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ABSTRACT

Test-time adaptation (TTA) has emerged as a new paradigm for reconciling dis-
tribution shifts across domains without accessing source data. However, existing
TTA methods mainly concentrate on uni-modal tasks, overlooking the complexity
of multi-modal scenarios. In this paper, we delve into the multi-modal test-time
adaptation and reveal a new challenge named reliability bias. Different from the
definition of traditional distribution shifts, reliability bias refers to the informa-
tion discrepancies across different modalities derived from intra-modal distribu-
tion shifts. To solve the challenge, we propose a novel method, dubbed REli-
able fusion and robust ADaptation (READ). On the one hand, unlike the existing
TTA paradigm that mainly repurposes the normalization layers, READ employs a
new paradigm that modulates the attention between modalities in a self-adaptive
way, supporting reliable fusion against reliability bias. On the other hand, READ
adopts a novel objective function for robust multi-modal adaptation, where the
contributions of confident predictions could be amplified and the negative impacts
of noisy predictions could be mitigated. Moreover, we introduce two new bench-
marks to facilitate comprehensive evaluations of multi-modal TTA under reliabil-
ity bias. Extensive experiments on the benchmarks verify the effectiveness of our
method against multi-modal reliability bias. The code and benchmarks are avail-
ableat https://github.com/XLearning—SCU/2024-ICLR-READ.

1 INTRODUCTION

Multi-modal pre-trained models (Radford et al., 2021; Girdhar et al., 2023; Li et al., 2023; Lin et al.,
2024) have shown great potential in various applications, being research focuses in both academic
and industrial communities. After acquiring common knowledge from the source domain, pre-
trained models could be customized into specific tasks through the attention mechanism (Vaswani
et al., 2017; Gong et al., 2023) that integrates knowledge from different modalities in the target
domain. Although such a paradigm has achieved promising performance, its success heavily relies
on the identical distribution between the source domain and target/test domain (Chen et al., 2023).
However, as shown in Fig. 1(a), it is daunting to meet such a mild assumption, especially in open-
world scenarios with unpredictable factors such as the changing weather (e.g. fog) and degenerated
sensors (e.g. defocus) would lead to the distribution shifts (Hendrycks & Dietterich, 2019).

Toward achieving robustness against distribution shifts, numerous test-time adaptation (TTA) meth-
ods have been proposed (Wang et al., 2021; Yu et al., 2023a; Niu et al., 2022). Most of them work
by updating parameters of normalization layers in the source model (Ioffe & Szegedy, 2015; Ba
et al., 2016), hoping to bridge the gaps between domains (Schneider et al., 2020; Zhang et al., 2022;
Nado et al., 2020; Hu et al., 2021; Iwasawa & Matsuo, 2021). To this end, they usually minimize
the entropy-based objective on the model predictions of unlabeled test samples. Despite the signif-
icant success, almost all existing TTA methods are devoted to handling distribution shifts between
domains while ignoring specific challenges in multi-modal learning scenarios. Specifically, once
some modalities are contaminated with distribution shifts, the information discrepancies between
modalities would be enlarged, leading to reliability bias across modalities. For example, as shown
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Figure 1: Our observations. (a) Distribution shift: some sensors of autonomous vehicles might
encounter different situations in the wild, leading to domain shifts in certain modalities. (b) Multi-
modal reliability bias: due to the distribution shifts, some corrupted modalities will lose the task-
specific information and suffer from reliability bias during cross-modal fusion compared to the un-
corrupted counterparts. (c) Performance degradation: the video modality contaminated with relia-
bility bias (Video-C) has poor recognization accuracy compared to the audio modality. Both vanilla
attention-based fusion (AF) and late fusion (LF) manner give inaccurate predictions compared to
the single-modality ones. Instead, the proposed self-adaptive attention-based fusion (SAF) could
achieve reliable fusion thus guaranteeing the performance gain in multi-modal scenarios. (d) Unsta-
ble entropy: once the more informative modalities are corrupted (e.g. video for action recognition),
it would be challenged to give accurate predictions. Consequently, the entropy of multi-modal pre-
dictions would be unstable. In other words, the ratio of confident predictions would decrease while
the noise might dominate the predictions. All results in the figures are from experiments conducted
on a subset of the Kinetics dataset (Kay et al., 2017) with foggy corruption in the video modality.

in Fig. 1(b), when an autonomous vehicle equipped with camera and audio sensors drives into a
foggy highway or noisy crossroad, either the visual or audio modalities would be corrupted. As a
result, the reliability balance across the modalities will be destroyed, and the performance of the
model would heavily degrade if each modality is equally treated as depicted in Fig. 1(c). Although
some studies (Zhang et al., 2023; Peng et al., 2022) have been conducted toward imbalanced multi-
modal learning, they mainly focus on altering the training process with the labeled samples in the
source domain, rather than adapting biased modalities during the test time.

Based on the above observations, in this paper, we reveal a new problem for multi-modal test-time
adaptation, i.e., reliability bias. Different from the distribution shifts between domains, reliability
bias refers to the information discrepancies across different modalities derived from the intra-modal
distribution shifts. It should be pointed out that it is intractable to conquer the reliability bias problem
using the existing TTA methods (Niu et al., 2023; Shin et al., 2022) due to the following reasons.
First, it is impossible to completely reconcile the distribution shifts through updating the parameters
of normalization layers. As a result, it is inevitable to introduce reliability bias across modalities.
Second, as shown in Fig. 1(d), in the multi-modal scenarios, once the representative modality is
corrupted, noisy predictions would dominate the adaptation process. As a result, simply minimizing
the entropy on all predictions or only confident predictions might either lead to model overfitting or
underfitting on the test data. To support our claims, we provide some empirical results in Section 4.2
and Fig. 3.

To achieve reliability-bias robust multi-modal TTA, we propose a novel method, dubbed REliable
fusion And robust ADaptation (READ). READ handles the reliability bias challenge by resorting to
the following two-fold modules. On the one hand, instead of reconciling the intra-modality distri-
bution shifts through repurposing normalization layers, we propose modulating the attention-based
fusion layers in a self-adaptive manner for reliable cross-modal fusion during test time. On the other
hand, we design a novel objective function for robust multi-modal adaptation. In short, the objec-
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tive function can not only amplify the contributions of confident predictions but also prevent noisy
predictions from dominating the adaptation process.

The major contributions and novelties of this work could be summarized as follows:

1. We reveal a new challenge for multi-modal test-time adaptation, i.e., reliability bias. In
a word, reliability bias refers to the information discrepancies across different modalities,
derived from the distribution shifts between domains.

2. To enjoy robustness against reliability bias, we propose a novel method named READ.
Unlike most existing TTA methods that reconcile the distribution shifts by repurposing the
normalization layers, READ achieves reliable fusion and robust adaptation by modulating
the attention-based fusion layers in a self-adaptive manner under the support of a novel
objective function.

3. We provide two benchmarks (multi-modal action recognition and event classification) for
multi-modal TTA with reliability bias. Extensive experiments on the benchmarks not only
verify the effectiveness of our method but also give some observations for the community.

