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Abstract

Test Time Adaptation (TTA) addresses the problem of distribution shift by adapting
a pretrained model to a new domain during inference. When faced with challenging
shifts, most methods collapse and perform worse than the original pretrained model.
In this paper, we find that not all layers are equally receptive to the adaptation, and
the layers with the most misaligned gradients often cause performance degradation.
To address this, we propose GALA, a novel layer selection criterion to identify
the most beneficial updates to perform during test time adaptation. This criterion
can also filter out unreliable samples with noisy gradients. Its simplicity allows
seamless integration with existing TTA loss functions, thereby preventing degrada-
tion and focusing adaptation on the most trainable layers. This approach also helps
to regularize adaptation to preserve the pretrained features, which are crucial for
handling unseen domains. Through extensive experiments, we demonstrate that
the proposed layer selection framework improves the performance of existing TTA
approaches across multiple datasets, domain shifts, model architectures, and TTA
losses.
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Figure 1: Gradient-Aligned Layer Adaptation or GALA framework adapts the most gradient-aligned
layer per sample. It adapts all the layers for the first sample in a reset window (e.g., x1, Zp, . .. ).
For all the other samples, it adapts the most gradient-aligned layer per sample. It can also skip the
adaptation on a given sample if all the layers are misaligned. We use a reset window to periodically
reset the anchor parameters to allow for a change in direction.

1 Introduction

Test Time Adaptation (TTA) [1] has emerged as a promising approach for addressing the problem of
data distribution shifts [2] by adapting pretrained models to unseen domains at inference. However,
these methods often falter when confronted with severe or diverse distributional changes. Moreover,
the selection of layers in existing approaches typically remains unchanged across different shifts [3],
and optimal layer selection remains largely unexplored in the context of TTA.
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Figure 2: Illustration of proposed criterion based on angular deviation. Different layers can be ranked
based on their alignments with previous gradient updates. In the figure, updates drawn in red are
discarded, while green updates are applied, adding up to TD;_;. The update under scrutiny u; is
drawn in cyan, and its sum with TD;_; is drawn in blue. Application of update u; or not is based on
the angle «;.

The contributions of our work are summarized as follows: (1) We study the problem of layer selection
for TTA and find that while adapting specific layers can enhance performance, the optimal set of
layers for adaptation is not universal but rather contingent upon the particular distribution shift
encountered and the TTA loss function employed during inference. (2) We introduce Gradient-
Aligned Layer Adaptation (GALA), a novel layer selection criterion to identify good layers to adapt
per sample that can be applied across various distribution shifts and TTA loss functions at test time.
(3) Through extensive experiments across different backbones, datasets, and TTA losses, we show that
GALA outperforms standard (ERM/no-adaptation, All layers) and existing layer selection baselines
(AutoRGN, AutoSNR) used in finetuning [4].

2 Proposed Approach
2.1 Layer Selection Framework for TTA

Let fy,,. be the model parameterized by 6., trained on the source domain Ds,... At test time, TTA
adapts the model to obtain ¢; for each incoming target sample x; ~ D, using an update equation
01 =0;i—1; +uy,. (1
For SGD with TTA loss £, u; = —nV L(x;;0;—1). We propose a layer-wise adaptation by introducing
a binary mask m;; € {0, 1} to the update u; ; of each layer ! (c.f Fig. 1):
Oi1 = 0i—1; +miguy. (2)

2.2 Cosine distance criterion

Let us consider the total displacement
i—1
TD;, 1, = ij,luj,l =0;_1,— 0o, 3)
j=1
which is in the same direction as the average of all gradients so far (Fig. 2). We define the mask
m;; based on the cosine distance cos(c; ;) between the current update u; ; and the anticipated total
displacement TD;_; ; + u,; as
i1 (w0 TD,_
cos(a ) = e Wit £ TDeosd) 4)
i tll2 [Jwsp + TDi—1l2
Layers with updates aligned with the total displacement are selected for adaptation (c.f. Fig. 2)

— 1 ifcos(ayy) > A
“07 00 otherwise

; &)

where ) is the selection threshold.

2.3 Cosine distance with reset

To address cases where the gradient update trajectory needs to change direction, we propose a reset
mechanism that updates the anchor point 0,.; every s step,

TD;; =0;; — 0., (6)

where 7 = | =L | (c.f Fig. 1).
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Table 1: Accuracy (%) of various layer selection methods on Domainbed benchmark (setup described

in Sec. 3). The best method for a given TTA loss and backbone is in bold.

TTA Method | PACS*t VLCS Terra 1 Officet | Mean ©
ERM - ‘ 80.99 (+£0.9) 75.14 (£1.2) 40.80 (+0.2) 62.18 (+0.4) ‘ 64.78
All layers | 81.79 (£0.7) 65.69 (£1.5) 35.40 (£9.7) 60.20 (£L1.4) | 60.77

® o AuoRGN | 82.82 (£0.6) 7263 (£13) 3818 (£6.1) 6238 (x02) | 64.00
5 AutoSNR | 80.58 (£1.2) 65.72 (£1.8) 35.01 (:£10.4) 59.82 (£0.9) | 60.28
z GALA | 83.56 (+£0.6) 75.48 (+£1.2) 44.19 (£1.1) 62.67 (£0.2) | 66.47
= All layers | 83.48 (£0.3) 66.23 (£2.8) 33.81 (£1.3) 63.03 (£0.4) | 61.64
SHOT AUORGN | 84.10 (£0.5) 69.78 (£1.3) 37.37 (£0.7) 63.09 (£0.2) | 63.59
AutoSNR | 83.43 (£0.3) 66.26 (£2.7) 33.75 (£1.2) 63.02 (£0.4) | 61.62

