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ABSTRACT

Missing modalities present a fundamental challenge in multimodal models, often
causing catastrophic performance degradation. Our observations suggest that this
fragility stems from an imbalanced learning process, where the model develops an
implicit preference for certain modalities, leading to under-optimization of others.
We propose a simple yet efficient method to address this challenge. The central
insight of our work is that the dominance relationship between modalities can be
effectively discerned and quantified in the frequency domain. To leverage this
principle, we first introduce a Frequency Ratio Metric (FRM) to quantify modal-
ity preference by analyzing features in the frequency domain. Guided by FRM,
we propose a Multimodal Weight Allocation Module, a plug-and-play compo-
nent that dynamically rebalances the contribution of each branch during train-
ing, thereby promoting a more holistic learning paradigm. Extensive experiments
demonstrate that MWAM can be seamlessly integrated into diverse architectural
backbones, such as those based on CNNs and ViTs. Furthermore, MWAM de-
livers consistent performance gains across a wide range of tasks and modality
combinations. This advancement extends beyond merely optimizing the perfor-
mance of the base model; it also yields further improvements to state-of-the-art
methods designed to address the missing modality problem.

1 INTRODUCTION

Multimodal vision understanding models leverage complementary data streams like visible, infrared,
and depth images to achieve more robust and accurate inferences. Although the efficacy of multi-
modal techniques is well established across tasks such as segmentation, detection, and classification,
a critical limitation of existing work is the underlying assumption of complete modality availability
during inference. This assumption often proves unrealistic in practice, as real-world applications are
frequently compromised by challenges such as sensor failure, adverse environmental conditions, or
privacy constraints, resulting in scenarios with incomplete modalities (Zhang et al.|(2024a)).

Addressing the challenge of missing modalities is crucial for enhancing the robustness of multi-
modal models. To this end, researchers have proposed several key strategies. One prominent ap-
proach involves feature imputation, where the missing modality’s features are reconstructed from the
available ones to restore a complete multimodal representation and thus mitigate performance degra-
dation (Tran et al.|(2017); Lin et al|(2023)). Another distinct strategy bypasses reconstruction and
instead projects all modalities into a unified, modality-agnostic feature space (Reza et al. (2024);
Lee et al.| (2023)). By minimizing inter-modality discrepancies, this method leverages consistent
cross-modal information to ensure reliable and stable inference, even when some data is absent.

However, our analysis reveals a critical vulnerability in unified models and standard learning meth-
ods: their performance is highly sensitive to the identity of the absent modality. In Table [} the
absence of Depth causes the most severe performance drop, even falling below that of a unimodal
model trained solely on the remaining data. Conversely, the absence of RGB has the least impact.
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Table 1: Analysis of model performance under various incomplete modality conditions on the
CASIA-SUREF dataset. Performance is quantified using Accuracy (Acc) and Performance Collapse
Rate (PCR). Multimodal refers to models trained on complete data but evaluated with missing
modalities during inference. Uni-modal indicates models trained and evaluated using only a single
modality. FRM is the Frequency Ratio Metric detailed in Section 4.

Modal Multimodal Uni-modal RFNet FRM (1)
Rgb Depth Ir Acc(]) PCR(]) Acc PCR | Acc PCR
v X X 180.10 (-10.96) 1837 (+11.17) [ 91.06 7.20 | 87.57 11.38 | 1.81x108
X v X | 95.21 (-2.08) 297 (+2.12) |97.29 0.85|95.83 3.03 |2.33x10°
X X v | 90.94 (-1.52) 7.32 (+1.55) | 9246 5.77 | 85.31 13.67 | 1.02x10°
v v X | 96.20 (-0.83) 1.96 (+0.85) [97.03 1.11 [97.77 1.06 [2.34x10™°
v X v | 92.24 (-2.44) 5.99 (+2.48) | 94.68 3.51(95.73 3.13 | 1.20x10°
X v v | 97.79 (+0.33)  0.34(-0.33) |97.46 0.67 | 96.78 2.06 | 2.43x10'°
v v v 98.12 (—) / 98.12 / 98.82 / 2.45x1010
Average 92.94 (-2.50) 6.16 (+2.98) | 9544 3.18 | 9398 5.72 /

We posit that this phenomenon stems from an implicit bias within multimodal image understanding
models (hereafter "multimodal models”), which tend to favor certain “preferred” modalities during
training (Peng et al.| (2022b)). This biased optimization allows dominant modalities to dispropor-
tionately influence the gradient updates, leading to their features being well-optimized while those of
other modalities are neglected. Such imbalance results in disparate levels of feature learning across
the encoders, causing significant performance fluctuations when the model is faced with different
combinations of inputs at inference time. This leads to the first pivotal question of our research:
How can we identify and quantify the modality preferences inherent in a multimodal model?

While existing work has attempted to improve robustness by balancing modality contributions (Wei
et al.| (2023)); [Yang et al.| (2024c)), they typically operate in the spatial domain and, as our experi-
ments show, have not yet reached their performance ceiling. We argue that a critical, yet overlooked,
source of information lies in the frequency domain. The distinct textural and structural features of
different modalities manifest as unique signatures in the frequency spectrum, offering a more robust
basis for comparison. Experimental analysis reveals a crucial insight: models are predominantly re-
liant on low-frequency information for decision-making (Fig. [T). Therefore, diverging from existing
works (Peng et al.|(2022b)); | Yang et al.| (2024d)), we introduce the Frequency Ratio Metric (FRM), a
novel indicator to evaluate modality preference. As shown in Table[I] our findings confirm a strong
correlation: modalities with a higher FRM tend to be the ones that dominate the training process.

Building upon the FRM, we introduce Multimodal Weight Allocation Module (MWAM), which is
a plug-and-play module designed to actively mitigate modality bias. By assigning weights inversely
proportional to the FRM, MWAM actively rebalances the model’s focus in gradient or loss space,
steering the model’s optimization trajectory towards a more equitable and robust representation.

The principal contributions of this paper are as follows: Firstly, we establish through experimental
and theoretical validation that the dominance relationship between modalities can be effectively dis-
cerned and quantified in the frequency domain. Based on this finding, we introduce a new metric for
this purpose, termed FRM. Secondly, we develop a novel plug-and-play module based on the FRM,
termed MWAM, to dynamically allocate modal weights within each mini-batch. MWAM fosters
more robust feature learning and, in contrast to existing gradient balancing methods, is inherently
scalable to multiple modalities and maintains a simple backpropagation path. Finally, we conduct
experiments across diverse modality combinations, various visual understanding tasks, and different
backbone architectures to demonstrate the method’s effectiveness and generality.

2 RELATED WORK

2.1 INCOMPLETE MULTIMODAL LEARNING

Enhancing the robustness of multimodal models in the presence of missing modalities has emerged
as a critical research direction. Contemporary efforts in this domain can be broadly categorized into
two dominant paradigms: imputation-based and imputation-free methods (Zhang et al.| (2024a)).
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Imputation-based methods attempt to reconstruct the missing data. These strategies range from
transforming raw data into kernel or graph representations for imputation (Liu et al.| (2017; [2020);
Liu| (2024); Wen et al.|(2021)) to employing model-based approaches that recover modality infor-
mation from the original data (Tran et al.|(2017); Lin et al.|(2023))). However, these methods often
necessitate auxiliary recovery modules, introducing significant computational overhead that renders
them unviable for deployment on resource-constrained devices.

In contrast, imputation-free methods operate exclusively on available modalities, forgoing recon-
struction entirely (Zhang et al.|(2024a)); [Reza et al.[(2024])); |Lee et al.|(2023))). While these approaches
are computationally efficient and have fewer parameters, they often suffer from performance degra-
dation, as they cannot compensate for the information lost from the absent modality.

A more promising direction, which has recently gained traction, explores the latent relationships
between modalities to dynamically assess their contributions (Li et al.| (2023b); Du et al.| (2023);
Wei et al.| (2023); [Zhang et al.| (2024b))). Building upon this principle, we leverage frequency-
domain analysis to probe the latent contributions of different modalities. This allows us to introduce
the FRM that measures a model’s intrinsic preference for each modality. Furthermore, the pro-
posed MWAM serves as a potent balancing mechanism, dynamically modulating the contributions
of different model components to provide more balanced attention to different modalities.

2.2 FREQUENCY DOMAIN DEEP LEARNING

Convolution in the frequency domain offers a distinct advantage over its spatial counterpart by pre-
serving global feature integrity during iterative extraction and mitigating information loss. This in-
herent efficiency and representational power have spurred the increasing prominence of deep learn-
ing architectures that operate directly in the frequency domain.

In image processing, frequency information characterizes the rate of change in pixel intensities,
with low frequencies corresponding to smooth regions and high frequencies to edges and textures.
Historically, many models treated the frequency-based module as an auxiliary branch, using it to im-
pose priors or constraints on the primary spatial backbone network (Yang et al.| (2023} 2024a); |Guo
et al.| (2023))). More recently, the trend has shifted towards a deeper integration where models are
designed to directly leverage frequency-domain insights. For instance, (Xu et al.[(2020)) developed
a learning-based frequency selection method that prunes irrelevant frequency components without
compromising accuracy, thereby boosting performance in image understanding tasks.

Building on the critical finding that models exhibit distinct preferences for low- and high-frequency
channels (Xu et al.| (2020); [Wang et al.| (2023); [He et al.| (2024))), we investigate approaches to
mitigate performance degradation caused by missing modalities. We posit that these frequency
preferences are a key indicator of a model’s intrinsic bias toward specific modalities, and that this
understanding can be leveraged to enhance the robustness of multimodal models.

3  FREQUENCY-DOMAIN MANIFESTATIONS OF MODALITY PREFERENCE

3.1 EXPLORATORY ANALYSIS OF FREQUENCY COMPONENTS

Our core insight is that the preference of multimodal models for specific modalities can be observed
and quantified in the frequency domain. To this end, we first conduct an exploratory analysis to in-
vestigate how different frequency components impact multimodal learning. Specifically, we employ
the Fast Fourier Transform (FFT) to decompose images into their frequency representations. We
then apply a series of low-pass and high-pass filters with varying cutoff frequencies (i.e., window
sizes) to generate frequency-filtered datasets for model training. The resulting learning dynamics,
illustrated by the training loss and accuracy curves in Fig. |1} reveal three key insights.

Firstly, low-frequency components are crucial for mitigating training bias. As shown in Fig. [T}a,
configurations that preserve low frequencies exhibit lower training losses. Secondly, low-frequency
information facilitates sustained optimization. Models trained exclusively on high-frequency con-
tent exhibit early loss saturation (around 30 epochs), whereas models exposed to low-frequency
bands continue to learn, as indicated by their dynamic loss curves (Fig. [I}b). Finally, while
low-frequency components are dominant in determining final performance, high-frequency infor-
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Figure 1: Impact of different frequency components on multimodal model performance. (a): Train-
ing loss curves. (b): Validation loss curves. (c¢): Validation accuracy curves. The numbers in the
legend represent the window sizes of the filters, and "Raw dataset” denotes the original dataset
without any filtering applied. More experimental details can be found in Appendix[A.5]

mation provides a non-negligible contribution. Fig. [Tfc demonstrates that incorporating more high-
frequency content consistently boosts model accuracy.

