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ABSTRACT

Vision-Language Models (VLMs) have demonstrated impressive performance
across various multimodal tasks. However, deploying large teacher models in
real-world applications is often infeasible due to their high computational cost. To
address this, knowledge distillation has been widely explored to transfer knowl-
edge from a large teacher model to a smaller student model. In this paper, we
propose a novel distillation framework that integrates Transfer Entropy (TE) as a
regularization term to enhance information flow from the teacher to the student
model. TE quantifies the directional dependency between teacher and student em-
beddings, encouraging the student model to effectively capture structural knowl-
edge from the teacher. To efficiently approximate TE in high-dimensional embed-
ding spaces, we introduce two surrogate formulations based on cosine similarity:
(1) TE via cosine similarity of directional changes in embeddings and (2) TE
via concatenated differences across modalities. Our experiments, conducted on
the MSCOCO 2014 and Flickr8k datasets using CLIP-based teacher and student
architectures, demonstrate that incorporating TE significantly improves retrieval
performance. Through extensive analysis, we show that TE-based regularization
enhances the student model’s ability to capture multimodal associations and main-
tain representational consistency. Our findings suggest that TE is an effective tool
for improving knowledge transfer in VLM distillation, bridging the performance
gap between compact student models and their larger teacher counterparts.

1 INTRODUCTION

Vision-Language Models (VLMs) have emerged as a powerful framework for learning joint repre-
sentations of images and text, enabling applications such as image captioning, visual question an-
swering, and cross-modal retrieval (Radford et al., 2021} Jia et al., [2021). However, state-of-the-art
VLMs are often computationally expensive, making them impractical for deployment in resource-
constrained environments. To address this challenge, knowledge distillation (Hinton et al.,[2015]) has
been widely adopted to transfer knowledge from a large teacher model to a smaller, more efficient
student model while maintaining performance.

Existing approaches to VLM distillation primarily rely on contrastive learning (Li et al., 2022}
Yang et al.| [2024) and divergence-based losses, such as Kullback-Leibler (KL) divergence (Li et al.,
2024b)), to align the student model’s probability distribution with that of the teacher. However, these
methods do not explicitly quantify the directed information flow between the teacher and student
representations. As a result, traditional distillation losses may overlook the sequential and structural
dependencies present in the learning dynamics of multimodal embeddings.

To overcome these limitations, we propose a novel distillation framework that integrates Transfer
Entropy (TE) as a regularization mechanism to enhance the student model’s ability to mimic the
teacher’s information transfer patterns. TE is a measure of directed information flow between two
systems, originally developed in information theory (Schreiber, [2000). In the context of VLM dis-
tillation, TE quantifies how much additional knowledge the teacher provides to the student beyond
what the student has already learned from past states. This allows us to explicitly encourage mean-
ingful knowledge transfer, ensuring that the student model captures the evolving structure of the
teacher’s representations.

The key contributions of this work are as follows:
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* We introduce TE as a regularization method for VLM distillation, explicitly capturing the
directed information flow from the teacher model to the student.

* We theoretically show that the first-order (linear) expansion of TE leads to a computable
surrogate based on a cosine similarity between the teacher and student-process Jacobians.

* We propose two novel TE approximations based on cosine similarity, enabling efficient
computation of information transfer in high-dimensional multimodal embeddings.

* We demonstrate that integrating TE into the distillation loss function leads to significant im-
provements in retrieval performance, outperforming traditional contrastive, KL-divergence,
Mean Squared Error (MSE), and Interactive Contrastive Learning (ICL) distillation meth-
ods.

* We provide extensive empirical validation on the MSCOCO and Flickr8k datasets using
different teacher-student distillation setups, showing that TE-based regularization enhances
multimodal representation learning and improves student model alignment with the teacher.

2 RELATED WORK

2.1 KNOWLEDGE DISTILLATION

Knowledge distillation enables the transfer of learned representations from a large teacher network
to a smaller student model (Hinton et al.,[2015). Building on this idea, techniques utilizing interme-
diate representations have been developed to guide the training of deeper yet more efficient networks
(Romero et al.,2015). Other approaches have leveraged attention mechanisms by emphasizing spa-
tial attention maps (Zagoruyko & Komodakis|, 2017) or addressed scenarios where original training
data is unavailable through data-free methods (Huang & Wang] |[2017).

Further research has focused on aligning internal representations between teacher and student net-
works. Contrastive methods harmonize feature spaces (Tian et al.| 2019), while attention-based
strategies have been tailored for transformer architectures (Touvron et al., 2021). Information-
theoretic approaches have also emerged, either by maximizing mutual information (Ahn et al.|[2019)
or by capturing inter-sample relationships (Park et al.||2019). In addition, leveraging the probability
distribution of the teacher network has proven effective in guiding the student (Passalis & Tefas)
2018). In (Liu et al.l 2022), mutual relation distillation was proposed as a face recognition dis-
tillation method called CoupleFace. In (Chen et al.|, [2023), an objective function in multimodal
representation learning was proposed to preserve the mutual information between the teacher and
the auxiliary modality model for knowledge distillation.

Recent studies have ventured into the frequency domain. Frequency attention modules enable stu-
dents to adjust feature representations under teacher guidance (Pham et al.l 2024), and semantic
frequency prompts have been employed to enhance dense prediction tasks (Zhang et al., [2024).
Moreover, methods optimizing frequency representations have been proposed to generate compact
synthetic datasets (Shin et al.,|2023).

Other contributions in the area include self-distillation techniques for generating versatile text em-
beddings (Chen et al., [2024)), strategies that synthesize minimal training samples to reduce compu-
tational overhead while preserving accuracy (Liu et al., [2024)), dual-teacher frameworks (L1 et al.,
2024c)), and the use of orthogonal projections to bolster knowledge transfer (Miles et al.,[2024). An
additional framework has been introduced to search for optimal distillation strategies tailored for
object detection tasks (Li et al., 2024a).

2.2 VISION-LANGUAGE MODEL DISTILLATION

In the vision-language domain, early work aligned object semantics with textual descriptions to
improve model performance (Li et al., |2020), while large-scale pre-training methods have been
employed to learn universal image-text representations (Chen et al., 2020). Techniques adapting
image-based models to video data have been proposed by leveraging high-quality pseudo-captions
(Zhao et al.,[2024), and methods to condense large datasets into smaller, information-rich synthetic
sets have also been developed (Wu et al.,|[2023b).
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Subsequent efforts have focused on enhancing reasoning and retrieval capabilities. Instruction-
tuning frameworks have been devised to enable models to solve complex visual tasks through dis-
tilled reasoning abilities (Hu et al., [2024), and methods for open-vocabulary object detection via
multimodal knowledge transfer have been explored (Gu et al} |2021). Approaches targeting video-
language retrieval tasks (Pei et al., 2023) and incorporating frequency information to boost out-of-
distribution generalizability (L1 et al.| 2023)) further extend these ideas. Complementary techniques
include methods leveraging vision-language models to enhance image classification performance in
diverse domains (Addepalli et al., 2024).

Recent efforts to compress and specialize multimodal models have led to techniques that reduce
model size while maintaining strong performance on multimodal tasks (Fang et al.| [2021). Some
approaches enable multimodal generation by distilling vision-language knowledge (Dai et al.,|2022)),
while others refine student models for specific applications through targeted distillation techniques
(Wang et al.;, 2022). Additionally, a method incorporating affinity mimicking and weight inheritance
has been proposed to compress CLIP models while preserving their strong zero-shot performance
(Wu et al., [2023a).

Very recently, a Mixture-of-Visual-Encoder Knowledge Distillation (MoVE-KD) (Cao et al., [2025))
was proposed to distill the unique proficiencies of multiple vision encoders into one efficient encoder
model. A model Align-KD was proposed to guide the student model in VLM distillation to learn
the cross-modal matching in the shallow layers (Feng et al.,|2025)). Several loss functions have been
explored for CLIP distillation. Yang et al. (Yang et al,, 2024) utilized ICL and MSE loss, while
Li et al. (Li et al., 2024b) applied KL divergence for VLM distillation. In this work, we propose
leveraging TE as a reward function to enhance VLM distillation.

3 INTRODUCTION TO TRANSFER ENTROPY

Transfer Entropy is an information-theoretic measure introduced by Schreiber (Schreiber, 2000) to
quantify the directed transfer of information between two stochastic processes. It is particularly use-
ful for detecting asymmetrical interactions and causal relationships, as it measures the influence that
the past of one process, X, has on the future of another process, Y, beyond what can be explained
by the past of Y alone.

For two discrete-time stochastic processes X (¢) and Y (¢), the transfer entropy from X to Y is
formally defined as (Schreiber, 2000):

p(yt+1 | ymxt)
Tx YZE D s Yt o) log —————= (D
- - (W1, 91 ) log P(yes1 | ve)

where p(-) represents probability distributions of the respective random variables.

Transfer entropy is closely related to conditional mutual information. It can be rewritten as the
conditional mutual information between Y;; and X, conditioned on Y; (Shahsavari Baboukani
et al.l [2020):

Tx oy =1(Yig1: Xe | YY), )

where I(Y;41; Xt | Y3) is the mutual information between Y;;1 and the history of X, conditioned
on the history of Y. The proof is provided in Appendix [A] This formulation reveals that transfer
entropy measures the additional information that X, provides about the future state Y;,;, over and
above the information provided by Y’s own history Y;. In Appendix [B] we present an overview of
prior work on mutual information and TE estimation.

4 METHOD

4.1 WHY IS TRANSFER ENTROPY BENEFICIAL FOR VLM DISTILLATION

In the context of VLM distillation, we aim to maximize the information flow from a teacher model
to a student model across both text and image modalities. To formalize this process, we define the
following components:
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. Vt(T): The teacher’s intermediate visual representation (i.e., image features) at optimization
step .

. St(T): The teacher’s intermediate textual representation at optimization step ¢.
. Vt(s): The student’s current visual representation at optimization step ¢.
. St(s): The student’s current textual representation at optimization step ¢.

. Vt(fl) The student’s updated visual representation at optimization step ¢ + 1 after incorpo-
rating guidance from the teacher.

. St(i)lz The student’s updated textual representation at optimization step ¢ + 1 after incorpo-
rating guidance from the teacher.

The key idea is to quantify how much additional information from the teacher’s guidance comprising
both the teacher’s textual representation St(T) and the teacher’s visual features Vt(T)

predicting the student’s next states Vt(fl) and St(f)l, beyond what is already present in the student’s

contributes to

current states Vt(s) and SIES). This can be expressed using transfer entropy as

5) (S T) oT 5) (S
Tigim ymy s e = (VS 80 0,801 (v, 8)) ©
where I(-;- | -) denotes the conditional mutual information. This formulation measures the extent
to which the teacher’s combined text and image signals provide new information that drives the
refinement of the student’s textual and visual representations.

A high value of indicates that the teacher’s guidance significantly influ-

T
(57 V)= (s(7,v)
ences the student’s update. In the early stages of distillation, when the student’s representations V;(S)
and St(s) are still underdeveloped, the influence of St(T) and V;(T)
in a high transfer entropy. By analyzing T’
a high transfer e tiopy y a a?/ g (S V) 5(80 V(D) : s !
the balance and effectiveness of the information flow between the text and image modalities during
distillation. Such insights can inform improvements in both the teacher’s conditioning mechanism

and the student’s learning strategy, ultimately leading to more faithful and robust VLM distillation.

is expected to be strong, resulting
we gain valuable insights into

One might argue that since data samples within a batch are typically shuffled and independent,
the assumption of temporal dependence between states may not hold. However, in (3), we do not
interpret the index ¢ as wall-clock time or as referring to temporally correlated samples (e.g., in
videos). Instead, ¢ represents the learning step of the student model, while the teacher remains fixed
throughout training:

* Forward pass (step t): The teacher generates modality-specific hidden representations

(St(T), KQ(T)) for a given mini-batch. These remain constant, as the teacher’s weights are
frozen.