GALA | 83.92 (£0.8) 76.23 (£1.1) 42.13 (£1.4) 63.32 (£0.3) | 66.40

ERM - | 82.84 (£0.5) 75.83 (£0.9) 46.14 (£2.3) 66.93 (£0.3) | 67.93
All layers | 82.36 (£2.8) 69.22 (£1.4) 42.28 (£3.2) 61.54 (£3.3) | 63.85

2 p.  AuoRGN | 85.03 (£1.9) 75.35 (£14) 4844 (£2.4) 6693 (+03) | 68.94
5] AutoSNR | 83.41 (£3.4) 70.14 (£4.6) 44.08 (£3.4) 61.95 (+£3.0) 64.90
% GALA 84.87 (+0.8) 76.88 (+1.6) 50.10 (+2.5) 67.34 (+0.3) | 69.80
o All layers | 85.15 (£1.1) 64.25 (+1.1) 35.33 (£3.1) 67.37 (£0.3) | 63.03
HOT AUORGN | 86.34 (£1.1) 70.2 (£09) 4059 (£1.3) 68.10 (+0.4) | 6631
AutoSNR | 85.51 (£0.5) 64.26 (£1.3) 34.97 (£3.2) 67.33 (£0.2) 63.02

GALA | 86.13 (£0.8) 76.48 (£1.0) 45.94 (+1.6) 68.13 (£0.3) | 69.17

3 Experiments

Experimental Setup We utilize the Domainbed [2] benchmark and adhere to the evaluation
protocol outlined in [5]. Our evaluation spans two small shift (VLCS [6], Terra Incognita [7]) and
two large shift datasets (PACS [8], Office-Home [9]). Pretrained models are obtained by training on
source domains using ResNet-18 or ResNet-50 backbones, following the pretraining protocol in [2].
At test time, the pretrained models are adapted to samples from the target domain using two TTA
losses, Pseudo-Labeling (PL) [10] and SHOT [ 1], with its hyperparameters tuned according to [12].
We compare GALA against two standard (ERM/no-adaptation, All layers) and two popular layer
selection baselines (AutoRGN, AutoSNR [4]). Results for GALA are reported with a window size (s)
of 20 and a selection threshold (\) of 0.75 with single-layer granularity of adaptation.

Results Key takeaways from results reported in Tab. 1: GALA outperforms ERM by 2% overall
and All layers TTA baselines by over 5% across all losses, backbones, and datasets. Existing baselines
like AutoRGN and AutoSNR improve performance compared to A/l layers TTA in most setups but
fail against ERM for some datasets and TTA losses. GALA consistently shows superior performance
across all datasets and TTA losses, achieving an overall improvement of about 2%. On large shift
datasets, GALA outperforms ERM to enhance performance, similar to layer selection baselines. But
on small shift datasets, while existing baselines struggle against the ERM baseline, GALA prevents
degradation from over-adaptation and consistently outperforms ERM.

4 Layer Selection Study

Layer Selection matters. We conducted a layer selection study to examine the impact of adapting
a single block of layers while freezing others. Figure 3 shows the difference in accuracy between
adaptation (TTA) and no adaptation (ERM) across all blocks for each TTA loss and dataset shift in
Domainbed. We found that not all layers are equally receptive to adaptation; some layers benefit one
shift but may be detrimental to another, depending on the loss used. Identifying the right layer to
adapt at test time is challenging. To address this, we propose GALA, a layer selection criterion for
TTA that effectively identifies suitable layers for adaptation, consistently improving over existing
baselines on the Domainbed benchmark.

How do good layers differ from bad layers? The Tiny-Domainbed benchmark, a smaller version
of Domainbed, was created to analyze per-layer differences, focusing on critical shifts with the
brightest red/green layers. Tab. 2 shows that adaptation with the Worst Block results in poor TTA
accuracy and higher forgetting, while the Best Block leads to better generalization and reduced
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Figure 3: Heatmap of Performance improvement (%) per-block on Domainbed benchmark. Perfor-
mance improvement is the difference between the TTA accuracy of a given block/layer and ERM
accuracy for the same shift. Positive performance improvements are shown in green, and negative
performance improvements (or degradation) are in red. Using the bounding box, we highlight the
best block per loss and dataset shift. Further details in Sec. 4.

Table 2: Effect of various layer selection methods on TTA Accuracy (%), Generalization (%),
Forgetting (%) and Spearman correlation with Best Block (€ [—1, 1]) averaged over different shifts
on Tiny-Domainbed benchmark (with the setup described in Sec. 4). TTA Acc is the accuracy of
testing samples from the target domain seen during adaptation. Generalization is the accuracy of
the held-out split of the target domain after adaptation. Forgetting is the drop in accuracy on the
held-out split of source domains after adaptation. Rank correlation is the Spearman correlation
of layer selection rank between the oracle and the method. Bold and underlined denote best and
second-best, respectively.

Method \ TTA Acc. T Gen. T Forget. | Rank corr. 1
All Blocks \ 53.6 46.5 31.3 N/A
Worst Block (oracle) 43.5 38.7 39.9 -1

Best Block (oracle) 64.1 63.9 28.7 1
Random Block 53.1 49.1 13.1 0
GALA 59.4 58.0 9.3 0.76

source forgetting. This suggests that good layers can learn target domain features more effectively.
The proposed GALA method aims to identify good layers for better adaptation and reduced source
forgetting.