These findings establish a principle for our motivation: an effective modality preference metric
must prioritize the foundational signal from low frequencies while strategically incorporating the
fine-grained details provided by high frequencies.

3.2 FREQUENCY-DOMAIN PREFERENCES IN MULTIMODAL MODELS

While Section [3.1] empirically outlined the core design principles of FRM based on experimental
observations, this section aims to uncover the underlying reasons driving the frequency-domain
preferences of multimodal models. Our goal is to provide substantial theoretical grounding for our
proposed methods.

Preliminaries. Consider a training set D = {zJ, ,xJ ,y’};—1 .~ for a dual-modal K-way
classification task. Let f(E,,, Em,,C) denote the complete classification network employing a
concatenation-based fusion strategy, where Fyp, (+; 0y, ) and Ep,, (+;0,,,) represent the modality-
specific encoders, and C(-; W, b) serves as the classifier. The model is optimized using the gradient

descent algorithm with Cross-Entropy loss.

Theorem 3.1. Let the training set, model architecture, loss function, and optimizer be defined as in
the Preliminaries. The update rule for each modal branch is coupled through a shared global error
signal. A modality significantly superior at the start of training will dominate the back-propagated
error signals due to effective loss reduction, thereby hampering the optimization of weaker modali-
ties through gradient suppression.

The detailed proof of Theorem 3.1 can be found in the Appendix [A.T.T] This theorem confirms
that the model does not attend to modalities equally but rather establishes a preference hierarchy
during optimization. Building on this fact, we proceed to map this preference relationship into the
frequency domain. This allows us to characterize why the model prefers certain modalities and
observe the spectral signatures of this optimization imbalance.

Theorem 3.2. For a neural network with sufficient width, the training dynamics along the eigenvec-
tors of the Neural Tangent Kernel (NTK) are decoupled. The convergence rate of the loss function
along the i-th eigenvector direction is strictly determined by its corresponding eigenvalue \;:

Decay Rate < (1 — n)\;), (1)
where 7 denotes the learning rate of the model.

The detailed proof of Theorem 3.2 can be found in the Appendix[A.1.2] This theorem elucidates an
intrinsic property of neural network optimization: eigenvectors associated with larger eigenvalues
exhibit faster convergence rates. Moreover, extensive prior research has substantiated that these
eigenvectors correspond to low-frequency functions within the input data (Rahaman et al.| (2019);
Wang et al.| (2021); [Basri et al.| (2019)). Synthesizing these findings with Theorem 3.1, we arrive
at a critical conclusion: during the optimization process, multimodal models exhibit a preferential
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Figure 2: Architecture and application of our proposed MWAM. (a): Main structure of the MWAM.
(b): FRM bank, designed to handle modality exceptions. Its update mechanism is governed by Eq.
Q (¢): An illustration of the integration of MWAM into a multimodal host model. The calculation
rules of FRM follow Eq. @ which requires flipping and aligning the high-frequency components.

bias towards modalities rich in low-frequency information. Consequently, the persistence of this
preference severely inhibits the optimization of the weaker modality branch.

To mitigate this reliance on frequency-specific preferences, we design the MWAM to first quantify
the extent of the model’s bias using FRM towards different modalities. Subsequently, by assigning
adaptive weight coefficients to each modality, the MWAM effectively alleviates modality imbalance,
thereby ensuring a balanced optimization process.

4 PROPOSED METHOD

4.1 MULTIMODAL WEIGHT ASSIGNMENT MODULE

We design the MWAM, a plug-and-play module that dynamically allocates guidance weights to
each modal branch of the multimodal host model during training, thus providing a more equitable
optimization environment for the model, as shown in Fig. 2] As illustrated, MWAM is composed
of two key components: (a) a core structure responsible for extracting frequency-domain features
and computing our FRM, and (b) an FRM bank designed to handle anomalous inputs. This section
details the overall architecture of MWAM, while the design of the FRM is elaborated in Section[4.2}

The workflow of MWAM begins by separating the input into a grid of non-overlapping p X p patches.
The Discrete Cosine Transform (DCT) is then applied to each patch, converting it into the frequency
domain. From each transformed patch, we extract the top-left ¢ x ¢ block as the low-frequency
component and the bottom-right ¢ x ¢ block as the high-frequency component. These frequency
components are then spatially reassembled from their respective patch locations to construct two
distinct feature maps representing the frequency profile of the entire input. We set the patch size
p = 8 and the frequency block size ¢ = 2 in this paper, unless mentioned otherwise. The resulting
FRM for each modality is then processed by its corresponding FRM bank, which employs an update
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rule (detailed in Fig. 2}b) to smooth the metric and derive the final guidance weights, formulated as:

g Fi j=0
J — i .
Fon, { wEIt+(1-w)F), j=1.,nt—n "’ @

where F7, ., is the FRM of xd, 7o, 18 the j-th mini-batch of modality m,, FJ is the FRM output
from the j-th iteration FRM bank which integrates the past state and the current state, and w is the
weight of historical FRM. We set w = 0.5, unless mentioned otherwise.

4.2 MODALITY PREFERENCE METRIC

Motivation: Identifying the dominant modality is a crucial step toward mitigating the robustness
degradation caused by imbalanced model optimization. Prevailing strategies typically assess this
imbalance in the spatial domain at the feature level (Peng et al.| (2022b); |Wei et al.[(2024); Huang
et al.| (2025); |[Wei et al.| (2023)), thereby overlooking crucial frequency-domain characteristics that
offer a global and independent perspective. Motivated by the Frequency Principle of neural net-
works (Xu et al| (2024)) and our analysis in Section [3.I] we hypothesize that modality preference
is quantifiable in the frequency domain. To this end, we introduce a novel metric, termed FRM,
designed to diagnose this preference in real-time.

Frequency Ratio Metric: In Section we present a key insight: model predictions are predomi-
nantly influenced by low-frequency components. This induces a learning bias, leading the model to
favor modalities rich in low-frequency information, which typically encode fundamental structural
and textural patterns. Based on this observation, an intuitive way to define modality preference is by
the overall magnitude of the low-frequency components, quantified as their L;-norms:

w—1h—1

MP(2m,) = > > |I17"(a,b)| 3)

a=0 b=0

where 12" (a, b) is the low-frequency components of the ,,, w = Wq/p and h = Hq/p are the
width and height of the I,lgf” respectively. Here, W and H are the width and height of the z,,,,.

However, we further reveal that high-frequency components still provide valuable discriminative
cues for the model. This finding suggests that a strategy of completely discarding these components,
as implemented in Eq. (3| is inherently suboptimal. To address this limitation, we formally define
the preference metric as the L;-norm of the ratio between the low- and high-frequency components:

PRV = 5 3 ) | @
xm, )
S M w-1-ah—1-b)+o

where 1, hi,g "(a,b) is the high-frequency components of the z,,,, o is a scaling factor.

In Eq. I when 19" (q,b) = 0, o will scale up the action of I/ at the corresponding position.
In addition, on modalmes where low-frequency energles are 51m11ar Eq. [ effectively amplifies the
FRM differences between these modalities, thereby increasing the weight gap and enhancing the
method’s performance. To validate our design choice, we evaluate several alternative FRM design
rules in Appendix[A.§]

4.3 How 17O USE FRM FOR TRAINING INTERVENTION?

Altering a model’s optimization trajectory via methods like gradient editing and weighted loss func-
tions is a well-established paradigm for controlling model behavior during training (Peng et al.
(2022b); |Yang et al.[ (2024d); [Huang et al.| (2025)). We leverage this principle by first employing
FRM to quantify the model’s reliance on each modality. Based on this measurement, we intervene
in the training process through two distinct mechanisms: gradient editing and dynamic loss weight-
ing (see Fig. (). Crucially, our gradient editing approach is parameter-free, and the dynamic loss
weighting method necessitates the introduction of lightweight auxiliary heads with negligible pa-
rameter cost. To implement this, we define a dynamic weight allocation function, which assigns
adaptive weights to each modality within every mini-batch. The function can be expressed as:

B

J J ) = o — __
Kmi (xmb) = 1 + e_/\(T_'Y) )

(&)
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where «, 3, A, and  are adjustable scaling factors. 7" is the proportion of FRM of mzn to the mean
FRM of all modalities in that mini-batch, denoted as:

T= , (6)

M .
LS FRM(ah) + o
c=1

Eq. [6] dynamically assesses the contribution of each modality within a mini-batch, inform-
ing the assignment of corresponding weights during gradient updates. A key characteristic of
Eq. [ is its inherent flexibility; it is designed to extend beyond dual-modality scenarios to ac-
commodate an arbitrary number of modalities. In Appendix [A.9] we conducted detailed ab-
lation experiments on these scaling factors in order to show the sensitivity of these factors.

Integrating the MWAM into a multimodal host

model can significantly enhance its training = ,/
fairness (as shown in Fig. [2}c), with the cor- @ w
responding pseudocode provided in Appendix

[A2]l  For models that compute modality-

specific losses, typically via auxiliary heads, (a) Gradient Editing Using Weights __
the MWAM globally regulates the training pro- | Fead [ ¥
cess by weighting these losses, as formulated in ~ ! _T = !
he followin ion: Fusion | | | Weight
the follo g equatio E Module Head _T e :m’
1=
M Xmm —> Em —I— Head —% Ymm :
Liotal = Z Ko, L(Ys Ymi) + L(Y,Y0), (7) L)
1=1 (b) Weighted Loss Using Auxiliary Heads and Weights

where y, Yo, and y,,, are the ground-truth la- . o . .
bel, the total output of the model, and the out- Figure 3: Schematic of training intervention

put of the auxiliary head, respectively. K, mecha.nisms..(a) is pgr.ameter—free, and (b) needs
can be calculated from Eq. [f]and Eq. [} It extra lightweight auxiliary heads.

is worth noting that the auxiliary heads and

weighted loss are optional extensions rather

than required, allowing for flexible integration.

In its base configuration, MWAM is entirely parameter-free, incurring only a negligible computa-
tional overhead in terms of floating-point operations during training.

5 EXPERIMENTS

To validate the efficacy and generalizability of our method, we conduct extensive experiments on a
diverse range of multimodal visual understanding tasks. In this section, we highlight the principal re-
sults, while comprehensive experimental details and further analyses are deferred to the [Appendix.

5.1 EXPERIMENTS ON MULTIMODAL SEGMENTATION

Datasets & Metrics: We validate our method on two challenging segmentation tasks: brain tumor
segmentation and semantic segmentation. For brain tumor segmentation, we utilize the BRATS2020
dataset (Menze et al.| (2015)). We split datasets into 219, 50, and 100 subjects for training, vali-
dation, and testing, respectively. For semantic segmentation, we use the NYU-Depth V2 dataset
(Nathan Silberman & Fergus| (2012))). We split the dataset into 795 images for training and 654
images for testing, adhering to a standard 40-class label setting following official recommendations.
Model performance is evaluated using the widely recognized Dice coefficient of the whole tumor
for brain tumor segmentation and Mean Intersection over Union (MIoU) for semantic segmentation.

