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ABSTRACT

To overcome limited computing resources and the complexity of sensor config-
urations in deploying multi-modal neural networks in real-world applications,
cross-modal knowledge distillation (CMKD) aims to transfer valuable information
from a pretrained teacher model to a deployable student model with the target
modality. Despite the successful applications of CMKD in various fields, our un-
derstanding of knowledge transfer across different modalities remains insufficient
to fully explain the efficacy of feature distillation. In this work, we investigate the
relationship between the distributional shifts across modalities, referred to as the
modality gap, and its impact on the effectiveness of CMKD, particularly focus-
ing on the problem of cross-modal feature distillation. We first hypothesize and
empirically validate that the modality gap between the teacher and student causes
dimensional collapse in the student’s feature space. To prevent such inefficiency,
we propose a Cross-modal Information Bottleneck Approximation (CIBA) scheme
aimed at extracting and transferring modality-general features from the teacher
model. Lastly, we experimentally demonstrate that our distillation strategy effec-
tively reduces the dimensional collapse in the student model, thereby achieving
improved performance for various real-world multi-modal datasets.

1 INTRODUCTION

Multi- modal learning aims to extract comprehensive features from multiple sensory inputs (
, ) and has demonstrated its effectiveness in fusing data from various
domalns 1nclud1ng 1mages audio, texts, and 3D pomt clouds ( , ,
, ). However, 1ntegratmg multi-
modal inputs 1nev1tab1y increases the complex1ty of models and inference time during deployment in
real-world applications.

As a remedy, prior works leverage cross-modal knowledge distillation (CMKD) to transfer valuable
information from a pretrained teacher model to a student model by forcing the student to mimic the
teacher’s behav1or and only deploy the student model with the target modality ( , ;

, , ). While CMKD has shown practical value in various apphcatlons
the efﬁcacy of knowledge transfer and its internal mechanisms remain inadequately explored (

, ). One recent study ( , ) introduced the concept of modality-general and
specific features, highlighting the proportion of general features as decisive factors for the quality of
CMKD. However, we still lack a clear explanation of why and how these factors affect the efficacy of
CMKD, as well as the root causes of such ineffectiveness.

In this work, we present an in-depth analysis on how distributional shifts across different modalities,
referred to as modality gap, leads to dimensional collapse ( , ) in the student model and
results in suboptimal knowledge distillation performance. In particular, we focus on cross-Modal
feature distillation (CMFD), where dimensional collapse can significantly deteriorate the quality of
the distillation results. Let us assume that the features of the teacher model include both modality-
general and modality-specific knowledge ( , ) as depicted in Fig.1-(a). Applying typical
feature distillation strategies (e.g., mean-squared error (MSE) loss, cross-entropy (CE) loss) leads
to biasing of the student’s feature space to the modality-general features (e.g., green area in Fig.1),
which are the only transferable knowledge from the teacher. Thus, the features of the student model
only span sub-dimensions and lead to dimensional collapse as exemplified in Fig.1-(c).
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Figure 1: Distribution of features trained with and without distillation, for audio to image distillation on
RAVDESS ( R ) dataset. During the distillation process, (a) teacher (audio) model was
frozen and the distribution of teacher’s features is plotted with gray dots in all sub-figures for comparison. Feature
distributions from audio (a) and image (b) models exhibit overlap in some regions (green, modality-general)
while others are modality-specific (gray and blue, modality-specific). A typical feature distillation (¢) reduces
the distributional diversity (i.e., dimensional collapse) of the learned student features by biasing the student
toward only general knowledge (green area). In this paper, we propose the Cross-modal Information Bottleneck
Approximation (CIBA) scheme that effectively addresses dimensional collapse, as shown in (d).

To prevent such inefficacy, we employ the information bottleneck scheme that extracts modality-
general features and removes intractable modality-specific features (e.g., gray area in Fig.1) from the
teacher, then distill the shareable knowledge (e.g., green areas in Fig.1) to only a sub-dimension of
the student. This allows the student to effectively span both student-specific (e.g., blue areas in Fig.1)
and modality-general (e.g., green areas in Fig.1) feature space, thereby enabling the learned features
to cover broader regions of modality-general and specific knowledge areas more evenly. Please note
the broader dispersion of feature embeddings depicted in Fig.1-(d) compared to Fig.1-(b) and (c).
Our contributions can be summarized as follows:

* We theoretically and empirically investigate the impact of the modality gap on cross-modal
knowledge distillation by examining dimensional collapse.

* We propose the Cross-modal Information Bottleneck Approximation (CIBA), a novel knowledge
distillation strategy that effectively extracts modality-general features from the teacher model and
transfers them to sub-dimensions of the student’s features.

* We validate our distillation approach on various real-world datasets, including RAVDESS (Audio-
Image), MM-IMDB (Image-Text), nuScenes (LiDAR-Camera), VGG-Sound (Video-Audio).

2 RELATED WORKS

2.1 CROSS-MODAL KNOWLEDGE DISTILLATION

The primary goal of Cross-modal knowledge distillation (CMKD) is to enhance performance of
the student model with the target modality by transferring valuable knowledge from the teacher’s
modality ( , ). In light of its practical aspects, CMKD has been investigated for
various applications such as multi-modal classification ( , ), video representation learn-
ing ( , ), speech recognition ( , ), and emotional recognition (

, ). More recently, CMKD has been extended to more challenging tasks such as 3D object de-
tection ( ; , ) and 3D semantic segmentation (

, ) based on mult1 modal i 1mag1ng sensors (e.g., LIDAR, camera, radar).

While CMKD has achieved some success, it may lead to suboptimal distillation results, lacking
adequate consideration of the distributional shifts across different modalities. A pioneering work (

, ) suggested that the success of CMKD largely depends on the extent to which modality-
general decisive features are captured in the teacher network. Another recent work ( , )
empirically investigates that modality imbalance and soft label misalignment between the teacher and
student modalities hinder output-level CMKD. However, we still lack a clear understanding of why
and how such decisive features affect the efficacy of cross-modal feature distillation. In this work,
we aim to address these questions by investigating the concept of the modality gap in relation to the
dimensional collapse of learned student features. We further propose a novel distillation method to
mitigate the effect of the modality gap and enhance CMFD performance.
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2.2 DIMENSIONAL COLLAPSE IN FEATURE SPACE

Dimensional collapse happens when a model fails to fully utilize its capacity to encode 1nformat10n
leading to a reduction in the dlmensmnahty of the learned feature space. (
, ; ). Several prior works have attempted to understand d1men51onal collapse
( ) d1scover that strong data augmentat1on and implicit regularization of an over-
parameterized model cause dimensional collapse in the self-supervised contrastive learning. To
mitigate this, they propose DirectCLR, which directly optimizes the sub-dimensional representation
vectors instead of fully utilizing an exphc1t trainable projector. Recent studies in self—superwsed
representatlon learning ( , ) have explored methods to increase
the expressiveness of learned features by applymg regularization to maximize information. In this
paper, we discover that the dimensional collapse also occurs in CMKD, and provide both theoretical
and empirical analyses on this matter. Based on this observation, we suggest an information bottleneck
approximation strategy to effectively alleviates the collapse issue.

3 DIMENSIONAL COLLAPSE IN CROSS-MODAL FEATURE DISTILLATION

3.1 PROPOSITION

We investigate the cross-modal feature distillation (CMFD) problem as the effect of dimensional
collapsing can be decisive and clearly observed in the high-dimensional features than low-dimensional
outputs. CMFD differs from traditional single-modal feature distillation methods ( , ),
with the key distinction being that each of the teacher and student networks receives a different
form of modality as input. ( ; , ). Although each
modality is expected to be correlated w1th one another over the tralmng data distribution, a certain
level of knowledge contained in one modality (teacher) may not be transferable to the other modality
(student). For example, a speaker’s gestures can be observed in images, but not through audio. Recent
studies have verified that the gap between the teacher and student modalities affects the efficacy
of output-level CMKD ( , ). In this paper, it is argued that these claims can also be
extended to feature-level CMKD, and the impact of the modality gap can be explained in relation to
the dimensional collapse observed in learned student features.