* Backward + parameter update: The student parameters are updated, producing new hidden
states (St(_f)17 Vt(fl)) for the same mini-batch during the next forward pass.

Therefore, TE is computed across optimization steps for the same data examples, rather than across
different samples within a shuffled batch. This approach is consistent with prior work in information-
theoretic analyses of learning dynamics (Goldfeld et al., 2019)(Achille & Soatto} [2018)).

4.2 APPROXIMATING TE USING COSINE SIMILARITY

In the context of VLM distillation, computing exact transfer entropy poses significant challenges
due to the inherently high dimensionality of image and text representations. For example, in CLIP
ResNet-50, the image and text embedding dimension is 1024 (Radford et al., 2021). Transfer en-
tropy, a measure of the directed information flow between two systems, requires estimating condi-
tional mutual information between high-dimensional feature spaces of teacher and student models.
However, the joint distribution of image features (e.g., pixel-level data or patch embeddings) and text
tokens (e.g., contextualized word embeddings) leads to an exponential increase in computational
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complexity. This issue, often referred to as the curse of dimensionality (Koppen, 2000), renders
exact computation of transfer entropy intractable. In (Gowri et al., [2025)), it shows the difficulty of
estimating mutual information in high dimensions. As represented in (2)), TE is a conditional mu-
tual information of two stochastic processes, which is more challenging. We propose the following
Theorem to serve as the theoretical basis for approximating TE.

Theorem 1 (First-order TE-Jacobian relation). Let 2 € RY be an input (image—caption pair), and
let fr, fs : R* — RP denote the teacher and student encoders with Jacobians

Jr(z) = Vafr(z), Js(z) = Vufs(x) e RP*4, 4)

Under a first-order linear—Gaussian approximation of the conditional mutual information, the one-
step transfer entropy from the teacher to the student satisfies

T7(z) o cos(Js(x), Jr(x)), )
where the Frobenius-normalized Jacobians are
5 Js(x) 5 Jr(x)
Js(x = ) JT(x) = 9 (6)
)= Ts@lr PEGIE

and cos(A, B) = (A, B) r denotes the cosine similarity (Frobenius inner product) between matrices
A and B.

In Appendix[C] we provide the proof for this theorem.

In practice, we approximate the Jacobians using finite differences (Nocedal & Wright,|1999)(Baydin
et al.l [2018):

Jsox ~ fs(x +dz) — fs(x), Jrdx ~ fr(x+dx) — fr(z),

where dz is a small input perturbation. Based on the these theoretical results, we propose two
approximations on TE using cosine similarity.

4.2.1 TE APPROXIMATION VIA COSINE SIMILARITY OF DIFFERENCES

Let v(®) and s() denote the image and text embeddings from the student model, and v(™) and s(*)
denote the corresponding embeddings from the teacher model. The TE approximations are based
on computing the cosine similarity between the directional changes in embeddings of the student
and teacher models. The surrogate methods effectively captures how well the student follows the
teacher’s representation evolution.

To approximate TE, the method first calculates the difference between consecutive embeddings for
both image and text modalities. This process assumes that batch ordering approximates temporal
ordering, meaning that consecutive samples in the batch correspond to incremental states of repre-
sentation learning. The embedding differences are computed as

AV =9, D, Au® Z T D %
for images, and
Ao = ofZ) — o, AT =T — ®

for text embeddings.

Once the differences are obtained, the next step involves computing the cosine similarity between the
student’s and teacher’s directional changes. Cosine similarity (Xia et al.|2015)) serves as a measure
of alignment between the two models, ensuring that if the student’s representation updates closely
follow the teacher’s, meaningful information transfer is occurring. The cosine similarity for images
is given by
(v) <AV§S), AVZ(T)>
cost,’ = & @) , 9)
AV l[[Av; | + €

where ¢ is a small constant to prevent division by zero. While for text embeddings, it is given by
() __ (As Asi)

= . (10)
1AsS [ Ast|| + ¢

9
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To approximate the overall TE for each modality, the method computes the mean cosine similarity
across all batch elements. The image-based TE is computed as

= "
T Eimg = 51 E_l cosb; ’, (11)
while the text-based TE follows the same formulation:

1 B—1 )
TEw= 5 ; cos 0, (12)

The final TE approximation is obtained by averaging the image and text TE values:

1
TE = 5 (T Eimg + TEu). (13)

4.2.2 TE APPROXIMATION VIA COSINE SIMILARITY OF CONCATENATED DIFFERENCES

An alternative approach to approximate TE involves combining the directional changes from both
image and text modalities before computing the cosine similarity. In this method, we first calculate
the differences between consecutive embeddings for both modalities, same as @[) Instead of
computing the cosine similarity for each modality independently and then averaging the results, we
concatenate the difference vectors from both modalities into a single vector. That is, for each index
1, we define the concatenated difference vectors as

Ac® = [sz@ I Asf)} , (14)

A = [avias], (1)
where || denotes concatenation along the feature dimension.

The cosine similarity between the concatenated difference vectors is then computed as
@ __ (Be” Act)

Clae A+

with € being a small constant for numerical stability. Finally, the overall TE approximation is ob-
tained by averaging these cosine similarities over all consecutive pairs in the batch:

cos

(16)

1 =
TE = —— 504 1
51 ;cosﬁz (17)

This concatenation-based surrogate for TE captures the joint evolution of image and text represen-
tations, providing a single metric that reflects how well the student model’s combined modality
updates align with those of the teacher.

In Appendix [D} we present evaluation results for our two TE approximation methods and compare
them with exact TE computation in simple experimental settings. In Appendix |[E] we analyze the
computational cost of exact TE versus TE approximations.

4.3 LosSS FUNCTIONS FOR VLM DISTILLATION

To effectively transfer knowledge from the teacher model to the student model in a VLM distillation
setting, we employ a combination of Contrastive Loss (CL), KL divergence, MSE, ICL, and TE. The
first four loss functions are introduced in Appendix [F] These components ensure that the student
model aligns its representations with the teacher while maintaining structural consistency across
modalities.

To integrate the transfer entropy component, we subtract the surrogate TE reward from the overall
loss. Combining these terms, the total loss function becomes:

Liotal = Lecontrastive + & Lxr. + B Lmse + 0 LicL — ~vTE, (18)
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where «, 3, § and  are weighting factors that balance the contributions of the KL divergence loss,
the MSE loss, the ICL loss, and the TE reward, respectively. This composite loss encourages the
student model to not only align with the teacher’s predictions but also to capture the directional evo-
lution of feature representations, resulting in more faithful distillation of multi-modal interactions.

By integrating CL, KL divergence, MSE loss, ICL loss, and TE-based regularization, we construct a
comprehensive loss function that balances distributional alignment and information transfer, leading
to a more effective VLM distillation process.

5 EXPERIMENTS

Our experiments consist of the following configurations: (1) Teacher: ResNet-50, Student: ResNet-
34; (2) Teacher: ViT-B/16, Student: ResNet-34; (3) Teacher: ResNet-50, Student: ResNet-18. We
evaluate these settings on two datasets: MSCOCO 2014 (Lin et al., 2014) and Flickr8k (Hodosh
et al., |2013)(Marco et al} [2023). We also include one application in classification based on Food
101 dataset (Bossard et al., 2014) in Appendix [G.5]

In this Section, the teacher model employed in our experiments is OpenAI’s CLIP RN50 (Radford
et al.l 2021)), which integrates both an image encoder and a text encoder. The image encoder is
based on a modified ResNet-50 architecture, comprising approximately 38.3 million parameters.
The text encoder is a 12-layer Transformer (Vaswani et al., [2017)) with a hidden dimension of 512,
contributing around 63.1 million parameters (Radford et al.| 2021). Combined, the CLIP RN50
model encompasses approximately 102 million parameters, positioning it as a moderately large-
scale vision-language model well-suited for knowledge distillation tasks.

In contrast, the student model is based on RN34 for the image encoder and a lightweight Trans-
former for the text encoder. The RN34 architecture contains approximately 21.8 million parameters,
and the final fully connected layer is modified to output 1024-dimensional features, keeping the pa-
rameter count relatively stable (He et al., 2016). The text encoder consists of an embedding layer
with a vocabulary size of 49,408 and a hidden dimension of 1024, contributing approximately 25.3
million parameters (Mehta et al.l [2020). Additionally, the student Transformer has only 2 encoder
layers with an 8-head attention mechanism, leading to an estimated total of 5-10 million parame-
ters (Vaswani et al.,[2017)). Combining both encoders, the total parameter count of the student model
is approximately 55-60 million, significantly smaller than the teacher model while maintaining ef-
fective knowledge representation capabilities.

Our experiments are conducted on the MSCOCO 2014 dataset (Lin et al., |2014)), which comprises
approximately 82,783 training images and 40,504 validation images, each paired with multiple tex-
tual descriptions. This dataset is widely adopted in vision-language research due to its extensive and
diverse image-caption pairs.

For clarity, we refer to the TE approximation introduced in Section [4.2.T]as TE1 and the approx-
imation in Section [4.2.2] as TE2. The student model is trained using various combinations of loss
functions, including Contrastive Loss (CL), KL divergence, MSE loss, ICL loss, and our proposed
TE rewards. The total loss function is defined in (I8). We conducted experiments using different
combinations of these loss components. Our TE-based regularization is designed to capture the di-
rectional information flow between the teacher and student feature encoders, thereby encouraging
the student to mimic the teacher’s behavior more closely.

The hyperparameters «, 3, J, and v in are designed to balance the contributions of the CL,
KL, MSE, ICL, and TE terms in the overall objective. We assign larger values to hyperparameters
associated with loss components that naturally exhibit smaller magnitudes, ensuring that each term
contributes comparably to the optimization process. The training losses and TE for different loss
functions are provided in Fig. [3|

In this experiment, we used weighting factors & = 1.0, 5 = 50, § = 1.0, v = 1.0, and a temperature
parameter 7 = 0.07. These hyperparameters were carefully selected to balance the contributions of
each loss component, ensuring effective knowledge transfer from the teacher to the student model
while maintaining training stability. The batch size was set to | B| = 64, and the training data was
shuffled to eliminate correlations between neighboring samples.
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We utilized Google Colab Pro with a T4 GPU and High-RAM for training and performance evalua-
tion. Due to time and budget constraints, we trained the student model, RN34, for only 10 epochs in
each loss function combination scenario. The training and evaluation process for each experimental
setup took approximately 14 hours.

Figure [3|illustrates that the total training loss decreases steadily over epochs while the TE rewards
show an increasing trend. This behavior indicates that the model effectively minimizes the overall
objective and progressively captures the directional information flow between teacher and student
representations. The TE-based regularization plays a key role in maintaining structured alignment
during training, which is critical for effective knowledge transfer. For experiments with TE1 and
TE2 such as Fig. [3f and Fig. [3], the TE1 and TE2 monotonically increase with very close but
different values. However, the KL loss and MSE don’t decrease clearly with more training epochs. In
loss functions with KL, ICL, MSE, TE, different combinations may impact each other. For example,
in Contrastive + TE1 (Fig. ), TE1 achieved average value 0.7242 at epoch 10; in Contrastive +
KL + TE1 (Fig. [3g), TEI achieved average value 0.7865 at epoch 10; and in Contrastive + KL +
ICL + TEI (Fig. [3)), TE1 achieved average value 0.4611 at epoch 10. So this demonstrated that KL
promotes TE, but ICL discourages TE.

We evaluated the performance of the trained student models using Recall@k for both image-to-
text (I2T) and text-to-image (T2I) retrieval tasks. Recall@k measures the percentage of queries
for which the correct match appears in the top-k retrieved results (Manning et al., 2008). A higher
Recall@1 indicates stronger alignment between images and texts, as the correct match is ranked first,
while Recall@5 and Recall@ 10 provide insight into broader retrieval accuracy. We summarized the
performance of the evaluation of the trained student model RN34 in Table

Table 1: Comparison of zero-shot retrieval performance (Recall@k) of student RN34 with teacher
RN350 for different loss function combinations in VLM distillation using MSCOCO. All Loss Func-
tion: CL + KL + MSE + ICL - TEI - TE2.