Baselines: We select HeMIS (Havaei et al.| (2016)), Robust Segmentation (Chen et al.| (2020)),
RFNet (Ding et al.| (2021)), mmFormer (Zhang et al.| (2022)), A2FSeg (Wang & Hong| (2023)),
M3AE (Liu et al|(2023)), GSS (Qiu et al.|(2023)), and LS3M (Zhang et al.|(2025))) as comparison
models for the brain tumor segmentation, and ESANet-MD (Seichter et al.| (2021)) and MMANet
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Table 2: Performance comparison of multimodal robust solutions on BRATS2020 dataset. © denotes
the integration of our proposed MWAM with the corresponding base model. Bold and italics indi-
cate the best value and the second best value for each row in turn. Due to space constraints, we
present only a subset of the comparison results here. More results are provided in Table which
includes several advanced methods, including HeMIS, Robust Seg, M3AE, LS3M, and A2FSeg.

Modal RFNet RFNet” |mmFormer| mmFormer’ GSS GSS*
F T1 Tlc T2|Dice(T) PCR(})| Dice PCR |Dice PCR | Dice PCR |Dice PCR | Dice PCR
X X X V| 85.07 562 [85.93 532 (84.71 5.91 [85.80 4.96 [85.78 5.64 |86.57 5.23
X X v X| 7495 16.85 |76.39 15.83(74.92 16.78]76.00 15.82 [75.96 16.44|79.08 13.43
X v X X| 7198 20.15 |74.12 18.33|74.56 17.18|75.93 15.89 |75.38 17.08(79.03 13.49
v X X X|8516 5.52 |86.49 4.70 |85.87 4.62 |86.75 3.91 |85.99 5.41 |87.34 4.39
X X v Vv | 8609l 3.58 [87.86 3.20 [86.80 3.59 [87.54 3.04 [87.39 3.87 |88.40 3.23
X v v X| 7848 1294 [80.14 11.70]79.48 11.72|80.09 11.29 |80.30 11.67(81.93 10.31
v v X X| 8808 229 |89.06 1.87 |88.42 1.79 |88.75 1.69 |88.87 2.24 190.05 1.42
X Vv X Vv |8.94 355 |87.89 3.16 |86.96 3.41 |87.52 3.06 |87.75 3.48 |88.11 3.55
v X X V| 88.70 1.60 [89.27 1.64 |88.61 1.58 [89.31 1.07 [89.02 2.08 [90.07 1.40
v X v X| 88.46 1.86 [89.49 1.40 [88.62 1.57 |89.27 1.12 [89.88 1.13 |89.91 1.58
vV v v X18.36 0.87 [89.84 1.01 |89.15 0.98 [89.45 0.92 (90.20 0.78 |90.82 (.58
v Vv X v 1874 044 |90.46 0.33 |189.55 0.53 [89.93 0.39 (90.23 0.75 |90.80 0.60
vV X v vV |8.44 0.78 [89.99 0.85 |89.54 0.54 {89.98 0.33 |90.36 0.60 (91.02 0.36
X v v V| 87174 266 [|88.50 2.49 |[87.51 2.80 [88.03 2.49 [88.14 3.05 |88.97 2.61
v Vv Vv VvV ]90.14 / 90.76 / 190.03 / 90.28 / 90.91 / |91.35 /

Average 85.41 5.62 |86.41 5.13 |85.64 5.21 |86.30 4.71 |86.41 5.30 |87.56 4.44

(Wei et al.|(2023)) for the semantic segmentation. The ESANet is a well-established real-time RGB-
D segmentation method widely recognized in academia and industry. We adapt it with modality-
access control factors to create ESANet-MD, which handles incomplete modality inputs.

Implementation Details: We embed MWAM into RFNet, mmFormer, and GSS for brain tumor
segmentation, and into ESANet-MD and MMANet for semantic segmentation. Due to the design
of the baseline architectures, we do not introduce additional auxiliary heads. We utilize the official
code provided by the baseline and comply with the experimental configuration of the respective
underlying model. For both tasks, we set the scaling factors in Eq. E]to 1.5,1,6,and 0.7.

Results: Results are shown in Tables 2] and [3] In Table 2] the integration of MWAM consistently
enhances the performance of all host methods, leading them to outperform their vanilla models. Sig-
nificant improvements are observed in both Dice and PCR metrics. Notably, when embedded with
MWAM, earlier methods such as RFNet and mmFormer achieve an average Dice score comparable
to the SOTA method LS3M, and even surpass it in terms of PCR. Furthermore, GSS, when equipped
with MWAM, outperforms LS3M on both Dice and PCR. This suggests that our MWAM enables
the model to identify a more optimal decision boundary. It is important to highlight that RFNet,
mmFormer, and GSS are all SOTA methods designed for the multimodal missing modality problem.
Our MWAM further elevates their performance ceiling. Furthermore, the fact that mmFormer is a
ViT-based model underscores the adaptability of our method to diverse architectures.

To further demonstrate MWAM’s compatibility with various fusion strategies, we conduct semantic
segmentation experiments by integrating it into the vanilla ESANet-MD. ESANet-MD is known for
performing feature fusion during the extraction stage, and our results confirm that MWAM seam-
lessly adapts to this architecture. Both methods enhanced by MWAM show distinct performance
gains in MIoU and PCR. In summary, our MWAM not only exhibits strong compatibility with di-
verse architectures and fusion strategies but also provides substantial performance boosts to existing
robust methods, enabling them to push beyond their intrinsic performance limitations.

5.2 EXPERIMENTS ON MULTIMODAL CLASSIFICATION

Datasets & Metrics: We utilize CASIA-SURF (Zhang et al.|(2019)) for conducting our experiments
in the multimodal classification task. We adapt the intra-testing protocol recommended by the vanilla
work, dividing it into train, validation, and test sets with 29k, 1k, and 57k samples, respectively. We
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Table 3: Performance comparison of multimodal robust solutions on NYU-Depth V2 dataset

Modal ESANet-MD MMANet ESANet-MD' MMANet"
Rgb Depth | MIoU(T) PCR(}) | MIoU PCR | MIoU PCR | MloU PCR
v X 41.30 13.07 | 42.24 1247 | 44.27 9.28 | 4588  8.77
X v 38.79 18.35 39.93 17.26 | 40.34 1734 | 41.64 16.55

v v 4751 / 48.26 / 48.80 / 49.90 /
Average 42.53 15.71 43.47 14.87 | 44.47 13.31 | 4581 12.66

Table 4: Performance comparison of multimodal robust solutions on SURF dataset. Due to space
constraints, we present only a subset of the comparison results here. Comprehensive results are

provided in Appendix [A.14]

Modal SF-MD  |[MMFormer| CRMT-JT | MMANet | SF-MD' | MMANet'
Rgb Depth Ir|Acc(T) PCR(])| Acc PCR | Acc PCR| Acc PCR| Acc PCR| Acc PCR
v X X[8392 13.83 |88.85 9.39 [90.13 8.66(91.43 7.77|92.13 6.87|93.49 5.32
X v X[93.65 3.84 (9533 2.78 |96.26 2.4597.73 1.41(96.55 2.41|98.31 0.44
X X v|89.60 8.00 [86.01 12.29(89.75 9.05(89.96 9.25(93.76 5.23|94.18 4.62
v v X[9543 2.01 |98.07 -0.01 |95.68 3.04 |98.39 0.75]98.25 0.69(98.64 0.10
v X V]9326 424 [9523 2.89 [91.81 6.96(96.99 2.16|96.62 2.33|96.60 2.17
X v V9674 0.67 |96.90 1.18 |98.74 -0.06/98.82 0.31(98.63 0.30(99.27 -0.54
v v V]97.39 / 98.06 / |98.68 / (99.13 / [98.93 / |98.74 /

Average 92.85 543 |94.07 4.75 |94.44 5.02 |96.06 3.61(96.41 2.97 |97.03 2.02

use Acc to quantify models’ classification performance, and employ PCR to measure the extent of
performance degradation when the model uses incomplete inputs for inference.

Baselines: We compare our method to a list of SOTA methods, including SF-MD, HeMIS (Havaei
et al.| (2016))), RFNet (Ding et al.| (2021)), mmFormer (Zhang et al.| (2022)), CRMT (Yang et al.
(2024c)), COM (Qian & Wang| (2023)), DCP (Hu et al.[(2024)), and MMANet (Wei et al.| (2023)).
SF (Zhang et al.|(2019)) is the official network for the SURF, while SF-MD is a variant specifically
designed to simulate missing modality scenarios by employing modality access control factors.

Implementation Details: We integrate MWAM into SF-MD and MMANet to demonstrate the per-
formance gains that MWAM can bring to the host model. In SF-MD, we additionally introduce aux-
iliary heads, whereas we do not in MMANet. We follow the experimental settings recommended by
MMANet, including epochs, mini-batch size, etc. Additionally, we set the scaling factors in Eq. ]
to 1.5, 1, 6, and 0.7, respectively. All experiments were conducted on an NVIDIA RTX 3090 GPU.

Results: The results are shown in Table 4 After incorporating MWAM, the foundational SF-MD
model demonstrates a significant boost in both average accuracy and PCR. Notably, the accuracy
for the RGB modality, the weakest in single-modality scenarios, surged by 8.21%. This not only
indicates that the vanilla SF-MD possesses untapped performance potential but also proves that
MWAM can empower simple, original methods to overcome performance bottlenecks and enhance
their robustness. Furthermore, when embedded to MMANet, an already high-performing contempo-
rary method for missing modalities, MWAM pushes its capabilities even further. Although it yields
sub-optimal results on certain modality combinations, the MWAM-enhanced MM ANet achieves the
highest average score, which can be attributed to the model’s balanced attention across different
modalities during training. Remarkably, the performance of SF-MD, when augmented by MWAM,
even surpasses that of recent SOTA methods such as mmFormer and CRMT-JT. In summary, these
results collectively demonstrate that MWAM not only delivers substantial performance gains to base
models but also enables existing robust models to break through their own inherent performance
ceilings. More comparison results can be found in Appendix.

5.3 ABLATION STUDIES

We conduct a comprehensive suite of ablation studies and parameter sensitivity analyses. We
present an analysis here on the performance impact of our intervention mechanism due to space
constraints. The complete experimental results are detailed in the Appendix[A.6| to [A.10]
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Figure 4: Training losses for different interventions

Table 5: Impact of constraints at different levels on model performance metrics. We use SF-MD as
the baseline framework and conduct experiments on the SURF dataset.