How does GALA compare to oracle strategies? To analyze GALA’s layer selection behavior, we
compare it to the oracle strategies of Best block and Worst block on the Tiny-Domainbed benchmark
(Tab. 2). GALA substantially improves over All Blocks, Worst Block, and Random Block methods.
The Best Block method acts as an empirical upper-bound performance if we have access to a target
domain with labels, while GALA comes close to this performance without requiring any target labels.
GALA selects layers with the most aligned gradients and can stop adaptation if gradients are noisy,
preventing degradation. It tends to select blocks with better accuracy, showing a good correlation
with the oracle TTA performance.
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Supplementary Materials for
“A Layer Selection Approach to Test Time Adaptation”

In the supplementary section, we provide a comprehensive discussion of the experimental setups and

the proposed approach, GALA. The supplementary material is organized as follows:

¢ Sec. A.1: Experimental results on Continual TTA benchmark.

* Sec. A.2: Analysis of GALA.

* Sec. A.3: Related work section.

* Sec. A.4: Implementation details of the Domainbed benchmark (for Tab. 1, and Fig. 3).

* Sec. A.5: Implementation details of the Continual TTA benchmark (for Tab. 3).

* Sec. A.6: Implementation details of the Tiny Domainbed benchmark (for Tab. 2), including the
rationale for selecting critical shifts from the Domainbed benchmark.

* Sec. A.7: An in-depth discussion of GALA, including pseudocode and an analysis of its balance
between gradient alignment and magnitude.

* Sec. A.8: Concluding discussion section.

The numbering of figures, tables, and equations in this supplementary material continues from the
main paper to ensure consistency and avoid repetition.

A.1 Continual TTA results

We follow the evaluation protocol as described in Wang et al. [13], evaluating performance on
two datasets-backbones: 1) CIFAR10C [14] with WideResNet-28 [15] and CIFAR100C [14] with
ResNeXt-29 [16]. The pretrained models are trained as described in Robustbench [17]. Mean and

standard deviation are reported across the 15 corruption types. Further details are given in Appendix
AS.

Table 3: Accuracy (%) of layer selection methods on Continual TTA benchmark (with the setup
described in Sec. A.1). The best method for a given TTA loss is in bold.

TTA  Method | CIFARIOC | CIFAR100C |
ERM | 43.50 (£18.7)  46.40 (£15.7)

Alllayers | 88.72 (£1.2)  98.63 (£1.5)
PL  GALA | 28.68 (£6.6) 33.69 (£5.7)
All layers | 89.33 (£2.3)  97.32 (£4.8)
SHOT GALA | 20.46 (£7.7) 32.87 (+5.6)

The key takeaways based on the results from Tab. 3 are:

» Performance degradation by training all layers is worse in the Continual TTA benchmark containing
multi-domain shifts than degradation in the Domainbed benchmark containing single-domain shifts.
Moreover, more severe degradations are observed in CIFAR100C, which has 100 classes, compared
to CIFAR10, which includes 10 classes, despite similar ERM performance on both datasets.

* GALA consistently outperforms ERM by about 15% and all layers TTA baseline by about 65%,
despite severe degradation.

A.2 Analysis of GALA

In this section, we evaluate the impact of different design choices and hyperparameters of GALA
in Tab. 4, supporting choices presented in Tab. 1. For the partitioning setting, Single block means a
single block of many layers is updated at each iteration, Single layer corresponds to the best layer
selected for the update, and Multiple layers corresponds to individually best layers selected for the
update based on the cosine distance and the threshold. A layer denotes either a convolution or batch
norm layer. Also, a window size of co implies no reset. Some important observations stemming from
Tab. 4:

» Layer granularity performs better than block granularity. At layer granularity, GALA has better
fine-grained control over choosing the layers to adapt, improving performances in all cases tested.
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Table 4: Accuracy (%) under different experimental conditions. The values are averaged for each
backbone and TTA loss of the Domainbed benchmark.

Resnet-18 1 Resnet-501

Setting Condition PL SHOT PL SHOT
Single block | 66.19  65.8 | 70.21  68.37

Partitioning Single layer 66.31 66.78 | 71.07 70.13
Multiple layers | 63.13 65.36 | 69.11  68.29

0.5 66.31 66.78 | 71.07 70.13

Threshold 0.75 66.31 66.78 | 71.07 70.13
0.99 66.24 66.96 | 71.07 70.13

5 66.37 66.61 | 70.87 70.01

Window Size 20 66.31 66.78 | 71.07 70.13
00 65.71  66.59 | 70.76  70.42

o All Layers 3747 29.67 | 33.93 32.81

Batch Size = 1 GALA 64.12  64.29 | 70.45 70.24

Table 5: Accuracy (%) under different experimental conditions. The values are averaged for each
dataset and TTA loss of the Continual TTA benchmark.

CIFAR10C 1  CIFAR100C 1
Setting Condition PL SHOT PL SHOT

No Reset 73.6 76.41 | 64.75 64.87
With Reset | 71.32 79.54 | 66.31 67.13

Continual TTA

» Adaptation with the best single layer is much better than with the best multiple layers. Cosine
distance can correctly identify the single best layer to train, although it may still struggle to
determine the best set of multiple layers to update.

* Optimal reset-window size can improve performance. We see that a reset window size of 20 works
reasonably well across the backbones and the TTA losses tested on Domainbed.

* The choice of selection threshold is not very sensitive. A threshold of 0.75 seems to work across
the board without being too restrictive.

In the following section, we briefly analyze some aspects of the proposed approach.