Model and Loss Function I2T Retrieval (R) T2I Retrieval (R)
R@1 R@5 R@10 R@1 R@5 R@10
Teacher Model (RN50) 1527% 30.73% 39.05% 11.68% 25.52% 33.50%

Student Models (RN34)
CL Only (Oord et al., 2018) 494% 14.60% 22.51% 3.96% 12.67% 19.45%
CL + MSE (Yang et al.,[2024) 5.13% 1541% 23.17% 4.00% 12.79% 19.53%

CL + KL (L1 et al., |2024b) 542%  16.20% 24.55% 5.06% 15.35% 22.92%
CL + ICL (Yang et al., 2024)) 575% 16.86% 24.83% 5.07% 15.14% 22.44%
CL - TE1 691% 1948% 28.12% 5.68% 16.33% 23.93%
CL - TE2 7.04% 19.22% 27.97% 5.46% 15.90% 23.49%
CL - TEl - TE2 824% 2243% 31.73% 6.53% 18.13% 26.02%
CL +KL - TEl 7.81% 21.31% 30.65% 642% 18.18% 26.33%
CL + KL - TE2 777%  21.10% 30.22% 6.21% 17.95% 26.03%
CL + KL + MSE - TE1 7.62%  21.05% 30.34% 6.53% 18.48% 26.66%
CL + KL + ICL - TE1 7.59%  20.87% 29.95% 6.718% 19.11% 27.33%
CL+KL+MSE+ICL-TEl 7.51% 20.62% 29.81% 6.76% 19.02% 27.32%
All Loss Function 811% 22.05% 31.57% 718% 19.75% 28.14%

Table[T]clearly demonstrates that incorporating transfer entropy (TE1 and TE2) into the VLM distil-
lation objective leads to substantial performance gains in both I2T and T2I retrieval. We incremen-
tally added each loss component to the base contrastive loss and observed that the introduction of
TE1 or TE2 resulted in the most significant performance improvements. The best-performing mod-
els all include TE components, underscoring their effectiveness in enhancing the student model’s
ability to capture structured information flow from the teacher. Notably, the configuration using the
loss function CL. — TE1 — TE2 achieves the highest I2T Recall@ 1, while the full loss combina-
tion CL + KL + MSE + ICL - TEl - TEZ2 yields the best T2I performance. This suggests
that TE terms not only provide strong standalone regularization but also complement traditional dis-
tillation objectives when integrated holistically. As shown in Figure 3f, both TE1 and TE2 exhibit
similar trends with monotonically increasing values during training. This indicates that their influ-
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ence becomes more prominent over time, effectively guiding the optimization of the CL-TE1-TE2
objective. We highlight the best-performing scores in bold in Table

Table 2] reports the sensitivity of retrieval performance to different hyperparameter settings. A clear
trend emerges: the parameter v, which controls the strength of the TE term, has a pronounced
influence on the results. When v = 0 (i.e., TE is omitted), performance drops sharply across both
I2T and T2I tasks, highlighting the necessity of including TE in the loss. Introducing TE (y > 0)
consistently improves Recall @k, with different values favoring different tasks: smaller ~y yields the
strongest T2I results, while larger -y (e.g., 7.5) achieves the best I2T scores. This demonstrates that
TE regularization is not only beneficial overall but also tunable for task-specific gains. In particular,
moderate values of +y strike a favorable balance, confirming that TE plays a critical role in enhancing
the transfer of knowledge during distillation.

Table 2: Comparison of zero-shot retrieval performance (Recall@k) in percentage of student RN34
with teacher RN50 on MSCOCO.

B
50

v IRTR@1 RTRE@5 RTR@10 T2IR@1 T2IR@5 T2IR@I10

« )
1 1 0 6.08% 18.14% 26.93% 5.92% 17.06% 24.89%
1 50 1 1 8.11% 22.05% 31.57% 7.18% 19.75% 28.14%
1 50 1 25 9.48% 24.68% 34.54% 7.57 % 20.55% 29.03%
1 50 1 5 10.02% 25.80% 35.74% 7.32% 20.04% 28.50%
1 50 1 10.27 % 26.36% 36.30% 6.98% 18.95% 26.95%
1 1
5 1
1 1
1 5

5
50 0 9.77% 25.25% 35.04% 6.94% 18.78% 26.67%
5 10.19% 26.15% 36.09% 6.81% 18.84% 26.88%
5 10.25% 25.76% 35.69% 7.30% 20.55% 29.03%
5 8.20% 22.14% 31.63% 7.14% 19.61% 28.05%

50
100
50

In Appendix (G| we present the experimental results for four more experiments: 1) teacher: RN50,
student: RN34, dataset: Flick8k; 2) teacher: ViT-B/16, student: RN34; Datasets: MSCOCO and
Flick8k; 3) teacher: RN50, student: RN18, dataset: MSCOCO; 4) teacher: RN50, student: RN34,
dataset: Food-101, for classification. We evaluate zero-shot retrieval performance across multiple
VLM distillation settings and find that incorporating transfer entropy (TE1 and TE2) consistently
improves both I2T and T2I retrieval.

6 CONCLUSIONS AND FUTURE WORK

In this work, we introduced TE as a regularization technique for VLM distillation, aiming to enhance
knowledge transfer from a teacher model to a student model. Direct computation of TE is intractable
due to the high dimensionality of image and text representations. To address this, we demonstrated
that a first-order (linear) expansion of TE yields a practical surrogate based on the cosine similarity
between the Jacobians of the teacher and student processes. Building on this insight, we proposed
two TE approximation strategies that leverage cosine similarity to quantify and enforce directional
information flow between teacher and student embeddings across both image and text modalities. By
integrating TE-based regularization into the distillation loss, we showed that the student model more
effectively captures structured multimodal information, resulting in improved retrieval performance.

Our experiments were conducted using CLIP RN50 and ViT-B/16 as teacher models, and RN34 and
RN18 as student models, evaluated on the MSCOCO 2014 and Flickr8k datasets. The experimental
results underscore the importance of TE-based regularization for achieving improved feature align-
ment. Student models trained with TE consistently outperform those trained without TE, exhibiting
notable gains in Recall @k for both image-to-text and text-to-image retrieval tasks.

This work primarily focuses on static teacher-student distillation, where the teacher model remains
fixed during training. Future directions include extending our approach to co-distillation scenarios,
wherein both teacher and student are jointly optimized to mutually enhance knowledge transfer.
Additionally, exploring TE-based reinforcement learning strategies may provide an alternative opti-
mization framework, enabling the student model to actively maximize meaningful information flow
throughout training.



Under review as a conference paper at ICLR 2026

REFERENCES

Alessandro Achille and Stefano Soatto. Emergence of invariance and disentanglement in deep rep-
resentations. Journal of Machine Learning Research, 19(50):1-34, 2018.

Sravanti Addepalli, Ashish Ramayee Asokan, Lakshay Sharma, and R Venkatesh Babu. Leveraging
vision-language models for improving domain generalization in image classification. In Pro-
ceedings of the IEEE/CVF Conference on Computer Vision and Pattern Recognition, pp. 23922—
23932, 2024.

Sungsoo Ahn, Shell Xu Hu, Andreas Damianou, Neil D Lawrence, and Zhenwen Dai. Variational
information distillation for knowledge transfer. In IEEE Conference on Computer Vision and
Pattern Recognition, 2019.

Atilim Gunes Baydin, Barak A Pearlmutter, Alexey Andreyevich Radul, and Jeffrey Mark Siskind.
Automatic differentiation in machine learning: a survey. Journal of machine learning research,
18(153):1-43, 2018.

Mohamed Ishmael Belghazi, Aristide Baratin, Sai Rajeshwar, Sherjil Ozair, Yoshua Bengio, Aaron
Courville, and Devon Hjelm. Mutual information neural estimation. In International conference
on machine learning, pp. 531-540. PMLR, 2018.

Lukas Bossard, Matthieu Guillaumin, and Luc Van Gool. Food-101-mining discriminative compo-
nents with random forests. In European conference on computer vision, pp. 446-461. Springer,
2014.

Jiajun Cao, Yuan Zhang, Tao Huang, Ming Lu, Qizhe Zhang, Ruichuan An, Ningning Ma, and
Shanghang Zhang. Move-kd: Knowledge distillation for vims with mixture of visual encoders.
CVPR, 2025.

Jianlv Chen, Shitao Xiao, Peitian Zhang, Kun Luo, Defu Lian, and Zheng Liu. M3-embedding:
Multi-linguality, multi-functionality, multi-granularity text embeddings through self-knowledge
distillation. In Findings of the Association for Computational Linguistics: ACL 2024, 2024.

Liqun Chen, Dong Wang, Zhe Gan, Jingjing Liu, Ricardo Henao, and Lawrence Carin. Wasserstein
contrastive representation distillation. In Proceedings of the IEEE/CVF conference on computer
vision and pattern recognition, pp. 1629616305, 2021.

Mengxi Chen, Linyu Xing, Yu Wang, and Ya Zhang. Enhanced multimodal representation learning
with cross-modal kd. In Proceedings of the IEEE/CVF Conference on Computer Vision and
Pattern Recognition, pp. 11766-11775, 2023.

Xi Chen, Yan Duan, Rein Houthooft, John Schulman, Ilya Sutskever, and Pieter Abbeel. Info-
gan: Interpretable representation learning by information maximizing generative adversarial nets.
Advances in neural information processing systems, 29, 2016.

Yen-Chun Chen, Linjie Li, Licheng Yu, Ahmed El Kholy, Faisal Ahmed, Zhe Gan, Yu Cheng, and
Jingjing Liu. Uniter: Learning universal image-text representations. In European Conference on
Computer Vision, pp. 104-120. Springer, 2020.

Thomas M Cover. Elements of information theory. John Wiley & Sons, 1999.

Pawetl Czyz, Frederic Grabowski, Julia Vogt, Niko Beerenwinkel, and Alexander Marx. Beyond
normal: On the evaluation of mutual information estimators. Advances in Neural Information
Processing Systems, 36:16957-16990, 2023.

Wenliang Dai, Lu Hou, Lifeng Shang, Xin Jiang, Qun Liu, and Pascale Fung. Enabling multimodal
generation on clip via vision-language knowledge distillation. arXiv preprint arXiv:2203.06386,
2022.

Alexey Dosovitskiy, Lucas Beyer, Alexander Kolesnikov, Dirk Weissenborn, Xiaohua Zhai, Thomas
Unterthiner, Mostafa Dehghani, Matthias Minderer, Georg Heigold, Sylvain Gelly, et al. An
image is worth 16x16 words: Transformers for image recognition at scale. arXiv preprint
arXiv:2010.11929, 2020.

10



Under review as a conference paper at ICLR 2026

Zhiyuan Fang, Jianfeng Wang, Xiaowei Hu, Lijuan Wang, Yezhou Yang, and Zicheng Liu. Com-
pressing visual-linguistic model via knowledge distillation. In Proceedings of the IEEE/CVF
International Conference on Computer Vision, pp. 1428-1438, 2021.

Qianhan Feng, Wenshuo Li, Tong Lin, and Xinghao Chen. Align-kd: Distilling cross-modal align-
ment knowledge for mobile vision-language model. CVPR, 2025.

Chaochen Gao, Xing Wu, Peng Wang, Jue Wang, Liangjun Zang, Zhongyuan Wang, and Songlin
Hu. Distilcse: Effective knowledge distillation for contrastive sentence embeddings. In arXiv
preprint arXiv:2112.05638,2021. URL |https://arxiv.org/abs/2112.05638,

Shuyang Gao, Greg Ver Steeg, and Aram Galstyan. Efficient estimation of mutual information for
strongly dependent variables. In Artificial intelligence and statistics, pp. 277-286. PMLR, 2015.

