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ABSTRACT

Multi-modal dataset distillation (MDD) seeks to compress the large-scale multi-
modal data, e.g., images and text, into a compact set of synthetic pairs. Existing
methods typically employ a bi-trajectory distillation framework to align the tra-
jectories of expert and student models within each modality. Although effective,
this paradigm incurs significant storage and computational overhead due to the
large number of checkpoints and the need for double backpropagation, limiting
its efficiency and scalability. To overcome these limitations, we propose analytic
parameter matching (APM), which directly matches the analytic parameters of
the modal projectors rather than the entire trajectory, offering two key advantages:
First, instead of storing multiple checkpoints, APM only caches two matrices,
which significantly reduces the storage budget. Second, APM avoids the bi-level
optimization, as the analytic parameters can be computed in a single forward pass.
Theoretically, we establish the connection between these analytic parameters and
matrix whitening, clarifying their benefits for MDD. Empirically, APM achieves up
to 65 x storage reduction, 9.6 distillation speedup, and scales to 1000 synthetic
pairs. Extensive experiments on Flickr30k and MS-COCO demonstrate the effec-
tiveness of APM in cross-modal retrieval tasks, e.g., 12.8 IR@1 and 17.8 TR@1
under 100-pairs, outperforming existing MDD methods in most scenarios.

1 INTRODUCTION

Dataset distillation (DD) (Wang et al., 2018) has emerged as a de facto framework for improving data
efficiency and accelerating the training of neural networks (Yu et al., 2024; Lei & Tao, 2024). Tradi-
tional DD methods focus on compressing the large-scale vision datasets, e.g., CIFAR (Krizhevsky
et al., 2009) and ImageNet-1k (Deng et al., 2009) into smaller yet representative ones. Roughly
speaking, these methods can be divided into three categories: Gradient Matching (Zhao et al., 2021;
Kim et al., 2022), Trajectory Matching (Cazenavette et al., 2022; Guo et al., 2024), and Statistical
Matching (Zhao & Bilen, 2023; Yin et al., 2023; Shao et al., 2024). Recently, the distillation of
multi-modal datasets (Wu et al., 2024), e.g., images and text, has drawn increasing attention due to its
broader applications in downstream tasks such as cross-modal retrieval and conditional generation.

Existing multi-modal dataset distillation (MDD) methods (Wu et al., 2024; Xu et al., 2024a; Zhang
et al., 2025; Dang et al., 2025) adopt trajectory matching (TM) as the distillation framework, where
expert trajectories are used to supervise the student models trained on the synthetic dataset. Despite
its effectiveness, this framework suffers from two visible drawbacks: First, TM requires storing the
entire expert trajectories, e.g., a series of checkpoints {6y, 01, 62} in Figure 1, leading to significant
storage overhead. For example, LoRS (Xu et al., 2024a) trains 20 trajectories, each containing 10
model checkpoints. This takes up over 30GB of space, even larger than the dataset itself, as shown in
Table 1. Second, TM involves double backpropagation during distillation, which first updates the
model parameters and then optimizes the synthetic dataset by minimizing the differences between
expert and student trajectories, limiting its efficiency and scalability.

Once the weaknesses of existing MDD methods are identified, it is natural to ask: How can we
improve the efficiency and scalability of MDD while preserving its effectiveness? To answer this
question, we first note that the computational bottleneck of MDD stems from the inner model
optimization on synthetic datasets. Instead of relying solely on iterative gradient descent, a more
efficient alternative is to explore its analytic formulations. In particular, we observe that multi-modal
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Figure 1: Schema of TM and APM

models with linear modal projectors, e.g., CLIP (Radford et al., 2021), allow us to derive the analytic
solutions of their projector parameters by solving a least-squares optimization problem.

Motivated by this insight, we propose analytic parameter matching (APM). For any given model, e.g.,
05 in Figure 1, APM first computes the analytic parameters of the real and synthetic datasets, and then
minimizes their discrepancy to narrow the data distribution gap. Instead of storing the entire trajectory,
APM only needs to pre-calculate the analytic parameters of the real dataset, which significantly
reduces the storage budget, as shown in Table 1. Furthermore, since these parameters can be obtained
directly in the forward pass, APM eliminates the need for double backpropagation, thereby further
improving its efficiency and scalability. The contributions of this paper are summarized below:

* We analyze the limitations of existing MDD methods, highlighting their substantial storage overhead
due to storing multiple expert trajectories and their inefficiency caused by double backpropagation.

* We propose APM, which replaces the inner model optimization with analytic parameter com-
putation, thereby eliminating trajectory storage and double backpropagation, and improving the
efficiency and scalability of MDD.

» Extensive experiments on Flickr30k and MS-COCO demonstrate that APM not only achieves
competitive or superior performance compared to state-of-the-art MDD methods, but also reduces
storage overhead by up to 65 x and time overhead by 9.6 x during distillation.