Proposed cosine distance criterion effectively balances gradient magnitude and direction. Let
us first rewrite the GALA criterion in Eq. 4 for a given layer [ in terms of T = || TD;_1 ||, u = ||u; ||
and the angle 5 between TD;_ ; and u; ;. Using the Pythagorean theorem, we obtain:

Tcos(B) +u .
\/(T + ucos(B))? + (usin(f))?

We observe that our criterion depends on the norm 7' of the total displacement, the norm u of the
update, and their alignment, given by the angle 3 between these vectors. Fig. 4 shows the cosine
metric plots. We see that while alignment is crucial for large displacements, the update’s magnitude
can also dominate for small displacements. For example, consider two layers with the same norm
T but different updates u; and uy. If |juy]|| is smaller than |juy|| but u; is more aligned with its
displacement, two scenarios arise:
1. For larger T', GALA selects layer 1, favoring the alignment and exploiting the learned direction.
This scenario would seem more common during TTA.
2. For small T, GALA selects layer 2, favoring the magnitude, and can explore over different
directions. This can occur for initial samples.

N

cos(a) =

Consequently, GALA effectively balances the gradient magnitude and the direction of gradients for
selecting the best layer. More discussion is in Appendix A.7.
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Figure 4: Effect of magnitude of u on cosine distance criterion. Left: Consider two vectors such
that u; is smaller than us but is better aligned with its displacement. For large displacements
(T'), alignment becomes crucial and GALA selects u». For small displacements (T,), the update’s
magnitude can dominate the criterion, and GALA selects u;. Middle and Right: Plot of cosine metric
values with level curves. Alignment prevails for small updates compared to the total displacement
(Middle). But, for updates with large magnitude compared to total displacement (Right), large cosine
values can be obtained even for misaligned updates.
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Figure 5: Different adaptation strategies: (a) TTA approaches typically adapt a fixed set of layers for
all the samples. (b) Sample selection-based TTA approaches skip the adaptation of all layers on a
few unreliable samples. (c) GALA is more flexible and can dynamically control the adaptation of
individual layers per sample.

Proposed layer selection framework offers a more flexible adaptation strategy for TTA. The
selection of layers in existing TTA approaches typically remains unchanged across different shifts.
On the other hand, sample selection-based TTA [18] approaches aim to improve performance by
skipping the adaptation of all layers on a few unreliable samples. Based on Eq. 2 and Fig. 5, we can
see that GALA is more flexible and general than the existing layer selection and sample selection
strategies in TTA for performing layerwise adaptation.

Reset mechanism seems beneficial in multi-domain shift settings. = Comparing GALA with and
without reset on Tab. 5, we see that while reset yields only marginal improvement on Domainbed,
a single-domain shift benchmark, its benefits are more evident on a multi-shift benchmark like
Continual TTA. This indicates that the reset mechanism’s ability to facilitate slight adjustments in the
overall gradient update direction may be advantageous in a continuously changing testing domain.

GALA is quite robust on single sample adaptation. In Tab. 4, we show that in the adverse
setting of batch size of 1, while existing TTA approaches witness severe performance degradation,
GALA improves on all layers baseline on Domainbed.

A.3 Related Work

Regularization in test time adaptation addresses performance degradation. Recent works have
focused on improving pseudolabel quality [13, 19], enhancing class prototypes [5, 20, 21], and
constraining model behavior through domain alignment [22-24] and loss regularization [18, 25-28].
In contrast, our work introduces a parameter-centric approach to regularize TTA, which we argue can
be more effective for efficient adaptation while allowing it to be combined with existing techniques,
given its complementarity.
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Layer selection is known for enhancing feature sharing in multi-task learning [29-32] or continual
learning [33-35], and also explaining the learned features [36, 37]. It can also be helpful for
out-of-distribution detection [38—4 1] and creation of robust pretrained models for self-supervised
learning [42—44] and domain generalization [45]. Effective parameter selection also significantly
impacts fine-tuning [4, 46—48] and learning of non-spurious features [49, 50]. While some studies
[4, 51, 52] have explored parameter impacts on specific TTA losses, their impact is somewhat limited
and potentially inapplicable to other TTA losses. In contrast, we propose a gradient-aligned layer
adaptation framework for TTA, offering greater flexibility than existing strategies and demonstrating
improved performance across various TTA losses.

Gradient alignment studies.  Gur-Ari et al. [53] discuss the phenomenon of gradient descent
occurring within a tiny subspace. Yaras et al. [54] demonstrate the presence of a low-dimensional
structure in learning dynamics. Li et al. [55] reveal that neural networks can be effectively trained in
lower-dimensional subspaces. Gauch et al. [56] show that gradient descent within a tiny subspace
enhances generalization in few-shot learning. Liu et al. [57] indicate that a high gradient signal-to-
noise ratio can lead to improved generalization in neural networks. Ji and Telgarsky [58] find that
the gradients of neural networks converge to a single direction. Sankararaman et al. [59] show that
gradient alignment accelerates the training speed of neural networks. Building upon these approaches,
this paper proposes a novel cosine distance-based criterion for layer selection in the context of
test-time adaptation.

Applications of gradient alignment. = Andriushchenko and Flammarion [60] and Gao et al. [61]
propose using gradient alignment as a regularizer for adversarial training. Barba et al. [62] apply
gradient alignment within the context of federated learning. Fort et al. [63] demonstrate that gradient
alignment can be useful for detecting overfitting. Gupta et al. [64], along with Wu et al. [65, 66], show
that gradient alignment can mitigate catastrophic forgetting in continual learning. Michalkiewicz et al.
[67], Parascandolo et al. [68] and Shi et al. [69] utilize gradient alignment for domain generalization.
Yu et al. [70] show that gradient alignment aids in multi-task learning, a finding supported by Du
et al. [71] and Suteu and Guo [72]. Building on these approaches, we propose a novel formulation of
gradient alignment for an online and unsupervised application of test time adaptation.