2 RELATED WORK

In this section, we briefly review some related topics to this work, i.e., test-time adaptation, and
imbalanced multi-modal learning.

2.1 TEST-TIME ADAPTATION

Test-time adaptation aims at bridging the gaps between source and target domains during test time
without accessing the source data. Toward this goal, some test-time training methods (Liu et al.,
2021; Sun et al., 2020) have been proposed, which additionally add a self-supervised task in the
training process. As a result, the source model could be adapted by performing the self-supervised
task on test samples. Such a paradigm needs to alter the training process and might be limited in
the pre-trained model era. To remedy this, the fully test-time adaptation paradigm has emerged
and plenty of methods have been proposed in recent years, which could be roughly divided into the
following categories. i) online TTA methods (Wang et al., 2021; Gao et al., 2023), which updates
the specific model parameters (always the normalization layers) with the coming test samples by
resorting to some unsupervised objectives such as entropy minimization on predictions. ii) robust
TTA methods (Niu et al., 2023; Zhou et al., 2023), which considers some challenging and practical
adaptation settings such as label shifts, single sample, mixed domain shifts, etc. iii) Continual TTA
methods (Gan et al., 2023; Wang et al., 2022) which aims to solve the continual and changing shifts
along test time. iv) TTA beyond recognition (Shin et al., 2022; Lee et al., 2023), which focuses on
applications beyond image classification such as multi-modal segmentation, pose estimation.

In this paper, we focus on online TTA and aim to achieve multi-modal test-time adaptation against
modality reliability bias. Among the existing TTA studies, MM-TTA (Shin et al., 2022) might be
most relevant to our work, while having the following main differences. i) Problem/motivation dif-
ferences. MM-TTA focuses on reconciling the distribution shifts between domains for 2D-3D joint
segmentation tasks. In contrast, this work aims to handle the modality reliability bias challenge
overlooked by the existing studies and validate the necessity and effectiveness in multi-modal sce-
narios including audio-video event classification, and action recognition. ii) Approach/paradigm
differences. MM-TTA achieves adaptation by updating the normalization layer like most existing
TTA methods, while this work proposes modulating the attention-based fusion layers in a self-
adaptive way. iii) Objective function differences. MM-TTA adopts a noise-filter cross-entropy loss
whose pseudo labels are selected based on a set of slow-fast models. In contrast, we design a novel
confidence-aware objective function, which would not only benefit the model optimization by ex-
ploiting the confident predictions but also hinder the model from overfitting noise.

2.2 IMBALANCED MULTI-MODAL LEARNING

Multi-modal learning has emerged as a promising avenue for understanding the world, encompass-
ing various tasks such as recognition, clustering, and retrieval across diverse views, media, or do-
mains (Lin et al., 2021; Yang et al., 2022; 2021). Some recent studies have found that multi-modal
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Figure 2: The pipeline of our method (READ). On the adaptation process, biased modality (e.g.
corrupted video) and unbiased modality (e.g. clean audio) are input into two modality-specific
encoders, and the output embeddings are concatenated at token-level for fusion. During the cross-
modal fusion, the attention is calculated between the token embeddings in a self-adaptive manner
and severed as the reliability for fusion. After that, the multi-modal predictions are obtained by the
classifier with the fused embeddings. The confidence-aware loss will amplify the contributions of
the high-confident predictions (p > <) by increasing the gradients and alleviate the influence of
low-confident predictions (p < <) by reversing the gradients. Both the amplification and alleviation
effects are proportional to the confidences of predictions.

learning might not achieve better performance compared to the single-modal counterparts (Peng
et al., 2022; Wang et al., 2020; Fan et al., 2023; Du et al., 2021; Wei et al., 2022). The essence
behind the problem could be boiled down to the discrepancy/imbalance between modalities. Wang
et al. (2020) observes that different modalities have various convergence rates. Motivated by the
observation, Peng et al. (2022) makes deep analysis and finds that some modalities embrace more
task-specific information under certain scenarios, e.g., audio for multi-modal sound localization. As
a result, the more informative modalities might dominate the learning process, thus hindering the
fitting of other modalities if each modality is equally during the optimization. Toward guarantee-
ing the performance gain of multi-modality learning, some works have delved into learning with
imbalanced multi-modal data. Wang et al. (2020) uses auxiliary networks to penalize the modali-
ties by considering their overfitting behaviors, leading to a better fusion between modalities. Peng
et al. (2022) designs a gradient-modulation strategy that adaptively adjusts the gradients for differ-
ent modalities according to their contributions to the network optimization. From the perspective of
uncertainty learning, Zhang et al. (2023) proposes a robust multimodal fusion method with theoret-
ical guarantees, which estimates the certainty of each modality and accordingly achieves weighty
cross-modal fusion.

In this paper, we focus on the test-time reliable fusion across modalities, and the setting is signifi-
cantly different from the existing imbalanced multi-modal learning studies. Specifically, the existing
studies focus on learning with unbalanced modalities under the labeled source domain, while this
work aims to adapt the source model with unlabeled multi-modal test pairs during test time.

3 METHOD: RELIABLE FUSION AND ROBUST ADAPTATION

In this section, we elaborate on the proposed method dubbed reliable fusion and robust adaptation
(READ) for multi-modal test-time adaptation against reliability bias. As shown in Fig. 2, READ
consists of the self-adaptive attention module to achieve reliable fusion across different modali-
ties, and the confidence-aware loss function for robust test-time adaptation. In the following, we
first present the used notations and definition of the multi-modal reliability bias problem in Sec-
tion 3.1, then introduce the self-adaptive attention module in Section 3.2, and finally elaborate on
the confidence-aware loss function in Section 3.3.

3.1 NOTATIONS AND PROBLEM FORMULATION

Without loss of generality, we take two modalities as a showcase for clarity of presentation. For
clarity, we use Fg_ = { Jea, fov, fom, Co, } to denote the source model that trained on the labeled
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training set {s¢,s?, y; }*,, where foea and fg. are the specific Transformer encoders for modality a
and v, f@? and Cg, are the multi-modal fusion layer and the following classifier, and s? consists of

tokens {s; jTil (h € {a,v}) . During training, the source model Fig_ would (over)fit the distribution
of training data, i.e., P(s). As aresult, in the inference/testing stage, the performance of Fig, would
heavily degrade once the distribution shifts emerge due to weather changes, sensor degeneration, etc.
In other words, P(s) # P(x) where x are the unlabeled test multi-modal data. Test-time adaptation
(TTA) (Yu et al., 2023a; Wang et al., 2021) aims to quickly reconcile the shifts for coming test
samples through online updating the parameter of F' from O, to © during test-time. To this end,
most of them minimize the objective function below:

min £"(p), (1)

e

where £ is the loss function, © C O denotes the learnable parameters (usually BN or LN) of
the adapted model Fg, p is the predictions of Fg for test-time multi-modal pairs (x%,x"), ie.,
p = Co, (fom (z%,2")) where 2% = fga (x*) and z¥ = fov (x¥). Under the unlabeled setting,
most TTA methods usually use the entropy minimization objective as £ or design another variants.