Claim 1. When a modality gap is present between teacher and student modalities, global feature
distillation strategy' may result in the dimensional collapse of learned student features. Moreover; as
the gap between modalities increases, dimensional collapse becomes more prominent.

In the following section, we provide theoretical supports for our claim, and experimentally verify it
using a synthetic dataset ( , ) where modality-general portion can be modified manually.

3.2 PROBLEM STATEMENTS

Suppose that datasets from student and teacher modalities are given by X = [xy,...,xx] and
X' =[x}, ...,x/y] € RP*N respectively, where N and D denote the number of data samples and
dimensionality of each sample, respectively. Each column of X and X' is paired each other. Student
and teacher model have linear feature-extractor W and W’ € R¥* P respectively, where F' denote
the dimensionality of feature.

In our general setting, we utilize the Mean Squared Error (MSE) loss for feature distillation (FD) as
it is a widely employed function in the context of FD (

, ). However, our claim can be extended to other global feature d1stlllat10n losses 1nclud1ng
cross-entropy, as evidenced in Sec.5 and Appendix E.5. MSE loss is typically defined as:

N
1
LFD:§;||W’ L W3 4))
In order to solely examine the impact of FD on the student model, we did not consider task losses

during theoretical derivation. However, we empirically demonstrate that our analysis can be extended
to scenarios where task losses are applied, as demonstrated in extensive experiments in Sec.3.5 and 5.

'We refer to the prevalent distillation strategy that forces the features of the student model to mimic the whole
features of the teacher model (e.g., mean-squared-error, cross-entropy) as a global feature distillation strategy.
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3.3 DERIVATION OF OPTIMAL STUDENT WEIGHTS

To analyze a student weight W trained by Eq.1, we first derive the optimal solution W* for Eq.1.
Lemma 1. If X has full rank (Rank(X) = D), student weight W is converged to W* such that

W =WwX'XT(xxT)"1 2)

Lemma 2. Let X be decomposed as X = UAV'T by singular value decomposition. And define right
inverse matrix of A as A= such that AN=' = Ipy p. Then W* can be developed as

W* =W'(X'VA )Y XVAHT =WPx(X)Px(X)T. 3)

We describe the full derivations for each lemma in the Appendix B.1 and B.2, respectively. P x
represents a combination of a rotation-reflection matrix (V) and a projection-scaling matrix (A~1)
obtained from X, where Px (X) = XVA~! = UAVTVA~! = U is an orthogonal matrix U.

Fig.2 depicts the concept of Px (X) and P x(X"’) in the unit hyper-sphere space and each arrow
in the hyper-sphere indicates the unique dimensional bases of X and X’ such that each contains
unique information. If there is modality-specific information that is not shared between X and X',
it becomes almost impossible to deduce such information from X’ relying solely on the bases of
X. This consequently lead to an information loss in P x (X’) within the projected space (refer to
the blue arrows in Fig.2-(a)). Hence, Eq.3 suggests that the performance of the student network in
cross-modal feature distillation is determined not just by the quality of teacher weights (W*), but
also by the amount of transferable general information between the modalities.

Rotatlon PrOJecuon Rolallon PruJecnon
Reflection Scaling Reflection Scaling

Px(X) Px(X")
(a) Transformation process of Py (X) (b) Transformation process of Px (X")

Figure 2: Concept of P x defined in Eq.3. Spheres and circles represent N- and D-dimensional unit hyper-
spheres, respectively. The colored arrows represent the dimensional bases of the X and X'.

3.4 DIMENSIONAL COLLAPSE CAUSED BY MODALITY GAP

Assume that X and X' share modality-general parts along the first D, dimensions, and each one has
modality-specific parts along the remaining D, dimensions (i.e. D, + Dy = D). Then, X and X’

can be decomposed as follows:
G G
X':(S/> XZ(S)’ “

where G € RPs*¥ denotes the modality-general part, and S, S’ € RP+*" denotes the modality-

specific parts respectively. In order to thoroughly investigate the impact of modality gap, we assume
that GG, S and S’ will not share any information, which also means that each row of G, S and S’ is
orthogonal to each other, i.e., GST = O,GS'T = O, and SS'T = O ?. We will describe this ideal
case as X and X' are completely separated with D, shared dimensions.

Theorem 1. In the event that X and X' are completely separated with the shared dimensions D,
the rank of the optimal student weights W* is bounded by the minimum value between the rank of
teacher weight W' and shared dimensionality D.,.

rank(W*) < min(rank(W’), D). 5)

?In Sec.5, we have empirically demonstrated that our theoretical insights from those assumptions can be
extended to complex non-linear and non-separable settings including real-world multi-modal datasets.
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Figure 3: Experimental results on the synthetic dataset. (a)-(b) The log singular value spectrum of student’s
weights learned through distillation, according to the modality general dimension D,. (¢) The distillation loss
dynamics during training, separated into modality-general and modality-specific components. The horizontal red
line represents the values derived from Corollary 1.1.

The proof of Theorem | can be found in Appendix B.3. Since the rank of the weight directly impacts
the dimensionality of the extracted feature, Eq.5 implies that the representation power of the student
network during feature distillation is bounded by the quality of the teacher and the shared information
across modalities. That is, even if the teacher’s feature contains rich information, the limited general
information shared between the teacher and student modalities can result in the student features
being less representative, which subsequently leads to performance degeneration. We provided more
detailed descriptions in the Section 3.3.

Corollary 1.1. If X and X' are completely separated with D, shared dimensions, Mean Squared
Error based feature distillation loss is converged to

1
LFD(oo)QHW’(g)%- ©)

Proof is provided in Appendix B.4. Corollary 1.1 implies that in the completely separated scenario,
the teacher-specific information stays entirely distinct from the student data, which hinders the ability
to learn any potential patterns that exist in the complex dynamic between two modalities.

3.5 VALIDATION ON SYNTHETIC DATASET

Following the experimental setup outlined in ( , ), we assess the validity of our claim on
dimensional collapse using a synthetic binary classification dataset, where the size of the modality-
general dimensions (D) can be directly manipulated.

Singular Value Spectrum (Theorem 1.) Here we analyze the distribution of singular values of
the student’s weights to validate the rank inequality stated in Theorem 1. Fig.3-(a) and (b) show the
distribution of log-scaled singular values of the student’s weights when only the feature distillation
(FD) loss is applied and when both the FD loss and classification task loss are applied simultaneously,
respectively. To ensure experimental rigor, we repeated the process ten times and aggregated the
singular values for comprehensive analysis. When only FD is applied, as anticipated, we observe
a sharp decrease in the singular values after the singular value indices D,. Such abrupt decreases
indicate the dimensional collapse of the model. Remarkably, we also observe the same trend in the
presence of the task loss. These results suggest that Theorem 1 can be extended to typical cross-modal
learning scenarios where both feature distillation and task loss are present.

Loss Convergence (Corollary 1.1). We also examine the training loss dynamics in Fig.3-(c) to
verify Corollary 1.1. We observe that the feature distillation (FD) loss converges to specific values
calculated from Eq.6, where the modality-general loss asymptotically converges to zero, and the
modality-specific loss is bounded by the teacher-specific information S’. This implies that our cross-
modal distillation strategy should focus on extracting and transferring modality-general information
while excluding intractable modality-specific information, as discussed in Sec.3.4.

It also should be noted that the similar results are observed with a cross-entropy distillation loss. We
have provided more experimental results and analysis for the synthetic dataset setting in Appendix E.5.
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Figure 4: An overview of CIBA framework. Gray shading represents pretrained and fixed models. (a) To extract
modality-general information, both the teacher and student models are trained with task loss. Subsequently, an
information bottleneck model is trained to generate target student features from the corresponding teacher’s
features. (b) Then the learned bottleneck feature h’ is transferred to sub-dimensions of the student feature.