Gradient alignment-based early stopping. Recent works have proposed various approaches or
criteria for early stopping without a validation set. Mahsereci et al. [73] introduced an evidence-based
criterion based on the variance of gradients [74]. Forouzesh and Thiran [75] proposed using gradient
disparity across samples as a criterion. Yuan et al. [76] suggested performing early stopping by
tracking the model’s predictions on the samples. Most of these existing works have demonstrated
the effectiveness of their proposed approaches, often in the context of multi-epoch and supervised
learning [77] or noisy learning [78]. Similar to these approaches, our novel cosine distance-based
criterion can be used to perform layer-wise early stopping without a validation set, preventing
degradation in test-time adaptation and beyond.

A.4 Experimental Details of Domainbed

A.4.1 Dataset Details

Domainbed [2] consists of four domain generalization datasets:

* PACS [§] consists of different object images from four domains: Art, Cartoon, Photo, and Sketch.
It comprises of 9,991 samples across 7 class labels (i.e., dog, elephant, giraffe, guitar, horse, house,
and person).

* VLCS [6] consists of photographic images from four domains/datasets: PASCAL VOC207 [79],
LabelMe [80], Caltech 101 [81], and SUNO9[82]. It comprises of 10,729 samples across 5 class
labels (i.e., bird, car, chair, dog, and person).

* Terralncognita [7] consists of images of wild animals taken at different locations, which make up
the four domains: L100, L38, .43, and L46. It comprises of 24,788 samples across 10 class labels
(i.e., bird, bobcat, cat, coyote, dog, empty/no animal, opossum, rabbit, raccoon, squirrel).

» Office-Home [9] consists of different object images typically seen in offices and homes from four
domains: Art, Clipart, Product, and Real World. It comprises of 15,588 samples across 65 class
labels (e.g., bottle, computer, hammer, pen).
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A.4.2 Evaluation Details

We follow the evaluation protocol as described in Iwasawa and Matsuo [5]. In Domainbed, the
pretrained model is trained on all but one domain. All the domains on which the pretrained model
is trained are referred to as training domains, and the remaining domain is referred to as the testing
domain. We follow the dataset splits used in T3A [5]. Each domain is split into a big and a small split.
Specifically, the domains are split into 80% and 20%. The big split of training domains is used for
training the pretrained model and is referred to as training splits. The small splits of training domains
are referred to as validation splits. The big split of the testing domain is used to evaluate the domain
and is referred to as the testing split. This is the split where test time adaptation is performed for each
minibatch before inference. We consider three seeds for the results in Tab. 1 and one seed in Tab.
4, Fig. 4, and Fig. 6. Each seed generates a new training and testing split from training and testing
domains. See Figure 1 “Data configuration for a benchmark with four domains” in Domainbed [2]
supplementary.

The performance on each domain or shift is obtained by averaging across multiple seeds. Next, we
obtain the performance on each dataset by averaging across all domains in the dataset. Finally, we
get performance on Domainbed by averaging across all the datasets in Domainbed.

A.4.3 Hyperparameters and Model Selection
A.4.3.1 Pretrained Model

We follow the pretraining protocol as described in Iwasawa and Matsuo [5]. We use ERM for
pretraining the model similar to other works in TTA [5, 20, 83]. We consider two backbones: Resnet-
18 and Resnet-50, with batch normalization layers. The backbone networks are trained using ERM
and Adam optimizer with a batch size of 32. We follow the training-domain validation-based model
selection [2, 5] where we choose the hyperparameters that maximize the accuracy of the pretrained
model on the validation splits. Please refer to Domainbed [2] and T3A [5] for a detailed discussion
on hyperparameters and the range used.

A.4.3.2 TTA Approaches

We follow the adaptation protocol as described in Iwasawa and Matsuo [5]. Similar to other works in
TTA [12, 84-86], our hyperparameter tuning protocol of TTA methods is based on Zhao et al. [12],
where we choose the best hyperparameter set for each TTA method under consideration. We consider
two popular TTA methods from Iwasawa and Matsuo [5]: pseudo-labeling (PL) [10] and SHOT [11].
Please refer to Iwasawa and Matsuo [5] for a detailed discussion on hyperparameters and the range
used.

A.4.3.3 Baseline Layer Selection Methods

We perform a model selection for each baseline as described in the original implementations. ERM [2,
], All Layers [5], and AutoRGN [4] baselines do not have any hyperparameters. The hyperparameter
for AutoSNR [4] baseline is tuned as described in Lee et al. [4].

A.5 Experimental Details of Continual TTA

A.5.1 Dataset Details

Continual TTA benchmark [ 3] consists of two datasets, CIFAR10-C and CIFAR100-C, widely used
for evaluating the robustness of classification networks under various corruptions, particularly in the
context of test-time adaptation (TTA). These datasets are derived from the original CIFAR10 and
CIFAR100 [87], which contain 50,000 training and 10,000 test images across 10 and 100 categories,
respectively. In CIFAR10-C and CIFAR100-C [88], 15 types of corruptions, each with 5 levels of
severity, are applied to the test images of their clean counterparts. This results in 10,000 corrupted
images for each corruption type in both the datasets.