Modal w/o MWAM Loss Gradient Hybrid Loss+Grad
Rgb Depth Ir | Acc PCR Acc  PCR | Acc PCR | Acc PCR
v X X | 8392 1383 | 89.42 9.37 | 89.36 9.67 | 92.13 6.87
X v X 19365 384 | 9512 3.60 | 95.27 3.70 | 96.55 241
X X v | 89.60 8.00 | 91.25 752 | 9426 4.72 | 93.76 523
v v X 19543 201 | 9718 1.51 | 97.06 1.89 | 98.25 0.69
v X v 19326 424 | 9572 299 | 96.61 2.35 | 96.62 2.33
X v v 19674 0.67 | 98.05 0.63 | 98.64 0.29 | 98.63 0.30
v v v | 97.39 / 98.67 / 98.93 / 98.93 /
Average 92.85 543 | 9506 427 | 95.73 3.77 | 96.41 2.97

The quantitative results in Table[5|confirm that all intervention strategies improve performance over
the baseline. Gradient-level intervention yields superior gains compared to loss-level intervention.
We hypothesize this is because manipulating losses alone can disrupt global training dynamics and
introduce subtle optimization trade-offs in the fusion block. In contrast, a hybrid approach proves
most effective, achieving a synergistic balance between global and local modality attention.

Fig. [] provides a visualization of these training dynamics. The baseline model exhibits entangled
loss curves for each modality, indicating a competitive and unbalanced optimization process. In
contrast, embedding MWAM stratifies the modality losses: the Depth modality, having the highest
FRM, consistently maintains the highest loss, while the other modalities cluster together at lower
loss values. This stratification shows that MWAM effectively guides the model to prioritize learning
from modalities with lower FRM. Furthermore, the overall training process becomes more stable, as
evidenced by the reduced variance in the total loss curve. This suggests that MWAM fosters a more
balanced and synergistic learning environment, enabling the model to harmonize contributions from
all inputs, overcome performance bottlenecks, and ultimately achieve superior performance.

6 CONCLUSION

We propose a simple yet efficient method to enhance the robustness of multimodal models from a
frequency-domain perspective. Our approach is motivated by the common observation that mod-
els often develop a learning bias towards easier modalities, leading to under-optimization of other
modality-specific pathways. To counteract this imbalance, we introduce two key contributions: (1)
the Frequency Ratio Metric (FRM), a novel indicator to quantify this modality preference, and (2)
the Multimodal Weight Allocation Module (MWAM), a plug-and-play component that uses FRM
to dynamically modulate the influence of each modality in the gradient or loss space. This training
intervention mechanism enforces a more balanced learning dynamic, enabling existing multimodal
architectures to break through performance ceilings with minimal overhead, and to enhance their
robustness. We conducted experiments across diverse modality combinations, various visual under-
standing tasks, and different backbone architectures to demonstrate the method’s effectiveness and
generality. Additionally, we discuss the limitations of our method in Appendix[A.14]
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A APPENDIX

We provide theoretical rationale for the design of MWAM and FRM, a more detailed experimental
implementation, and a richer description of the experimental content in the supplementary materials
to provide reviewers with additional reference information.

In summary, this appendix is organized as follows:

* Section [A.T] provides the theoretical derivations underpinning the design of our FRM and
MWAM.

* Section[A.2|presents the pseudocode for our proposed algorithm.
* Section[A.3|offers further details on the datasets and experimental implementation.
* Section[A 4] details the evaluation metrics used for each task.

* Section provides supplementary details and analysis for the experiments presented in
Section 3.1 of the main paper.

* Section[A.6|includes an analysis of the computational overhead introduced by our method.

* Section [A.7] presents a sensitivity analysis on the size of the frequency sampling window
in MWAM.

* Section [A.§] investigates the impact of different design choices for the FRM on model
performance.

* Section|A.9|reports the hyperparameter sensitivity analysis for the weighting function (Eq.

* Section [A.10] evaluates the performance of MWAM under different training schemes,
namely small-batch and online learning settings.

* Section[A.T1]showcases performance on the action recognition task using video and optical
flow as input modalities.

* Section[A.12]highlights the performance gains achieved by applying MWAM to a baseline
model for multimodal object detection.

* Section[A.13|provides a comparative analysis of MWAM against state-of-the-art methods
for multimodal imbalance optimization.

* Section discuss the limitations of MWAM and potential avenues for future work.

* Section[A.15|presents an extended comparison with a wider range of methods addressing
missing modalities, which was omitted from the main paper due to space constraints.

* Section [A.16| demonstrates the effectiveness of MWAM on the task of fine-grained visual
classification.

A.1 PROOF OF THE THEOREM
In this section, we provide detailed proofs for the two theorems in Section [3.2]to enhance the com-
pleteness of the manuscript.

We adopt the notations established in the Preliminaries (Section [3.2)). Specifically, we address a
K -way classification task involving two modalities, denoted as ,,,, and Z,,.

Definition 1. Let the training dataset be defined as a collection of N samples:
D= {$j7 l/j}jzl,z,..,zv, ()

where each input 27 = {7, ,2J 1} consists of data from two modalities, and 3/ € {1,2,..., K}

represents the corresponding ground-truth label.
Definition 2. We define the multimodal classification model as a composite function:
f(EmlaEWLch)a (9)

where E,,,, (+;0,,,) and Ey,, (+; 0., ) denote the feature encoders for the respective modalities, pa-
rameterized by 6,,, and 6,,,,. C(-; W, b) represents the classifier head parameterized by weights W
and bias b.
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Definition 3. The model is optimized by minimizing the empirical risk via the Cross-Entropy loss,
formulated as:
(f )1;.7

lo 10
Z S TN o (10)

Assumption 1. To facilitate the analysis of gradient behavior, we consider a canonical fusion ap-
proach based on feature concatenation. Under this setting, the network output f(x7) is expressed

as: ,
f(xj) =W [E 1($gn1’0m1) ®Em2( m2797ﬂz)] +b

- Wm1Em1( m179m1) + szEmz( m279 2) + b7
where @ denotes the concatenation operation.

(1)

A.1.1 PROOF OF THEOREM 3.1

Under the assumptions outlined above, when optimized using the gradient descent algorithm, the
optimization procedure proceeds as follows:

For the parameters specific to modality m (with analogous steps applying to modality m2), the
update rules at iteration ¢ are reformulated as:

N
1 .
Wi =W = nVw,, LWL, =W}, NZ (@2, ,0m),  (12)
=1

N
oL oW, En,)
t+1 __ pt t _pt
eml - Hml - T]VO'nLI L(eml) - 9 77N Z af x] aot ) (13)

ma

where 7 denotes the learning rate. The gradient of the loss W1th respect to the network output f(z7)
is derived as:

oL (WmlEml( mys m1)+szEm2( m2)+b)c

_ = . — 1 omyyis 14
af (x7) Zf:le(WmlEml(x-ml;aml>+Wm2Emz(x-mz;am?)+b)q o= (14)

Eq. . 12]and Eq. [T3]indicate that the multlmodal branches are optimized independently, with the sole
exception of the coupling term f( 7y This implies that the parameter updates of one modality are

not directly interfered with by the other, aside from this shared error signal.

Within the term %, the contributions of different modalities are aggregated via dot products.
Consequently, Eq. [I4] can be reformulated in a unified vector notation as:

oL e(W-E"+b)c

of (x3) Zf:le(WAEMb)q

- 1|c:y-77 (15)

where W = (W, Win,|, E = [Em,, Em,] represent the concatenated weights and embeddings,
respectively, and superscript 7' denotes the matrix transpose. The convergence behavior of the gra-
dients can be analyzed via the eigendecomposition of E.

Eq. [[3]reveals a critical insight: if one modal branch performs significantly better, it will dominate
the shared gradient signal during training. Consequently, the optimization process becomes biased,
effectively establishing that branch as the model’s preferred modality.

A.1.2 PROOF OF THEOREM 3.2

Definition 4. To facilitate the theoretical analysis, without loss of generahty, we define a simplified
setting involving a single modality m; over the dataset {(z7, ,y7)}Y j=1- Let f(x,0) denote the
neural network, where # € R" represents the learnable parameters and x € RP is the input. The
optimization objective is defined as the minimization of the squared error loss function L(6):

(f(xd,,.0) —v")", (16)
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where the parameter sequence {6; } is generated via gradient descent with a learning rate 7, governed
by the update rule:
9t+1 = 915 — T]VL(GIL), (17)

Dynamics Analysis. Let ¢; = (f (m{nl ,0))jen) € RY be the network output vector at iteration

t,and y = (y7);e;n) € RY be the target vector. Following prior works on the linearization of
wide neural networks (Dong et al.| (2019); Du et al.| (2019); [Oymak & Soltanolkotabi (2018)), the
evolution of the residual (prediction error) can be approximated by a quasi-linear dynamics:

g —y~ (I —nHy) (g —y), (18)
where H, is the empirical Gram matrix defined as:
A 1 8f(1;] Gt + O[(et+1 — Ht)) 8f(.’17Z Qt)
H; = e d ) . 1
=/ 0 ST >> 1

Crucially, as the network width d — oo, it has been established that H + converges to a static matrix
H*, known as the Neural Tangent Kernel (NTK) (Jacot et al.| (2020); |Oymak & Soltanolkotabi

(2018))). Specifically, H, — H*||p = o(1). Thus, in the infinite-width limit, we have H; ~ H*,
where H* is a positive semi-definite N x N matrix.

Let Ay > Ay > ... > A, > 0 denote the eigenvalues of H*, and let uy, us, ..., un be the corre-
sponding orthonormal eigenvectors. The spectral decomposition of H* is given by:

N
H* =Y Nujuy . (20)
i=1

We now analyze the optimization trajectory by projecting the error signal onto the eigenvector basis.
The dynamics in the direction of the ¢-th eigenvector u; are:

(@r+1 — Yy uwi) = (I —=nH")(qe — y),ui) = (1 —nXi){qe — y, wi). 2D

Eq. 2T]demonstrates that the convergence rate along each eigen-direction is determined by the factor
(1 — nA;). Consequently, components corresponding to larger eigenvalues \; decay significantly
faster.

A.2 PSEUDO-CODE FOR THE ALGORITHM

We continue the assumption of Section A.1 that D = {z7,y7};212.. N, [(Emy, Em,, C), etal. To
make it easier to express, we discard here the bias in C'. Therefore, Algorithm E] demonstrates the
training procedure for the underlying model + MWAM.

A.3 MORE DETAILED EXPERIMENTAL IMPLEMENTATION

We provide supplementary details on the implementation of each experiment according to the se-
quence outlined in the main text.

We conducted multimodal classification experiments on CASIA-SURF. CASIA-SURF is a large-
scale benchmark dataset for face anti-spoofing, consisting of 87k sets of RGB, Depth, and IR im-
ages. We integrated MWAM into the SF-MD and MMANet models, resulting in SF-MD+MWAM
and MMANet+MWAM. We followed the experimental settings recommended for MMANet, specif-
ically: we set the mini-batch size to 64 and trained the models for 100 epochs using the SGD opti-
mizer. For the SGD optimizer, weight decay and momentum were set to 0.0005 and 0.9, respectively.
The initial learning rate was set to le-3 with a learning rate decay strategy: in SF-MD+MWAM, the
learning rate was divided by 10 every 30 epochs, while in MMANet+MWAM, it was divided by 10
at epochs 16, 33, and 50. Additionally, the parameters («, 3) in MMANet were set to (30, 0.5). All
images were resized to 112x 112 pixels before being fed into the network.