3.6 LIMITATIONS AND PRACTICAL EXTENSIONS OF THEORETICAL RESULTS

Our Theorem 1 and Corollary 1.1 suggest that excluding teacher-specific information is crucial when
transferring cross-modal knowledge. We are able to transfer only the modality-general information
G to the student, as the teacher-specific information S’ can be explicitly isolated (Eq.4) and when
provided by a linear feature extractor. However, in most real-world applications, X and X’ contain a
mixture of modality-general, modality-specific, and sensor noises ( , ). In other words,
X and X' are not completely separable. Moreover, modern feature extractors employ nonlinear
layers ( , ), hence it is extremely difficult to completely extract only the modality-
general information from the teacher. To extend our theoretical findings to such nonlinear and practical
applications, we propose a method to approximate modality-general information for CMFD (Sec.4),
and validate its effectiveness on various real-world multi-modal datasets (Sec.5).

4 METHODOLOGY

4.1 EXTRACTING MODALITY-GENERAL FEATURES

Real-world data includes both modality-general and specific information as well as noise (e.g., sensor
noise). Moreover, nonlinearity of modern neural network models makes it even more difficult to
disentangle such compounded information from the learned features ( s ;

, ). The Information Bottleneck principal ( , , ) can be a
promising solution, as it tries to learn concise, disentangled representatlons from the input data while
eliminating irrelevant information to the target data. Motivated by this concept, we introduce the
Cross-modal Information Bottleneck Approximation (CIBA) framework to extract modality-general
features for effective CMFD. Fig.4 depicts an overview of CIBA. In particular, CIBA aims to extract
a sub-dimensional representation of modality-general features by minimizing modality-specific
information through an encoder-decoder structure as illustrated in Fig.4-(a).

Suppose that D-dimensional features, denoted as z’ and z are obtained from teacher and student
models trained without knowledge distillation, respectively. Defining the encoder as pg, the decoder
as gy, and the H-dimensional bottleneck feature as h’ (H < D), the optimization objective for
extracting modality-general feature is calculated by:

Lip = ~E,[log s(z]')] + Dici.(po (0 |2), p(R)), ©

where D 1, denotes Kullback-Leibler divergence. Here the first term is a cross-modal generation loss,
which takes the teacher model’s feature z’ as input and aims to make the decoded output 2’ similar to
the student model’s feature z. This term encourages the bottleneck feature h’ to preserve the modality
general information. The second term regularizes h’, encouraging the elimination of teacher-specific
information. We formulated the cross-modal generation loss as the L2-distance between 2’ and z, and
assumed an isotropic Gaus51an distribution for p(h) and the encoder’s output, allowing closed-form
calculation ( s ). Finally, we take the bottleneck feature h’
for cross-modal knowledge dlstlllatlon



Under review as a conference paper at ICLR 2025

5
— wj/o FD 84 PR, -
s s MSE . f . / e A
3 —— CIBA (ours) El /’—» “j . -~-..»”
e od ] —s N -
=2 5 s . g8 \
5 s -2 £ i
2 S E .
2 = - 64 S 80 -
£ c <
: | : \ 7 gz \.
g g1 » SS—
= = - 1024 -
~104 . —e- val (CIBA + MSE)
! ] ] | -15 180 190 200 210 220 77 —e— test (CIBA + MSE)
0 250 500 750 1000 0 250 500 750 1000 2 4 8 16 32 64 128 256 512 1024
Singular Value Index Singulor value Index Bottleneck Dimension
(a) S.V. spectrum of learned feature (b) S.V. spectrum of bottleneck model output (c) Distillation performance

Figure 5: Experimental results on RAVDESS. (a) The log singular value spectrum of the learned student’s
feature with and without distillation. (b) The log singular value spectrum of the bottleneck model’s output
depending on the dimension of bottleneck feature H. (¢) The performance trend of CIBA implemented with the
sub-dimensional distillation using MSE, depending on H.

4.2 SUB-DIMENSIONAL FEATURE DISTILLATION

Although we have the concise representation of modality-general features h’ € R there still
exists a dimensionality mismatch issue between h’ and student features z € R” (i.e., H # D). A
recent study ( , ) exploited sub-dimensional representations to prevent the dimensional
collapse in self-supervised contrastive learning. Inspired by this, we transfer the bottleneck feature h’
into H sub-dimensions of the student features z, as illustrated in Fig.4-(b). Such a sub-dimensional
distillation strategy allows the remaining feature dimensions to exclusively learn modality-specific
knowledge as shown in Fig.1-(d). Pseudo codes for CIBA framework are provided in the Appendix C.

5 EXPERIMENT

We validate the effectiveness of CIBA scheme on four real-world datasets, including RAVDESS (
s ), MM-IMDB ( s ), nuScenes ( s ), and
VGG-Sound ( , ). Implementation details are provided in the Appendix D.

5.1 RAVDESS (AUDIO-IMAGE)

5.1.1 DIMENSIONAL COLLAPSE IN FEATURE SPACE

We first demonstrate that our Claim 1, which pertains to the distillation of teacher-specific information
inducing dimensional collapse, also holds valid for real-world datasets and non-linear feature extrac-
tors. In Fig.5-(a), we compared the singular value spectrum of features from the student model (image
baseline) trained without knowledge distillation (“w/o FD”), trained with a baseline strategy (“MSE”),
and our bottleneck scheme (“CIBA”). The features trained with MSE exhibit lower singular values
compared to the image baseline, indicating dimensional collapse of the feature space. Conversely, the
features trained with CIBA exhibit larger singular values compared to the student baseline.

Similar trend echoed in Fig.1, where features trained with MSE (Fig.1-(c)) only span modality-
general information, leading to a lack of dimensional diversity. In contrast, features learned through
our distillation strategy (Fig.1-(d)) can represent not only modality-general information, but also
student-specific information. These results extend our claim to real-world scenarios.

5.1.2 KNOWLEDGE DISTILLATION EFFICACY

To evaluate the effectiveness of CIBA framework, in Tab.1-(a), we compared it with the various
distillation strategy including MSE, cross-entropy (CE) ( , ), CLIP ( ,

), and margin loss ( s ). MSE leads the student features to be biased towards
modality-general information, as illustrated in Fig.1-(c), resulting in a marginal improvement of
0.34% in test performance compared to the image baseline. In contrast, CIBA leads to a substantial
improvement of 3.56% in test performance (MSE+CIBA) by effectively leveraging both modality-
general information and image-specific details, as illustrated in Fig.1-(d). Similar trends are observed
with other distillation losses. These results demonstrate the effectiveness of CIBA in extracting and
sub-dimensional transferring modality-general information.
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Table 1: Results on RAVDESS and MM-IMDB. Modality ‘A’, ‘I’, and T’ denote Audio, Image, and Text
respectively. The number within the parentheses denotes the dimension of the bottleneck feature. Further
statistical analyses, including p-value analysis and box plots for the results, are provided in the Appendix E.1.

(a) RAVDESS dataset (b) MM-IMDB datatset

Method | Modality |  Val. Test Method | Modality | Fl-micro Fl-macro
Audio-baseline A 7326 151 72.22 526 Image-baseline 1 40.00 050  25.82 63
Image—baseline 1 81.64 0.79 78.08 1.30 Text-baseline T 57.87 027 45.95 0.38
MSE Aol 8091 0 7842 0 Fusion-baseline F (I+T) 57.09 041  46.10 941
MSE + CIBA (8) A—1 83.74 003  81.64 133 MSE I1—-T 56.74 022 42.18 o4s
CE Al 8217 070 78.83 003 +CIBA w/ DVIB (16) I-T 59.29 016 4771 022
CE + CIBA (8) Al 8322 81.19 +CIBA w/ SA (16) I—-T 58.86 054 46.51 g6
042 051 718 +CIBAw/ VQ-VAE (16) | I—T | 58.67 045 46.71 03

CLIP ‘ A—1 ‘ 81.33 123 7879153
MSE F—>T 58.32 928 45.77 0.16
CLIP + CIBA (69 A=l | 838003 8077100 CgA w/DVIB (32) FoT | 58730 47.11 ou
Margin A—1 81.82 0581  78.62 124 +CIBA w/ SA (32) F—-T 58.46 016 46.19 o34
Margin + CIBA (128) A—1 83.46 094  80.42 |14 +CIBA w/ VQ-VAE (32) F—T 58.48 015  46.44 o33

5.1.3 OPTIMAL BOTTLENECK DIMENSION

The dimension (H) of bottleneck feature h’ in Eq.7 defines the conciseness of the modality-general
features generated from the bottleneck model as shown in Fig.4. When H is too small, it may not
effectively compress all modality-general information, resulting in insufficient capture of the target
student features. Conversely, with too large H, the bottleneck features may contain not only modality-
general information but also irrelevant teacher-specific information and noise, which could degrade
distillation performance. Hence, it is crucial to find the optimal value of H that satisfies both criteria.