A.5.2 Evaluation Details

We follow the evaluation protocol as described in Wang et al. [13]. We utilize a model pre-trained
on the clean training set of the CIFAR10 or CIFAR100 dataset. During test time, corrupted images
are provided to the network in an online fashion. We continually adapt the source pretrained model
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to each corruption type sequentially without resetting to the pretrained model. The CIFAR10 and
CIFAR100 experiments follow this online continual test-time adaptation scheme, with evaluations
conducted under the highest corruption severity level 5. The evaluation is based on the online
prediction results immediately after encountering the data.

A.5.3 Hyperparameters and Model Selection

Pretrained Model We follow the pretraining protocol as described in Wang et al. [13]. For our
experiments on CIFAR10C and CIFAR100C, we utilize pre-trained models from the RobustBench
benchmark [17] similar to previous works in test time adaptation [13, 18, 89, 90]. Specifically, for
CIFARI10C, we employ a WideResNet-28 [15] model, and for CIFAR100C, we adopt a pre-trained
ResNeXt-29 [16] model, which is one of the default architectures for CIFAR100 in RobustBench.

TTA Approaches We follow the evaluation protocol as described in Wang et al. [13]. We update
the model with one gradient step per test point at each iteration, utilizing the Adam optimizer with
a learning rate of le-3. The hyperparameters employed are consistent with those recommended by
Wang et al. [13]. To facilitate comparison with Domainbed benchmark results, we incorporate the
same two test-time adaptation methods: pseudo-labeling (PL) [10] and SHOT [11].

Baseline Layer Selection Methods We perform a model selection for each baseline as described
in the original implementations. ERM [13, 17] and All Layers [5] baselines do not have any
hyperparameters.

A.6 Experimental Details of Tiny Domainbed
A.6.1 Dataset and Shift Details

We create Tiny-Domainbed from Domainbed by selecting the following critical shifts:
* Three shifts from the Terra Incognita benchmark: L.100, L38, and L43;

¢ Two shifts from the PACS benchmark: Cartoon and Sketch;

¢ One shift from the VLCS benchmark: SUN09.

A.6.2 Discussion on Chosen Shifts

Creating Tiny-Domainbed aims to make the smallest possible setup of Domainbed, which contains
all the challenging shifts or domains in Domainbed while being computationally light for ease of
analysis and comparison. To identify the critical shifts of Domainbed, we refer to the heatmap of
performance improvement of blocks vs. shifts in Domainbed in Fig. 6. We refer to blocks and layers
interchangeably in this section.

Based on heatmaps of the Resnet-18 backbone for pseudolabelling and SHOT loss-based TTA
methods in Fig. 6, we identify the critical shifts in Domainbed which satisfy the following two
important properties:

* Property 1: Shifts with brightest green/red blocks. A bright green layer implies that adapting
this layer improves performance over ERM. Similarly, a bright red layer implies that adapting this
layer can degrade the performance with respect to ERM. The shifts with the brightest green or
red layers are important because any layer selection criterion must do well on these shifts. The
inability to choose bright green layers while adapting to these shifts is a missed opportunity for
performance improvement of the layer selection approach. Again, being unable to avoid bright red
layers in these shifts can result in significant performance degradation. In Fig. 6, we see that the
following shifts on the Resnet-18 backbone have the brightest green/red layers: env0, envl, env3
in PACS; env2, env3 in VLCS; env0, envl, env2, env3 in Terra Incognita; none in OfficeHome.

* Property 2: Shifts whose best block changes with the TTA loss function. We make a striking
observation that for certain shifts in Domainbed, the best block for a given shift can depend on the
TTA loss used. This implies that the layer selection criterion must consider TTA loss to choose
the best layers to adapt. In Fig. 6, we see that the following shifts on the Resnet-18 backbone
experience a change in the location of the best block due to a change in the TTA method: envl in
PACS; env0, env3 in VLCS; env0 in Terra Incognita; envl, env2 in OfficeHome.

To create the Tiny-Domainbed benchmark, we select the most critical shifts with the brightest

green/red blocks, and the location of the best block changes with the TTA loss function. Based on this,
we identify the following shifts from Domainbed to be included in the Tiny-Domainbed benchmark:
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Figure 6: Heatmap of Performance improvement (%) per-block on Domainbed benchmark for
Resnet-18 (same as Figure 4) and Resnet-50. Performance improvement is the difference between
the TTA accuracy of a given block/layer and ERM accuracy for the same shift. Positive performance
improvements are shown in green, and negative performance improvements (or degradation) are in
red. Using the bounding box, we highlight the best block per loss and dataset shift.

* Shifts that satisfy both the properties: env3 in PACS; env3 in VLCS; env0 in Terra Incognita.

* Shifts that only satisfy property 1 but are included in Tiny Domainbed: env1l in PACS; envl, env2
in Terra Incognita.

This gives us our final list of critical shifts from Domainbed included in the Tiny-Domainbed
benchmark: three shifts from the Terra Incognita benchmark: L100, L38, and L.43; two shifts from
the PACS benchmark: Cartoon and Sketch, and one shift from the VLCS benchmark: SUNO9.

A.6.3 Evaluation Details

We follow the evaluation protocol as described in Iwasawa and Matsuo [5] and is described in detail in
Sec. A.4.2. We obtain the performance on a given testing domain similar to the evaluation protocol of
Domainbed. However, we obtain the final performance on Tiny-Domainbed by averaging across only
the selected domains or shifts (identified as critical shifts in Sec. A.6.1) on the Resnet-18 backbone
and two TTA losses.
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——— Optimal Trajectory

(a) Gradient alignment (b) Helpful reset

Figure 7: Intuition for proposed approaches: (a) As the model reaches closer to minima, the individual
sample gradients start to be misaligned with gradients of previous samples [73-75]. We leverage
this misalignment to identify trainable layers. (b) While effective in moving in the direction of most
aligned gradients, the introduced criterion based on angular deviation could prevent adaptation when
a direction change is needed, even if the following updates (or gradients) are aligned. A reset of
the past horizon (i.e., gradients of previous samples) considered in the alignment condition can help
resolve such situations.