We conducted multimodal semantic segmentation experiments on NYU-Depth V2. NYU-Depth
V2 is a large-scale dataset for indoor scene semantic segmentation with 1,449 images containing
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Algorithm 1 Training of underlying model+MWAM.

Input: D = {J, 2}, 47}, iterations: Ty, learning rate: 7, and other input parameters in
baseline.

1: fort =0,1,....,Ts — 1 do

2:  Sample a mini-batch B! = {x,,,, T, y};

Extract frequency components [ ff:i”((rzgh) using MWAM,;

Calculate FRM (z,,,) and F RM (x,,,) using Eq.
Update F'RM s using Eq. [2] and calculate weights K, and K,,, using Eq.[5|and Eq. [6}
Feed-forward the batched data B? to the model;
Calculate the loss using Eq. [7} and compute the gradients g(6?,, ), g(6},,) and g(0¢,) using
backpropagation;
8:  Update the gradients according to the following rules:
Opt, 4= Oy = Ky (- 9(01,,,))
Ot 4 Oy — Koy (- 9(07,,,))
Oc 06 —n - 9(0¢)
9: end for

AR A

RGB and Depth modalities. We integrated MWAM into the ESANet-MD and MMANet models,
resulting in improved versions: ESANet-MD+MWAM and MMANet+MWAM. We followed the
experimental settings recommended for MMANet: the mini-batch size was set to 8, and the models
were trained for 300 epochs using the SGD optimizer. For the SGD optimizer, weight decay and
momentum were set to le-4 and 0.9, respectively. The initial learning rate was set to le-2, and
PyTorch’s one-cycle scheduler was used. Additionally, the parameters («, 3) in MMANet were set
to (4, 0.2). All images were resized to 480640 pixels before being fed into the network.

We conducted multimodal brain tumor segmentation experiments on BRATS2020 which used for
the MICCAI Brain Tumor Segmentation Challenge, includes 369 training subjects with 4 modalities
each. We integrated MWAM into the RFNet and mmFormer models, resulting in improved versions:
RFNet+MWAM and mmFormer+MWAM. For model training, we set the mini-batch size to 2 and
used the Adam optimizer (8; = 0.9, S2 = 0.999), training for 300 epochs and 1000 epochs,
respectively. The weight decay for the Adam optimizer was set to 1e-5 and 1e-4 for the two models,
respectively, and both used the “poly” learning rate policy. All images were resized to 80x80x 80
pixels before being fed into the network.

A.4 EVALUATION METRICS

We use Accuracy (Acc) to quantify the model’s performance on multimodal binary classification
tasks, Mean Intersection over Union (MIoU) to measure the model’s performance on multimodal
semantic segmentation tasks, and the Dice coefficient for the whole tumor to evaluate the model’s
performance on multimodal brain tumor segmentation tasks. In addition, we use the Performance
Collapse Rate (PCR) to assess the performance collapse for different incomplete modality combi-
nations across various tasks.

We conducted a multimodal binary classification task in the body of our text; therefore, the accuracy
discussed in this paper should be binary accuracy. Binary accuracy is mathematically represented as

follows:
TP + TN
Acc = i (22)
TP + TN + FP + FN
where TP, TN, FP, and FN represent True Positives, True Negatives, False Positives, and False
Negatives, respectively.

Intersection over Union (IoU) is a metric used to evaluate model performance in image segmentation
tasks. MIoU is the average of IoU values across categories, commonly used to assess multi-class
segmentation tasks. Mathematically, the MIoU calculation formula is as follows:

N
1
MloU = ; ToU; (23)
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where:
TP;

~ TP, + FP, + FN,
where TP;, FP;, and FN; represent True Positives, False Positives, and False Negatives for class 1,
respectively. Higher MIoU values indicate better performance in multimodal semantic segmentation

IoU; (24)

The Dice coefficient (also known as the Dice similarity coefficient) is a metric used to measure the
similarity between two sample sets and is one of the most commonly used metrics for brain tumor
image segmentation tasks. Its calculation formula is as follows:

2.l
Tl + ll,

where y and ¢ represent ground truth and predictions, respectively. Larger Dice scores indicate that
the predictions are more similar to the ground truth, thus reflecting better segmentation accuracy.

Dice(3, y) (25)

Furthermore, we use the PCR to quantify model performance degradation under incomplete modal-
ity inputs. PCR is defined as the rate of performance decline when using various combinations of
incomplete modality inputs compared to complete modality inputs, mathematically represented as:

AMM (2 pu, 0)) — AM M (miss, 0))

PCR =
A(MM (2 ¢, 0))

(26)

where A(-) represents evaluation metrics for different multimodal tasks, M M (-, #) is a multimodal
model parameterized by 6, x r,,y; denotes the complete modality input, and ;s denotes different
combinations of incomplete modality inputs. Generally, a lower PCR value indicates that the impact
of missing modality inputs on model performance is smaller, meaning the performance is closer to
that with complete modality inputs.

A.5 MORE SUPPLEMENTARY NOTES ON FREQUENCY DIFFERENCE EXPERIMENTS

In Section [3.1] in order to illustrate that different frequency bands in the frequency domain have
different levels of influence in the multimodal visual comprehension model, we used different types
of filters with different window sizes to process the dataset post-training, and obtained the corre-
sponding results and conclusions. However, due to space constraints, we present more detailed
experiments here.

We first use FFT processing in the spatial domain for the three modalities RGB, Depth and IR, and
move the DC component to the center of the image. After that, a filter of size n x n is designed with
the image center as the reference. Among them, the low-pass filter retains only n x n pixel points in
the image center, and the other positions are set to 0. The high-pass filter discards n x n pixel points
in the image center. Finally, the iFFT process is performed using the filtered spectrogram to obtain
the filtered spatial domain image, and the results of each stage of the operation are shown in Figure

In Figure[5] images of different modalities present different visual effects in the spatial domain, e.g.,
the RGB image contains richer textures and details, and the Depth map contains more reflective
of the structural hierarchy, despite the loss of these textures and detailed information. However,
when these images are converted to the frequency domain, the differences are more obvious, e.g.,
the energy of the Depth map is more concentrated in some small number of frequency bands, while
the energy of the RGB and IR images is more scattered. In addition, the processed images with
low-pass and high-pass filters having different window sizes exhibit different characteristics. For
example, the high-pass filter aims to preserve the high-frequency components of the image, and the
processed image retains the edge information in the image. Compared to a high-pass filter of size
30 x 30, a filter of size 15 x 15 retains more frequency components, and therefore it retains more
edge information. The low-pass filter aims to retain the low-frequency components in the image,
and the processed image retains the texture, detail features in the image. However, since the low
frequency energy is more concentrated, the low pass filter size has a greater impact on the results.
Low-pass filters using 15 x 15 retain most of the feature detail in the image, but they do not retain as
much detail as the results of the 30 x 30 size filter. It is also worth noting that we set the window
sizes of the filters to 15 and 30 just to illustrate the general pattern found, and that there are
no special values taken.
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Figure 5: Comparison of visualization of filter effects. In the horizontal axis, it can be divided into
five parts, which are the spatial and frequency domain images of the input image, two high-pass
filter results with different window sizes, and two low-pass filter results with different window sizes.

Table 6: Computational cost analysis of MWAM. The Parameters and FLOPs statistics are reported
for the entire model (with and without MWAM), while the Inference Time is measured for the
MWAM module in isolation.

Tasks Classification S Semantl? Brain Tunfor
egmentation Segmentation
MMANet ESANet-MD RFNet
Models MMANet +MWAM ESANet-MD +MWAM RFNet +MWAM
13.18 71.69 8.4
Params. (M) 13.18 (+0) 71.69 (+0) 8.4 (+0)
60.6752 526.6627 204.5604
FLOPs (G) 60.63 (+0.0452) 526.60 (+0.0627) 204.56 (+0.0004)
Inference time 0.0385+0.005 0.0878+0.0040 0.0542+0.0139

Therefore, the extent to which the model benefits from the different frequency bands of these images
is different. There is reason to believe that multimodal preferences can be reasonably modeled from
frequency bands.

A.6 COMPUTATIONAL OVERHEAD OF MWAM

To assess the computational overhead of MWAM, we report the parameter count, FLOPs, and
MWAM inference time for the three main experiments, both with and without the module. These
results are detailed in Table[6]

The experimental results are highly promising. The computational overhead of MWAM, primarily
attributed to DCT and FRM computations, is negligible. This allows it to yield significant per-
formance gains for existing baselines at a minimal marginal cost, even for those that are already
robust. Crucially, MWAM is engineered to refine the model’s optimization trajectory exclusively
during the training phase. The module is detached for inference, thereby incurring zero additional
computational overhead at runtime.

A.7 IMPACT OF FREQUENCY SAMPLING WINDOW SIZE ON MODEL PERFORMANCE

In MWAM, we sample the input frequency components using a ¢x g window from patches of size
pxp. In our work, we set p = 8 to align with most baseline methods. The size of the frequency
sampling window ¢ directly affects the calculation range of FRM. As ¢ increases, more frequency
points are included in the computation, impacting the output of MWAM. Therefore, we explore the
effect of the sampling window size in MWAM.
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Table 7: Impact of frequency selection window size on model performance. We embed MWAM into
MMANet and vary the sampling window size g. In the table, ”’w/o MWAM?” is vanilla MMANet.