To assess the impact of H on distillation performance, we conducted experiments by gradually
increasing H with k ranging from 1 to 10, using increments of 2¥, given that both teacher and student
features have a dimensionality of 1024 in the RAVDESS setting. First, we present the singular value
spectrum of the learned features from the bottleneck model (i.e., 2’), varying with H, to evaluate
the quality of extracted bottleneck features h’ in Fig.5-(b). The spectrum exhibits a nearly identical
distribution for H > 8, suggesting that 8-dimensional bottleneck features possess adequate capacity
to capture the general information required for enhancing quality of the outputs from the bottleneck
decoder. Fig.5-(c) illustrates the relationship between H and distillation performance, with superior
performance observed at H = 8. These findings align with the analyses of the singular value spectrum.
Thus, we may conclude that the conciseness (H) of modality-general bottleneck features h’ crucially
impacts distillation performance. It is noteworthy that additional distillation constraints from methods
such as CLIP and Margin loss can disrupt the full transmission of bottleneck feature information.
Imposing a larger H can reduce this disruption, as shown in Tab.1-(a).

5.2 MM-IMDB (IMAGE-TEXT)

5.2.1 FUSION MODEL AS TEACHER

According to the results in Tab.1-(b), due to the limited representational power of the image features,
MSE-based distillation from the image teacher leads to a degradation in performance. Additionally,
distillation from the fusion teacher also lead to only a marginal improvement compared to the
text baseline. While the fusion model can extract more modality-general features by utilizing both
modalities ( , ), it may still contain noisy and image-specific knowledge.

Therefore, as shown in Tab.1-(b), CIBA strategy can improve the distillation performance for both the
fusion teacher and image teacher by effectively removing such image-specific and noisy information.
In the Fig.6, CIBA exhibits the larger singular values spectrum of learned students for both fusion
teacher and image teacher, indicating an increase in feature representation power. A noteworthy
observation is that the optimal bottleneck dimension for the fusion teacher (H = 32) is greater
than that of the image teacher (H = 16). This finding is reasonable since features of fusion teacher
encompass more modality general information, necessitating a larger bottleneck dimensions for
effective representation. In Appendix E.3, we also present fusion teacher experiments conducted on
the RAVDESS dataset, demonstrating similar performance improvements.
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5.2.2 ABLATION OF BOTTLENECK STRUCTURE

We adopt the DVIB structure from (

s ) as a representative bottleneck a1 e

model. However, any types of encoder- £ [\ e N e
decoder-based bottleneck structures can be % N — csaours) | T —— CIBA(ours)
applied to our CIBA framework. In this ab- 3 | 7] \
lation study, we perform the distillation pro- g ™ Fal AN
cess with two models: 1) Self-Attention = -121 7 2 :
(SA) and 2) VQ-VAE. Self-Attention is IR 0 T

. . Singular Value Index Singular Value Index
based on ( ’ ), in which (a) S.V. spectrum of learned  (b) S.V. spectrum of learned
multi-head self-attention module in Trans- features (F — T) features (I - T)

former ( , ) is applied

betwegn en.COdCr and decoder architecture. Figure 6: Evaluation of the proposed scheme implemented
Also, inspired by the concept of DVIB by DVIB, for both the fusion-to-text and the image-to-text
that modifies the self-reconstruction term of  scenarios on the MM-IMDB. (a) and (b) present the singular

VAE ( , ), VQ-VAE value spectrum of the learned student’s feature with and
employs the structure of the vector quantized ~Without distillation.
VAE ( s ), adjusting

the loss term from self-reconstruction loss to cross-generation loss. The results presented in Tab.1-(b)
demonstrate that proposed models outperform all MSE and text baseline models. This demonstrates
that the information bottleneck scheme effectively extracts modality-general information.

5.3 NUSCENES (LIDAR-CAMERA)

We extend the validation of our method to the chal-

lenging 3D object detection (3DOD) task with the  Tap]e 2: Results on nuScenes. Modality ‘L’ and ‘T’

nuScenes benchmark ( > ). Fol- denote LiDAR and Image, respectively. The number

lowing prior works on CMKD for 3DOD ( within the parentheses denotes the dimension of the
s ), we Dbottleneck feature.

adopt a L1DAR based model (

) as the teacher and a camera-based multi-view Method ‘ Modality ‘ NDS(%)
model ( , ) as the student. These prior -
wqus broadly utili.ze the’MSE-like feature distil- ggjvgggg\l If 221
lation strategy, while various output-level knowl-
edge distillation approaches are also introduced to MSE L—1 43.8
enhance the distillation performance. To examine MSE w/ GT L=l 44.0
the sole effect of our feature distillation strategy MSE + CIBA (2) L—1 44.4
(CIBA) we exclusively utilized MSE ( , MSE + CIBA (4) L—1I 44.8
, ) and MSE around the ground MSE + CIBA (8) L—1 44.4
truth (MSE w/ GT) ( , ) losses as the ﬁgg 1 ggi gg i :>> i ig-g
baseline for comparison. MSE + CIBA (64) e 41
Tab.2 depicts that only applying MSE-like losses MSE + CIBA (128) | L —1 39.8

results in a minor improvement of up to 0.6 of NDS,
while the introduction of CIBA strategy further im-
proves the distillation performance by upto 1.4% compared to the camera-based student baseline.
Given the challenging nature of camera-based 3DOD, which involves predicting object classes and
bounding box parameters (center position, box dimensions, and orientation) without precise depth
cues, such improvements can be considered to be significant.

Additionally, the best performance is achieved when H = 4, and we are surprised at such a small
number of effective dimension compared to the original feature dimension of 256. Camera images
contain semantically rich information such as colors and textures, while LiDAR point clouds provide
precise depth cues. Hence, we speculate that the potentially sharable modality-general features could
be the shape information and those information can be sufficiently represented by only small portion
of the feature space. These results extend our claim on dimensional collapse to the challenging 3DOD
tasks, indicating that transferring sub-dimensional modality-general features could be more beneficial
than MSE-like global feature distillation.
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Table 3: Results on VGG-Sound. Modality ‘V” and ‘A’ denote Video and Audio, respectively. Subscript ‘50” and
‘18’ under the modality symbol indicate that the ResNet-50 and ResNet-18 models are employed as backbone
models. The number within the parentheses denotes the dimension of the bottleneck feature. Further statistical
analyses, including p-value analysis are provided in Appendix E.2.

Method | Modality | Val. |  Test

Video-baseline (ResNet-50) Vso 50.42 037 | 49.43 66
Audio-baseline (ResNet-SO) As() 69.55 0.36 68.76 0.33
Video-baseline (ResNet-18) Vis 42.11 953 | 41.53 941
Audio-baseline (ResNet-18) Ag 68.86 033 | 69.08 052
MSE Vis— Aig 67.54 076 68.32 .49
MSE + CIBA (16) Vig— Asg 70.11 940 70.39 .43
MSE Vso— Az | 68.53 03¢ | 68.54 34
MSE + CIBA (16) V50—> A]g 70.21 0.28 70.71 0.52
MSE Ajig— Vig | 42.61 033 | 41.28 057
MSE + CIBA (16) Aig— Vig | 43.59 057 | 42.55 062
MSE Asp— Vig 41.40 971 40.33 039
MSE + CIBA (16) Aso— Vig 43.44 o33 42.95 .19

5.4 VGG-SOUND (VIDEO-AUDIO)

We also validated the proposed method on the video event classification dataset, VGG-Sound (
s ). Referring to prior work ( s ), we employed ResNet models ( s
) for both modalities and utilized the features extracted after the average pooling layer for the
distillation. To further validate our approach with varying levels of encoder capacity, we adopted both
ResNet-18 and ResNet-50 models as teacher models.

