layers of the model are involved
in the process of prediction. FATA can be seamlessly inte-
grated into any method using entropy-based sample selec-
tion techniques and is applicable to any architecture.

To validate the effectiveness of FATA, we evaluate our
method not only in normal scenarios but also in several
challenging scenarios that are likely to occur in the real
world, such as label shifts and batch size 1 scenarios, fol-
lowing the settings in SAR [20]. In our evaluation, the
methods incorporating FATA demonstrate superiority in
performance, showcasing applicability to various methods
and network architectures. Additionally, our meticulously
designed ablation studies and analysis illustrate the effec-
tiveness of our components.

Our contributions are summarized as follows:

* We analyze and address the problem of data scarcity in
sample selection based TTA methods. We observe that
the majority of data is filtered out and that the num-
ber of samples used has a positive correlation with the
performance.

* We propose Feature Augmentation based Test-time
Adaptation (FATA), a TTA method that fully exploits
limited amount of data. FATA leverages feature aug-
mentation and augmentation loss, and can be seam-
lessly plugged into any model or TTA method.

* We validate FATA on several models and scenarios and
demonstrate its effectiveness. FATA outperforms ex-
isting methods when plugged into the methods.

2. Related Work
2.1. Test-Time Adaptation

In order to enable model adaptation in source-free, unla-
beled, and online settings, various test-time domain adapta-
tion methodologies [1,12,15,20,20,22,33,35,36] have been
introduced, designing unsupervised losses. TTA method-
ologies can be broadly categorized into two approaches:
one that utilizes entropy minimization and another that gen-
erates reliable pseudo-labels through multiple data augmen-
tation to improve the prediction accuracy.

TENT [33] is the first approach to highlight the test-
time adaptation of pre-trained models to given target sam-
ples by employing entropy minimization loss. Followed by
TENT, several methods [13,19,20] employ the entropy min-
imization. EATA [19] suggests sample filtering for reliable
adaptation. The authors found that test samples with high
entropy lead to noisy gradients, resulting in a severe per-
formance drop. Consequently, the authors filters out sam-
ples with high entropy. SAR [20] proposes sharpness-aware
and reliable entropy minimization to address the problem of
real-world scenarios, such as small batch sizes and online
imbalanced label shifts. SAR identifies that samples with
large gradient norm also hinder the adaptation process, even
if their entropy is low. Based on these observations, SAR
minimizes both the sharpness of the entropy loss and the en-
tropy itself, using SAM optimizer [6]. DeYO [13] observed
that using entropy alone as a sample selection criterion is
insufficient, as it does not account for the discriminability
of the sampled data, such as structure or shape. The authors
demonstrate that samples without the discriminability can
be harmful for the adaptation process, even if thy have low
entropy. To address this problem, DeYO further filters out
non-discriminative data from the low entropy samples, us-
ing their proposed metric. Although those sample selection
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based entropy minimization methods have shown promis-
ing results, they are limited in performance improvement
because they do not utilize the majority of target samples.

On the other hand, CoTTA [34] augments an input data
and performs tens of inferences to generate reliable pseudo-
labels, which are then used to train the model. While this
method utilizes all the data and addresses the inefficiency
problem of entropy minimization-based methods, it is im-
practical in the real-world applications due to its heavy
computational burden.

2.2. Feature Augmentation

In the field of domain generalization, data augmentation
has been demonstrated to be an effective method for fully
leveraging source data. Existing data augmentation meth-
ods [24,32,37] rely on image-space operations, which re-
quire careful augmentation design and substantial computa-
tional resources. Recently, feature augmentation has been
proposed as a solution to address the limited diversity and
inefficiency of data augmentation [14,31,38]. By applying
transformations in the feature space [ 14] to simulate various
feature distributions during training [29], feature augmen-
tation enhances model generalization to new domains more
effectively than traditional data augmentation methods.

MixStyle [38] proposes an explicit augmentation ap-
proach that perturbs latent features using domain labels
through interpolation. Similarly, Li er al. (2021) [14]
presents Stochastic Feature Augmentation (SFA), which
augments the latent features using a linear function with
randomly sampled weights and biases from normal distribu-
tions. SFA can be implemented as a plug-in module, mak-
ing it adaptable for integration into various models.