Modal w/o MWAM q=1 q=2 q=4 q=6
Rgb Depth Ir | Ace(T) PCR(])| Acc PCR | Acc PCR | Acc PCR| Acc PCR
v X X | 9143 777 193.07 592 |9349 532 19243 6.54 |89.93 9.22
X v X | 97.73 1.41 |98.62 0.31 |[98.31 044 |98.61 0.29 | 98.51 0.56
X X v | 89.96 9.25 190.62 8.40 |94.18 4.62 | 91.90 7.08 | 91.18 7.95
v v X | 98.39 0.75 |98.86 0.07 |98.64 0.10 |98.68 0.22 |98.00 1.07
v X v | 96.99 2.16 |96.52 2.44 |96.60 2.17 |96.19 2.74 | 9571 3.38
X v v | 98.82 031 [99.18 -0.25|99.27 -0.54|98.65 0.25 |99.14 -0.08
v v v | 99.13 / 98.93 / 98.74 / 9890 / |99.06 /
Average 96.06 3.61 |96.54 2.82 |97.03 2.02 |96.48 2.85|9593 3.68

Table 8: Comparison of the impact of FRM calculation rules on model performance. In the table,
”w/o MWAM?” is vanilla MMANet, ”’w/o High-Freq.” is in the form of an L;-Norm sum using
the low-frequency components, as in Eq. 3] w/ High-Freq.” is using our FRM as in Eq/4] *’Direct
Sum” is a directly summed L;-Norm of the low-frequency and high-frequency components, as
shown in Eq. and ”Weighted Sum” is the L1-Norm weighted sum of the low-frequency and
high-frequency components, as shown in Eq. 28 All experiments were conducted in the same
environment.
w/o w/

Modal w/o MWAM High-Freq. | High-Freq. Direct Sum | Weighted Sum

Rgb Depth Ir | Acc(T) PCR(])| Acc PCR | Acc PCR| Acc PCR | Acc PCR
9143  7.777 |90.79 7.54 19349 532 ]92.28 6.53 |91.97 7.29
97.73 1.41 ]98.38 -0.19]98.31 0.44 |97.36 1.39 |98.30 091
89.96 9.25 |88.73 9.63 |94.18 4.62 |90.67 8.16 | 90.68 8.59
98.39  0.75 [98.21 -0.02]98.64 0.10 [98.58 0.15 |98.87 0.33
96.99 2.16 |92.28 6.02 |96.60 2.17 |95.18 3.60 |95.80 3.43
98.82 031 |98.42 -0.23]99.27 -0.54]98.98 -0.25|98.83 0.37
99.13 / 98.19 / 9874 / |98.73 [/ {99.20 /
Average 96.06 3.61 |95.00 3.79 |97.03 2.02 |9596 3.26 |96.23 3.49

ENENENR ENp e
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Table [/| shows the performance differences of MMANet+MWAM when only the sampling window
size ¢ is changed under the same experimental configuration. As g increases, more frequency com-
ponents are included in the FRM calculation, leading to a noticeable performance improvement.
However, this enhancement has an upper limit. When the patch size p is fixed, increasing the win-
dow size beyond a certain point leads to performance stagnation or even negative optimization. In
our experiments, when ¢ > 4, the experimental results of MMANet+MWAM show a degradation
compared to MMANet. This degradation is not random. We believe this occurs because, at ¢ = 4,
irrelevant information from the mid-frequency components interferes with the FRM calculation. At
q = 6, the sampled frequency components experience a certain degree of aliasing, leading to errors
in the FRM calculation. As a result, this causes a deviation in the training direction of the model
when guided by MWAM. This also demonstrates the effectiveness of our proposed method from
another perspective. By intervening in the model’s optimization path, it can surpass its existing
performance levels.

A.8 IMPACT OF FRM CALCULATION RULES ON MODULE PERFORMANCE

In section[4.2] we introduced two methods for measuring multimodal preference, differing based on
the inclusion of high-frequency components in the FRM calculation. To evaluate these methods, we
tested the multimodal classification performance of MMANet+MWAM on the SURF dataset under
identical experimental settings. The results are presented in Table

The results are consistent with our hypothesis. Excluding high-frequency components from the pref-
erence measurement leads to a noticeable decline in experimental performance due to the loss of cru-
cial information, resulting in suboptimal outcomes. Specifically, performance drops by 1.06% com-
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pared to the standard MMANet and by 2.03% compared to the FRM-based measurement method.
This suggests that measuring multimodal model preferences using the FRM with high-frequency
components (w/ High-Freq.) provides a more substantial performance advantage than employing
the L;-Norm with low-frequency components (w/o High-Freq.). This finding supports our hypoth-
esis outlined in Section which posits that high-frequency components in multimodal image
understanding tasks have a measurable impact on model performance, although this impact is less
pronounced than the performance improvements achieved through low-frequency components.

Furthermore, we explored two additional methods for measuring multimodal preferences that con-
sider both low-frequency and high-frequency components. Unlike FRM, these methods use a fre-
quency component summation approach.

Firstly, we define the measurement method as the sum of the L;-Norms of the low-frequency and
high-frequency components, which can be expressed as:
w—1h—1 )
MP(wm,) = 3 X (17 (a,0)] + [ 15" (a, b)) 27)
a=0 b=0
where w and h represent the width and height of the frequency features, respectively, while
10" (a,b) and I}19"(a,b) denote the low-frequency and high-frequency components of Z,, .

m;

Additionally, to highlight the varying importance of different frequency bands for multimodal im-
age understanding tasks, we use a weighted sum of the different frequency bands, which can be
expressed as:

w—1h—1
MP(z,,,) = Z_:O b;) (w|If,£j§“(a, b+ (1— w)\[%gh(a, b)|) (28)

where w is a weight factor for different frequency bands. In our experiment, we set w = 0.9.

The experimental results are shown in columns 5 (Direct Sum) and 6 (Weighted Sum) of Table B}
First, it is undeniable that the performance of the experimental groups that fully considered both
low-frequency and high-frequency components was better than that of the experimental groups that
completely discarded high-frequency components. This further proves that our approach of retaining
high-frequency components is valid. Second, directly summing the L;-Norms of the frequency
components leads to a significant performance drop. This is because such a measurement scheme
blurs the energy boundaries between frequencies, making the impacts of high-frequency and low-
frequency components similar, thus preventing the model from properly allocating weights based
on low-frequency components. Furthermore, after applying weights to different frequency bands,
the situation improves significantly. However, applying a fixed weight factor is still suboptimal
because the sporadic zeros in high frequencies can alter the preference measurement calculation
(sum calculations aggregate all energy). Therefore, we use a ratio-based approach, like FRM, which
employs proportional factors to address the low-frequency components at positions corresponding
to zeros in high-frequency features.

Therefore, we choose FRM as the metric for measuring multimodal preferences and use it to opti-
mize the model.

A.9 PARAMETER SENSITIVITY ANALYSIS FOR THE WEIGHT ALLOCATION FUNCTION

Fundamentally, Eq. [5] represents a variant of the sigmoid function that has been horizontally re-
flected to create a decreasing curve. Its behavior is governed by four hyperparameters that enable
independent scaling and translation along both the x and y axes. We use this function to process the
output of Eq. [6| which quantifies the relationship between a single modality’s FRM and the mean
FRM across all modalities, constraining the input value, 7', to the range [0, 2].

However, directly applying a standard or a simple reflected sigmoid for weight allocation presents
two significant challenges. First, within the input range of [0, 2], the standard sigmoid function
exhibits low sensitivity, meaning its output values are clustered within a narrow band. This results
in minimal differentiation between the weights assigned to various modalities, thereby failing to
effectively modulate the model’s focus. Second, the sigmoid’s output range of (0, 1) inherently
suppresses the contribution of every modality during optimization. Although the degree of suppres-
sion varies, this universal dampening effect can lead to model underfitting, a scenario where overall
performance is sacrificed for the sake of enforcing training balance.
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Table 9: Parameter sensitivity analysis for the weight allocation function.

Parameter Combination | Average Accuracy Performance Collapse Rate
(alBl~1X) (Acc) (PCR)
1.2/1.0/0.7/6.0 96.48 3.34
1.8/1.0/0.7/6.0 96.42 3.09
1.5/13/0.7/6.0 96.04 3.45
1.5/0.7/0.7/6.0 96.53 2.32
1.5/1.0/1.0/6.0 96.73 2.57
1.5/1.0/0.4/76.0 96.37 3.30
1.5/1.0/0.7/6.3 96.07 3.51
1.5/1.0/0.7/5.7 95.87 3.26
20/15/1.3/6.5 97.08 2.57
1.5/1.0/0.7/6.0 97.03 2.02

Table 10: Training models with different batch sizes. Bold indicates the best metric under the same
batch size.

Modal bs=64 bs=64 bs=16 bs=16
w/o MWAM w/ MWAM w/o MWAM w/ MWAM
Rgb Depth Ir | Ace(?) PCR() | Acc PCR | Acc PCR Acc  PCR
v X X | 9143 7.77 9349 532 | 87.89 11.32 | 90.57 8.17
X v X | 97.73 1.41 9831 0.44 | 9783 1.29 | 9736 1.29
X X v | 89.96 9.25 94.18 4.62 | 89.16 10.04 | 94.03 4.66
v v X | 98.39 0.75 98.64 0.10 | 97.01 2.12 | 98.34 0.29
v X v | 96.99 2.16 96.60 2.17 | 96.21 293 | 95.79 2.88
X v v | 98.82 0.31 99.27 -0.54 | 98.65 046 | 98.29 0.34
v v v | 99.13 / 98.74 / 99.11 / 98.63 /
Average 96.06 3.61 97.03 2.02 | 95.12 4.69 | 96.14 2.94
Modal bs=4 bs=4 bs=1 bs=1
w/o MWAM w/ MWAM w/o MWAM w/ MWAM
Rgb Depth Ir | Acc(?) PCR(]) | Acc PCR | Acc PCR Acc PCR
v X X | 87.10 11.80 | 89.94 931 | 76.66 -17.74 | 72.02 4.69
X v X | 97.84 0.92 98.52 0.66 | 88.70 -36.23 | 74.18 1.83
X X v | 94.21 4.60 93.38 5.84 | 7471 -14.74 | 80.98 -7.17
v v X | 96.49 2.29 98.35 083 | 71.59 -995 | 7432 1.64
v X v | 95.63 3.16 96.51 2.68 | 75.16 -15.44 | 75.55 0.01
X v v | 98.33 0.43 99.21 -0.04 | 70.06  -7.60 | 77.78 -2.94
v v v | 98.75 / 99.17 / 65.11 / 75.56 /
Average 95.49 3.86 96.44 3.21 | 7457 -16.95 | 75.77 -0.32

To overcome these limitations, we introduce the four aforementioned parameters to flexibly scale
and translate the reflected sigmoid function. Recognizing that the disparity in FRM values across
modalities varies significantly with different multimodal tasks and training paradigms, we formulate
these parameters as tunable hyperparameters. This design choice enhances the generalizability and
adaptability of our MWAM.

We conduct an additional parameter sensitivity analysis for Eq. [5] and Eq. [6] with the results pre-
sented in Table [0

Experimental results demonstrate that the model’s final performance is largely insensitive to these
four adjustable scaling factors when they are within a reasonable range. However, excessively im-
balanced settings—for instance, assigning weights to different modalities that span several orders of
magnitude—can misguide the training process and lead to a collapse in overall performance.