Tab.3 presents the experimental results, which are consistent with those observed on other datasets
(Tab.1 and 2). The MSE-based approach, which propagates both modality-general and modality-
specific information, results in only marginal performance improvements over the baseline model
or even degrades performance. In contrast, the proposed method consistently achieved significant
improvements in distillation performance across all scenarios. These findings demonstrate that our
investigation and the proposed approach remain effective even in the large-scale dataset.

In addition, to investigate the impact of the bottleneck dimension H on a large-scale dataset, we
conducted extensive ablation experiments. Detailed results are provided in Appendix E.7, and the
results align with the analysis presented in Sec.5.1.3 and Fig.5. Specifically, for most H values
except for a few extreme cases, the proposed method consistently outperformed the MSE approach,
regardless of the backbone’s capacity. Furthermore, applying the method described in Sec.5.1.3
to select an adequate H yielded H = 16, as shown in the upper plot of Fig.12 in Appendix E.7.
The results for I = 16 consistently demonstrated sufficiently strong performance, as illustrated in
the lower plot of Fig.12 in Appendix E.7. These findings highlight the significant potential of the
proposed method for practical applications in real-world scenarios.

6 DISCUSSION AND CONCLUSION

In this paper, we investigate the impact of distributional shifts between teacher and student modalities
in cross-modal feature distillation. We first theoretically validate that transferring modality-specific
information from the teacher model, which is intractable for the student, leads to dimensional collapse
in the learned student features, resulting in degraded distillation quality. Then, we also demonstrate
our claim on dimensional collapse using a synthetic dataset. To minimize the adversarial impact of the
modality gap, we propose the cross-modal information bottleneck approximation (CIBA) framework
for cross-modal feature distillation. Our approach aims to extract modality-general features from
the teacher and distill them to sub-dimensions of student features. We validate the effectiveness of
CIBA on various real-world multi-modal datasets, including audio-visual (RAVDESS), image-text
(MM-IMDB), and image-point clouds (nuScenes). In addition to feature-level distillation, As future
work, we plan to further explore output-level distillation in cross-modal knowledge distillation and to
study their interplay through both theoretical and empirical analyses. Additionally, we aim to extend
our theoretical contributions to more challenging assumptions, such as a non-linear feature extractor.

10
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A USEFUL LEMMAS

Lemma 3. Negative gradient of student weight W is calculated by linear transform of W :

6'LFD T
- = AWT + B
ow (3)

A=-xXxT, B=xx"w"

Proof. Let us define z; = Wx; and z;, = W’x], respectively. Then gradient of W can be obtained
using the chain rule.

OLpp _ N~ 0 1 0|z — 23
oW =W 2 oz;

©))

Eq.9 can be easily calculated, as the first term on the right-hand side is the derivative of the linear
equation z; = Wx;, and the second term on the right-hand side is the derivative of the squared

L2-norm.
Gzi o 8WXZ

= =x; 1
ow -~ ow (10)
1 0|lz; — zill3
5 TZ = (z; —z)". (11)
Thus the gradient of W can be obtained by
N
8LFD INT
ET A ;Xi(zi —z)". (12)

With gradient descent optimization, weight is updated by

N

6LFD_ o INT
Bl —Z x;(z; — 2;)

3

—x;(Wx; — W'x})T

I
M=

1

-
Il

N (13)
- Z (—xxIWT 4 x,xTw'")
=1
= xXTwT + xx"Tw'"
=AwWT + B.
O

B PROOFS

B.1 PROOF OF LEMMA 1

We provide two proofs for Lemma 1. The first approach achieves the optimal solution by leveraging
the convex property of the MSE loss. The second approach is more general, obtaining the converged
solution through gradient updates. When task loss or other loss functions are added, the convexity of
the loss function may not hold. Therefore, in more complex situations, the second approach can be
useful for analyzing the converged weight values.

Proof 1 (Use convex property). Since MSE loss in Eq.1 is a convex function with respect to W, the
global optimal solution, denoted as W*, corresponds to the point where the gradient of W becomes
zero. According to Eq.12 and Eq.13 in Lemma 3, the gradient of W is represented by

OLpp
ow

= xxTwT - xx"w'". (14)
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Then optimal solution W* should satisfy the zero-gradient condition.
OLrp
OW |-

= XXTW*T - xX"W'" = [0]pxp. (15)

Since we assumed that X is a fully-ranked matrix, X X7 € RP*P is also fully-ranked matrix. Thus
X XT is invertible. Then Eq.15 can be developed as
W' = (xxT)ytxx"wt 16
W =w'xX’XT(xxT)~1
O

Proof 2 (Gradient update). Eq.8 in Lemma 3 is non-homogeneous linear differential equation. For
notation simplicity, omit transpose mark of W in Eq.8 and add iteration parameter ¢ € [0, co]. Then
solution for differential equation can be calculated as

W(t) = AW(t) + B
=AW () + AA™'B
= A(W(t)+ A 'B)

1 (17)
=A(W(t)+ W) — W*:=A""B
(Trivial solution of homogeneous differential equation)
W(t) = eM(W(0) — W*)+ W*, where W*=—-A"'B.
Then trivial solution of Eq.17 can be derived by
W(t) = e*(W(0) — W)+ W*, where W*=—A"'B. (18)
Since A = —X X7 is negative definite, eA* goes to zero as t — oo. Therefore student weight W (¢)
is converged to W* with gradient descent optimization.
W(eo)! =W*' = -A"'B
. (19)
W(oo) =W*=-BTA"1",
O

B.2 PROOF OF LEMMA 2

Proof. Since X X7 is real-symmetric and fully-ranked matrix (i.e. symmetric positive definite),
X XT can be decomposed by

XXT = (WwAvT(VATUT)
X = UAVT (by singular value decomposition)
UT = U~ !(Unitary matrix)
VT = V~!(Unitary matrix) (20)

g1 0 ... 0
A=<E R 0)-
0 ... OD ... 0

where (01, ...,0p) are positive singular values of X.

Before developing Eq.16, define A1, right inverse matrix of A satisfying AA~ = Ipyp.

1/01 0
Al = ( 0o .. 1/&D>. @1
0 ... 0
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Then Eq.20 can be expanded by
W =w'X'xXT(xxT)!

=W'X'(VATUT)(UAATUT)?
=W X'"(VATUTU)(AAT) U™
=W'X'VATUTUY (A TAHUT
=W X'VATA-TAHUT
=W'X'vA~lUT
=W'(X'VA YHIppUT
=W/ (X'VA™

(22)

( Y
( )
W (X'VA™Y)
= W’(X VAT
=W/ (X'VA™)

Let us define a transformation Py (M) = MV A~!. Then we can develop Eq.22 as below.
W =W/"(X'VA ) (XVAHT

23
=WPx(XPx(X)T. @3

B.3 PROOF OF THEOREM 1

From Lemma 2, W can be written as below.
W* =W/ X'VA YA TVTX) o4
=W'Px(X"Px(X)T.

Since P x is combination of rotation, reflection, scaling, and linear projection matrices, P x can be
applied to sub-matrix G, S and S’ individually.

W* = W'Px(X)Px(X)"
_ o Px(G) (25)
=W (P))(((S’) > (PX(G)T PX(S)T).