Sahil Garg, Umang Gupta, Yu Chen, Syamantak Datta Gupta, Yeshaya Adler, Anderson Schneider,
and Yuriy Nevmyvaka. Estimating transfer entropy under long ranged dependencies. In Uncer-
tainty in Artificial Intelligence, pp. 685-695. PMLR, 2022.

Ziv Goldfeld and Kristjan Greenewald. Sliced mutual information: A scalable measure of statistical
dependence. Advances in Neural Information Processing Systems, 34:17567-17578, 2021.

Ziv Goldfeld, Ewout van den Berg, Kristjan Greenewald, Igor Melnyk, Nam Nguyen, Brian Kings-
bury, and Yury Polyanskiy. Estimating information flow in deep neural networks. ICML, 2019.

Gokul Gowri, Xiaokang Lun, Allon Klein, and Peng Yin. Approximating mutual information of
high-dimensional variables using learned representations. Advances in Neural Information Pro-
cessing Systems, 37:132843-132875, 2025.

Xiuye Gu, Tsung-Yi Lin, Weicheng Kuo, and Yin Cui. Open-vocabulary object detection via vision
and language knowledge distillation. arXiv preprint arXiv:2104.13921, 2021.

Jinyang Guo, Jiaheng Liu, Zining Wang, Yuqing Ma, Ruihao Gong, Ke Xu, and Xianglong
Liu. Adaptive contrastive knowledge distillation for bert compression. In Findings of the As-
sociation for Computational Linguistics: ACL 2023, pp. 8941-8953, 2023. URL https:
//aclanthology.orqg/2023.findings—acl.569/l

Jiawei Han, Micheline Kamber, and Jian Pei. Data mining: Concepts and techniques. Waltham:
Morgan Kaufmann Publishers, 2012.

Taku Hasegawa, Kyosuke Nishida, Koki Maeda, and Kuniko Saito. Duet: Image-text contrastive
transfer learning with dual-adapter tuning. In Proceedings of the 2023 Conference on Em-
pirical Methods in Natural Language Processing, pp. 13607-13624, 2023. URL https:
//aclanthology.org/2023.emnlp-main.839.pdf.

Kaiming He, Xiangyu Zhang, Shaoqing Ren, and Jian Sun. Deep residual learning for image recog-
nition. Proceedings of the IEEE Conference on Computer Vision and Pattern Recognition (CVPR),
pp- 770-778,2016. URL https://arxiv.org/abs/1512.03385/

Geoffrey Hinton, Oriol Vinyals, and Jeff Dean. Distilling the knowledge in a neural network. arXiv
preprint arXiv:1503.02531, 2015.

R Devon Hjelm, Alex Fedorov, Samuel Lavoie-Marchildon, Karan Grewal, Phil Bachman, Adam
Trischler, and Yoshua Bengio. Learning deep representations by mutual information estimation
and maximization. arXiv preprint arXiv:1808.06670, 2018.

Micah Hodosh, Peter Young, and Julia Hockenmaier. Framing image description as a ranking task:
Data, models and evaluation metrics. Journal of Artificial Intelligence Research, 47:853-899,
2013.

Yushi Hu, Otilia Stretcu, Chun-Ta Lu, Krishnamurthy Viswanathan, Kenji Hata, Enming Luo, Ran-
jay Krishna, and Ariel Fuxman. Visual program distillation: Distilling tools and programmatic
reasoning into vision-language models. In Proceedings of the IEEE/CVF Conference on Com-
puter Vision and Pattern Recognition, pp. 9590-9601, 2024.

11


https://arxiv.org/abs/2112.05638
https://aclanthology.org/2023.findings-acl.569/
https://aclanthology.org/2023.findings-acl.569/
https://aclanthology.org/2023.emnlp-main.839.pdf
https://aclanthology.org/2023.emnlp-main.839.pdf
https://arxiv.org/abs/1512.03385

Under review as a conference paper at ICLR 2026

Zehao Huang and Naiyan Wang. Like what you like: Knowledge distill via neuron selectivity
transfer. In Advances in Neural Information Processing Systems, 2017.

Chao Jia, Yinfei Yang, Ye Xia, Yi-Ting Chen, Zarana Parekh, Hieu Pham, Quoc Le, Yun-Hsuan
Sung, Zhen Li, and Tom Duerig. Scaling up visual and vision-language representation learning
with noisy text supervision. In International conference on machine learning, pp. 4904-4916.
PMLR, 2021.

Mario Koppen. The curse of dimensionality. In 5th online world conference on soft computing in
industrial applications (WSCS5), volume 1, pp. 4-8, 2000.

Joon Lee, Shamim Nemati, Ikaro Silva, Bradley A Edwards, James P Butler, and Atul Malhotra.
Transfer entropy estimation and directional coupling change detection in biomedical time series.
Biomedical engineering online, 11:1-17, 2012.

Joseph Lee Rodgers and W Alan Nicewander. Thirteen ways to look at the correlation coefficient.
The American Statistician, 42(1):59-66, 1988.

Lujun Li, Yufan Bao, Peijie Dong, Chuanguang Yang, Anggeng Li, Wenhan Luo, Qifeng Liu, Wei
Xue, and Yike Guo. Detkds: Knowledge distillation search for object detectors. In Forty-first
International Conference on Machine Learning, 2024a.

Manling Li, Ruochen Xu, Shuohang Wang, Luowei Zhou, Xudong Lin, Chenguang Zhu, Michael
Zeng, Heng Ji, and Shih-Fu Chang. Clip-event: Connecting text and images with event structures.
In Proceedings of the IEEE/CVF conference on computer vision and pattern recognition, pp.
16420-16429, 2022.

Xiujun Li, Xi Yin, Chunyuan Li, Xiaowei Hu, Pengchuan Zhang, Lei Wang, Houdong Hu, Li Dong,
Furu Wei, Yejin Choi, and Jianfeng Gao. Oscar: Object-semantics aligned pre-training for vision-
language tasks. In European Conference on Computer Vision, pp. 121-137. Springer, 2020.

Xuanlin Li, Yunhao Fang, Minghua Liu, Zhan Ling, Zhuowen Tu, and Hao Su. Distilling large
vision-language model with out-of-distribution generalizability. In Proceedings of the IEEE/CVF
International Conference on Computer Vision, pp. 2492-2503, 2023.

Zheng Li, Xiang Li, Xinyi Fu, Xin Zhang, Weiqiang Wang, Shuo Chen, and Jian Yang. Promp-
tkd: Unsupervised prompt distillation for vision-language models. In Proceedings of the
IEEE/CVF Conference on Computer Vision and Pattern Recognition, pp. 1234—1243, 2024b.
URL https://openaccess.thecvf.com/content/CVPR2024/papers/Li_|
PromptKD_Unsupervised Prompt_Distillation_for_Vision-Language_
Models_CVPR_2024_paper.pdf.

Zheng Li, Xiang Li, Lingfeng Yang, Renjie Song, Jian Yang, and Zhigeng Pan. Dual teachers for
self-knowledge distillation. Pattern Recognition, 151:110422, 2024c.

Tsung-Yi Lin, Michael Maire, Serge Belongie, James Hays, Pietro Perona, Deva Ramanan, Piotr
Dollér, and C Lawrence Zitnick. Microsoft coco: Common objects in context. European confer-
ence on computer vision (ECCV), pp. 740-755, 2014.

He Liu, Yikai Wang, Huaping Liu, Fuchun Sun, and Anbang Yao. Small scale data-free knowl-
edge distillation. In Proceedings of the IEEE/CVF Conference on Computer Vision and Pattern
Recognition, 2024.

Jiaheng Liu, Haoyu Qin, Yichao Wu, Jinyang Guo, Ding Liang, and Ke Xu. Coupleface: Relation
matters for face recognition distillation. In European Conference on Computer Vision, pp. 683—
700. Springer, 2022.

Omer Luxembourg, Dor Tsur, and Haim Permuter. Treet: Transfer entropy estimation via trans-
former. arXiv preprint arXiv:2402.06919, 2024.

Jian Ma. Estimating transfer entropy via copula entropy. arXiv preprint arXiv:1910.04375, 2019.

Jan R. Magnus and Heinz Neudecker. Matrix Differential Calculus with Applications in Statistics
and Econometrics. Wiley, 2nd edition, 1999. ISBN 9780471986331.

12


https://openaccess.thecvf.com/content/CVPR2024/papers/Li_PromptKD_Unsupervised_Prompt_Distillation_for_Vision-Language_Models_CVPR_2024_paper.pdf
https://openaccess.thecvf.com/content/CVPR2024/papers/Li_PromptKD_Unsupervised_Prompt_Distillation_for_Vision-Language_Models_CVPR_2024_paper.pdf
https://openaccess.thecvf.com/content/CVPR2024/papers/Li_PromptKD_Unsupervised_Prompt_Distillation_for_Vision-Language_Models_CVPR_2024_paper.pdf

Under review as a conference paper at ICLR 2026

Christopher D. Manning, Prabhakar Raghavan, and Hinrich Schiitze. Introduction to Information
Retrieval. Cambridge University Press, 2008.

Rubén Gaspar Marco, Sofia Strukova, Félix Gémez Marmol, and José A Ruipérez-Valiente. An-
notated flickr dataset for identification of professional photographers. Data in Brief, 50:109511,
2023.

David McAllester and Karl Stratos. Formal limitations on the measurement of mutual information.
In International Conference on Artificial Intelligence and Statistics, pp. 875-884. PMLR, 2020.

Sachin Mehta, Marjan Ghazvininejad, Srinivasan Iyer, Luke Zettlemoyer, and Hannaneh Hajishirzi.
Delight: Deep and light-weight transformer. arXiv preprint arXiv:2008.00623, 2020. URL
https://arxiv.org/abs/2008.00623.

Roy Miles, Ismail Elezi, and Jiankang Deng. Vkd: Improving knowledge distillation using orthog-
onal projections. In Proceedings of the IEEE/CVF Conference on Computer Vision and Pattern
Recognition, pp. 15720-15730, 2024.

Jorge Nocedal and Stephen J Wright. Numerical optimization. Springer, 1999.

Aaron van den Oord, Yazhe Li, and Oriol Vinyals. Representation learning with contrastive predic-
tive coding. arXiv preprint arXiv:1807.03748, 2018.

Wonpyo Park, Dongju Kim, Yan Lu, and Minsu Cho. Relational knowledge distillation. In
IEEE/CVF Conference on Computer Vision and Pattern Recognition, pp. 3967-3976, 2019.

Nikolaos Passalis and Anastasios Tefas. Learning deep representations with probabilistic knowledge
transfer. arXiv preprint arXiv:1803.10837, 2018.

Renjing Pei, Jianzhuang Liu, Weimian Li, Bin Shao, Songcen Xu, Peng Dai, Juwei Lu, and Youliang
Yan. Clipping: Distilling clip-based models with a student base for video-language retrieval.
In Proceedings of the IEEE/CVF Conference on Computer Vision and Pattern Recognition, pp.
18983-18992, 2023.

Zhiyuan Peng, Xuanji He, Ke Ding, Tan Lee, and Guanglu Wan. Label-free knowledge distillation
with contrastive loss for light-weight speaker recognition. In arXiv preprint arXiv:2212.03090,
2022. URL https://arxiv.org/abs/2212.03090.

Cuong Pham, Van-Anh Nguyen, Trung Le, Dinh Phung, Gustavo Carneiro, and Thanh-Toan Do.
Frequency attention for knowledge distillation. In Proceedings of the IEEE/CVF winter confer-
ence on applications of computer vision, pp. 2277-2286, 2024.