A.10 EVALUATING MWAM’s PERFORMANCE UNDER DIVERSE TRAINING SCENARIOS

Since MWAM dynamically adjusts modality weights on a batch-by-batch basis using spectral infor-
mation, it is inevitably required to operate under diverse, and sometimes extreme, training scenarios.
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Table 11: Performance comparison of video-optical flow multimodal classification tasks.
Modal Baseline MWAM OGM-GE LFM
Video O.F. | Acc(?) PCR(}) | Acc PCR Acc PCR Acc PCR

v X 74.41 7.81 7236 1136 | 73.47 844 | 73.76  9.45
X v 55.68 31.01 | 60.45 25.95 | 53.86 32.88 | 57.27 29.70
v v 80.71 / 81.63 / 80.24 / 81.46 /
Average 70.27 1941 | 71.48 18.65 | 69.19 20.66 | 70.83 19.57

While our experiments in the main paper already cover a spectrum of batch sizes—from large (64
for classification) to small (8 for semantic segmentation and 2 for brain tumor segmentation)—we
conduct a supplementary analysis here to further assess the robustness of MWAM. Specifically, we
evaluate its performance on the classification task across a wider range of settings, including medium
and small batches, as well as an extreme online learning scenario (i.e., a batch size of 1). The results
are presented in Table[I0]

As shown in the table, while the Acc and PCR metrics fluctuate with decreasing batch size, this
volatility is primarily attributed to MMANet. In contrast, our MWAM maintains relatively stable
performance. This stability stems from two key components: the scaling factor (Eq. [5) and the FRM
Bank. The scaling factor allows for manual adjustments to adapt to diverse learning conditions,
while the FRM Bank dynamically compensates for abnormal FRM values. This dual mechanism is
particularly beneficial for small-batch learning. For instance, in the extreme cases of bs = 4 and
bs = 1, we adjusted the hyperparameters to « = 1.5, = 1, v = 1, and A = 4, respectively.

A.11 PERFORMANCE OF MWAM ON ACTION RECOGNITION

To further demonstrate the adaptability of MWAM to diverse modality combinations, we conducted
an additional experiment on the action recognition task. This task utilizes video and optical flow as
input modalities on the UCF-101 dataset. We benchmarked our approach against several modality-
balancing baselines (Peng et al.| (2022a)); Yang et al.|(2024b))), with the results summarized in Table

Notably, we did not perform any task-specific hyperparameter tuning for this experiment, adhering
to the default configuration reported in the main text. The results demonstrate that our MWAM
enhances model performance in the absence of the dominant modality (video), thereby boosting
its robustness. Furthermore, our method outperforms two other leading state-of-the-art approaches,
demonstrating superior robustness in comparison.

A.12 PERFORMANCE OF MWAM ON MULTIMODAL DETECTION

To further demonstrate the generalizability of MWAM to diverse multimodal tasks, we evaluate its
performance on multimodal object detection using visible and infrared (RGB-IR) imagery.

To validate the effectiveness of MWAM, we integrated it into the Two-Stream YOLOvS8n baseline
and evaluated its detection performance on the DroneVehicle dataset. As detailed in Table our
module demonstrates a significant improvement over the baseline model. The visualization results
of the recognition task and their corresponding PR curves are presented in Figs. [6]and [7} offering
qualitative corroboration for the quantitative findings summarized in Table

It should be noted that, a direct comparison with existing methods is not straightforward, as ap-
proaches for handling missing modalities or balancing multimodal inputs are not tailored for the
multimodal detection task. Therefore, this section presents the experimental results for MWAM
exclusively.

A.13 COMPARISON WITH MORE COMPARATIVE METHODS

In addition to the methods in the text that focus on improving robustness to missing modalities, we
provide a performance comparison of MWAM with advanced multimodal balanced training methods
in recent years. These methods include: OGM-GE(Peng et al.| (2022a)), LFM(Yang et al.| (2024b)),
AGM(Li1 et al.| (2023a))), MSES and MSLR. We performed multimodal classification tasks under
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Table 12: Performance comparison of MWAM in the multimodal detection task.
Modal T-yolov8n T-yolov8n+MWAM
RGB IR | mAP50(T) PCR(]) | mAP50 PCR
v X 0.215 72.78 0.628 21.89
X v 0.669 15.32 0.738 8.21
v v 0.790 / 0.804 /
Average 0.558 44.05 0.723 15.05

T-yolov8n

T-yolov8n +MWAM

(a) Complete Modalities (b) Missing Infrared Modality (c) Missing RGB Modality (d) Labels

Figure 6: Qualitative results for object detection.

the same experimental conditions. Due to width constraints, we split the comparison tables into
Tables [I3]and[T4] Bold indicates the optimal metrics, and italic indicates the suboptimal ones. Our
method achieves most optimal and some suboptimal results, showing it effectively enhances model
robustness by balancing multimodal preferences.

Table 13: Comparison with different balanced multimodal training methods. To adapt to some
comparison methods, we trained our MWAM using pairwise combinations of three modalities. All
methods used the vanilla ResNet18 structure and concat-based fusion, and were tested on the SURF
dataset.

Modal OGM-GE LFM AGM MWAM
Rgb  Depth | Acc(f) PCR(]) | Acc PCR Acc PCR Acc  PCR
v X 79.87 1743 | 69.29 29.67 | 88.81 9.86 | 93.99 4.96
X v 87.49 9.55 98.81 -0.29 | 9442 4.16 | 97.68 1.22
v v 96.73 / 98.52 / 98.52 / 98.89 /
Average 88.03 13.49 | 88.78 14.69 | 93.92 7.01 | 96.85 3.09
Rgb Ir Acc(T) PCR(]) | Acc PCR Acc  PCR Acc  PCR
v X 87.23 9.71 88.21 2.86 | 82.23 11.11 | 93.34 3.40
X v 88.02 8.89 76.30 1598 | 85.02 8.10 | 89.60 7.28
v v 96.61 / 90.81 / 92.51 / 96.63 /
Average 90.62 9.30 85.11 942 | 86.59 9.60 | 93.19 5.34
Depth Ir Acc(T) PCR() | Acc PCR Acc PCR Acc  PCR
v X 86.79 1240 | 97.28 1.34 | 96.84 0.83 | 98.12 1.00
X v 70.17 29.18 | 67.85 31.19 | 6552 3290 | 91.70 7.48
v v 99.08 / 98.60 / 97.65 / 99.11 /
Average 85.35 20.79 | 87.91 16.26 | 86.67 16.87 | 96.31 4.24
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T-yolov8n

T-yolov8n +MWAM

(a) Complete modal (b) Missing Infrared Modality (c) Missing RGB Modality

Figure 7: Comparative analysis of PR curves.

Table 14: Comparison with different balanced multimodal training methods. This table serves as a
continuation of Table[[3]

Modal MSES MSLR MWAM
Rgb  Depth | Acc(f) PCR(]) | Acc PCR | Acc PCR
v X 85.86 8.57 70.72 2596 | 93.99 4.96
X v 84.95 9.54 79.79 1647 | 97.68 1.22
v v 93.91 / 95.52 / 98.89 /
Average 88.24 9.06 82.01 21.22 | 96.85 3.09
Rgb Ir Acc(T) PCR({) | Acc PCR Acc PCR
v X 80.84 14.80 | 76.67 18.50 | 93.34 3.40
X v 84.04 1142 | 78.52 16.53 | 89.60 7.28
v v 94.88 / 94.07 / 96.63 /
Average 86.59 13.11 83.09 17.51 | 93.19 5.34
Depth Ir Acc(T) PCR(]) | Acc PCR Acc  PCR
Ve X 82.52 1536 | 79.79 16.13 | 98.12 1.00
X v 79.67 18.28 | 69.74 26.69 | 91.70  7.48
v v 97.49 / 95.13 / 99.11 /
Average 86.56 16.82 | 81.55 21.41 | 96.31 4.24

A.14 LIMITATION

While our proposed MWAM has demonstrated consistent performance gains, we have identified
several promising directions for future enhancement. Key directions for future research include
mitigating the model’s sensitivity to its initial training state. This is motivated by our observation
that the proposed method performs better when trained from scratch than when initialized with pre-
trained weights. We attribute this to the greater exploratory freedom in the gradient space afforded
by random initialization. Conversely, a pre-trained model operates within a constrained, fine-tuning
regime, which limits this exploration. Consequently, future work should focus on two areas: (1)
enhancing the representational power of the pre-trained encoder, and (2) refining the formulation of
quantitative evaluation metrics.

Furthermore, we plan to refine specific components of the model. The FRM module currently mea-
sures modality preference using frequency-based weights, but it does not explicitly disentangle the
frequency contributions of each modality. A deeper analysis of these internal frequency dynamics
could provide more granular control and potentially boost performance. Additionally, the fixed scal-
ing factor in Eq. [5|represents a potential constraint. We will explore adaptive or learnable scaling
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strategies to enhance the model’s dynamic range and overall efficacy. These research avenues will
form the core of our subsequent work.

A.15 COMPARISON WITH MORE MULTIMODAL ROBUSTNESS METHODS

Due to space constraints in the main paper, we present extended performance comparisons between
MWAM and other state-of-the-art methods here. These evaluations cover experiments on both brain
tumor segmentation and multimodal classification. The detailed results for the brain tumor segmen-
tation and multimodal classification tasks are provided in Table[T5]and Tables respectively.

Table 15: Performance comparison of multimodal robust solutions on BRATS2020 dataset. This

table serves as a continuation of Table
Modal HeMIS Robust Seg M3AE LS3M A2FSeg
F T1 Tlc T2 |Dice(t) PCR(])| Dice PCR | Dice PCR | Dice PCR | Dice PCR
X X X v | 79.85 6.27 [82.20 8.13 [85.17 4.99 |86.34 6.26 |85.36 6.52
X X v X | 6458 2419 |71.39 20.21|77.65 13.38|79.36 13.84|77.86 14.73
X v X X | 63.01 26.04 |71.41 20.19|74.88 16.47 |79.35 13.85|75.86 16.92
v X X X| 5229 38.62 |82.87 7.38 [85.86 4.22 |88.14 4.30 |86.46 5.31
X X v Vv | 8445 0.87 [85.97 391 [86.51 349 |88.01 4.45 |87.74 3091
X v v X | 7250 1490 |76.84 14.12|78.18 12.78 | 82.73 10.18 | 80.59 11.74
v Vv X X | 6529 2336 |838.10 1.53 [87.98 1.85 |88.93 345 |88.85 2.69
X v X v | 83l 3.38 |85.53 4.40 |86.34 3.68 |87.30 5.22 |87.87 3.77
v X X v | 8156 426 |88.09 1.54 |89.20 0.49 [90.48 1.76 |89.20 2.31
v X v X| 6937 1857 |87.33 239 (88.36 1.43 |90.43 1.82 |88.36 3.23
v Vv v X | 7331 13.95 | 88.87 0.67 | 88.46 1.32 190.29 198 |89.32 2.18
v Vv X v | 8303 2.54 [89.24 0.26 |89.54 0.11 |90.79 1.43 |89.96 1.48
v X v v | 84.64 0.65 |88.68 0.88 [89.54 0.11 |90.11 2.17 |90.00 1.43
X v Vv v | 8519 0 86.63 3.17 |86.94 3.01 |88.27 4.16 |87.64 4.02
v Vv v Vv | 8519 / 89.47 / 89.64 / 92.11 / 91.31 /
Average 75.10 12.68 |84.17 6.34 [85.62 4.81 |87.51 5.35 | 86.43 5.73