Although existing TTA methods have achieved great success, most of them focus on single-modality
tasks and cannot handle the reliability bias problem in multi-modal scenarios. Concretely, in the
wild, the corrupted modalities will lose some task-specific information compared to the other clean
ones as discussed in Introduction. As a result, the clean modalities will be more reliable than the
corrupted ones during the cross-modal fusion, i.e., the modality reliability bias. In Experiment, we
empirically validate that the reliability bias problem would significantly degrade the performance of
existing TTA methods. Therefore, our goal becomes achieving cross-modal fusion on the reliability
biased modalities and performing robust test-time adaptation.

3.2 RELIABLE FUSION

To fuse the information across modalities, one widely-used solution is the late-fusion-based man-
ner (Peng et al., 2022; Zhang et al., 2023). Mathematically, given the test-time embeddings (z%, z"),
the multi-modal predictions plf obtained via late fusion could be formulated as follows,

p" = (C§ (mean(z*)) + C§ (mean(z"))) /2, 2

where mean denotes the token-wise mean operation, and Cg and C'g are two modality-specific
classifiers. Clearly, the late fusion manner equally treats each modality whether they are reliable or
not, being sensitive to the reliability bias problem as depicted in Fig. 4.

As a remedy, we propose the self-adaptive attention module to dynamically integrate information
from different modalities. Specifically, the modality-specific embeddings z* and z" are first con-
catenated at token-level, then projected into the query, key, and value matrixes. More formally,

Q = Wee ([2%;2"]) + Bee,
K = Wex ([z%;2"]) + Bex, 3)
V = Wegv ([2%;2"]) + Bev,

where Wgr and Bgnr (h € {Q, K,V}) are the projector and bias term inherited from the source

model and updated during the test time, and [-; -] denote the token-level concatenate operation. After
that, the attention map could be calculated as follows,
KT
A = Softmax (Q ) , 4)
Vd

where the cell of A, denote the similarity value between the r-th token and ¢-token from z" (h €
{a,v}), and d is the latent dimension of the tokens.

Note that, the vanilla attention mechanism (Vaswani et al., 2017; Gong et al., 2023) usually keeps the
parameters inherited from the source model, and performs information integration across modali-
ties. Apparently, the distribution shift between training and test-time data might hinder the similarity
estimation between tokens. As a result, reliable fusion on biased modalities cannot be guaranteed.
Instead, we hope that the model could focus more on the unbiased modalities and avoid the interop-
eration from the bias. To this end, we propose repurposing the cross-modal attention-based fusion
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layers in a self-adaptive way. In other words, the parameters of Wgr and Bgr (h € {Q, K,V})
would be updated in order to adapt the test-time distribution. Thanks to the attention modulation, the
model would focus more on the unbiased modalities, leading to reliable cross-modal fusion during
test time. We empirically verify the above claims in Fig. 3.

Finally, the predictions obtained through our self-adaptive attention-based fusion layer could be
formulated as below,

p* = Co, (mean (AV)). (5)

3.3 ROBUST ADAPTATION

After cross-modal fusion on modalities with reliability bias, the challenge becomes achieving robust
adaptation against the distribution shifts in multi-modal scenarios. One feasible solution is adopting
the widely-used entropy minimization objective on either all predictions (Wang et al., 2021) or only
some high-confident ones (Niu et al., 2023). However, as discussed in Introduction, once some
informative modalities (e.g., visual modality for action recognition task) are corrupted, the overall
task-specific information would greatly reduce. As a result, the accuracy of the predictions from the
source model might decrease. At this time, either the vanilla entropy minimization objective or the
noise-filter one would overfit the noisy predictions or underfit clean predictions, leading to degraded
adaptation effects as verified in Fig. 1(d) and Tables 1-3.

As a remedy, we propose a novel confidence-aware loss function for robust adaptation. Formally,
given a mini-batch test predictions of size B, the loss function is designed as below:

B
1 ey
== log [ — 6
Lrq B ;lez og(pi>, (6)

where p; is confidence of the prediction p§*, i.e., p; = max (6 (p;*')), ¢ is the softmax operation
and ~ is a threshold for confident prediction division fixed as a constant in all our experiments. In
the following, we mathematically show that why the loss function could achieve robust adaptation.
To begin with, we first plot the loss performance curve for clarity. As shown in Fig. 2, the loss

embraces the following merits.

Remark 1. L., will reduce non-monotonously for different predictions. Consequently, the high-
confident predictions (p; > -y, possible clean) will contribute to optimization while the influence of
low-confident predictions (p; < -y, possible noisy) will be eliminated. Meanwhile, contributions of
the high-confident predictions will be amplified with the increasing confidences, while the negative
impacts of the low-confidence ones will be reduced with the decreasing confidences.

The above properties of our loss could be supported by the following Theorems.
Theorem 1. The gradient direction produced by L., is non-monotonous.

Theorem 2. The gradient value will rise with increasing p; i.f.f- p; € (v,1) or decreasing p; i.f.f.
pi € (077)

Due to the space limitation, we remove the according proofs into the Appendix. Thanks to the
favorable properties of L,.,, the robust adaptation could be achieved. On the one hand, the model
would not overfit the low-confident predictions, thus preventing the noise from dominating the adap-
tation process. On the other hand, the model will focus more on the high-confident predictions, thus
benefiting the optimization.

Combining both the self-adaptive attention module and the confidence-aware loss function together,
we could obtain the final objective function for multi-modal test-time adaptation as follows,

min £(z;), (7)
5

where © = {09,0K 0V} C O, L = L4 + Ly, and Lpy = Zszlé (c*)log 6 (c*) is an

negative entropy loss term to make the prediction balance following Yu et al. (2023b); Zhou et al.

(2023) where ¢* = S°7 | § (psf) and K is the class number.
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Table 1: Comparisons with SOTA methods on Kinetics50-C benchmark with corrupted video
modality (severity level 5) regarding the accuracy (%) metric. “Stat.” and “Dyn.” are the abbre-
viation of “Statical” and “Dynamic”, while “LN”, “LF”, “AF” and “SAF” denotes the layer normal-
ization, late fusion, attention-based fusion, and self-adaptive attention-based fusion, respectively.
The results are the mean values among 5 random seeds, and the best results are highlighted in bold.