By the complete separation assumption in Eq.4, each row of GG, S and S’ are orthogonal, and
P is combination of rotation, reflection, scaling, and linear projection matrices. Thus P x (G),
Px(S) and Px(S’) are still orthogonal each other. In addition, since P x (X) is unitary matrix,
Px(G)Px(G)T = Ip,xp,- Then Eq.25 can be developed as

W W’( g%)(Px(G)T Px(S)T)

(26)
:W/(IDQOXDQ 8)
Therefore, rank bound of W* can be obtained as below.
* I O
rank(W*) = rank(W’( DHOXDQ O >)
(27)

< min(rank(W"), rank( < IDQOX Do 8 > )

= min(rank(W"), D).
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B.4 PROOF OF COROLLARY 1.1

Proof. Utilizing the Eq. 27, let us compute the difference between features of the teacher and the
learned student.
15! * _ / G / ID xD (0] G
WX—WX-W(S, -Ww 0 0 g

! G / G
W<5'>W(O) (28)
/ O

1
Lpp = 3 W' X' —W*X||%

(29)
1 . (0
51w (9 )

Therefore, L p is bounded by
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C PSEUDO ALGORITHM OF THE PROPOSED DISTILLATION METHOD

Algorithm 1 describes the training process of the encoder-decoder structured bottleneck model, which
is designed to extract modality-general features from the teacher model, as presented in Sec.4.1.
We adopt the L2-distance for the cross-modal generation loss, and assume an isotropic Gaussian
distribution for both p(h) and the encoder’s output, allowing closed-form calculation ( ,

; ; )-

Algorithm 2 describes the sub-dimensional feature distillation method presented in Sec.4.2, utilizing
MSE loss as the sub-dimensional distillation loss. Notation [0 : H] in Algorithm 2 denotes the first
H dimensions of the vector.

Algorithm 1 Pseudo Code for Training Information Bottleneck Model

Input:
/' Feature extractor of the teacher model pretrained by task loss.
(fo, 90): Initial state of feature extractor and task head of the student model.
(e, do): Initial state of encoder and decoder of the deep variational information bottleneck.
(X', X,Y): Dataset of teacher modality, student modality, and their label set.
A: Balancing parameter for the regularization loss.
Functions:
UNIMODAL(f, g, X, Y): Train both feature extractor f and task head g with training data X and
their label set Y
OPTIMIZE(e, d, [): Update the parameters of bottleneck encoder e and decoder d by the gradient
descent, given the loss [
SuUM(z): Calculate the sum of all elements in the vector z
Procedure:
I: fu, gu = UNIMODAL(fo, go, X,Y)

2: 7', 7 = f1(X"), fu(X)
3: (6, d) = (60, d())
4: while (e, d) is not converged do
5:  for (z,,2;)in (Z',Z) do
. !/ ! !
6: bl h) = e(z})
7: 2’ = d(h),,h()
8: lgen = |12 — 2|3 > Cross-modal generation loss of Eq.7
9: lyeg = —0.5-SUM(1+log hf,—h;f—hf,) > Regularization loss of Eq.7
10: li=lgen + A lreg

11:  end for

12: (e,d) = OPTIMIZE(e, d, ), I;)
13: end while

14: Return (e, d)

Algorithm 2 Pseudo Code for Calculating Sub-dimensional Feature Distillation Loss

Input:

f': Feature extractor of the teacher model pretrained by task loss.

e: Bottleneck encoder trained using Algorithm 1|

(f, g): Feature extractor and task head of the student model.

(X', X,Y): Dataset of teacher modality, student modality, and their label set.

H: Dimension of bottleneck feature.

Procedure:
1: 72/, Z =e(f'(X')), f(X) © Obtaining bottleneck feature from teacher model.
2: for (h},z;) in (Z',Z) do
3: I = |hl — z;[0:H]||3 > Sub-dimensional distillation loss for the fist H dimensions of z;.
4: end for
5: Return ), [;
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D IMPLEMENTATION DETAILS

D.1 SYNTHETIC DATASET

We followed the experimental settings outlined in ( s ), with some modifications. To
create completely separable data distributions, we applied the Gram-Schmidt process to the data
generated from the original unit normal Gaussian distribution. We also utilized a two-layer linear
model without any non-linear activation. The first linear layer acts as the feature extractor, while the
second linear layer functions as the classifier. If only the feature distillation loss (Eq.1) is applied
without the task loss, the second layer is ignored, thus satisfying our assumed single linear layer
setting in Sec.3.2. All models were trained and evaluated on Intel(R) Xeon(R) CPU E5-2620 v3.

D.2 RAVDESS

The Ryerson Audio-Visual Database of Emotional Speech and Song (RAVDESS) (

, ) comprises videos featuring professional actors vocalizing sentences with eight distinct
emotions, including neutral, calm, happy, sad, angry, fearful, surprise, and disgust expressions.
We adopted the model structure and data pre-processing techniques outlined in ( , ).
Intermediate features for distillation were extracted after the first linear layer for both image and
audio models, having dimensionality of 1024. In our experiments, the audio model served as the
teacher, while the image model was designated as the student. We trained baseline models using
cross-entropy loss to compare predicted classes with the ground truth. The training was conducted
over 100 epochs with a batch size of 64, using an SGD optimizer with momentum set at 0.9 and a
learning rate of 0.01. For distillation, we maintained the same training options (such as epoch count,
etc.) and trained the models using equal weight for the task loss and the feature distillation (FD) loss.

D.3 MM-IMDB

Multimodal IMDB dataset (MM-IMDB) ( s ) comprises diverse metadata for 25,959
movies, including their poster (image), plot (text), and genre information. The goals is to predict
multiple genres when provided with either a poster or a plot. Our experimental setting follows the data
split and learning strategy outlined in ( , ). To enable a clear observation of the effects of
distillation, we utilized a downscaled version of the model provided by ( s ) for training,
resulting in intermediate features with a dimensionality of 64. Specifically, for both the image and
text encoders, we modified the linear layer to extract 64-dimensional features, consequently reducing
the dimensionality of the intermediate features in the head network to a maximum of 64. The fusion
network concatenates features from both the image and text encoders, followed by projecting them to
a 64-dimensional space using a linear layer. We utilized both the image model and the image-text
fusion model as teachers, while the text model is utilized as the student. The performance of model
is evaluated using F1 score, which is calculated by the harmonic mean of precision and recall. The
macro F1 score provides an average across classes, while the micro F1 score provides an average
across instances. We trained baseline models with Binary Cross-Entropy loss between predicted
classes and multi-label ground truth. The training was conducted over 100 epochs with a batch size
of 128, using an AdamW optimizer with a learning rate of 0.001 and a weight decay of 0.01. During
distillation, we maintained the same training options (such as epoch count, etc.) and trained the
models using an equal weight for the task loss and the feature distillation (FD) loss.

D.4 NUSCENES

The nuScenes benchmark ( , ) is a large-scale 3D object detection dataset comprising
1,000 driving scenes. For each scene, it provides RGB images captured by six cameras covering
all directions, and point clouds obtained from a LiDAR sensor. The LiDAR and camera sensors
were respectively attributed as the teacher and student modalities. Despite the different backbone
structures between the LiDAR teacher and image student models, both models produce aligned
bird’s-eye-view (BEV) features. Therefore, we utilized BEV for feature distillation. The BEV feature
grid was configured as 128 (width) x 128 (height), with each grid containing a 256-dimensional
feature. Consequently, BEV feature having shape of (128,128, 256), was utilized for distillation.
Model performance was assessed using via nuScenes Detection Score (NDS) for 10 object classes,
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where NDS considers both the mean average precision and the measurement errors for orientation,
translation, velocity, scale, and attributes. We evaluated the model on the validation set. Following
prior work on cross-modal distillation for 3D object detection ( , ), We used BEV-
Former ( , ) with ResNet-50 image backbone as the student model (image-modality)
and Object-DGCNN ( , ) as the teacher model (LiDAR-modality). Similar to
( 7 ), the baseline student models were trained for 24 epochs using a learning rate of
2 x 10~ and a batch size of 1 per GPU. We employed AdamW as the optlmlzer with a weight decay
of 1 x 1072, Following the hyper-parameters provided by ( ,

), we pretramed teacher model for 20 epochs using a initial learning rate of 10~* and gradually
increased to 10~3 which is finally decreased to 10~%. For distillation, we maintained the same training
hyper-parameters for the student while freezing the weights of the pretrained teacher. To solely evalu-
ate the effect of the CIBA framework, we did not use any training tricks or test-time augmentation in
our experiments. All models were trained on 8 of NVIDIA A100 GPU while following the original
codebase from ( ) ; s ; s ).