Table 16: Performance comparison of multimodal robust solutions on SURF dataset. This table

serves as a continuation of Table 4]
Modal SF-MD HeMIS RFNet MMANet | SF-MD" | MMANet'
Rgb Depth Ir|Acc(T) PCR(})| Acc PCR | Acc PCR | Acc PCR| Acc PCR| Acc PCR
v X X18392 13.83 |85.64 12.64|87.57 11.38(91.43 7.77|92.13 6.87 |93.49 5.32
X v X|93.65 3.84 (9530 2.78 |95.83 3.03 (97.73 1.41|96.55 2.41|98.31 0.44
X X Vv 189.60 8.00 |83.79 14.53|85.31 13.67(89.96 9.25|93.76 5.23 (94.18 4.62
v v o X19543 201 |96.77 1.29 [97.77 1.06 [98.39 0.75]98.25 0.69 |98.64 0.10
v X V19326 424 |93.73 4.39 (95.73 3.13 [96.99 2.16|96.62 2.33(96.60 2.17
X v V19674 0.67 |96.32 1.74 |96.78 2.06 [98.82 0.31]98.63 0.30(99.27 -0.54
v v v 97.39 / 98.03 / |98.82 / 9913 / |98.93 [/ |98.74 /
Average 92.85 543 [92.82 6.23 [93.98 5.72 [96.06 3.61|96.41 2.97 [97.03 2.02

Table 17: Comparison with other methods for handling missing modalities. To ensure a fair com-
parison, we only report results on the SURF dataset using the two most dissimilar modalities: RGB

and Depth.
Modal CRMT-JT COM DCP MWAM
Rgb Depth | Acc(?) PCR(]) | Acc PCR | Acc PCR | Acc PCR
v X 93.08 5.42 9279 5.28 | 93.01 5.74 | 93.99 4.96
X v 96.74 1.70 96.82 1.16 | 98.15 0.53 | 97.68 1.22
v v 98.41 / 97.96 / 98.67 / 98.89 /
Average 96.08 3.56 95.86 3.22 | 96.61 3.13 | 96.85 3.09
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A.16 PERFORMANCE ON FINE-GRAINED CLASSIFICATION TASKS

Given that the design of FRM prioritizes the role of low-frequency components across modalities,
a natural question arises: Is the effectiveness of our MWAM limited to low-frequency-dominant
tasks, and does it underperform in high-frequency-dominant scenarios? To investigate this concern,
we conduct experiments on fine-grained classification, a task inherently driven by high-frequency
details, to demonstrate the broad applicability and robustness of MWAM.

A.16.1 THE INCREASED RELIANCE OF FINE-GRAINED CLASSIFICATION ON
HIGH-FREQUENCY COMPONENTS

We first conduct a series of experiments to demonstrate that fine-grained classification is a high-
frequency dominant task. As existing public datasets for fine-grained classification do not meet
our specific experimental requirements, we begin by constructing a custom dataset through the fol-
lowing procedure: We select the classic FGVC Aircraft dataset (30 classes) and then utilize the
DepthAnything v2 model to generate a corresponding depth map for each RGB image, creating a
paired dataset.

For our experimental setup, we employ a vanilla ResNet18 as the backbone classifier. We evaluate
performance based on classification Accuracy and the PCR across various modality combinations. A
total of 14 experimental sets were conducted. In seven sets, the dataset was processed using low-pass
filters, while in the remaining seven, high-pass filters with identical kernel sizes were applied. We
investigate two ranges of kernel sizes: small kernels (3x3, 5x5, 7x7, and 9x9) and large kernels
(17%x17,31x31, and 51 x51).

Visualizations of the filtered data are provided in Figure [8] The comparative experimental results
are summarized in Tables [I§]to[21] and the performance curves are plotted in Figure 9]

The experimental results reveal several intriguing phenomena. First, for the low-pass filter group,
performance exhibits a rise-then-fall pattern as the kernel size increases. We posit that with small
kernels, the low-pass filter effectively removes imperceptible high-frequency artifacts, such as Gaus-
sian noise. Given the 518 x518 image resolution, these small kernels are insufficient to smooth out
task-relevant high-frequency details like edges. This noise removal enhances the robustness of the
model’s predictions, leading to a slight performance gain. Subsequently, as the kernel size grows,
the filter begins to erode these critical high-frequency features. This detrimental effect becomes
more pronounced with larger kernels, causing a sharp degradation in performance.

In stark contrast, the control group using high-pass filters demonstrates a much more gradual decline
in performance, even as the kernel size increases. Notably, it avoids the catastrophic collapse in
classification accuracy observed in the low-pass scenario with large kernels.

From these observations, we can deduce that high-frequency components play a dominant role in
fine-grained classification, far more so than in general classification tasks. Furthermore, these critical
signals are not only highly sensitive but are also intricately intertwined with complex high-frequency
noise, which constitutes a core challenge in fine-grained recognition.

A.16.2 COMPARATIVE EXPERIMENTS ON FINE-GRAINED CLASSIFICATION

To verify the versatility of our approach, we conducted a fine-grained classification task. Specif-
ically, we selected the Stanford Dogs dataset (120 classes) and the FGVC Aircraft dataset (30
classes), generating corresponding depth representations using DepthAnything v2. We chose the
basic ResNet18 structure as the baseline to verify the classification accuracy before and after adding
MWAM. The experimental results are presented in Table 22]

The results show that MWAM consistently boosts ResNet18’s performance in fine-grained classi-
fication tasks. This indicates our method works well not only for low-frequency tasks but also for
high-frequency ones.

Furthermore, Figure [T0]compares the overall performance of the Baseline model against our Base-
line+MWAM under various filtering conditions. The results highlight four key phenomena:
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Figure 8: Visualization of filtering effects on dataset samples. This figure showcases the comparative
results of applying low-pass and high-pass filters with various kernel sizes to paired visible-light and
depth images.

Table 18: Performance comparison of low-pass filters with varying small kernel sizes.
Modal w/o filter 3x3 5x5 Tx7 9x9
RGB Depth | Acc(T) PCR(])| Acc PCR | Acc PCR | Acc PCR | Acc PCR
v X 61.60 957 |[6695 653 |67.22 7.03 |62.77 11.03 |56.73 15.98
X v 39.81 41.56 |39.54 44.80 | 40.02 44.65|39.78 43.61 | 38.58 42.86
v v 68.12 / 71.63 / 72.30 / 70.55 / 67.52 /
Average 56.51  25.57 [59.37 25.67|59.85 25.84|57.70 27.32|54.28 29.42

Effectiveness of MWAM: Augmenting the Baseline with MWAM yields a substantial and con-
sistent performance improvement across nearly all filter settings (with the exception of the 51x51
low-pass filter). This primarily demonstrates the effectiveness of our proposed module.

Impact of High-Frequency Noise: Both the Baseline and Baseline+MWAM exhibit similar per-
formance trends under low-pass and high-pass filtering. This suggests the presence of subtle, high-
frequency noise in the dataset that, while imperceptible to humans, adversely affects the model’s
training process.

Attention to High-Frequency Information: When using large-kernel low-pass filters, the perfor-
mance of Baseline+MWAM is significantly lower than its counterpart under high-pass filtering with
the same kernel size. This indicates that for tasks dominated by high-frequency features, MWAM
effectively utilizes the high-frequency information in the images.

Task Degradation under Extreme Smoothing: When the kernel size reaches 51x51, the excessive
smoothing from the low-pass filter results in comparable performance between the two models (with
Baseline+MWAM even slightly underperforming). This implies that under such conditions, the
model may degrade the fine-grained task into a simpler one, such as color recognition, which relies
heavily on low-frequency components.

In summary, these findings demonstrate the versatility of MWAM: it not only excels at conventional
low-frequency-dominant image understanding tasks but is also highly effective for tasks that depend
on high-frequency information.
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Table 19: Performance comparison of low-pass filters with varying large kernel sizes.
Modal w/o filter 17x17 31x31 51x51
RGB Depth | Acc(f) PCR(l) | Acc PCR | Acc PCR | Acc PCR
v X 61.60 9.57 |31.70 28.76 | 1833 19.11 | 1475 4.10
X v 39.81 41.56 | 31.55 29.10 | 21.72 4.15 | 16.92 -10.01
v v 68.12 / 44.50 / 22.66 / 15.38 /
Average 56.51  25.57 3592 2893|2090 11.63|15.68 -2.96

Table 20: Performance comparison of high-pass filters with varying small kernel sizes.
Modal w/o filter 3x3 5x5 77 9%x9
RGB Depth | Acc(f) PCR(l)| Acc PCR | Acc PCR | Acc PCR | Acc PCR
v X 61.60 957 |56.49 1235|5451 13.32|52.22 14.10 | 50.21 14.57
X v 39.81 41.56 |39.69 38.42|39.66 36.94|39.60 34.86 |39.42 32.92
v v 68.12 / 64.45 / 62.89 / 60.79 / 58.77 /
Average 56.51  25.57 |53.54 2538|5235 25.13|50.87 24.48 | 49.47 23.75

Table 21: Performance comparison of high-pass filters with varying large kernel sizes.
Modal w/o filter 17x17 31x31 51x51
RGB Depth | Acc(f) PCR(}) | Acc PCR | Acc PCR | Acc PCR
v X 61.60 9.57 |46.51 16.11 | 44.62 13.76 | 43.75 9.40
X v 39.81 41.56 | 3798 31.49|33.23 35.78 | 29.48 38.95
v v 68.12 / 55.44 / 51.74 / 48.29 /
Average 56.51  25.57 |46.64 23.80 | 43.20 24.77 | 40.51 24.18

20
2 Low-pass Low-pass 20 Low-pass 2 Low-pass

High-pass High-pass High-pass High-pass

o 1 3 5 7 9 17 31 sl 0 1 3 5 7 9 47 31 51 o 1 3 5 7 9 17 31 s o 1 3 5 7 9 17 31 s
Fiter Kernel Size Fiter Kemel Size Filter Kernel Size Fiter Kemel Size

(a) Missing Depth (b) Missing RGB (c) Full Modalities (d) Average Results

Figure 9: Effect of filter type and kernel size on model performance.

Table 22: Validation of the effectiveness of MWAM on fine-grained classification tasks. We selected
the Stanford Dogs dataset and the FGVC Aircraft dataset, and used the DepthAnything v2 model
to generate corresponding depth representations. The classification performance before and after
deploying our MWAM is tested using the vanilla ResNet18 structure as the base model.
Modal Stanford Dogs Dataset FGVC-Aircraft Dataset
w/o MWAM w/ MWAM w/o MWAM w/ MWAM
Rgb Depth | Acc(T) PCR(]) | Acc PCR Acc PCR Acc PCR
v X 3291 38.73 | 4391 28.84 | 61.60 957 | 7485 6.21
X v 27.90 48.05 | 36.20 41.34 | 39.81 41.56 | 56.22 29.56
v v 53.71 / 61.71 / 68.12 / 79.81 /
Average 38.17 4339 | 47.27 35.09 | 56.51 2557 | 70.29 17.89
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Figure 10: Performance comparison of methods under different filters.
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