Noise Blur Weather Digital
Methods ‘Gauss. Shot Impul.‘Deﬂyc. Glass Mot. Z(yom‘Snow Frost Fog Brit.‘Comr. Elas. Pix. JPEG‘Avg.
Source ((Stat. LN) & LF)| 31.8 33.4 31.7 | 64.0 54.3 67.5 61.9 |50.9 54.8 38.472.3| 44.0 60.2 61.7 56.4 |52.2
© MM-TTA (Dyn. LN) | 46.2 46.6 46.1 | 58.8 557 62.6 58.7 |52.6 54.4 48.569.1| 49.3 57.6 56.4 54.6|54.5
o Tent (Dyn. LN) 28.6 29.8 283 | 634 51.1 67.7 61.7 |46.5 51.3 24.572.3| 38.6 60.7 61.8 54.9 |49.4
o EATA (Dyn. LN) 31.8 333 31.6 | 642 54.6 67.7 62.2 |51.3 54.7 38.172.5| 44.2 60.4 62.0 57.0 |52.4
© SAR (Dyn. LN) 319 333 31.7 | 63.8 54.0 67.7 61.8 |50.7 54.5 38.872.3| 44.0 60.3 62.0 56.5 |52.2
© READ (Dyn. LN) 34.0 345 33.8 | 653 57.7 68.7 649 56.1 57.541.173.2| 48.7 62.9 64.6 59.2 |54.8
Source (Stat. (LN&AF)) | 46.8 48.0 46.9 | 67.5 62.2 70.8 66.7 |61.6 60.3 46.775.2| 52.1 65.7 66.5 61.9|59.9
o Tent (Dyn. LN) 46.3 47.0 463 | 67.2 62.5 71.0 67.6 |63.1 61.1 34.975.4| 51.6 66.8 67.2 62.7|59.4
® EATA (Dyn. LN) 46.8 47.6 47.1 | 672 62.7 70.6 67.2 623 60.9 46.775.2| 52.4 65.9 66.8 62.5|60.1
© SAR (Dyn. LN) 46.7 474 468 | 67.0 61.9 704 66.4 |61.8 60.6 46.075.2| 52.1 65.7 66.4 62.0|59.8
* READ (SAF) 494 49.7 49.0 | 68.0 65.1 71.2 69.0 64.5 64.4 57.475.5| 53.6 68.3 68.0 65.1|62.5

4 EXPERIMENTS

In this section, we evaluate the proposed READ on the audio-visual joint action recognition and
event classification tasks under multi-modal TTA with reliability bias. The organization of this
section is as follows. In Section 4.1, we present the experiment settings including benchmark con-
struction and implementation details. In Section 4.2, we compare READ with the state-of-the-art
(SOTA) TTA methods under different settings, revealing some observations. In Section 4.3, we per-
form ablation studies and analytic experiments to give a comprehensive understanding on READ.

4.1 EXPERIMENT SETTINGS

To facilitate the investigation of multi-modal TTA with reliability bias, we construct two benchmarks
based on the widely-used multi-modal datasets Kinetics (Kay et al., 2017) and VGGSound (Chen
et al., 2020). For comprehensive studies, following Hendrycks & Dietterich (2019), we introduce
15 types of corruptions for the video modality and 6 for the audio modality. Each type of corrup-
tion has five levels of severity. As a result, we obtain Kinetics50-C and VGGSound-C benchmarks
with either corrupted audio or corrupted video modalities. READ is a general framework that could
endow most existing visual-audio pre-trained models with robustness against reliability bias. With-
out loss of generality, we choose the SOTA CAV-MAE (Gong et al., 2023) model pre-trained on
web-scale audio-visual data as the backbone and fine-tune it on the training sets of Kinetics50 and
VGGSound dataset, obtaining the corresponding source models. In other words, the training sets of
Kinetics50 and VGGSound are the source domains while Kinetics50-C and VGGSound-C are the
target domains. During the test-time adaptation phase, READ conducts online updates on specific
parameters of the source models using the Adam optimizer. This process utilizes an initial learning
rate of 0.0001 for every mini-batch of size 64 within a single epoch. The confidence threshold ~y in
Eq. 6 is fixed as e ! for all settings. All evaluations are run on Ubuntu 20.04 platform with NVIDIA
3090 GPUs. Due to the space limitation, we remove more details into Appendixes B and C.

4.2 COMPARISONS WITH STATE-OF-THE-ARTS

We compare READ with four SOTA TTA methods including Tent (Wang et al., 2021), MMT (Shin
etal.,2022), EATA (Niu et al., 2022), and SAR (Niu et al., 2023) under different settings. The results
are presented in Tables 1-3 and 10-12 wherein the two blocks denote the source model trained with
late fusion (Eq. 2) and attention-based fusion, respectively. From the results, one could have the
following observations and conclusions.

* TTA methods using late fusion are most sensitive to the reliability bias, which could be
attributed to the equal treatments on each modality. MM-TTA with a carefully-designed
pseudo label generation strategy for late fusion cannot always achieve robustness, espe-
cially when the representative modality is biased (e.g., audio for VGGSound).

* The attention-based fusion can improve the robustness against reliability bias compared to
late fusion. However, TTA methods using vanilla attention-based fusion can only achieve
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Figure 3: Reliable fusion with respect to attention values. In the figure, “Tent” and “AF” denote
the variants of adopting vanilla attention-based fusion with and without parameter updating of LN,
respectively. “Attention X-Y” (X, Y € {A, V}) indicates the configuration where query and key
correspond to the tokens of modality X and modality Y in Eq. 4, respectively.

Table 2: Comparisons with SOTA methods on Kinetics50-C (left part) and VGGSound-C (right
part) benchmarks with corrupted audio modality (severity level 5).

Noise Weather Noise Weather
Methods ‘Gauss. Traff. Crowd,‘Rain Thund. Wind‘Avg. ‘Gaus& Traff. Crowd‘Rain Thund. Wind‘Avg.
Source ((Stat. LN) & LF)| 71.1 67.8 674 |674 70.6 68.6(68.8 |29.5 17.1 22.6 [17.3 33.7 20.6|23.5
e MM-TTA (Dyn. LN) | 70.8 69.2 68.5 [69.0 69.8 69.4(694 | 141 52 64 |69 86 45|76
o Tent (Dyn. LN) 71.1 68.6 67.8 (674 71.2 68.969.2 64 21 29 |19 95 3.1 |43
e EATA (Dyn. LN) 712 679 675 |67.8 709 68.7(69.0 | 288 17.1 224 (174 33.8 204|233
© SAR (Dyn. LN) 71.1 675 674 |674 70.6 68.6(68.8 | 285 166 224 (174 33.7 202|23.1
e READ (Dyn. LN) 713 685 685 [684 71.8 69.0(69.6 | 364 253 289 [27.3 35.6 26.6|30.0
Source (Stat. (LN&AF)) | 73.7 65.5 67.9 |70.3 67.9 70.3]69.3 | 37.0 255 16.8 [21.6 27.3 255|25.6
o Tent (Dyn. LN) 739 674 69.2 (704 66.5 70.5(69.6 106 2.6 1.8 |28 53 4.1 |45
o EATA (Dyn. LN) 737 66.1 685 |70.3 67.9 70.1(694 | 392 26.1 229 (260 31.7 304|294
© SAR (Dyn. LN) 737 654 682 1699 672 702(69.1 |374 95 110 [12.1 26.8 23.7|20.1
e READ (SAF) 741 69.0 69.7 |71.1 71.8 70.7|71.1 | 404 28.9 26.6 [30.9 36.7 30.6|32.4

negligible performance gains in some cases, implying that the reliability bias problem can-
not be simply addressed by adopting the widely-used TTA paradigm, i.e., updating the
parameters of normalization layers.