Meanwhile, Fan et al. (2023) [5] propose Normalization
Perturbation (NP) inpired by Adaptive Instance Normal-
ization (AdalN) [10], a style transfer method that utilizes
normalization and transformation of feature channel statis-
tics. Instead of directly perturbing features, NP perturbs
the channel statistics to effectively maintain feature content.
While feature augmentation techniques have proven effec-
tive for domain generalization, their impact on TTA has not
been thoroughly explored. Our method integrates feature
augmentation into TTA to addresses the data scarcity issues
by sampling data based on entropy values.

3. Problem Analysis
3.1. Preliminaries

Test-Time Adaptation. Unsupervised domain adaptation
(UDA) adapts a model to a target domain without target la-
bels. Source-free domain adaptation removes the necessity
of source data from UDA. Test-time training (TTT) adds
the constraint of online availability of target data. TTT ad-
dresses this problem by also training the model online, i.e.,

in the test time, considering that the target data could be ac-
quired from the real world, in real time. Finally, fully test-
time adaptation addresses the most realistic scenario where
no source data is available. TTA only adapts a model with
unlabeled target data in the test-time.

Entropy Minimization.  In TTA scenario, we have a
model fy with parameter 6 pretrained on the source dataset
plrain — [(xlain ytain) N Pye to the absence of D
and labels y'* of the target dataset D' = {(x')} V" in
test time, existing TTA methods have employed unsuper-
vised learning signal. The most dominantly adopted learn-
ing signal is Shannon entropy [25], where the model pre-
dicts to minimize the entropy of prediction. Given a model
fo and a prediction g; = fp(c|x) according to a class c,
entropy minimization is formulated as follows:

c
min Enty(x), where Entg(x) = —Zﬁi log g;, (1)
i=1

where C is the number of classes.

Sample Selection Strategy. Based on entropy minimiza-
tion, Niu et al. [19] proposes filtering out unreliable sam-
ples by using only samples with low entropy values. There-
fore, the model minimizes entropy using the samples se-
lected based on sample selection criteria S(x):

mein S(x)Entg(x), where S(x) 2 Iixesy, (@)

where I;.1(-) is an indicator function and S is a set of se-
lected samples. For instance, the set for entropy-based sam-
ple selection is Sepe = {x|Entg(X) < Tent }, Where 7y, is a
pre-defined entropy threshold.

3.2. Analysis on Sample Selection Strategy

We measure how many samples are selected by this sam-
pling strategy. We use ResNet50-BN (Batch Normaliza-
tion) pretrained on ImageNet [2], and count the selected
numbers from target dataset D", ImageNet-C [9], with
the entropy threshold 7.,: that the authors of EATA and
SAR [20] recommended.

Use of a Limited Number of Samples. Limited samples
could degrade the performance of adaptation in the real
world when the online target data is small or there is a label
imbalance. As shown in Fig. lc, only 11.85% of D' can
be used when the entropy-based filtering strategy is used.
This is very small number regarding the number of classes
in the dataset, a thousand. This indicates that only five or
six samples can be used for adaptation for each class on av-
erage (see Fig. 1a), where the accuracies of the less sampled
classes are low (see Fig. 1b), leading to poor performance.
Additionally, DeYO [13] selects samples that have helpful
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Figure 2. Overview of FATA. There are two prediction branches where one is for obtaining pseudo-label on the reliable data and another is
for prediction and updating the model on the augmented feature. We insert the feature augmentation after the ¢-th layer.

structure and shape among the selected sample by entropy-
based filtering, resulting in usage of much less samples.

Despite the limited amount of sampled data, these meth-
ods naively rely solely on entropy loss without considering
generalized representation. We conjecture that this would
restrict the exposure to the target domain, leading to limited
performance improvement. To enhance the model’s expo-
sure to the target domain by further exploiting reliable sam-
pled data, a more sophisticated method is necessary.