D.5 VGG-SOUND

VGG-Sound ( , ) is a large-scale video event classification dataset comprising over
210,000 video clips across 310 audio classes. Each clip is approximately 10 seconds long, resulting
in more than 550 hours of audio-visual data. For our experiments, we utilized a subset of 100 classes,
constructing training, validation, and test sets with 50,000, 5,000, and 5,000 samples, respectively,
following the setup described in ( ). We adopted the model structure and data pre-
processing techniques outlined in ( , ). The video frames were resized to a resolution
of (256 x 256). Audio data was transformed into 2-dimensional spectrograms using the short-time
Fourier transform, with the following parameters: window size = 1024, hop size = 512, and sampling
rate = 16,000. Each spectrogram was then resized to (513 x 313) and provided as input to the network.
For the backbone model, we employed ResNet ( , ) for both audio and video modalities.
Since the audio spectrogram is a single-channel image, the input channel of the first layer in the audio
ResNet was modified to 1. Features extracted after the average pooling layer were utilized for the
distillation. We trained the baseline models using cross-entropy as the task loss. The training process
spanned 50 epochs with a batch size of 32, utilizing the AdamW optimizer with a weight decay of
0.00005 and a learning rate of 0.001. For the distillation experiments, the same training settings (e.g.,
epoch count and batch size) were applied. The models were trained with equal weighting for the
task loss and the feature distillation (FD) loss, ensuring a balanced contribution from both objectives
during optimization.

D.6 DETAILS FOR FIGURE 1

The specific process for creating Fig.1 is as follows: First, we extract features from the training
data for each of the four models presented in Fig.1: (a) audio baseline, (b) image baseline (w/o
distillation), (c) image model trained with MSE distillation, and (d) image model trained with our
CIBA framework. The extracted features form matrices of size (feature dimension D) by (number of
samples V). Then, all features are concatenated along the dimension axis to form a 4D x N matrix,
which is subsequently projected into a 2D space using the t-SNE algorithm (i.e., 4D x N — 4D x 2).
It should be noted that the projection is performed along N, not D, to observe the distribution of
modality-general and modality-specific information inherent in the learned features. Finally, for
clearer comparisons of the projected features, we present visualizations of each image model’s
features alongside the teacher (audio) model’s features.
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E ADDITIONAL EXPERIMENTS AND ANALYSIS

E.1 STATISTICAL ANALYSES OF TABLE 1

We provided statistical analyses of the results from Tab.1, including significance probability (p-value
in Tab.4) and box plots (Fig.7). The results in Tab.4 and Fig.7 demonstrate that in most cases, the
proposed framework achieves a statistically significant (i.e., p-value < 0.05 or box distributions
exhibit significant differences) improvement in performance, compared to the MSE and other baseline.
In the fusion to text scenario of the MM-IMDB dataset, we confirmed that the F1-macro performance
is significantly improved compared to MSE. The MM-IMDB is a long-tailed dataset ( ,

), where the largest class has approximately 40 times more data than the smallest class. Therefore,
the performance improvement in F1-macro, which measures the average performance across classes,
indicates that our proposed method enables the student model to learn diverse and discriminative
features, highlighting the validity of this result.

Table 4: Statistical analyses of experimental results of Tab.1. Modality ‘A’, ‘I’, and ‘T’ denote Audio, Image,
and Text, respectively. The number within the parentheses denotes the dimension of the bottleneck feature. All
experiments were repeated five times with random seeds, and we report the mean and standard deviation of
results as means:q. Additionally, for the statistical significance test, we present the p-value for the performance
difference between implementing the proposed CIBA framework and not implementing it. ‘< 0.001” indicates a
very small value that is less than 0.001. Generally, a p-value < 0.05 indicates a significant difference.

(a) RAVDESS dataset

Method | Modality |  Val. p-value |  Test p-value
Audio-baseline A 73.26 151 72.22 226
Image-baseline I 81.64 .79 78.08 130

MSE A—1 80.91 o638 78.42 o.69

MSE + CIBA (8) A—1 83.74 99g  0.001 81.64 133  0.004
CE A—1 82.17 0.70 78.83 0.93

CE + CIBA (8) A—1 83.22 51 0.028 81.19 58 0.026
CLIP A—1 81.33 123 78.79 153

CLIP + CIBA (64) A—1 83.80 039 0.009 80.77 1.04 0.048
Margin A—1 81.82 .81 78.62 124

Margin + CIBA (128) A—1 83.46 094  0.019 80.42 114  0.044

(b) MM-IMDB datatset

Method | Modality | Fl-micro  p-value | Fl-macro  p-value
Image-baseline 1 40.00 .50 25.82 063
Text-baseline T 57.87 027 45.95 38
Fusion-baseline F (I+T) 57.09 941 46.10 .41

MSE I—-T 56.74 0.22 42.18 0.48

+CIBA w/ DVIB (16) I1—-T 5929016 <0.001 | 47.71 022 < 0.001
+CIBA w/ SA (16) 1-T 58.86 054 < 0.001 | 46.51 966 < 0.001
+CIBA w/ VQ-VAE (16) I1—-T 58.67 045 < 0.001 | 4671937 < 0.001
MSE F—T 58.32 0.28 45.77 0.16

+CIBA w/ DVIB (32) F—>T 58.73 0.38 0.092 47.11 o46 0.002
+CIBA w/ SA (32) F—T 58.46 ¢.16 0.370 46.19 o34 0.051
+CIBA w/ VQ-VAE (32) F—T 58.48 .13 0.340 46.44 o33 0.002
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Figure 7: Statistical validation of the experimental results in Table 1. All experiments were repeated five times
with random seeds, and box plots of the results are provided. RAVDESS (a-b): The darkly shaded box represents
the results from applying our CIBA framework, while the lightly shaded box represents the results without its
application. The y-axis indicates classification accuracy. MM-IMDB (c-f): (c-d) correspond to the results for the
fusion to text distillation scenario, while (e-f) correspond to the results for the image to text distillation scenario.
The y-axis represents the F1-score, with (c,e) reporting the F1-micro score and (d,f) reporting the F1-macro
score. The red box represents the performance of MSE baseline, and the other colors represent the performance
when the proposed framework is applied.

E.2 STATISTICAL ANALYSES OF TABLE 3

We provided statistical analyses of the results from Tab.3, including significance probability (p-value
in Tab.5). The results in Tab.5 demonstrate that in all cases, the proposed framework achieves a
statistically significant (i.e., p-value < 0.05) improvement in performance, compared to the MSE.

Table 5: Statistical analyses of experimental results on VGG-Sound dataset. Modality ‘V’ and ‘A’ denote
Video and Audio, respectively. Subscript ‘50’ and ‘18’ under the modality symbol indicate that the ResNet-50
and ResNet-18 models are employed as backbone models. The number within the parentheses denotes the
dimension of the bottleneck feature. All experiments were repeated five times with random seeds, and we report
the mean and standard deviation of results as means:q. Additionally, for the statistical significance test, we
present the p-value for the performance difference between implementing the proposed CIBA framework and
not implementing it. ‘< 0.001" indicates a very small value that is less than 0.001. Generally, a p-value < 0.05
indicates a significant difference.

Table 6: VGG-Sound dataset

Method | Modality |  Val p-value |  Test p-value
Video-baseline (ResNet-50) Vso 50.42 037 49.43 66
Audio-baseline (ResNet-50) Asg 69.55 036 68.76 033
Video-baseline (ResNet-18) Vig 42.11 953 41.53 o41
Audio-baseline (ResNet-18) Ajg 68.86 033 69.08 ¢.52
MSE Vig— Ais | 67.54 076 68.32 .49
MSE + CIBA (16) Vig— Ag | 70.11 040 < 0.001 | 70.39 g4s < 0.001
MSE Ais— Vig 42.61 0.33 41.28 0.57
MSE + CIBA (16) Aig— Vig | 43.59 057 0.015 4255062 < 0.001
MSE Vso— Aig 68.53 036 68.54 34
MSE + CIBA (16) Vso— Ag | 7021028 < 0.001 | 70.71 052 < 0.001
MSE Aso— Vis | 41.40 071 40.33 39
MSE + CIBA (16) Aso— Vig | 43.44 033 0.001 4295019 < 0.001
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E.3 VARIOUS DISTILLATION SCENARIOS ON RAVDESS DATASET

We conducted additional experiments to explore the feasibility of the proposed CIBA framework for
various distillation scenarios, including image-to-audio and fusion-to-image distillation. As shown in
Tab.7, CIBA also performs effectively in such settings. Notably, similar to the results in Tab.1 (b),
MSE shows only marginal performance improvements over the text-baseline for the fusion teacher,
while CIBA demonstrates significant performance enhancement.