* The proposed confidence-aware loss could bring performance gain for both late fusion and
attention-based fusion. Applying the proposed SAF strategy with the loss could guarantee
noise-resistant thus learning reliable attention for fusion. In other words, our READ could
significantly improve the robustness against the cross-modal reliability bias.

Table 3: Comparisons with SOTA methods on VGGSound-C benchmark with corrupted video
modality (severity level 5) .

Noise Blur Weather Digital
Methods ‘Gauss. Shot Impul.‘Dcfoc. Glass Mot. Zoom‘Snow Frost Fog BriL‘Comr. Elas. Pix. JPEG‘Avg,
Source ((Stat. LN) & LF)| 37.7 36.5 37.8 | 52.7 51.3 552 53.7 |51.9 52.3 50.4 55.3| 45.2 52.5 51.7 52.3 |49.1
e MM-TTA (Dyn. LN) 7.1 73 7.3 | 448 41.5 48.0 45.5|27.4 23.5 30.546.9| 24.2 40.3 40.7 45.7 |32.0
o Tent (Dyn. LN) 76 6.8 72 | 531 521 555 54.5|52.6 32.7 16.055.9| 16.6 52.6 54.2 53.1|38.0
e EATA (Dyn. LN) 377 36.5 37.7| 532 523 56.0 54.4 |52.4 529 51.055.0/45.2 53.552.3 52.7 |49.5
© SAR (Dyn. LN) 377 36.4 37.7| 528 51.5 555 53.9|51.9 52.550.455.4| 44.8 52.7 51.8 52.3 |49.2
e READ (Dyn. LN) 42.1 415 42.1 | 493 50.9 53.5 52.5 50.6 52.1 51.154.0| 46.2 52.549.1 50.2 |49.2
Source (Stat. (LN&AF)) | 52.8 52.7 52.7 | 57.2 57.2 58.7 57.6 |56.4 56.6 55.658.9| 53.7 56.9 55.8 56.9 |56.0
o Tent (Dyn. LN) 527 527 527|567 56.5 579 572|559 56.3 56.358.4|54.0 57.4 56.2 56.7 |55.8
e EATA (Dyn. LN) 53.0 52.8 53.0 | 572 57.1 58.6 57.8 |56.3 56.8 56.4 59.0| 54.1 57.4 56.1 57.0 |56.2
© SAR (Dyn. LN) 529 528 529|572 57.1 58.6 57.6 |56.3 56.7 55.958.9| 54.0 57.0 56.0 57.0 |56.1
e READ (SAF) 53.6 53.6 53.5 | 57.9 57.7 59.4 58.8 57.2 57.8 55.059.9| 55.2 58.6 57.1 57.9 |56.9

4.3 ABLATION AND ANALYTIC STUDIES

In this section, all the experiments are performed under Kinetics50 datasets with either fog noise on
video or traffic noise on audio at severity level 5 unless otherwise stated.

Ablation studies. To verify the importance of each design, Table 4: Ablation studies on
we investigate the variants of the method in Table 4, where Kinetics50-C benckmark. Pink
one could have the following observations. First, Tent using denote the default setting.

SAF cannot always improve the robustness (e.g., 34.9 to 22.7),

. ; 8 ¢ 7 Variants Video-fog  Audio-traffic
which could be boiled down to the noise-dominant predictionS — Ten (Swt. LN) & SAF) 27 69.0
. s . H H : _ Ours ((Stat. LN) & AF) 50.9 67.4
in multi-modal TTA as depicted in Fig. 1(d). At that time, up-  oUHEE FOCSE 5 03
dating the parameters of the cross-attention might make model =~ Ours (Stat LN) & SAF) 574 69.0
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overfitting on noise. Second, the proposed loss could also improve the robustness of the existing
TTA paradigm that mainly updates the normalization layers (e.g.,34.9 to 50.9). Third, applying the
normalization layer updating mechanism to our SAF could slightly improve the performance (e.g.,
57.4 to 58.1). Note that, considering the efficiency, we maintain “(Stat. LN) & SAF” as our default
setting. Due to space limitation, more comprehensive results are moved to Appendix D.1.

vt [ — 0 —w  —aw o)

Superiority of Reliable Fusion at Test-time. As :
mentioned in Introduction, some imbalance modal- ” §
ity learning studies (Zhang et al., 2023) could alle-  » s\
viate the modality reliability problem by alerting the ;= ~ 1\ Snir
training process in the source domain. To verify the w \ |l
necessity of reliable fusion at test-time, we compare 5 \
our method with the recently proposed SOTA method R ————1—
(QMF (Zhang et al., 2023)) on all kinds of corruptions. (@ Video Comupion (6 Auio Comupion

In short, QMF could estimate the confidence of each

modality by adopting an elaborately designed training Figure 4: Comparisons between different
pipeline and such a paradigm could naturally applied to  fusion manners. In the figure, “LF”, “AF”,
handle reliability bias. As shown in Fig. 4, our method and “QMF” denote the variants of late fu-
could achieve robustness superiority against both audio sion, vanilla attention-based fusion, and
and video modalities compared to QMF, although the the training-time robust fusion of QMEF,
latter alters the training process in the source domain.  respectively.

Reliable Fusion across Different Situations. In this experiment, we further verify the claim in
Introduction that the reliability bias cannot be completely eliminated by simply updating the nor-
malization layers like existing TTA methods. From Fig. 3, one could observe that “Tent” would
perform slightly robust fusion effects compared to “AF”, which could be attributed to the narrowed
domain gap by repurposing the LN. In contrast, our method shows remarkable improvements in the
reliability estimation (attention value) on both video or audio bias situations with varying severities,
which verifies the necessity of self-adaptive attention-based fusion paradigm for multi-modal TTA.

Visualization on the Self-
adaptive Attention. The effec-
tiveness of our SAF module could
be verified from Fig. 5 with the
following observations. First,
adapting with clean/nearly-non-
shifted test data, our SAF could
maintain the importance between - hL

audio and video modalities (8.0 Figure 5: Visualization on the self-adaptive attention. The
v.s. 41.5). Note that, the video is  blocks of the top left and bottom right denote the self-attention
more informative for Kinetics50 between audio and videos, respectively. The blocks of the top
under the action recognition task. right and bottom left denote the cross-attention from audio to
Second, once the one modality is video and video to audio, respectively. The number upon the
corrupted, SAF could make the blocks denotes the mean of attention values across the adapta-

model focus more on another rather  tion process, which is amplified by 10, 000 times for clarity.
reliable modalities, e.g., from 8.0

to 10.5. Meanwhile, the clean modality will reduce its attention to the corrupted one while the
corrupted modality will increase the attention to the clean one, e.g., from 30.2 to 23.6 and 3.7 to
5.1. Due to space limitations, we place more results in Appendix D.7.