Evaluation Metrics. We will explain the various metrics employed to compare different block or
layer selection methods, as used in Table 3:

* TTA Accuracy: We abbreviate it as TTA acc. It refers to the accuracy of testing samples from the
target domain observed during adaptation. This metric follows the same evaluation protocol as in
Tables 1 and 2 to generate the TTA results, providing insight into the performance of different layer
selection approaches at test time.

* Generalization: It measures the accuracy on the held-out split of the target domain after the model
has completed adaptation on all the samples from the same target domain. This metric indicates
how each layer selection method aids in adapting the model to the target domain.

* Forgetting: This metric quantifies the drop in accuracy on the held-out split of source domains
after the pretrained model has adapted to all samples of the target domain, which differs from the
source domains on which the pretrained model was initially trained. This metric helps us assess the
degree of forgetting of source features due to various layer selection methods.

* Rank Correlation: In this metric, we measure the Spearman correlation of layer selection ranks
between the oracle and proposed layer selection methods. Oracle TTA performance, as depicted in
Figure 6, ranks the four blocks for each configuration. Similarly, different layer selection methods
adapt a layer with a specific frequency during TTA, resulting in a ranking of the four blocks. We
evaluate the relationship between these two ranking methods using Spearman rank correlation.
This correlation provides insight into how well the proposed layer selection methods’ ranking of
layers aligns with the oracle ranking on Tiny-Domainbed.

A.6.4 Hyperparameters and Model Selection

We follow the model selection and hyperparameter tuning protocol for pretrained models and TTA
approaches as described in Iwasawa and Matsuo [5] and is described in detail Sec. A.4.3. We consider
only the Resnet-18 backbone with the batch normalization layers for ease of analysis. We consider
two TTA losses: pseudolabelling and SHOT. We use Block granularity-based layer selection and
report results for a single seed for easy analysis. Please note that although we perform block-based
layer selection in Tiny-Domainbed, we interchangeably refer to block selection or layer selection in
this section.

Layer Selection Methods. In Tab. 2, we compare the GALA method with the following oracle
(Best Block and Worst Block) and baseline methods (All Blocks and Random Block):

» All Blocks: This is analogous to the All Layers baseline in Tables 1 and 2, where all blocks of the
model are adapted at each adaptation step.

* Random Block: During each adaptation step for a given sample, a block is chosen at random and
adapted accordingly.
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Algorithm 1 Gradient-Aligned Layer Adaptation (GALA)

1: Initialization: Pretrained model: fy, (), Anchor model parameters: Gancnor = 6o, Adaptation
method: TTA, Window size: s, Mask threshold: A
Input for step i: Sample x;, anchor ,,chor and current model 6; ¢
u; = TTA(.’L‘i, (9,‘_1)
for each layer [ do
TDi—l,l = ei—l,l - eanchor,l
uig-(ui i +TD;i_1)
[ug fl2 [[ui,i+TD; 112

{1 if cos(aiy) > A

AN AN

cos(ay ) = |

7: mg =

0 otherwise

8 By =0i_1;+muy

9: end for

10: r=|(i—1)/s]

11: if i == r * s then

12: Oanchor = 0;

13: end if

14: Output at step i: Prediction fy, (x;), Updated model fp,

* Best Block: In this oracle layer selection method, the best-performing block for each shift and loss
function, as identified in Figure 6, is adapted for all adaptation steps of the model.

* Worst Block: This oracle method adapts the worst-performing block for each shift and loss
function, as identified in Figure 6, for all adaptation steps of the model.

A.7 Discussion on GALA

Intuition for proposed approaches is given in Fig. 7.

A.7.1 Pseudocode
A pseudocode of GALA is given in Algorithm 1.

A.7.2 TImplementation details of GALA

GALA has two hyperparameters, namely window size and mask threshold. In Appendix A.2, we
show that GALA is not overly sensitive to its hyperparameters and, therefore, use a fixed value
(window size = 20 and mask threshold=0.75) across all setups when comparing with the baselines.
Total displacement computed over the initial few samples may be unreliable, which can result in
incorrect layers selected for adaptation. We address this by scaling the masked updates for an initial
few samples in the reset window. One could also use an earlier anchor model from the previous reset
window, but scaling the mask for a few initial minibatches seems to suffice.

Based on Appendix A.2, we note that GALA performs the best when the pretrained model is adapted
only with the best single layer identified by GALA (the one with the largest cosine distance above
the selection threshold) but not with multiple or the top k-best layers identified by GALA (i.e.,
layers whose cosine distance is larger than the selection threshold). Therefore, we use GALA with
Single-layer partitioning across all setups when comparing with the baselines. An important point
to note is that GALA adapts all the layers for the first sample in a reset window. It adapts the
most gradient-aligned layer per sample for all the other samples. (However, in the Tiny-Domainbed
benchmark, we use Single-block partitioning since the analysis is performed at Block granularity.)