4. Method
4.1. Feature Augmentation

We augment the target samples to fully exploit the lim-
ited amount of data, as shown in Fig. 2. Instead of con-
ventional data augmentation, we adopt feature augmenta-
tion [14], which allows diverse augmented features. Given
an encoder f composed of N layers f', f2,---, f and
a sample x € REXCXHXW " feature augmentation aug-
ments an intermediate feature from the i-th layer, z =
fiofi=to--.o0 fl(x). For example, Normalization Pertur-
bation Plus (NP+) [5] perturbs the channel statistics of an
intermediate feature z € RE*CixHixWi y5ing normaliza-
tion for domain generalization as follows:

2 = az+6(8 — @)jies 3)

where «, # € RE*C are the random noises sampled from
N(1,0,1), 6 = Var(u.)/max(Var(u.)) is the normalized
variance, . = {1’ le € R is the channel-wise fea-
ture mean.

FATA augments an intermediate feature z as follows:

z' = oz + 6,(8 — a)pc, “4)

where J,, is the exponential moving average of the normal-
ized standard deviation §, = o(u.)/max(o(u.)) and o is
the standard deviation operator. We replace § with &, to
address the following issues. Firstly, unlike domain gen-
eralization, TTA adapts to a specific domain from a lim-
ited amount of data. To adaptively adjust the noise to fit

the target domain, we add an exponential moving average
that estimates the statistics of the target domain. Secondly,
Eq. (3) introduces the variance with the magnitude of square
of variance, as the normalized statistic variance § adjusts the
channel mean p. to control the random noise for each chan-
nel. To address this issue, we replace the variance to the
standard deviation.

4.2. FATA Loss

In order to fully utilize the augmented features, we pro-

pose the FATA loss, an augmentation loss that is applied to
augmented features.
Augmentation Loss. Given a classifier g, the output prob-
ability pe(z) = go fN o fN"1o ... 0 fitl(z). We
propose an augmentation loss based on cross-entropy be-
tween an output of the augmented feature and a pseudo-
label from the original feature. Given the pseudo-label
9 = stopgrad(argmax(pg(z))), our augmentation loss is
formulated as follows:

Laug(x;0) = CE(py(2'), ). (5)
Unlike CoTTA [34], FATA updates a model on the aug-
mented features and uses a prediction on the original data
as a pseudo-label. Therefore, the model can make predic-
tions on more diverse features and be updated on those fea-
tures. Also, the pseudo-label is reliable because the data has
already been sampled by the entropy threshold Ej.
Sample Selection and Weighting. Following EATA [19],
we apply entropy-based sample selection and sample
weighting. Given an entropy threshold Ej, and a nor-
malization factor FE,, the sample selection criteria is
{x|Entp(x) < Ey} and the sample weighting function wy
is formulated as wy(x) = 1/exp (Enty(x) — E,,).
FATA Augmentation Loss. Finally, we incorporate sam-
ple selection and weighting to our augmentation loss as fol-
lows:

Lata(x;0) = wa(x) ']I{Eme(x)<Eg}CE(p9(Z/)a 1@)7 (6)