Alec Radford, Jong Wook Kim, Chris Hallacy, Aditya Ramesh, Gabriel Goh, Sandhini Agarwal,
Girish Sastry, Amanda Askell, Pamela Mishkin, Jack Clark, et al. Learning transferable visual
models from natural language supervision. In International conference on machine learning, pp.

8748-8763. PMLR, 2021.

Adriana Romero, Nicolas Ballas, Samira Ebrahimi Kahou, Antoine Chassang, Carlo Gatta, and
Yoshua Bengio. Fitnets: Hints for thin deep nets. In International Conference on Learning
Representations, 2015.

Jakob Runge, Jobst Heitzig, Vladimir Petoukhov, and Jiirgen Kurths. Escaping the curse of di-
mensionality in estimating multivariate transfer entropy. Physical review letters, 108(25):258701,
2012.

Thomas Schreiber. Measuring information transfer. Physical review letters, 85(2):461, 2000.

Payam Shahsavari Baboukani, Carina Graversen, Emina Alickovic, and Jan @stergaard. Estimating
conditional transfer entropy in time series using mutual information and nonlinear prediction.
Entropy, 22(10):1124, 2020.

Donghyeok Shin, Seungjae Shin, and II-Chul Moon. Frequency domain-based dataset distillation.
Advances in Neural Information Processing Systems, 36:70033-70044, 2023.

13


https://arxiv.org/abs/2008.00623
https://arxiv.org/abs/2212.03090

Under review as a conference paper at ICLR 2026

Yizheng Sun, Hao Li, ChengHua Lin, and Riza Batista-Navarro. Lanvikd: Cross-modal language-
vision knowledge distillation for egocentric action recognition. In Proceedings of the Ist Interna-
tional Workshop on Egocentric Perception, Interaction and Computing, 2024.

Yonglong Tian, Dilip Krishnan, and Phillip Isola. Contrastive representation distillation. arXiv
preprint arXiv:1910.10699, 2019.

Hugo Touvron, Matthieu Cord, Matthijs Douze, Francisco Massa, Alexandre Sablayrolles, and
Hervé Jégou. Training data-efficient image transformers & distillation through attention. In
International Conference on Machine Learning, pp. 10347-10357. PMLR, 2021.

Ashish Vaswani, Noam Shazeer, Niki Parmar, Jakob Uszkoreit, Llion Jones, Aidan N Gomez,
Lukasz Kaiser, and Illia Polosukhin. Attention is all you need. Advances in neural informa-
tion processing systems, 30, 2017.

Zhecan Wang, Noel Codella, Yen-Chun Chen, Luowei Zhou, Jianwei Yang, Xiyang Dai, Bin Xiao,
Haoxuan You, Shih-Fu Chang, and Lu Yuan. Clip-td: Clip targeted distillation for vision-language
tasks. arXiv preprint arXiv:2201.05729, 2022.

Kan Wu, Houwen Peng, Zhenghong Zhou, Bin Xiao, Mengchen Liu, Lu Yuan, Hong Xuan, et al.
Tinyclip: Clip distillation via affinity mimicking and weight inheritance. In Proceedings of the
IEEE/CVF International Conference on Computer Vision (ICCV), pp. 21970-21980, 2023a.

Xindi Wu, Byron Zhang, Zhiwei Deng, and Olga Russakovsky. Vision-language dataset distillation.
arXiv preprint arXiv:2308.07545, 2023b.

Peipei Xia, Li Zhang, and Fanzhang Li. Learning similarity with cosine similarity ensemble. Infor-
mation sciences, 307:39-52, 2015.

Xin Xiao, Bohong Wu, Jiacong Wang, Chunyuan Li, Xun Zhou, and Haoyuan Guo. Seeing the
image: Prioritizing visual correlation by contrastive alignment. arXiv preprint arXiv:2405.17871,
2024. URL https://arxiv.org/abs/2405.17871.

Chuanguang Yang, Zhulin An, Libo Huang, Junyu Bi, Xingiang Yu, Han Yang, Boyu Diao, and
Yongjun Xu. Clip-kd: An empirical study of clip model distillation. In Proceedings of the
IEEE/CVF Conference on Computer Vision and Pattern Recognition, 2024. URL https://
arxiv.org/abs/2307.12732.

Jianwei Yang, Chunyuan Li, Pengchuan Zhang, Bin Xiao, Ce Liu, Lu Yuan, and Jianfeng Gao. Uni-
fied contrastive learning in image-text-label space. In Proceedings of the IEEE/CVF conference
on computer vision and pattern recognition, pp. 19163-19173, 2022.

Sergey Zagoruyko and Nikos Komodakis. Paying more attention to attention: Improving the per-
formance of convolutional neural networks via attention transfer. In International Conference on
Learning Representations, 2017.

Jian Zhang. Low-dimensional approximation searching strategy for transfer entropy from non-
uniform embedding. PloS one, 13(3):¢0194382, 2018.

Yuan Zhang, Tao Huang, Jiaming Liu, Tao Jiang, Kuan Cheng, and Shanghang Zhang. Freekd:
Knowledge distillation via semantic frequency prompt. In Proceedings of the IEEE/CVF Confer-
ence on Computer Vision and Pattern Recognition, pp. 15931-15940, 2024.

Yue Zhao, Long Zhao, Xingyi Zhou, Jialin Wu, Chun-Te Chu, Hui Miao, Florian Schroff, Hartwig
Adam, Ting Liu, Boqing Gong, et al. Distilling vision-language models on millions of videos.
In Proceedings of the IEEE/CVF Conference on Computer Vision and Pattern Recognition, pp.
13106-13116, 2024.

Jie Zhu, Jean-Jacques Bellanger, Huazhong Shu, and Régine Le Bouquin Jeannes. Contribution
to transfer entropy estimation via the k-nearest-neighbors approach. Entropy, 17(6):4173-4201,
2015.

Jinguo Zhu, Shixiang Tang, Dapeng Chen, Shijie Yu, Yakun Liu, Aijun Yang, Mingzhe Rong,
and Xiaohua Wang. Complementary relation contrastive distillation. In arXiv preprint
arXiv:2103.16367,2021. URL https://arxiv.org/abs/2103.16367.

14


https://arxiv.org/abs/2405.17871
https://arxiv.org/abs/2307.12732
https://arxiv.org/abs/2307.12732
https://arxiv.org/abs/2103.16367

Under review as a conference paper at ICLR 2026

A RELATIONS BETWEEN TRANSFER ENTROPY, ENTROPY, AND MUTUAL
INFORMATION

For two discrete-time stochastic processes X (t) and Y (¢), the transfer entropy from X to Y is
formally defined as (Schreiber}, 2000):

T
Ty = plss, v 20) log P(yer | ye, o)

19
; P(ye+1 | ye) 1

where p(-) represents probability distributions of the respective random variables.

Transfer entropy can also be expressed in terms of conditional entropy and mutual informa-
tion (Shahsavari Baboukani et al [2020). Specifically, the transfer entropy from X to Y, denoted
T'x_,y, measures the reduction in uncertainty about the future state Y;,; given the joint past of X
and Y, compared to the uncertainty given the past of Y alone. Based on (19), this difference can be
expressed as:

1
TX Y — p(yt+l Yt, 'Tt) log ——— +
- ; ’ P(Ye+1 | )

ZP(ytH, Ye, o) 1og p(Yes1 | Y, x¢)
t

= Zp(ytﬂ, yi) log R +
p P(Yet1 | ye)

Zp(ytﬂ, Ye, xe) log p(ye1 | Yo, )
t

H(Yi1 | Ye) = H(Yiqa | Vi, Xi) (20)
I(Yi1; X | V) 1)

where H(Y;41 | Y3) is the conditional entropy of Y;1 given its own history Y, H(Yi41 | Y2, X4) is
the conditional entropy of Y;11 given both the history of Y and the history of X, and I(Y;41; X} |
Y}) is the mutual information between Y;41 and the history of X, conditioned on the history of Y.
In this formulation, the transfer entropy quantifies the amount by which the uncertainty about the
future of Y is reduced by incorporating information from X.

B PRIOR WORK ON MUTUAL INFORMATION AND TRANSFER ENTROPY
ESTIMATION

Mutual Information (MI) techniques have been employed to capture shared information between
variables (Hjelm et al.| 2018)(Oord et al., |2018). MINE (Belghazi et al., [2018)) offers a differen-
tiable estimator for mutual information, and information-theoretic regularization has been applied
in generative models for disentanglement and improved control (Chen et al.,|2016). In (Gao et al.,
2015), a mutual information estimator was proposed based on modified k-nearest neighbor (KNN)
that is robust to local non-uniformity with limited data. A diverse set of distributions with known
MI values were introduced to evaluate the performance of different MI estimators beyond tradi-
tional normal distributions (Czyz et al.,2023). McAllester and Stratos (McAllester & Stratos|, [2020)
highlighted the inherent difficulties in estimating mutual information from finite data, demonstrat-
ing that any distribution-free high-confidence lower bound on MI cannot exceed O(In V), thereby
underscoring the fundamental challenges in accurate mutual information estimation without strong
assumptions about the data distribution. Goldfeld and Greenewald (Goldfeld & Greenewald, 2021
introduced Sliced Mutual Information, a scalable measure that projects high-dimensional distribu-
tions onto one-dimensional subspaces, effectively capturing complex dependencies while reducing
computational complexity. Approximating mutual information of high-dimensional variables using
learned representations was studied in (Gowri et al.| 2025)).

Transfer entropy is a conditional mutual information from two stochastic processes, so it’s more
challenging in TE estimation. In (Zhang| |2018)), Low-dimensional approximation in the searching
procedure was applied to transfer entropy from non-uniform embedding. In (Zhu et al.|[2015)), KNN
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was used for TE estimation. However, KNN-based approach doesn’t work well if the data are noisy
and long ranged. To overcome this weakness, a perturbation model based on locality sensitive hash
function was proposed for TE estimation (Garg et al., 2022). Three estimators were used for TE
estimation (Lee et al) [2012), namely fixed-binning with ranking, kernel density estimation, and
the Darbellay-Vajda (D-V) adaptive partitioning algorithm extended to three dimensions. In (Ma,
2019), copula entropy was applied to TE estimation. To overcome the curse of dimensionality in
TE estimation, TE was decomposed into a sum of finite-dimensional contributions in (Runge et al.,
2012). Recently, transformer was used for TE estimation (Luxembourg et al., [2024). In this paper,
we propose TE approximation approaches which can tremendously reduce the computation cost and
overcome the curse of dimensionality.

C PROOF OF THEOREMI]

This section shows how a first-order (linear) expansion of TE leads to a computable surrogate based
on a cosine similarity between the teacher— and student-process Jacobians. Our derivation follows
the linear—Gaussian surrogate technique proposed in (Goldfeld et al., 2019).

Proof. Let x € R? be an input image—caption pair, and fr(x), fs(z) € R denote the teacher
and student embeddings, respectively. Denote their Jacobians as Jr(z) = V, fr(x) and Jg(x) =
V. fs(z), both in RP*4,

To study the local behavior around x, consider a small perturbation §z ~ N (0, 2] 1), and define
u:= fp(z+ 0x), v = fo(x), Vi1 = fo(x + 0x).

The one-step transfer entropy from teacher to student becomes:

17 (x) = I(veg1; ulvy). (22)

Using a first-order Taylor expansion around z:
uug + Jror, v ~ v+ Jsdx, v =vo = fs(x), (23)

where ug = fr(z). Since vy is a constant shift, subtracting it from both sides does not change the
conditional mutual information. Therefore:

Ty (z) ~ I(Jsdx; Jroz). (24)

Because 6z ~ N(0,021;) and both Jg and Jr are linear maps, the pair (Jsdx, Jrdx) is jointly
Gaussian. Define the covariances:

Y =02JsJd, Sp=0%Jp]}, Ysr=o0>JsJ}.