Table 7: Results on the RAVDESS. Modality ‘A’ and ‘I’ denote Audio and Image, respectively. The number
within the parentheses denotes the dimension of the bottleneck feature. All experiments were repeated five times
with random seeds, and we report the mean and standard deviation of results as means:q. Additionally, for the
statistical significance test, we present the p-value for the performance difference between implementing the
proposed CIBA framework and not implementing it. ‘< 0.001” indicates a very small value that is less than
0.001. Generally, a p-value < 0.05 indicates a significant difference.

Method | Modality |  Val. p-value |  Test p-value
Audio-baseline A 73.26 151 72.22 526
Image-baseline I 81.64 .79 78.08 130
Fusion-baseline F (I+A) 87.17 904 87.31 146

MSE A—1 80.91 (.68 78.42 o.69

MSE + CIBA (8) A—1 83.74 ¢.08 0.001 81.64 |33 0.004
MSE F—1 81.12 023 78.60 .83

MSE + CIBA (8) F—1I 82.88 056 0.001 80.23 ¢.05 0.021
MSE I— A 71.92 135 67.61 1.82

MSE + CIBA (2) I—-A 77.00 145 < 0.001 | 76.19 303 0.001

E.4 COMPLEXITY OF CIBA FRAMWORK

Our CIBA framework extracts and transfers modality-general components through an additional
information bottleneck module for effective CMFD as described in Sec.4. Although this additional
pre-training phase may seem to increase the training complexity, it only requires a small amount
of computational resources since the bottleneck model typically has fewer parameters compared to
the student and teacher models. For example, in the audio-image setting (Sec.5.1), the bottleneck
model has more than six times fewer parameters compared to the student model (2.1M vs. 13.1M).
Moreover, the proposed framework significantly improves the performance of the student model
without increasing inference complexity since the bottleneck model is not required at test time. Hence,
CIBA framework offers practically significant and efficient CMFD method in real-world scenarios.

E.5 EXTENSION OF CLAIM 1 TO OTHER DISTILLATION LOSS

Optimal weights are typically determined through the gradient of a loss function with respect to the
weights. First, let us compare the gradients of the MSE and Cross-entropy (CE) losses with respect to
the weight. Following the notation in Lemma 3 in Appendix A, the features for the i-th sample x}, x;
of the teacher and student can be represented as zg, z;, respectively. Then, in order to calculate the
cross-entropy between features, each feature can be transformed into a probability value p, p; by the
softmax function. The derivative of the CE loss (—p} log(p;)) with respect to z; can be calculated as
pi — pP}. On the other hand, the derivative of the MSE loss with respect to z; is calculated as z;" z,
as shown in Eq.11. Although the softmax function normalizes the scale of input values, it should not
significantly alter the distribution itself. Therefore, we can infer that the results with CE loss would
be similar to those observed with MSE loss.

To further validate such insights, we conducted an additional experiment by applying cross-entropy
(CE) instead of MSE as the FD loss on the synthetic dataset settings of Sec.3.5. Fig.8 presents the
expanded experimental results applying MSE, from Fig.3 in Sec.3.5. Fig.9 shows the results of the
same experiment conducted with CE loss, and we found that the model still suffers from dimensional
collapse. Additionally, the results in Tab.1 of the main text demonstrate that performance improve-
ments were achieved when the proposed CIBA framework is combined with various distillation
losses. These results support that our claims can be extended to other distillation losses.
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Figure 8: Experimental results on the synthetic dataset where MSE was applied as a feature distillation
loss. (a)-(d) The log singular value spectrum of student’s weights and features learned through
distillation, according to the modality general dimension D. It should be noted that dimensional
collapse still occurs when using CE loss. (e) The performance of the student model depending on
D,. (f) The distillation loss dynamics during training, separated into modality-general and modality-
specific components. The horizontal red line represents the values derived from Corollary 1.1.
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Figure 9: Experimental results on the synthetic dataset where Cross-entropy (CE) was applied as a
feature distillation loss. (a)-(d) The log singular value spectrum of student’s weights and features
learned through distillation, according to the modality general dimension D,. It should be noted
that dimensional collapse still occurs when using CE loss. (e) The performance of the student model
depending on D,,. (f) The distillation loss dynamics during training, separated into modality-general
and modality-specific components. The modality general loss asymptotically converges to zero, while
modality-specific loss does not. This result implies the importance of transferring only modality-
general information in CMFD.
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Figure 10: Experimental results on the synthetic dataset where the orthogonality assumption is relaxed by
removing Gram-Schmidt process when generating synthetic data. (a)-(d) The log singular value spectrum of
student’s weights and features learned through distillation, according to the modality general dimension D,.
(e) The performance of the student model depending on D,. (f) The distillation loss dynamics during training,
separated into modality-general and modality-specific components.

E.6 RELAXATION OF ORTHOGONALITY ASSUMPTION

We conducted additional experiments by relaxing the orthogonality assumption from the synthetic
datasets described in Sec.3.5. Specifically, we removed the Gram-Schmidt process during synthetic
data generation, meaning the data were generated following a unit normal Gaussian distribution and
were not fully orthogonal. Other than this modification, we retained the same settings as outlined in
Appendix D.1 and performed identical experiments in Fig.8.

The results presented in Fig.10, show that the spectrum of singular values for the student features
becomes broader as the dimension of modality-general features increases, while the distributions are
less distinct compared to those derived from orthogonal features in Fig.8 due to the relaxed condition.
Additionally, as shown in Fig.10-(c), the trend of performance improvement with an increasing
dimension of modality-general features also remains consistent. These findings confirm that our claim
remains valid even when the orthogonality assumption is relaxed.

E.7 ADDITIONAL ABLATION STUDY ON BOTTLENECK DIMENSION H

First, we illustrate the performance variations on

the MM-IMDB dataset depending on H in Fig. 11. Fusion to Text Image to Text
The black line represents the performance of the /\ 0580 ™
MSE-based approach. Consistent with the analysis ~ **] " 0565 /

in Sec. 5.1.3, the performance tends to degrade for — oss 0550 / oy Ve v
excessively small or large H values. However, apart ] 0575

from these extreme H values, the proposed method T MSEROVE | 50 I

generally outperforms the MSE method.

2 4 8 16 32 64 2 4 8 16 32 64
Bottleneck Dimension Bottleneck Dimension

In Fig.12, we also plotted the performance varia- (2) MM-IMDB (F — T) (b) MM-IMDB (1 - T)
tions (lower plot) and the singular value spectrum

of the bottleneck model’s output (upper plot) with Figure 11: Performance trends on the MM-IMDB
respect to H on the VGG-Sound dataset, similar to  gaaget with varying bottleneck dimensions H.
Fig.5-(b) and -(c). Consistent with previous results,

the proposed method significantly outperforms the

MSE approach, except for extreme I values.
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Figure 12: Experimental results on VGG-Sound. (Upper plot) The log singular value spectrum of the
bottleneck model’s output depending on the dimension of bottleneck feature H. (Lower plot) The
performance trend of CIBA implemented with the sub-dimensional distillation using MSE, depending
on H. Black line denotes the performance of MSE baseline.

Furthermore, the method described in Sec.5.1.3 for estimating an adequate H value based on the
singular value spectrum analysis of the bottleneck model’s output features can also be applied to
the VGG-Sound dataset. In the upper plot of Fig.12 of Appendix E.7, the singular value spectrum
saturates around H = 16 across all scenarios. Although the lower plot of Fig.12 shows that H = 16
does not always achieve the optimal performance, it consistently delivers sufficiently strong results.
These findings demonstrate that the proposed method for selecting H is practical and applicable to

real-world scenarios.
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