where CE(p, q) is the cross-entropy function.
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Method Noise Blur i Weather ) l')igital' Av APerf
Gauss.  Shot  Impul. | Defoc. Glass Motion Zoom | Snow  Frost Fog Brit. Contr.  Elastic ~ Pixel ~JPEG g :
No Adapt 16.06 1676 1672 | 1494 1536 2623  38.87 | 3429 3321 4775 6535 | 1691 4397 49.04 40.01 | 31.70 -
TENT [33] | 2936  31.30 30.13 | 2822 27.88 4140 4930 | 4736 41.73 5753 67.50 | 30.08 5490 5858 5257 | 43.19 -
EATA[19] | 3458 37.34 3587 | 3355 3324 4740 5290 | 51.72 4571 59.86 68.12 | 44.65 5790 6039 5503 | 47.88 -
EATA+FATA | 3531 38.00 36.31 | 3463 3432 48.15 5244 | 5217 4626 5993 6743 | 4648 5777 60.19 5505 | 4829 +041
SAR [20] 29.99 3198 3095 | 2833 26.11 4201 4951 | 47.63 4261 57.70 67.37 | 39.46 5458 58.62 52.64 | 43.97 -
SAR+FATA | 35.00 37.05 3570 | 33.55 32.61 4735 51.55 | 51.23 4529 5933 67.08 | 4223 5730 60.06 54.72 | 47.34 +3.40
DeYO[13] | 35.68 38.19 37.39 | 3399 3365 4827 5294 | 5234 4632 60.50 68.01 | 4434 5825 61.16 55.58 | 48.44 -
DeYO+FATA | 37.06 38.76 38.05 | 34.80 34.59 49.16 5291 | 52.82 46.78 60.67 67.73 | 47.67 5847 61.19 5569 | 49.09 +0.65
(a) ResNet50 (BN)
Noise Blur Weather Digital
Method Gauss.  Shot  Impul. | Defoc. Glass Motion Zoom | Snow  Frost Fog Brit. Contr.  Elastic ¢ Pixel JPEG Avg.  APerf.
No Adapt 1798 1983 17.87 | 19.75 1135 2141 2491 | 4043 4731 3360 69.28 | 3627 18.61 2840 5228 | 30.62 -
TENT [33] 6.45 9.12 8.11 16.62  12.66 2554 2893 | 31.87 39.63 450  71.11 | 4381 1581 4957 5559 | 27.95 -
EATA[19] | 37.16 40.33 38.64 | 2898 27.58 36.69 3872 | 51.25 4947 5512 7198 | 49.77 4139 5590 5790 | 45.39 -
EATA+FATA | 42.67 45.64 4392 | 3253 31.07 4296 46.72 | 57.03 5481 61.80 73.81 | 5456 51.12 6094 60.89 | 50.70 +5.31
SAR [20] 28.56 3096 29.85 | 1839 18.15 30.67 30.70 | 41.97 43.76 620  70.75 | 44.08 1550 4894 5528 | 34.25 -
SAR+FATA | 40.15 4246 40.85 | 2499 2521 3833 4046 | 5290 50.85 0.23 73.47 | 49.92  40.17 5594 5731 | 4222 +797
DeYO [13] | 39.46 4190 41.03 | 2227 2411 3848 37.87 | 50.51 49.59 1.43 7317 | 4995 4154 5596 57.82 | 41.67 -
DeYO+FATA | 39.71 4249 4137 | 2229 2446 3890 3831 | 51.23 50.02 5631 73.19 | 50.03 42.10 5599 57.79 | 45.61 +3.97
(b) ResNet50 (GN)
Noise Blur ‘Weather Digital
Method Gauss.  Shot  Impul. | Defoc. Glass Motion Zoom | Snow  Frost Fog Brit. Contr.  Elastic ¢ Pixel JPEG Avg.  APerf.
No Adapt 9.48 6.75 8.23 28.99 2345 3387 27.13 | 1591 2649 47.18 54.66 | 44.09 30.55 4450 47.80 | 29.94 -
TENT [33] | 42.59 1.92 4380 | 52.49 4843 5572 51.01 | 30.03 2492 66.67 7490 | 64.66 5372 67.00 64.27 | 49.48 -
EATA[19] | 50.23 49.70 51.33 | 5532 5544 59.64 57.00 | 6329 6238 7085 7595 | 66.95 64.16 6939 67.51 | 61.28 -
EATA+FATA | 53.15 5321 54.05 | 5723 5784 6208 60.78 | 66.76 6541 7210 7689 | 67.65 67.13 71.68 69.01 | 63.67 +2.39
SAR [20] 44.03 4296 4554 | 53.07 49.81 5578 5144 | 58.00 5543 6634 7458 | 64.14 5502 66.84 64.06 | 56.47 -
SAR+FATA | 51.67 3.69 5248 | 57.00 5693 6142 59.76 | 6570 6470 71.33 76.21 | 6442 6643 71,70 6830 | 59.45 +2.98
DeYO [13] | 48.56 47.66 53.66 | 5832 5853 63.05 5996 | 67.12 6585 7323 7797 | 6798 67.87 73.17 69.90 | 63.52 -
DeYO+FATA | 46.83  53.78 54.2 58.56 5857 6337 60.16 | 6746 6624 7346 78.19 | 6855 67.78 7333 69.93 | 6403 +0.51

(c) ViT-B (LN)

Table 1. Image classification results on ImageNet-C [9]. ResNet50 with BN/GN and ViT-B with LN are used for this experiment. We use
the accuracy (%) as the metric. APerf. is the performance gap between methods without and with FATA.

Total Loss. Given a TTA loss Ltra such as entropy mini-
mization loss, we incorporate the FATA augmentation loss
to the TTA loss. Consequently, the total loss L is as follows:

L = Lrta + Lrata, @)

which combines TTA loss and FATA augmentation loss.
The proposed loss can be plugged into any method, with-
out modifying the TTA loss such as sample selection based
entropy minimization loss.