The mutual information between jointly Gaussian vectors is (Cover, |1999):

I(Jséx; JT(Sx) = h(JS(Sx) + h(JT(Sx) - h(Js(Sx, JT(Sx) (25)
1 by b))
= Liog det Xg det Xp (26)
2 det [ Zs  Zst
Yrs Xr
- f% log det (I _ 2;1/225T2;1/2) . 27

If ¥ g7 is small compared to the product Els/ ZElT/ * (which is often true in early training), we can use

the approximation log det(I — A) &~ — tr(A) (Magnus & Neudecker, [1999). This gives (Goldfeld
et al.,[2019):

2
g
()~ Gt ((JSJQ)—WJSJTT(JTJ;)—1/2) . (28)

We can normalize both Jacobians by their Frobenius norms:

~ Js ~ Jr
Js = ) Jr = =,
15l [REalFg
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so that equation equation 28] becomes:
Ty (x) o (Js, Jr)p = cos (js, jT) , (29)

i.e., the Frobenius inner product (cosine similarity) of the two Jacobians.
O

D PERFORMANCE COMPARISON: TE APPROXIMATIONS VERSUS EXACT TE

We evaluated our two approximations of TE in Section .2] against the exact TE computed from a
synthetic Gaussian channel. Specifically, teacher embeddings T € R” are sampled from a standard
normal distribution T ~ A/ (0, I) , and student embeddings are generated as

S=aT++Vv1—-a2N, (30)

where N ~ N(0, 1) and « € [0, 0.99] controls the teacher—student correlation. So each correspond-
ing pair of teacher and student components forms a jointly Gaussian random pair with Pearson
correlation coefficient o (Lee Rodgers & Nicewander, [1988)). It is a classical result in informa-
tion theory that for two jointly Gaussian random variables X and Y with correlation «, the mutual
information is given by (Cover, |1999)

I(X:;Y) = f% log(1 —a?). (31)

In our setting, the exact transfer entropy is defined as (Shahsavari Baboukanti et al., 2020)
TEexaCt - I(YrtJrl;Xt | Y;ﬁ)v (32)

where Y, represents the student’s updated representation, X, is the teacher’s representation at time
t, and Y} is the student’s current representation. Under the common assumption that these variables
are jointly Gaussian and the update of Y;; depends linearly on X, (after conditioning on Y;), a
closed-form expression for the conditional mutual information can be derived. In particular, if the
effective correlation between X; and Y;,; (after accounting for Y;) is given by «, then the mutual
information per embedding dimension becomes

1
[(Yirn; X; | Vi) = = log(1 —a®). (33)
When the embeddings have D independent dimensions, this yields
D 1
TEexaC =—1 . 4
=3 Og(l—a2> (34)

For ease of comparison with our cosine similarity—based approximations, we further normalize this
exact TE value via a logarithmic transformation to map it into the interval [0, 1] using the following
transformation (Han et al., 2012):

log(l + TEexacl)
log(1 + TEmax)’

where TE .« is computed using amax = 0.99 to define the upper bound for normalization.

For the two approximation methods proposed in Sections[d.2.1](Method 1) and4.2.2](Method 2), we
conducted experiments by varying o from 0 to 0.99, and computed the two approximation results
and the normalized exact TE. The results are summarized in Fig. |1} The Pearson correlation between
the normalized exact TE and both TE approximations was found to be 0.994, indicating a very strong
linear relationship. These findings suggest that both approximation methods reliably track the exact
TE, capturing the relative information flow from the teacher to the student in this synthetic setting.

TEnorm = (3 5 )

We also examined the robustness of our two TE approximation methods as we varied two key factors
in a synthetic teacher—student setting:

* Batch size (B), which affects the stability of sample-based estimates.
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Figure 1: Comparison of TE Approximations vs. Normalized Exact TE.

* Embedding dimension (D), which influences the amount of representational capacity.

We fixed the teacher—student correlation coefficient at « = 0.8 in (30). Two separate experiments
were performed:

1. Varying batch size: We fix D = 500 and consider batch sizes B €
{10, 20, 50, 100, 200, 500, 1000}.

2. Varying embedding dimension: We fix B = 500 and let D €
{10, 20, 50, 100, 200, 500, 1000}.

In both cases, we computed the TE Approximation Method 1 and Method 2, and the normalized
exact TE.

0.86 1.0
---- Normalized Exact TE
—4— TE Approx Method 1 o
0.84 —}— TE Approx Method 2 0.8 g+t
0.82 0671 =~
u (=
0.80 ]lﬁ + ' —— 0.4
0.78 0.2 ---- Normalized Exact TE
—+— TE Approx Method 1
—— TE Approx Method 2
0.76 0.0+ T T
10? 102 10° 10! 10? 103
Batch Size (B) Embedding Dimension (D)
(@) (b)

Figure 2: (a) TE approximations versus batch size (B) at fixed D = 500. (b) TE approximations
versus embedding dimension (D) at fixed B = 500.

Figure 2 shows the behavior of these metrics as a function of batch size. Observe that both approx-
imation methods rapidly converge to a stable estimate near the normalized exact TE (green dashed
line). For very small B (around 10-20), the sample-based cosine measures show slight deviations
but still remain close to the exact TE. As B grows, the variance diminishes and both approximations
tightly match the theoretical reference.
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Figure 2p illustrates the impact of varying embedding dimension D. Since the exact TE increases
with D (due to additional degrees of freedom), its normalized value (green line) also increases.
By contrast, the two TE approximations remain relatively stable, hovering around 0.75-0.80 for all
tested dimensions. This highlights a key property of the approximate measures: they capture the
relative alignment between teacher and student (controlled by «), but they do not grow with the
embedding dimensionality as the exact mutual information does. In practice, this makes them com-
putationally efficient and robust to high-dimensional data, though they are not designed to quantify
the absolute amount of information transferred. Overall, these results confirm that both approxima-
tion methods track the ground-truth TE trend (in terms of relative comparisons), while offering a
simpler and more scalable alternative to exact TE in high-dimensional settings.

The underlying intuition behind these approximation is that if the student’s directional changes
closely match those of the teacher, then information transfer is effectively occurring. Traditional
transfer entropy measures rely on probability distributions over time, but this approach circumvents
such computational overhead by leveraging geometric similarity in embedding space. By treating
the batch as a sequence of evolving representations, the method estimates how well the teacher’s
influence propagates to the student. However, unlike traditional TE, which explicitly models in-
formation transfer through probability distributions, our approximation purely relies on directional
alignment. Additionally, equal weighting of image and text modalities may not always be ideal, as
one modality may contribute more to the learning process than the other.

The cosine-based TE approximations are highly effective in capturing the relative information flow
in VLM distillation — they are easy to compute, robust across high dimensions, and correlate well
with true information transfer. They confirm the intuition that a student embedding space matching
the teacher’s geometry is a good sign of successful knowledge distillation. However, these ap-
proximations do not measure exact information volume. They compress the notion of “how much
knowledge” into a bounded similarity score. As a result, they are best used for comparing models or
monitoring training (where the scale can be assumed fixed and only relative changes matter) rather
than for absolute information quantification.

E COMPUTATIONAL COST ANALYSIS: EXACT TE VERSUS TE
APPROXIMATIONS

Computational Complexity:

Exact TE often involves O(N?2d) operations, where N is the number of samples and d is the feature
dimension. This is due to the need for joint probability estimation over multiple variables, which
scales poorly as data size and dimensionality increase. In contrast, TE Approximation Method 1
in Section .2.T| uses cosine similarity to estimate TE by focusing on local neighborhoods (differ-
ence of neighbors) in the embedding space. Instead of constructing a full joint probability table,
for each observation one can find a set of “similar” past states (e.g. nearest neighbors in terms of
cosine distance) and approximate conditional probabilities from those neighbors. The neighbor-
based cosine similarity approximation reduces complexity by considering only local neighborhoods
in the embedding space. By focusing on a limited number of similar past states instead of the en-
tire dataset, this method lowers the computational cost to approximately O (N log V) with efficient
neighbor searches. TE Approximation Method 2 in[4.2.2] uses cosine similarity to concatenate the
high-dimensional states, thereby reducing the state space before computing TE. The concatenation-
based approximation further reduces complexity by grouping similar data points into clusters and
treating each cluster as a discrete state, leading to an effective time complexity of O(Nd) for the
clustering process and O(N) for TE calculation.

Memory Usage: Exact TE requires storing large joint probability distributions, which grow ex-
ponentially with dimensionality. This makes exact computation infeasible for high-dimensional
embeddings, as it demands large storage space for probability tables or expensive nearest-neighbor
searches. The approximations mitigate this issue by avoiding explicit density estimation. The TE
Approximation Method 1 only stores similarity measures and a small set of neighbors for each data
point, keeping memory usage at O(NNd). The TE Approximation Method 2 concatenates data into a
limited number of clusters, further reducing storage requirements to O(Cd), where C' is the number
of clusters, much smaller than /N. These approximations thus enable TE computation in large-scale
deep learning applications without overwhelming memory constraints.
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Scalability in High Dimensions: Exact TE suffers from the curse of dimensionality. As dimen-
sionality increases, joint probability estimation becomes unreliable because high-dimensional data
points become sparse, making density estimation difficult. This often results in TE values that are
biased towards zero. In contrast, cosine similarity-based methods are much more scalable, as cosine
similarity is well-defined even in high dimensions and can be computed efficiently. The TE Approx-
imate method 1 relies on approximate nearest-neighbor searches, which remain feasible even as d
grows, while the TE Approximate method 2 concatenates high-dimensional data into a manageable
number of clusters, making TE estimation practical even for very large embeddings.

In summary, using cosine similarity approximations for transfer entropy enables analysis of high-
dimensional and large-scale data that would be otherwise impossible with exact methods. The ap-
proaches significantly improve computational feasibility and can even enhance statistical reliability
in data-limited situations (Zhang} 2018)). The cost, however, is that we must accept an approximate
measure that may overlook complex nuances of the data’s information dynamics. Since the priority
in CLIP is to handle very rich embeddings and get a fast, actionable estimate of information flow,
the TE approximation methods are invaluable.

F LosS FUNCTIONS IN VLM DISTILLATION

F.1 LOGIT REPRESENTATION IN VLM DISTILLATION

In our framework, logits represent the similarity scores between image and text embeddings, which
are fundamental to contrastive learning. Given a batch of image-text pairs, let v(%),s(5) denote

the image and text embeddings from the student model, and v(™),s(*) denote the corresponding
embeddings from the teacher model. The logit computation follows these steps.

First, we normalize the embeddings to unit norm:

S S
& = LS) §<S>:%’ (36)
[Vl (8]
(1) (1)
o . Va5
v . 8 = . (37)
[Vl [ESHIP

The similarity logits for the student and teacher models are then computed as the dot product be-
tween the corresponding image and text embeddings, scaled by a temperature parameter 7:
o(S) . (gNT (1) . (g(TNHT
7z(5) — w) z(T) — u (38)

T T

Here, z(®) and z(T) are | B| x | B| matrices, where each entry z( ) represents the similarity between
the ¢-th image embedding and the j-th text embedding in the batch for the student model, and
similarly for the teacher model. The temperature parameter 7 controls the sharpness of the similarity
distribution, with lower values making the distribution more peaky.

These logits are subsequently used in the contrastive loss and KL divergence computation to align
the student’s feature representations with those of the teacher, ensuring effective knowledge trans-
fer during distillation. Several studies have explored the computation and utilization of these
logits in image-text contrastive frameworks (Radford et all 2021)(Jia et al. [2021)(Yang et al.,
2022)(Hasegawa et al., 2023)(X1ao0 et al., [2024)).