Since GALA performs the best with Single-layer partitioning instead of Multi-layer partitioning, it
implies that GALA can often identify a good layer to adapt but may not identify all the top k-best
layers to adapt above the selection threshold. This can be viewed as one of the limitations of GALA
and can potentially be a fruitful research direction for future works. We note that one can address this
limitation by tuning the hyperparameters of GALA (especially mask threshold) in each setup, similar
to the recommendation made by Zhao et al. [12]. However, we avoid any hyperparameter tuning of
GALA in the paper and show that adapting the model with the best single-layer identified by GALA
can outperform existing baselines.
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A.7.3 Relationship between GALA and Eq. 7
For notational simplicity, we rewrite the following terms

* u = u,, the current sample’s update for layer [.

* u = ||ul|2, the magnitude of the current sample’s update.

* T = TD;_, 4, the total displacement undergone in previous steps by layer [.

* T = ||T||2, the magnitude of the total displacement. This is the magnitude used in Sec. A.2 and
Sec. A.7.4.

* = (3, is the angle between u and T.

* cos(f) is the alignment of u with T. This is the alignment used in Sec. A.2 and Sec. A.7.4. We
also interchangeably refer to it as direction since [ is the angle u makes with T.

* a = oy is the angle between u and u + T.

* cos(«) is the proposed criterion of GALA. In Sec. A.2 and Sec. A.7.4, we note that the proposed
cosine distance criterion effectively balances magnitude and alignment.

Based on the above definitions, the alignment is given by

u-T
= 8
cos(f) = —= ®)
Let us begin by expanding the numerator of Eq. 4,
u-(T+nu)
cos(a) = ———= 9
=Tl ©
u-T+u-u
_ 10
ul[ T+ ull o
_ uT cos(B) + u? (11
u|| T + ull;
_ Tcos(B)+u (12)
I'T + ul|

If 8 is acute, then we can see that using the Pythagorean theorem, we get [|T + ulls =

V(T + ucos(B))? + (usin(B3))2. One can show that this also holds for obtuse /3, in which case
ucos(f) is negative. Substituting this in the equation above, we get our Eq. 7 as

T cos(B) + u '
\/(T +ucos(B))? + (usin(B))?

cos(a) = (13)

A.7.4 Alignment vs Magnitude in GALA

In this section, we will try to expand on the discussion of Sec. 5 to understand better how the proposed
cosine distance criterion depends on the magnitude and the alignment of the current sample’s update
with respect to the total displacement made so far.

From Eq. 7, it is clear that computing the proposed cosine distance criterion for a given layer only
involves T', u, and the angle 5. This means that even though the layers may have a considerable
number of parameters, we can always draw a diagram like the ones in Fig. 8§ to represent the situation
and compare the updates for performing layer selection.

To better understand the interaction between magnitude and alignment towards cosine metric, we
consider an example where we have two layers, layer 1 and layer 2, and their corresponding total
displacement has the same norm 7'. We consider an update u; for layer 1 and an update uy for layer
2 with: u; < ug. While the update for layer 2 has a larger magnitude, the update u; of layer 1 is
more aligned with its displacement (8; < (2). We observe that two scenarios can arise depending on
the magnitude of the total displacement:

* Scenario 1 of large 7": In this scenario, Cosine distance significantly depends on the alignment of
the current sample and is less impacted by its magnitude. This scenario is more likely for most of

20



Small displacement (T") Large displacement (T)

Layer 1

Layer 2

Figure 8: Effect of magnitude of u on cosine distance criterion. Consider two vectors such that u; is
smaller than us but is better aligned with its displacement. The rows illustrate the layers, and the
columns denote the two scenarios. The vectors are shown in green if the cosine distance selects the
layer, or else shown in red. Left: In scenario 2 of small displacements (T"), the update’s magnitude
can dominate the criterion, and GALA selects u;. Right In scenario 1 of large displacements (1),
alignment becomes crucial, and GALA selects us.

the samples during TTA. This can also be viewed similarly to performing an exploit strategy in a
given update direction, i.e., after having seen a certain number of samples, we allow adaptation of a
layer if the gradients for new updates are well aligned with the previously seen updates.

* Scenario 2 of small 7": In this scenario, Cosine distance significantly depends on the magnitude
of the current sample and is less impacted by its alignment with the total displacement. This can
occur for the very first samples in a few cases or if the gradients on a layer for a particular sample
are much larger than usual. Similarly, we can view it as performing a form of pure exploration
strategy over the update directions.

Fig. 4 (left) and Fig. 8 visualize the two scenarios for the above example.

A.8 Discussion

In this paper, we introduce Gradient Aligned Layer Adaptation (GALA), a novel layer selection
framework explicitly designed for Test Time Adaptation (TTA). Our comprehensive study reveals
that layers in neural networks exhibit varying receptiveness to adaptation, and the optimal set of
layers for adaptation depends on both the specific distribution shift and the loss function employed
during inference. Building on these insights, we propose GALA, a dynamic layer selection criterion
that ranks layers based on gradient alignment, effectively mitigating overfitting and performance
degradation. Extensive experiments across diverse datasets, model architectures, and TTA losses
demonstrate GALA’s superior performance compared to existing methods, including standard ERM,
all-layers adaptation, and other layer selection baselines.

The simplicity and versatility of GALA enable seamless integration with existing TTA loss functions,
making it a valuable tool for enhancing the adaptability and reliability of deep learning models in
real-world applications. Beyond its immediate impact on TTA, our work opens up new avenues
for future research in areas where regularization is crucial for learning stability, selective parameter
updates could be beneficial, or gradient-aligned feature learning might offer additional advantages.
GALA not only advances the field of TTA but also contributes to the broader goal of developing
more robust and adaptive Al systems.
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