Clean

Video-Fog Audio-Traffic

Audio Video Audio Video

5 CONCLUSIONS

In this paper, we formally study the multi-modal test-time adaptation. By delving into the distri-
bution shifts in multi-modal scenarios, we reveal that the intra-modal distribution shifts will result
in the information discrepancies across modalities, i.e., the modality reliability bias challenge. To
address this challenge, READ adopts the self-adaptive attention module to achieve reliable fusion
across different modalities, and the confidence-aware loss function for robust adaptation. For com-
prehensive evaluations, we provide two new benchmarks with multi-modal reliability bias. In the
future, we plan to explore more specific problems for multi-modal TTA with reliability bias under
different applications and scenarios.
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APPENDIX

A PROOFS TO THEOREMS

In this section, we present detailed proofs for Theorems 1 and 2 in the main paper. Without loss of
generality, we omit the batch size and subscript of p;, and obtain the form of £,., = plog (evy/p).

Theorem 1. The gradient direction produced by L., is non-monotonous.
Proof 1. The gradient of L., w.r.t. p is in the form of
OLyra
op

Clearly, 0L, /0p > 0 iff. p <, and OLo/Op < 0 ififs ¥ < p, and OL.qa/Op = 0 ifif p = 7.
Therefore, -y is the stationary point of L, and L., is non-monotonous.

= log (7) — log (p). ®)

O
Theorem 2. The gradient value will rise with increasing p; i.f.f- p; € (v,1) or decreasing p; i.f.f.
pi € (077)
Proof 2. The second-order gradient L., w.r.t. p is in the form of
Ly _ 0755
1
=——<0.
p

Therefore, OLq/dp decreases monotonically for p € (0,1). Given that OL,/0p > 0ifp < v
and 0L, /0p < 0if v < p, |0Lq/0p| will rise either with increasing p; (p; € (v,1)) or with
decreasing p; (p; € (0,7)).

O

13
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B MORE DETAILS ABOUT THE BENCHMARKS

We construct two benchmarks for multi-modal TTA with reliability bias upon the VGGSound (Chen
et al., 2020) and Kinetics (Kay et al., 2017) datasets. The two datasets are widely used for multi-
modal event classification and action recognition. To be specific,

* VGGSound (Chen et al., 2020) is a large-scale video dataset that consists of 309 diverse
classes and contains a broad spectrum of everyday audio events. All videos within the
VGGSound dataset are “in the wild,” meaning that they were captured in real-world set-
tings, and the audio in the videos corresponds to the visual information, making the source
of sound visually apparent. In other words, the audio modality in the dataset will con-
tain more task-specific information for the event classification task, compared to the visual
modality. Each video in this dataset has a fixed duration of 10 seconds. Due to the changes
in video availability, we downloaded 14,046 evaluation videos and thus obtain 14,046
testing visual-audio pairs.

* Kinetics50 is a subset of Kinetics (Kay et al., 2017) dataset. Specifically, Kinetics is a
comprehensive collection of YouTube videos, covering a diverse set of 400 distinct human
action classes. Human actions depicted in these videos have been meticulously annotated
through manual efforts employing Mechanical Turk. Due to the characteristic of action
recognition, video modality in the dataset will contain more information compared to the
audio modality. Additionally, all videos have been trimmed to a standardized duration of
10 seconds, centered around the specific action, ensuring consistency and relevance in the
dataset. In our experiments, following Peng et al. (2022), we randomly select 50 classes
from the dataset, obtaining the subset of Kinetics, i.e., Kinetics50, with 29, 204 training
pairs and 2, 466 test pairs.

To comprehensively evaluate modality bias, we introduce different distribution shifts on the video
and audio modalities for the test sets of VGGSound (Chen et al., 2020) and Kinetics (Kay et al.,
2017) datasets. For the video corruptions, we follow Hendrycks & Dietterich (2019) to apply 15
kinds of corruptions into the video, and each corruption is with 5 kinds of severity levels for exten-
sive validations. Specifically, the corruptions on video modality include “Gaussian Noise”, “Shot
Noise”, “Impulse Noise”, “Defocus Blur”, “Glass Blur”, “Motion Blur”, “Zoom Blur”, “Snow”,
“Frost”, “Fog”, “Brightness”, “Elastic”, “Pixelate”, “Contrast”, and “JPEG”. Similar to the video
modality, we add 6 kinds of common audio noise' with 5 kind of severity levels captured in the wild.
Specifically, the corruptions on audio modality include “Gaussian Noise”, “Paris Traffic Noise”,
“Crowd Noise”, “Rainy Noise”, “Thunder Noise” and “Windy Noise”. The case of the 15 video
corruption types and 6 audio corruption types are visualized in Fig. 6 and Fig. 7 respectively. Fi-
nally, we obtain the corresponding corrupted benchmarks, named VGGSound-C and Kinetics50-C.

1 : /o mmaniind
https://freesound.org

14


https://freesound.org

Published as a conference paper at ICLR 2024

Gaussian Noise Shot Noise ~ Impulse Noise = Defocus Blur Glass Blur

Motion Blur Zoom Blur Snow Frost Fog

Contrast

Raw Audio

Figure 7: Mel spectrogram visualization of the raw audio and the corresponding audio corruption
types on the constructed Kinetics-C benchmark.
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C MORE DETAILS ABOUT THE BACKBONE

In the implementation, we use the CAV-MAE (Gong et al., 2023) model as the backbone. CAV-MAE
adopts an encoder-decoder-like architecture that is pre-trained on large-scale video data with both the
contrastive learning and mask image modeling paradigms. The CAV-MAE encoder consists of 11
Transformer layers dedicated to each modality for the modality-specific feature extraction, alongside
one Transformer layer for cross-modal fusion. The input to the CAV-MAE encoder involves 10-
second video clips containing both video and corresponding audio data. For the video stream, CAV-
MAE samples 10 frames within each video clip and randomly selects one frame feeding into the
visual Transformer encoder. For the audio stream, each 10-second audio waveform is converted into
one spectrogram and then inputted to the audio Transformer encoder.

During the fine-tuning phase, we maintain the visual and audio encoders of the pre-trained model
and add one randomly initialized classification head upon them. The fine-tuned model is regarded as
the source model and denoted as “Source (Stat. (LN & AF))”. Here, “Stat.” is the short of “statical”
that represents the frozen state of the layer normalization (LN) and attention-based fusion (AF) lay-
ers during the test-time phase. To investigate the robustness of different fusion manners, we design
another variant of the source model that utilizes 12 Transformer layers for feature extraction and per-
forms vanilla late fusion (LF) between the classification logits of each modality. The corresponding
model variant is denoted as “Source ((Stat. LN) & LF)”. During the test-time adaptation phase,
unless otherwise specified, all baselines update the parameters of all normalization layers rooted in
the source model, i.e., referred to as “Dyn. LN” where “Dyn.” is the short of “Dynamic”. In con-
trast, as depicted in Fig. 2, our default approach in the READ framework involves updating only the
parameters of the last Transformer layer (referred to as the AF layer) in a self-adaptive manner. We
dub this paradigm as self-adaptive attention-based fusion, abbreviated as “SAF”. SAF essentially
repurposes the standard AF operation through modulating the parameters within the attention layer
with the guidance of the proposed objective function (Eq. 7). As a result, the model would focus
more on the unbiased modalities, leading to reliable cross-modal fusion during test time.
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D MORE EXPERIMENT RESULTS

D.1 MORE ABLATION RESULTS

We additionally present more comprehensive ablation results on Kinetics50 with both corrupted
audio modality and video modality.