F.2 CONTRASTIVE LOSS FOR VLM DISTILLATION

We employ a contrastive loss based on the InfoNCE loss formulation to align the student model’s
image and text representations effectively. Given a batch of | B| image-text pairs, we define the con-
trastive loss using the computed logits. The contrastive loss for image-to-text alignment is defined
as (Oord et al.l 2018)) (Yang et al.l 2024)):

| B| (S))

exp(z
Lior= |B| Z kk
-

— R 39
z'B‘l exp(zy)) <
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zl(c‘j) represents the similarity between the k-th image embedding and the j-th text embedding in the

batch for the student model, and z,(ci) represents the similarity logit between the k-th image and its

corresponding text in the batch for the student model.

Similarly, the contrastive loss for text-to-image alignment is given by:

c ‘zB‘l _emg) (40)
T TB A T epe)

z(;j) represents the similarity between the j-th image embedding and the k-th text embedding in the

batch for the student model, and z( )i is the same as that in l|

The total contrastive loss, which balances both image-to-text and text-to-image objectives, is com-
puted as:

1
Econtrastive = §(£I~>T + L:T*)I)' (41)

This loss function encourages the student model to align its multi-modal representations by bringing
matching pairs closer in the embedding space while pushing apart non-matching pairs. Contrastive
loss has been extensively applied to knowledge distillation (Tian et al.,2019)(Chen et al.|[2021))(Gao
et al.,[2021)(Peng et al.| [2022)(Zhu et al., 2021)(Guo et al., [2023)).

To enhance the effectiveness of distillation, we extend this contrastive loss with additional terms
such as KL divergence and transfer entropy-based regularization. These terms further refine the
student model’s learning dynamics by ensuring information flow from the teacher’s embeddings to
the student’s representations while preserving structural consistency across modalities.

F.3 KL DIVERGENCE FOR VLM DISTILLATION

To ensure that the student model effectively mimics the probability distributions of the teacher
model, we include a Kullback-Leibler (KL) divergence loss term. KL divergence measures how
much the student’s predicted distribution deviates from the teacher’s distribution, enforcing a closer
alignment between their logits. KL divergence has been applied to VLM distillation (Li et al.
2024b)(Sun et al.,[2024).

For a given batch of image-text pairs, let z(5) and z(™) represent the similarity logits of the student
and teacher models, respectively. The soft probability distributions are obtained via the softmax
function:

P exp(z/7) W
’ S e /7
P _ exp<z§ ’/7) )
’ S exp(z" /1)
where 7 is the temperature parameter that controls the sharpness of the distributions.
The KL divergence loss is computed as:
LxL = % (DKL ( omage | Plg;ge> + Dxr, (Rgi [ Ptg;))) ) 44)
where the KL divergence between two probability distributions P(%) and P(T) is defined as:
|5 p™
Dy (P || P(T) ZP (T) log (45)

This loss encourages the student model to produce probability distributions that closely resemble
those of the teacher, effectively preserving the knowledge distilled from the teacher while allowing
the student to generalize efficiently.
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F.4 MSE LoSS FUNCTION FOR VLM DISTILLATION

To further align the feature representations of the teacher and student models, we include MSE
loss that minimizes the discrepancy between their intermediate embeddings (Yang et al., [2024).
The MSE loss is computed as the sum of the squared differences between the student and teacher
embeddings for both modalities:

Luse = Lyse + Liise, (46)
where

1mage _

Lyise = @7)

2
59— 5" (48)

Here, | B| represents the batch size, and || - ||? denotes the squared Euclidean norm. This loss ensures
that the student model’s learned embeddings remain close to the teacher’s representations in the
feature space, facilitating effective knowledge transfer. MSE has been applied to VLM loss function
in (Yang et al.,[2024), and was called feature distillation.

F.5 INTERACTIVE CONTRASTIVE LEARNING

Interactive Contrastive Learning (ICL) was proposed in (Yang et al., 2024) to aligns the student
model’s feature representations with those of the teacher by treating the student embeddings as
anchors and contrasting them with the teacher embeddings.

leen a batch of image-text pairs, let v,(C ) be the i image embedding from the student model, and

}‘B‘ denote the contrastive text embeddings from the teacher model. The image-to-text ICL
loss is formulated as:

exp(v,(cs) s]iT) /7T)
B S’ T ?
S exp(vi? s /1)

LiGT = —log (49)

where 7 is the temperature parameter.
Similarly, for a student text embedding SI(CS) and contrastive image embeddings from the teacher

model {v LB|1, the text-to-image ICL loss is:

(S) (1)
Licr" = —log |eBTp(Sk (s‘)’k {;)) ' (50)
p—1 €xp(s; - vy /)
The final ICL loss is a combination of the two:
1
LicL = 3 (Cid™ + Lt (51)

By integrating ICL, the student model effectively learns from the teacher’s structured feature space,
leading to improved representation learning and knowledge transfer.

G MORE EXPERIMENTAL RESULTS

G.1 TEACHER: RN50, STUDENT: RN34, DATASET: MSCOCO

Figure [3] shows the training losses and TE rewards over epochs for various configurations in the
experiment with teacher RN50 and student RN34.
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Figure 3: The training losses and TE for different loss functions in the training of Student Model
RN34 using MSCOCO dataset. (a) Contrastive + MSE, (b) Contrastive + KL, (¢) Contrastive + ICL,
(d) Contrastive - TE1, (e) Contrastive - TE2, (f) Contrastive - TE1 - TE2, (g) Contrastive + KL -
TE1, (h) Contrastive + KL - TE2, (i) Contrastive + KL + MSE - TEl, (j) Contrastive + KL + ICL -
TE1, (k) Contrastive + KL + ICL +MSE - TE1, (1) Contrastive + KL + ICL +MSE -TE1 - TE2.

G.2 TEACHER: RN50, STUDENT: RN34, DATASET: FLICK8K

We further evaluate our approach on the Flickr8k dataset (Marco et al.,|2023), using 85% of the data
for training and 15% for testing. Performance results for various loss functions are summarized in
Table@ The loss function employs weighting factors « = 1.0, = 100, § = 1.0, v = 5.0, and a
temperature parameter 7 = 0.07. These parameters were selected based on the relative contribution
of each loss term to the total loss during training, ensuring balanced optimization. Given the modest
size of Flickr8k, all experiments were conducted on a Google Colab instance equipped with an A100
GPU and limited system RAM. Each experiment (i.e., each row in Table [3) required approximately
20 minutes of training time. Notably, incorporating TE1 or TE2 into the loss function consistently
improves both image-to-text (I2T) and text-to-image (T2I) retrieval performance compared to base-
lines that rely solely on standard distillation losses such as CL + KL or CL + MSE. These results
underscore the effectiveness of transfer entropy approximations in guiding student model updates

during distillation.

Table [4] presents the sensitivity analysis of the hyperparameters «, /3, 4, and - in the loss function
(T8) for zero-shot retrieval on Flickr8k. A consistent trend emerges: setting v = 0 (i.e., omitting the
TE term) leads to notably lower performance across both I2T and T2I tasks. By contrast, introducing
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Table 3: Zero-shot retrieval performance (Recall@k) on Flickr8k of student RN34 using teacher
RNS50 under different loss functions. All Loss Function: CL + KL + MSE + ICL - TE1 - TE2.

Model and Loss Function I2T Retrieval (R) T2I Retrieval (R)
R@1 R@5 R@10 R@1 R@5 R@10
Teacher Model (RN50) 51.65% 78.17% 87.73% 47.28% 7521% 84.60%

Student Models (RN34)

CL Only (Oord et al., 2018) 22.73% 48.19% 60.87% 18.47% 43.76% 56.77%
CL + MSE (Yang et al.|[2024) 22.98% 49.92% 62.52% 17.84% 44.71% 57.99%
CL + KL (L1 et al .| [2024b) 2751% 56.51% 69.19% 23.20% 50.12% 62.82%
CL + ICL (Yang et al., 2024) 24.55% 52.06% 64.50% 19.87% 47.97% 61.24%

CL - TE1 3048% 62.52% 74.05% 24.42% 54.25% 68.39%
CL - TE2 31.80% 61.37% 72.90% 25.19% 54.66% 68.70%
CL -TEI - TE2 3229%  62.36% 75.29% 24.50% 54.56% 68.14%
All Loss Function 3476% 63.43% 74.14% 24.50% 55.14% 68.29%

TE with v > 0 yields substantial gains in Recall @k, confirming that TE contributes complementary
information beyond the standard loss terms. For example, increasing « from O to 7.5 improves 12T
Recall@1 by over 5% (from 29.00% to 34.10%) and T2I Recall@1 by nearly 5% (from 22.59% to
27.10%). Interestingly, moderate ~ values (5—7.5) provide the strongest improvements, while exces-
sively large weights (e.g., v = 10) slightly degrade performance, likely due to over-regularization.
These results highlight that TE not only enhances distillation but also allows for task-specific tuning
of the retrieval objectives.

Table 4: Comparison of zero-shot retrieval performance (Recall@k) of student RN34 with teacher
RN50 on Flickr8k.

2TR@]1 IR2TR@5 IRTR@10 T2IR@1 T2IR@5 T2IR@I10

a B 6 7

1 100 1 O 29.00% 55.60% 69.85% 22.59% 51.07% 64.66%
1 100 1 1 33.20% 62.19% 73.72% 26.85% 55.32% 68.34%
1 100 1 5 34.76% 63.43% 74.14% 24.50% 55.14% 68.29%
1 100 1 7.5 3410%  63.92% 75.29% 27.10%  55.45% 69.03%
1 100 1 10 33.77% 63.92% 73.81% 25.06% 54.40% 67.22%
5 100 1 7.5 31.88% 62.52% 72.82% 23.16% 52.09% 66.00%
1 50 1 75 3493% 63.59% 74.88% 25.12% 54.79% 68.11%
1 50 5 75 31.38% 61.20% 74.55% 25.47% 55.45% 68.34%

G.3 TEACHER: VIT-B/16, STUDENT: RESNET-34

CLIP ViT-B/16 is a dual-encoder vision-language model (Radford et al.l [2021)), consisting of a Vi-
sion Transformer (ViT-B/16) (Dosovitskiy et al., 2020) as the image encoder and a 12-layer Trans-
former as the text encoder. The image encoder processes 224 x 224 images using 16x16 patches
with a hidden dimension of 768, while the text encoder operates on tokenized text sequences with a
hidden dimension of 512. Together, the model has approximately 151 million parameters, with 86M
in the image encoder and 63M in the text encoder.

The loss function incorporates weighting factors o = 1.0, 8 = 100, § = 1.0, v = 5.0, along with
a temperature parameter 7 = 0.07. These weighting parameters were chosen based on the relative
contribution of each loss term to the total loss during training. For the experiments on the MSCOCO
dataset, due to the large scale of both the model and the dataset, we trained the student model for 6
epochs. Each experiment (i.e., each row in Table [) required approximately 10 hours on a Google
Colab T4 GPU with high-RAM. For the Flickr8k experiments, we used a Google Colab A100 GPU
and trained for 10 epochs. Given the smaller dataset size, each experiment (i.e., each row in Table
took around 30 minutes to complete.
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Our experiments (Tables[5]and[7) show that maximizing the information flow from teacher to student
via TE delivers the single largest boost among all losses. Loss functions with TE leading to the
3—4 percentage point (pp) gains on MSCOCO and the 8—12pp gains on the low-resource Flickr8k
benchmarks. These results establish TE as a principled and highly effective regularizer for cross-
modal knowledge distillation.

Table 5: Comparison of zero-shot retrieval performance (Recall@k) of student RN34 with teacher
ViT-B/16 on MSCOCQO in VLM distillation with different loss functions. All Loss Function: CL +
KL + MSE + ICL - TE1 - TE2.