5. Experiment

5.1. Experimental Settings

Benchmark and Test Scenarios. We use the ImageNet-
C [9] and the Office-Home [30] datasets for our evaluation.
ImageNet-C includes corrupted images from the ImageNet
dataset across 15 different corruption types. The dataset
contains 50,000 images for each corruption type, resulting
in a total of 750,000 images. Office-Home includes 15,588
images of 65 classes from 4 domains. Following the scenar-
ios outlined by Niu er al. [20], we validate the effectiveness

and robustness of our method in three scenarios: 1) In the
normal scenario, a model adapts to streaming corrupted in-
put where the label distribution is balanced, allowing the
use of a large batch size; 2) In the batch size of one sce-
nario, a model is exposed to a single image per iteration;
3) In the online imbalanced label distribution shift scenario,
the labels within a batch are highly imbalanced.

Models. To demonstrate the applicability of our method to
various models, we use models incorporating three different
normalization layers in our experiments: Batch Normaliza-
tion (BN), Group Normalization (GN), and Layer Normal-
ization (LN). For BN and GN, we use ResNet-50, and for
LN, we use the ViT-Base model. For ImageNet-C, all the
models are pretrained on ImageNet dataset and adapted at
test-time. For Office-Home, the models are pretrained on a
source domain and adapted to a target domain at test-time.
Baselines. We compare our method to state-of-the-art
fully test-time adaptation methods, TENT [33], EATA [19],
SAR [20], and DeYO [13]. Since our method is proposed to
address data scarcity when sample filtering is used, we in-
tegrate our method with EATA, SAR, and DeYO, which all
employ filtering strategies. We further compare our method
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Noise Blur Weather Digital
Method Gauss.  Shot  Impul. | Defoc. Glass Motion Zoom | Snow  Frost Fog Brit. Contr.  Elastic Pixel JPEG Avg.  APerf.
No Adapt 1798 19.84 17.88 | 19.75 1135 2142 2492 | 4043 4730 3359 69.28 | 3627 18.61 2840 5228 | 30.62 -
TENT [33] 3.36 431 4.18 16.75 3.49 28.00 2936 | 18.65 2472 221 72.03 | 46.17 8.12 5243  56.25 | 24.67 -
EATA[19] | 24.68 28.01 2553 | 17.75 1743 28.68 2920 | 4452 4434 4192 7093 | 4486 2753 4590 5562 | 36.46 -
EATA+FATA | 26.17 3142 27.12 | 2034 17.09 3220 2394 | 4954 5002 11.05 7286 | 49.64 740 51.85 5838 | 3527 -1.19
SAR [20] 2335 2627 2382 | 1871 1554 2878 30.62 | 4555 4493 2558 72.18 | 4456 1504 4722 56.05 | 34.55 -
SAR+FATA | 3491 3920 3645 | 2414 2233 3689 3947 | 5426 51.55 8.06 7388 | 5098 41.29 5574 5854 | 41.85 +7.30
DeYO [13] | 41.34 4411 4269 | 2239 2422 4143 2893 | 54.06 51.79 2.14 7317 | 5342 47.84 59.86 59.67 | 43.14 -
DeYO+FATA | 42.06 44.52 4252 | 2675 2733 4248 4331 | 5642 5407 258 7397 | 5410 4828 6021 6039 | 4527 +2.13
(a) ResNet50 (GN)
Noise Blur Weather Digital
Method Gauss.  Shot  Impul. | Defoc. Glass Motion Zoom | Snow  Frost Fog Brit. Contr.  Elastic ¢ Pixel JPEG Avg.  APerf.
No Adapt 9.48 6.75 8.23 28.99 2345 3387 27.13 | 1591 2649 47.18 54.66 | 44.09 30.55 4450 47.80 | 29.94 -
TENT [33] | 42.72 1.40 4453 | 5249 48.67 56.10 51.09 | 2296 20.87 66.78 75.01 | 6498 5396 67.03 64.38 | 48.86 -
EATA[19] | 33.54 25.16 3198 | 4470 3886 47.11 4237 | 39.67 4081 61.14 6781 | 61.79 4751 59.00 59.18 | 46.71 -
EATA+FATA | 39.33 1.29 3747 | 48.06 4399 5120 4729 | 4875 47.02 6632 7184 | 64.09 5650 63.51 6294 | 49.97 +3.12
SAR [20] 4129 3639 42.08 | 53.54 50.68 57.62 5278 | 58.68 4452 68.61 7590 | 6546 57.86 68.79 6591 | 56.01 -
SAR+FATA | 50.28 48.57 51.20 | 57.08 56.69 6194 59.65 | 6579 6458 71.64 76.67 | 66.78 66.40 72.06 68.13 | 62.50 +5.46
DeYO[13] | 5329 5392 5422 | 5885 5934 6445 49.76 | 68.06 66.63 73.71 7823 | 68.15 68.75 73.76 70.74 | 64.12 -
DeYO+FATA | 52.87 52.89 5387 | 5834 5860 63.84 61.03 | 67.56 6591 72.66 7749 | 67.64 68.15 7296 69.81 | 6424 +0.12