Table 5: Comprehensive ablation studies on Kinetics50-C with corrupted video modality.

Noise Blur Weather Digital
Methods ‘Gauss. Shot Impul.‘Defoc. Glass Mot. Zoom‘Snow Frost Fog Brit.‘Contr. Elas. Pix. JPEG‘Ang

Tent ((Stat. LN) & SAF) | 453 45.7 45.1 | 66.6 58.1 70.5 65.8 | 60.8 57.2 22.775.2| 48.6 66.1 63.7 53.4|56.3
Ours ((Dyn. LN) & AF) | 47.8 482 47.6 | 67.7 642 71.0 68.2 | 63.9 62.6 50.9 75.3| 53.3 66.9 67.8 63.8 |61.3
Ours ((Dyn. LN) & SAF)| 49.5 49.8 49.1 | 68.1 65.8 71.2 69.1 | 65.1 64.8 58.175.4| 54.2 68.8 68.7 65.3 (62.9
Ours ((Stat. LN) & SAF)| 49.4 49.7 49.0 | 68.0 65.1 71.2 69.0 | 64.5 64.4 57.475.5| 53.6 68.3 68.0 65.1 |62.5

Table 6: Comprehensive ablation studies on Kinetics50-C with corrupted audio modality.

Noise Weather
Methods ‘Gauss. Traff. Crowd.‘Rain Thund. Wind‘Avg.

Tent ((Stat. LN) & SAF) | 73.7 69.0 69.6 |704 69.2 70.6|70.4
Ours (Dyn. LN) & AF) | 73.8 674 69.0 |70.6 70.5 70.3|70.3
Ours (Dyn. LN) & SAF)| 73.9 693 69.8 |71.1 722 71.1|71.2
Ours ((Stat. LN) & SAF)| 74.1 69.0 69.7 |71.1 71.8 70.7|71.1

D.2 RESULTS ON THE MIXED SEVERITY SETTING

To further investigate the robustness of our READ, we conduct more experiments on the Kinetics50-
C benckmark under the settings of mixed severity, comparing with Tent (Wang et al., 2021) and
SAR (Niu et al., 2023). To be specific, we create test pairs for each corruption type by blending
severity levels from 1 to 5, resulting in 5N test pairs, where N represents the original size of the test
data. After that, we shuffle the obtained test pairs and randomly choose N pairs for each corruption
type. The results are depicted in Fig. 8, indicating the effectiveness of READ in addressing cross-
modal reliability bias across various corruption types exhibiting mixed severity levels.

80 77
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Figure 8: Performance comparison among Tent, SAR, and our READ on the Kinetics50-C bench-
mark under mixed severity levels. The legend key provides an overview of the average performance
of each approach across various corruption types.

D.3 RESULTS ON THE MIXED DISTRIBUTION SHIFTS

We explore the efficacy of our READ approach in a more challenging scenario, i.e., mixed distri-
bution shifts, which is in line with the continual TTA setting (Gan et al., 2023; Wang et al., 2022).
In this setting, both baseline methods (Tent and SAR) alongside our READ continually adapt to
evolving corruption types, and the averaged performance across all corruption types are reported.
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To ensure comprehensive evaluations, we vary the severity levels from 1 to 5. The results are sum-
marized in Fig. 9. Although READ is not dedicatedly designed for the mixed distribution shifts
challenge, it still achieve remarkable robustness. The results underscores the adaptability and re-
silience of READ.
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Figure 9: Performance comparison among Tent, SAR, and our READ on the Kinetics50-C bench-
mark with mixed corruption types. The legend key provides an overview of the average performance
of different severity levels.

D.4 INFLUENCE OF THE HYPER-PARAMETER

In this section, we investigate the influence of the only hyper-parameter (i.e., threshold ~ in Eq. 6)
in our approach. To this end, we vary + in the range of [0.1,0.2,0.3,e7*,0.4,0.5] and perform
corresponding experiments on the Kinetics50-C benchmark with fog and traffic corruptions. The
results on Fig. 10 illustrates the stability of READ across varying threshold values of ~.
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Figure 10: Sensitiveness analysis of our READ against the hyper-parameter on the Kinetics50-C
benchmark with fog and traffic corruptions.

D.5 EFFICIENCY COMPARISONS

Different from most TTA methods that updates the parameters of normalization layers, our READ
repurpose last one Transformer layer of CAV-MAE (Gong et al., 2023) model as elaborated in Sec-
tion 3. In this section, we compare the efficiency of the two paradigms. To this end, we choose
the attention-fusion-based CAV-MAE model as source model (i.e., source (Stat. (LN & AF))), and
conduct experiments on the VGGSound-C benckmark. We measure both the size of learnable pa-
rameters and the GPU time during the test-time adaptation phase. Table 7 highlights that our READ
accomplishes adaptation in less time. The efficiency of READ can be attributed to its module repur-
posing approach. Although the normalization layer updating scheme occupies fewer parameters, it
demands more time for propagation.
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Table 7: Efficiency comparisons among different approaches on the VGGSound-C benchmark.

Method | #params (M) GPU time (14,046 pairs)
Tent (Dyn. LN) 0.2 209.5 seconds
EATA (Dyn. LN) 0.2 207.6 seconds
SAR (Dyn. LN) 0.2 286.1 seconds
READ (SAF) 1.8 134.1 seconds

D.6 DIFFERENT MODULE REPURPOSE SCHEMES

In our default approach, we update Wgr and Bgr (h € @, K, V) within the last Transformer
layer of the source model to ensure reliable fusion. This section explores the impact of different
repurposing schemes. To this end, we design three variants: one that updates only the query and
key projection layers, another that updates only the value projection layers, and a third that updates
the final classification head. Table 8 illustrates that the default setting, updating the query, key, and
value projection layers simultaneously, exhibits significant performance superiority. Modulating the
classification head demonstrates minimal effectiveness (e.g., from 46.7 to 49.1). In contrast, the
attention modulation scheme achieves adaptive fusion between discrepant modalities, mitigating the
multi-modal reliability bias problem (e.g., from 46.7 to 51.7). Moreover, modulation on the query,
key, and value projection layers introduces additional parameters for reliable fusion, resulting in
further improvements in robustness (e.g., from 46.7 to 57.4).

Table 8: Comparisons between different modulation schemes on the Kinetics50-C benchmark with
severity level of 5.

Corruption \Source QK \" MLP QKYV (ours)

Video-Fog 46.7 517 53.6 49.1 57.4
Audio-Traffic | 655 68.8 672 66.7 69.0

D.7 MORE VISUALIZATION RESULTS ON THE ATTENTION MATRIX
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Figure 11: Visualization on the attention matrix of source model with vanilla attention-based fusion
(AF), and the model adapted by Tent (Wang et al., 2021) with dynamic LN.

D.8 MORE COMPARISON RESULTS ON DIFFERENT SEVERITY LEVELS
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Table 9: Performance of different approaches on VGGSound and Kinetics50-C benchmark without
any corruptions.