I2T Retrieval (R) T2I Retrieval (R)
R@l R@5 R@I0 R@l R@5 R@I0
Teacher Model (ViT-B/16)  17.80% 34.10% 42.44% 14.71% 29.87% 38.26%

Student Models (RN34)
CL Only (Oord et al., 2018)) 4.66% 14.10% 21.28% 3.78% 11.95% 18.40%
CL + MSE (Yang et al.,2024) 4.55% 14.27% 21.36% 3.79% 11.99% 18.44%

Model and Loss Function

CL + KL (L1 et al.,|2024b)) 470%  14.46% 22.21% 458% 14.15% 21.32%
CL - TE1 724%  19.88%  28.55%  5.68% 1622% 23.71%
CL - TE2 7.02%  20.26% 29.46% 5.83% 16.54% 24.27%
CL - TE1 - TE2 744%  2024% 29.01% 578%  1635% 23.90%
ALL Loss Function 787% 21.47% 30.74% 598% 17.21% 24.96%

Table [6] shows the hyperparameter sensitivities for different choices of «, 3, d, and 7 in the loss
function (T8). The parameter ~ controls the strength of the transfer entropy (TE) term. When y = 0,
corresponding to the absence of TE, the student model performs poorly, with Recall@1 scores of
only 5.81% for image-to-text (I2T) and 5.60% for text-to-image (T2I). Introducing a nonzero y
immediately leads to substantial improvements across all metrics. For example, setting v = 1 raises
I2T Recall@1 to 7.32% and T2I Recall@1 to 6.75%, showing that even a small weighting of TE
contributes significantly to knowledge transfer.

Table 6: Comparison of zero-shot retrieval performance (Recall@k) of student RN34 with teacher
ViT-B/16 on MSCOCO (o« =1, § =50, 9 = 1).

v IRTR@l IRTRE@5 RTR@10 T2IR@1 T2IR@5 T2IR@10

0 5.81% 17.30% 25.89% 5.60% 16.64% 24.46%
1 7.32% 20.41% 29.58% 6.75% 18.74% 26.91%
25 7.68% 21.16% 30.20% 6.70% 18.74% 26.78%
5 7.87% 21.47% 30.74% 5.98% 17.21% 24.96%
7.5 7.90% 21.27% 30.22% 5.92% 16.69% 24.42%
10 7.49% 20.56% 29.51% 5.47% 16.01% 23.38%

Performance continues to improve as ~ increases up to 5, with the best I2T results observed at
v = 7.5 (7.90% Recall@1, 30.22% Recall@10). However, the T2I results peak earlier, with v = 1
providing the strongest Recall@1 and Recall@5 values, while larger -y values cause a mild decline.
This indicates that while TE is generally beneficial, excessively weighting it can distort the loss
balance and harm retrieval performance on certain tasks. Overall, these results demonstrate two key
points: (i) TE is a crucial component of the loss, consistently lifting performance above the no-TE
baseline, and (ii) the optimal ~ value is task-dependent, suggesting that moderate TE weighting is
sufficient to maximize the gains from information-theoretic regularization.

G.4 TEACHER: RN50, STUDENT MODEL: RN18

In addition to using RN34 as the student model, we also conduct experiments with RN18 as the
student image encoder. The RN18 architecture is a more compact variant, containing approximately
11.7 million parameters (He et al.,|2016). Similar to RN34, the final fully connected layer is modified
to output 1024-dimensional features, keeping the overall parameter count stable. Given that the text

25



Under review as a conference paper at ICLR 2026

Table 7: Zero-shot retrieval performance (Recall@k) on Flickr8k. The student model (RN34) is
distilled from the teacher model (ViT-B/16). All Loss Function: CL + MSE + KL + ICL - TE1 -
TE2.

I2T Retrieval (R) T2I Retrieval (R)
R@1 R@5 R@10 R@1 R@5 R@10
Teacher Model (ViT-B/16) 57.41% 82.70% 90.61% 55.02% 81.63% 87.64%

Model and Loss Function

Student Models (RN34)

CL 21.09% 4695% 59.47% 17.53% 42.59% 55.26%
CL + KL 2438% 51.32% 63.84% 19.59% 46.97% 60.03%
CL + MSE 21.17% 46.46% 5898% 1626% 42.83% 55.37%
CL +ICL 2644% 52.14% 65.32% 20.44% 47.69% 61.61%
CL - TE1 2891% 57.17% 69.19% 2298% 50.69% 63.79%
CL - TE2 30.07% 57.41% 68.45% 23.67% 52.04% 65.44%
CL -TEIl - TE2 2842% 5890% 70.02% 22.59% 51.10% 64.79%
All Loss Function 33.28% 64.33% 73.97% 26.36% 56.18% 69.64%

encoder remains unchanged, the total number of parameters for the RN18-based student model is
approximately 45-50 million. This reduction in model size compared to the RN34-based student
allows for a more lightweight design while still leveraging the benefits of contrastive learning and
effective knowledge transfer from the teacher model.

We applied the same loss components and hyperparameter settings as in Section[5} o = 1.0, 8 = 50,
§ = 1.0, v = 1.0, and a temperature parameter 7 = 0.05. Figure [] presents the training losses and
TE rewards over epochs for various configurations. Compared to RN34, RN18 exhibits a similar
trend where the total training loss steadily decreases, and TE rewards increase over epochs, in-
dicating effective optimization and knowledge transfer. However, due to the smaller capacity of
RN18, the absolute TE rewards remain slightly lower than those observed for RN34, suggesting a
less expressive feature alignment between teacher and student. Furthermore, the KL loss and MSE
components show even less significant reductions over training epochs, likely due to the more lim-
ited representational capacity of RN18. This highlights that while TE-based regularization remains
effective in guiding knowledge distillation, the overall learning dynamics are constrained by the
smaller network size, making RN34 a more effective student model in terms of retaining structured
alignment with the teacher.

We used Google Colab Pro with a T4 GPU and High-RAM for training and evaluating RN18. Due to
its significantly fewer parameters compared to RN34, the student model RN 18 required less training
time. We trained it for 10 epochs in each loss function combination scenario, with the training and
evaluation process taking approximately 11 hours per experimental setup.

We summarize the zero-shot retrieval performance for the trained RN18 student model in Table
Similar observations we can make that the experiment with loss function (Contrastive - TE1 -TE2)
achieved the best performance for Image-to-Text retrieval, while the experiment with loss function
(Contrastive + KL + MSE + ICL - TEl - TE2) achieved the best performance in Text-to-Image
Retrieval. Comparing Table 8] with Table[T] the results indicate that while RN18 achieves competi-
tive performance across different loss function combinations, it underperforms compared to RN34
for all loss configurations, with RN34 consistently yielding higher Recall@k values. However, the
best-performing RN18 model (Contrastive - TE1 - TE2) achieves Recall@1 of 6.65% for image-
to-text retrieval, which is not far behind RN34’s highest Recall@1 values of 8.24% under the same
loss formulation. This suggests that while RN18 is a lighter-weight alternative, RN34 remains a
better choice for preserving retrieval performance during distillation. The trade-off between model
complexity and retrieval accuracy highlights the importance of selecting an appropriate student ar-
chitecture based on deployment constraints and performance requirements.
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Figure 4: The training losses and TE for different loss functions in the training of Student Model
RN18. (a) Contrastive only, (b) Contrastive + MSE, (c) Contrastive + KL, (d) Contrastive + ICL, (e)
Contrastive - TE1, (f) Contrastive - TE2, (g) Contrastive + KL - TE1, (h) Contrastive - TE1 - TE2,
(i) Contrastive + KL + ICL + MSE - TE1 - TE2.

Table 8: Comparison of zero-shot retrieval performance (Recall@k) of student RN18 with teacher
RNS50 for different loss function combinations in VLM distillation using MSCOCO. All Loss Func-
tion: CL + KL + MSE + ICL - TE1 - TE2.

Model and Loss Function I2T Retrieval (R) T2I Retrieval (R)
R@1 R@5 R@10 R@1 R@5 R@10
Teacher Model (RN50) 1527% 30.73% 39.05% 11.68% 25.52% 33.50%
Student Models (RN18)
CL Only (Oord et al., 2018) 438% 13.28% 2040% 3.39% 11.07% 17.22%
CL + MSE (Yang et al.. 2024) 4.27% 13.29% 20.15% 3.47% 11.17% 17.28%
CL + KL (L et al.,|2024b) 4.89% 1523% 2290% 4.58% 13.99% 21.05%
CL + ICL (Yang et al.,[2024) 539% 15.48% 2295% 4.32% 13.23% 19.96%
CL - TE1 548% 16.43% 24.59% 4.60% 13.86% 20.80%
CL - TE2 557% 16.67% 24.7718% 4.67% 14.08% 20.97%
CL - TEIl - TE2 6.65% 18.75% 27.33% 5.18% 15.09% 22.35%
CL +KL - TE1 6.49% 18.37% 26.83% 5.18% 15.17% 22.52%
All Loss Function 6.52% 18.60% 27.16% 5.79% 16.78% 24.47%

G.5 TEACHER: RN50, STUDENT: RN34, APPLICATION IN CLASSIFICATION

We have evaluated our TE-based distillation on Food-101 (Bossard et al., 2014), a challenging
benchmark dataset for large-scale food recognition. Food-101 contains 101 categories with a to-
tal of 101,000 images, split into 75,750 images for training and 25,250 images for testing. This
dataset is particularly suitable for evaluating knowledge transfer since it combines significant intra-

27



Under review as a conference paper at ICLR 2026

class variation with a large number of categories, which makes direct zero-shot transfer difficult for
a smaller-capacity student network.

In our setup, the teacher is a ResNet-50 (RN50) model, and the student is a smaller ResNet-34
(RN34). Importantly, during distillation, the student is trained without direct access to the ground
truth labels. Instead, it learns only from the outputs of the teacher, thereby relying entirely on the
transferred information. This design allows us to directly measure the effectiveness of the proposed
TE-based framework in capturing and transferring generalizable knowledge from teacher to student.

Table[9]summarizes the zero-shot classification accuracy of the student RN34 under different weight-
ings of the loss components (cf. Eq.[I8), alongside the teacher RN50 baseline. Several key obser-
vations emerge. First, the naive baseline where v = 0 (i.e., without TE) performs better than the
teacher in terms of Top-1 accuracy but slightly underperforms in Top-5 accuracy. Second, once TE
is introduced (v > 0), we observe consistent improvements across both Top-1 and Top-5 accuracy.
For instance, setting v = 2.5 increases the student’s Top-1 accuracy to 82.46% and Top-5 accuracy
to 96.23%, surpassing the teacher by significant margins. Larger v values generally sustain these
gains, with v = 7.5 yielding the best Top-5 performance (96.62%), and an alternative setting with
a = 5 and v = 2.5 providing the overall best Top-1 accuracy (82.91%). These trends suggest that
TE contributes complementary signal during distillation that is not fully captured by conventional
loss terms. Each experiment (each row) in Table [0 takes around 45 minutes using Colab with GPU
A100.

Table 9: Zero-shot classification accuracy (%) of student RN34 and teacher RN50 on Food-101.

@ 8 6 v Top-1Acc. Top-5Acc.

1 50 1 0 80.23% 95.22%

1 50 1 25 82.46% 96.23%

1 50 1 5 82.37% 96.44%

1 50 1 175 82.27% 96.62 %

1 50 1 10 82.01% 96.38%

5 50 1 25 8291% 96.47%

1 100 1 25 82.54% 96.10%

1 50 5 25 81.07% 95.30%
Teacher - - - 79.80% 96.17%

Overall, our results demonstrate that the student RN34, despite its smaller capacity, is able to not
only match but even surpass the teacher RN50 under several configurations. This improvement
cannot be attributed to overfitting, since no ground truth labels are used during distillation, but
instead highlights the effectiveness of TE-based distillation in transferring structured, generalizable
information. This experiment thus provides strong evidence that TE is a valuable component for
enhancing knowledge transfer in classification tasks.

H USAGE OF LARGE LANGUAGE MODELS

In preparing this paper, we used ChatGPT 5 to assist with both writing and experimentation. Specif-
ically, it supported text refinement tasks such as grammar correction, spelling, word choice, and
stylistic polishing. In addition, it facilitated our experiments by helping to identify and resolve bugs
in Python code implementations.
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