(b) ViT-B (LN)

Table 2. Image classification results on ImageNet-C [9] under batch size 1. ResNet50 with GN and ViT-B with LN are used for this
experiment. We use the accuracy (%) as the metric. APerf. is the performance gap between the original method and another version where

our method is incorporated.

to MEMO [36] and CoTTA [34] on Office-Home.

Implementation Details. We implement FATA on the Py-
Torch framework. We set Egto 0.5InC and £, t00.4InC,
following the setting of DeYO [13], where C is the number
of classes in the target dataset. In addition, we use the same
optimizer as the existing methods with which we integrate
FATA. We set the layer to inject the feature augmentation
1 to 3 for ResNet50 and 11 for ViT-B. We set the standard
deviation for the noise o, to 1.0 and the smoothing factor
for exponential moving average Agasa to 0.95. We use the
default batch size of 64. We set the learning rate as 0.0005
and 0.001 for ResNet50 and ViT-B, respectively. When the
batch size is one, we set the learning rate as 0.00025 and
0.000016 for ResNet50 and ViT-B, respectively.

5.2. Results

Comparison on Normal Scenario. Tab. 1 shows the com-
parison of performance in the normal scenario. The re-
sults clearly indicate that integrating our proposed method,
FATA, yields superior results across various architectures
and methods, compared to the original versions. Notably,
the enhancement is most significant when ResNet-50 with
GN is utilized, showcasing an impressive average improve-
ment of up to 7.97 points. This substantial gain high-
lights the effectiveness of FATA, demonstrating its capabil-
ity regardless of the underlying model architecture or TTA
method. Furthermore, the consistent improvements across
different settings demonstrate the robustness of FATA.

Comparison under Batch Size of One. Tab. 2 depicts

the comparison of the performance in the batch size one
scenario. Overall, our proposed method aids the model in
adapting more effectively than when the original methods
are employed independently. While there is a case where
our method exhibits a slight performance drop, the perfor-
mance improvements generally surpass the amount of drop,
indicating that our method remains effective, despite the
challenging constraints of the batch size one scenario.

Comparison under Imbalanced Label Shifts. As shown
in Tab. 3, our proposed method demonstrates its effective-
ness in the online imbalanced label distribution shift sce-
nario. Remarkably, when our method is combined with
EATA, the accuracy improvement reaches an impressive
peak of 17.12 points. This substantial enhancement is
not limited to EATA alone; our approach also significantly
boosts the performance of other methods.

Comparison on Office-Home. Tab. 4 shows the compari-
son of the performance on the Office-Home dataset. FATA
consistently enhances the performance with small compu-
tational overhead compared to CoTTA, demonstrating the
efficiency and robustness of our method.