Method \ Source (Stat. (LN&AF)) Tent EATA SAR READ
VGGSound 63.3 62.6 63.1 63.1 63.5
Kinetics50 82.3 82.1 823 823 82.2

Table 10: Comparisons with SOTA methods on Kinetics50-C benchmark with corrupted video
modality (severity level 3).

Noise Blur Weather Digital
Methods ‘Gauss. Shot Impul.‘Defoc. Glass Mot. Zoom‘Snow Frost Fog Brit.‘Contr. Elas. Pix. JPEG‘AVg.
Source ((Stat. LN) & LF)| 46.6 47.8 469 | 71.0 63.4 74.4 68.1|62.1 58.9 65.477.6| 68.2 76.1 77.1 73.0 |65.1
o MM-TTA (Dyn. LN) | 48.8 50.8 50.6 | 66.0 60.6 70.9 63.5|59.8 56.3 58.175.1| 59.3 72.2 74.7 68.7 |62.4
e Tent (Dyn. LN) 44.6 46.6 449 | 712 64.6 74.6 68.7|62.3 56.565.277.9| 68.5 76.3 77.0 73.2 |64.8
e EATA (Dyn. LN) 46.8 482 473 | 70.8 63.9 74.6 68.4|62.3 58.9 65.477.8| 68.1 76.077.0 73.0 |65.2
o SAR (Dyn. LN) 46.7 479 47.0 | 70.6 63.3 744 682|623 58.9 65.277.7| 68.0 76.0 77.0 72.7 |65.1
e READ (Dyn. LN) 49.3 50.0 494 | 71.1 65.7 75.0 70.3 | 64.5 61.5 67.178.1| 69.5 76.6 77.2 73.7 |66.6
Source (Stat. (LN&AF)) | 54.1 54.8 54.6 | 73.5 68.3 76.6 71.5|69.2 64.7 69.579.3| 72.1 77.6 79.4 75.4|69.4
e Tent (Dyn. LN) 542 55.1 552 | 73.6 69.6 76.8 71.9|69.5 65.6 70.279.4| 72.9 78.3 79.2 75.3 |69.8
o EATA (Dyn. LN) 54.4 549 550 | 734 69.1 76.5 71.6 |69.2 65.1 69.579.5| 72.3 77.779.1 75.2 |69.5
e SAR (Dyn. LN) 542 548 55.0 | 73.1 682 76.4 71.1|69.1 64.8 69.479.1| 72.0 77.479.1 75.0 |69.2
e READ (SAF) 56.1 56.9 56.4 | 73.9 70.5 76.6 72.8 |70.0 68.170.879.3| 73.3 78.2 79.6 75.6 |70.5

Table 11: Comparisons with SOTA methods on Kinetics50-C (left part) and VGGSound-C (right
part) benchmarks with corrupted audio modality (severity level 3).

Noise Weather Noise Weather
Methods ‘Gauss, Traff. Crowd.‘Ra'm Thund. W'md‘Avg, ‘Gaus& Traff. Crowd,‘Rain Thund. Wind Avg.
Source ((Stat. LN) & LF)| 742 68.8 68.7 [66.7 71.6 70.4(70.1 | 39.6 238 250 (28.7 36.5 269 30.1
o MM-TTA (Dyn. LN) | 72.8 69.6 689 [68.7 70.7 703(70.2 | 13.8 7.1 7.6 (162 10.6 54 10.1
o Tent (Dyn. LN) 742 690 69.6 [648 719 71.1(70.1 | 112 41 34 |52 128 51 7.0
© EATA (Dyn. LN) 74.1 68.8 69.1 [67.3 71.8 70.6|70.3 | 403 239 247 (287 36.5 269 302
® SAR (Dyn. LN) 739 68.8 689 [66.7 71.6 70.3|70.0 |39.9 23.6 249 [28.7 364 268 30.0
o READ (Dyn. LN) 742 69.6 70.0 [69.0 72.7 70.8|71.0 | 445 299 315 (332 37.0 31.2 34.6
Source (Stat. (LN&AF)) | 759 644 687 |703 67.9 703(69.3 | 42.1 294 195 (27.6 31.2 294 299
o Tent (Dyn. LN) 739 674 692 [693 69.0 72.1|70.1 81 40 23 |47 78 6.1 55
o EATA (Dyn. LN) 76.0 657 689 [69.8 69.1 72.1|70.3 | 46.7 30.5 28.0 [31.4 354 33.8 343
® SAR (Dyn. LN) 76.0 64.6 68.7 [69.3 68.6 722|699 |43.1 173 83 [29.0 31.6 30.5 26.6
o READ (SAF) 764 69.6 70.8 |72.0 72.6 72.3|72.3 | 47.3 32.7 29.9 (33.2 383 337 358

Table 12: Comparisons with SOTA methods on VGGSound-C benchmark with corrupted video
modality (severity level 3).

Noise Blur Weather Digital
Methods ‘Gauss. Shot Impul,‘Defoc. Glass Mot. Zoom‘Snow Frost Fog Brit.‘Contr. Elas. Pix. JPEG‘Avg.
Source ((Stat. LN) & LF)| 45.6 45.3 454 | 557 54.0 57.6 55.4 |55.1 53.7 53.458.5| 53.9 58.3 58.1 56.5(53.8
o MM-TTA (Dyn. LN) 18.6 17.5 158 | 50.4 443 51.8 48.4 |41.4 28.1 46.552.0| 46.2 52.0 52.0 51.6 |41.1
o Tent (Dyn. LN) 19.8 17.2 184 | 559 553 57.3 559|553 453 34.858.4| 56.4 58.4 58.4 57.1|46.9
o EATA (Dyn. LN) 458 45.6 45.7 | 56.3 552 58.0 56.0 |55.8 54.4 54.558.9| 55.3 58.8 58.5 57.1 |54.4
® SAR (Dyn. LN) 454 452 452 | 558 54.3 57.7 55.6|55.3 53.9 53.758.5| 54.2 58.5 58.2 56.7 |53.9
o READ (Dyn. LN) 46.0 46.0 46.3 | 53.0 529 56.3 54.1|53.8 53.3 53.058.0| 53.8 57.7 56.8 55.1|53.1
Source (Stat. (LN & AF))| 54.7 54.6 54.7 | 59.3 58.4 60.4 59.0 | 58.3 57.4 57.861.3| 58.0 61.0 60.9 60.0 |58.4
o Tent (Dyn. LN) 544 543 544 | 588 57.8 59.7 58.5|57.6 56.9 58.6 60.6| 58.0 61.0 60.9 60.0 |58.1
o EATA (Dyn. LN) 54.8 54.6 54.8 | 59.4 584 60.3 59.1|58.2 57.5 58.761.3| 58.9 61.1 60.8 60.1 |58.5
® SAR (Dyn. LN) 54.8 54.6 54.7 | 59.4 583 60.3 58.9|58.3 57.558.261.2| 58.3 60.9 60.8 59.9 |58.4
o READ (SAF) 55.3 554 554 | 60.0 59.1 61.1 59.8 |59.2 58.5 59.361.9| 59.8 61.5 61.5 60.7 |59.2
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