5.3. Ablation study

Location Choice for Feature Augmentation. We present
the ablation study on the position of feature augmentation
in Tab. 5. Inserting the feature augmentation after the third
layer achieves the best performance in average accuracy,
therefore, we set ¢ = 3 as the default. Embedding it after
layer 2 shows comparable performance to that after layer 3.
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Noise Blur

Weather Digital

Method Gauss.  Shot  Impul. | Defoc. Glass Motion Zoom | Snow  Frost Fog Brit. Contr.  Elastic Pixel JPEG Avg.  APerf.
No Adapt 17.87 1991 1790 | 1970 11.21 21.28 24.86 | 40.38 4740 3357 69.24 | 3627 18.65 2834 52.17 | 30.58 -
TENT [33] 3.54 4.17 3.78 16.73 7.53 2573 3150 | 20.14 29.51 239 7217 | 46.09 838  52.11 56.22 | 2533 -
EATA[19] | 2526 2949 27.72 | 1490 1661 2441 28.60 | 3489 29.71 4141 6265 | 3522 26.14 4170 48.69 | 32.49 -
EATA+FATA | 41.75 4398 41.78 | 2795 27.63 4247 4580 | 5682 5383 62.12 7332 | 5433 5038 6142 6052 | 49.61 +17.12
SAR [20] 3381 3690 3390 | 1835 2048 33.13 3397 | 29.87 4508 277 7195 | 467718 743 5191  56.06 | 34.83 -
SAR+FATA | 4297 4532 4391 | 2829 27776 4151 4426 | 5521 5372 1.56  73.78 | 53.27 243 60.14  59.47 | 4224 +741
DeYO [13] | 40.84 18.13 3.46 2263 2364 41.10 7.11 52.57 5139 5872 73.12 | 5221 4638 59.09 59.43 | 40.66 -
DeYO+FATA | 4430  46.29 1.06 2589 29.58 4500  5.06 5827 5469 6298 7385 | 5552 5323 6252 61.19 | 4530 +4.64

Table 3. Image classification results on ImageNet-C [9] under imbalanced label distribution shifts scenario. ResNet50 with GN is used for
this experiment. We use the accuracy (%) as the metric. APerf. is the performance gap between the original method and another version

where our method is incorporated.

Methods No Adapt ~ MEMO [36] TENT[33] CoTTA[34] EATA[19] EATA+FATA  SAR[20]  SAR+FATA DeYO[I3] DeYO+FATA
Accuracy (%) 5835 58.15 58.36 57.57 58.58 59.71 5837 59.18 58.56 58.64
GMACs 4.11 262.93 4.11 143.83 4.11 4.92 8.22 14.76 8.22 9.03

Table 4. Image classification results with computational complexity on Office-Home [

scenarios. ResNet50 with GN is used.

]. Accuracy is averaged across all domain shift

Method FATA Position Avg. DeYO Augmentation loss Avg.
No Adapt - 30.62 - - 30.62
DeYO [13] - 41.67 - FATA loss (Ours) 39.35
DeYO+FATA 0 41.52 v - 41.67
DeYO+FATA 1 42.32 v Simple Aug. 40.30
DeYO+FATA 2 43.01 v MSE Loss 6.54
DeYO+FATA 3 45.61 v Simple CE 44.73
v FATA Loss (Ours) 45.61

Table 5. Ablation study on the position of feature augmentation.
ResNet50 with GN is used for this experiment.

Method EMA Std. dev. Avg.
NP+ X X 44.84

v X 44.96

FATA (Ours) v v 45.61

Table 6. Ablation study on the component of feature augmenta-
tion. ResNet50 with GN and the default batch size of 64 are used.

However, for certain corruption types (e.g., Fog), it exhibits
a tremendous performance drop, indicating instability. Al-
though several works [4, 5] have argued that augmenting
the features in the shallow layers is the most effective for
modifying the style of the input, our results indicate that in-
serting augmentation after the first layer shows the lowest
performance, similar to Li et al. (2021) [14].

Component of Feature Augmentation. Tab. 6 shows the
ablation study on the component of feature augmentation.
Compared to NP+ [5], adding EMA and modifying the vari-
ance term to the standard deviation improve the accuracy,
showing their effectiveness.

We ablate the augmentation loss in Tab. 7. As shown in
Fig. 3a, Simple Augmentation (Simple Aug.) denotes us-
ing entropy instead of Lrata, i.e., it utilizes entropy loss on
the output of augmented feature. MSE Loss denotes using

Table 7. Ablation study on the augmentation loss. ResNet50 with
GN is used for this experiment.

mean square error loss between the outputs, as depicted in
Fig. 3b. Simple CE denotes employing cross-entropy in-
stead of Lgata, as shown in Fig. 3c. In detail, Simple CE
excludes the process of obtaining pseudo-labels from our
proposed method and uses cross-entropy loss between the
output distribution of the augmented features and that of the
original feature.

Training a model solely with our method boosts perfor-
mance by 8.74% in average accuracy, which is comparable
to the performance of the state-of-the-art method, DeYO.
Comparing our method with Simple Augmentation, it is ev-
ident that augmenting the features rather than the input data
is much more effective, as it guides the model to have more
generalized representations. In the case of Simple CE, the
accuracy on all corruption types are almost zero. This is
because naively comparing the output distribution of the
original sample and augmented sample leads to the phe-
nomenon of model collapse, as the model learns different
features to map to the same output. To avoid this, we do not
compare the distribution of the output and adopt pseudo-
labeling techniques. In the end, incorporating DeYO and
our method achieves the best performance.
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Figure 3. Augmentation losses for the ablation study. p and p’ denotes py(z) and py(z’), respectively.

B
o«
IS
o0

I
=N

o/’\

— o

Accuracy (%)
-
-

L]
Accuracy (%)
IS
-

'S
9

DeYO

DeYO

IS
(=]
IS
(=]

01 051 2 10 04 05 06 07
On Eo

(a) Parameter sensitivity of o,. (b) Parameter sensitivity of Eg.
Figure 4. Hyperparameter Sensitivity.

700

[ |No Adapt

600 SAR
w
8 SAR+FATA
2 500
=S
T 4001
© 400
o
&5 300
E
E 200 AT B

100 d LT

0 \\ f
20 30 40 50

Number of samples used

Figure 5. Count of classes for each number group of selected sam-
ples.

Hyperparameter Sensitivity. We demonstrate the sensi-
tivity of the hyperparameters in Fig. 4. We conduct ex-
periments to assess the sensitivity of two hyperparameters:
the entropy threshold Ey and the standard deviation for the
noise 0,. As shown in Fig. 4a, the highest accuracy is
achieved with o,, = 1, although other values, ranging from
opn = 0.1 to 10, consistently outperform DeYO. Similarly,
Fig. 4b shows that an entropy threshold of Ey = 0.5 yields
the best results, with other values also surpassing the per-
formance of DeYO. These findings show the robustness of
our methods across a variety of hyperparameter settings.

5.4. Discussion

The Number of Samples Used. Fig. 5 compares the count
of classes for each group of selected samples for the No
Adapt, SAR, and SAR+FATA. With SAR, a significantly
larger number of classes are selected more than 5 times,
whereas without any TTA method, many classes are sam-
pled 5 times or fewer. When our method is incorporated
with SAR, considerably more classes are sampled more fre-
quently compared to SAR alone. This increased sampling

frequency contributes to the performance boost provided by
FATA, as shown by Fig. 1b, which depicts the positive cor-
relation between the sampling frequency and the accuracy.
Analysis on FATA Loss. The FATA loss demonstrates its
effectiveness with the experimental results in Sec. 5.3, in
contrast to MSE Loss and Simple CE. With MSE Loss, the
model tends to collapse in order to align two distribution,
as it is the trivial solution to achieve alignment under the
random feature augmentation by producing the same output
for any input. Simple CE improves the model performance,
but less than the FATA loss, although the main difference is
the hard label generated by the argmax operator. In contrast,
the FATA loss mitigates the trivial solution by replacing the
output from the original feature with a pseudo-label. Fur-
ther research should further develop a theoretical analysis
for the FATA loss.

Limitation. Although our method effectively enhances the
model performance, our method does not have the capa-
bility to prevent the collapse phenomenon. For example, as
shown in Tab. 3, the accuracy of SAR on fog corruption type
is 2.77%, while it decreases to 1.56% with SAR+FATA. Fu-
ture research should explore a method to prevent the col-
lapse phenomenon.

6. Conclusion

In this paper, we propose a test-time adaptation method
named Feature Augmented Test-Time Adaptation (FATA).
This method fully utilizes the target samples through the
feature augmentation technique, addressing the issue of lim-
ited samples from sample selection based entropy mini-
mization methods. FATA can be seamlessly integrated into
any method that employing entropy-based sampling, allow-
ing a model to leverage target samples more effectively with
reliably selected samples. FATA boosts the performance of
existing methods across various network architectures. Ex-
tensive experiments, including challenging scenarios, vali-
date the effectiveness and robustness of FATA.
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