2 PRELIMINARIES

Before presenting our method, we introduce some key concepts relevant to this work, including
multi-modal contrastive learning and multi-modal dataset distillation. More detailed discussions can
be found in Section 5.

Multi-modal Contrastive Learning (MCL) aims to learn a shared embedding space across modal-
ities, where semantically matched samples, e.g., an image and its caption, are pulled together,
while unmatched samples are pushed apart. Consider an image—text dataset with paired samples
(x;, k;) € D, where x; represents the i-th image, and &; denotes its caption. To project data into the
shared space, MCL trains a vision—-language model M = { fg, fp, gr, gr }, Where fg and fp denote
the image encoder and projector, and gg and gp are the text encoder and projector, respectively.
Finally, a contrastive learning loss function, e.g., InfoNCE (van den Oord et al., 2018), is adopted to
optimize the model. This learning process can be formally described as:

|D|

_ fP(fE(wi)) v, — QP(QE('%)) r log exp(zi;) 1
e, O Telem)], O |D|Z S ep(zy)

where z;; = uiT'vj /T measures the similarity between image and text, and 7 is a temperature ratio.
By narrowing the gap between positive pairs and enlarging the gap between negative pairs, M can
learn the semantic correspondence between images and text, which can be used in downstream
retrieval or generation tasks.

Multi-modal Dataset Distillation seeks to learn some informative synthetic pairs S = {(&;, K;) }l 1
where |S| < |D|, such that a multi-modal model trained on D and S will have comparable perfor-
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Figure 2: Pipeline of APM. We use the gray arrow to represent the forward pass and the black arrow

to denote the calculation of loss functions. WI* and Wfi are the analytic parameters of the synthetic
datasets. The real analytic parameters W} and W are pre-calculated.

mance. We formulate this task as a bi-level optimization problem:
|D| IS

min ¥ L M*(x;, ki), M* =argmin L M(x;, ki), 2

1 ; NeE(M™ (i, ki) 8 ; NeE(M(Zi, Ri)) @

where the inner loop trains the model M on the synthetic data until convergence, and the outer loop
optimizes the synthetic data by minimizing the loss function on the real data. However, solving
this bi-level optimization issue is time-consuming. Existing methods (Wu et al., 2024; Xu et al.,
2024a) adopt the trajectory matching (Cazenavette et al., 2022) as a surrogate, which minimizes
the model optimization trajectories between the real and synthetic data. Despite some efforts, TM
requires double backpropagation during training, which greatly limits its efficiency and scalability.
This observation motivates the design of our model.

3 THE PROPOSED METHOD

In this section, we introduce our proposed method in detail. We begin by deriving the analytic
parameters for the image and text projectors, followed by the formulation of the objective function
for APM. The overall pipeline of APM is illustrated in Figure 2.

3.1 ANALYTIC SOLUTIONS OF MODAL PROJECTORS

To improve the efficiency of MDD, we propose to align the optimal parameters of the modal projectors
trained on real and synthetic datasets than their trajectories. The advantages are two-fold: First, we
can throw off the massive model checkpoints and focus on distilling the essentials of the dataset.
Second, during distillation, we avoid bi-level optimization and only need to propagate the gradient
once, which significantly improves the efficiency and scalability of MDD.

However, it is hard to calculate the analytic form of all model parameters due to the non-linearity
of neural networks. To solve this issue, we switch to match the image and text projectors as they
carry the semantic information across modalities. Specifically, we study the CLIP-style (Radford
et al., 2021) network architecture, containing two linear projectors, i.e., fp = W and gp = Wyp. For
clarity, we use the matrix form to represent the set of {x; } ‘fj'l and {K;} ﬂ’ denoted as X and K. As
a result, Equation 1 can be reformulated as:

Hy = fe(X) e RPXU Hy = go(K) € RPXT U = HiW,, V = HrWr € RIPIX (3)

where d; and dp are the embedding dimensions of image and text, respectively, and d is the dimension
of the shared semantic space. Next, we omit the L.2-normalization of image and text embeddings,
and simplify the MCL loss function as:

LycL = UV = I||3 = ||(HW) (HoWr) T = 1|7, )

where I € RIPI*IPl is an identity matrix.
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Proposition 1. For the linear projectors U = H{W; and V = HyWr, both Lycg and Lycy have
analytical solutions with respect to Wi and W, defined as:

* -1 -1 * -1 -1
Wi =(H/H) H V{V'V) , Wj=(HHr) H} UU'U) . )
Image Whitening Text Whitening Text Whitening Image Whitening
Proof. See Appendix B.1. U

Proposition 2. For the non-linear projectors U = o(H;W;) and V. = o(HrWr), the analytic
solutions becomes:

Wi =(H;H) *H o \(v(VTV)™Y, W;=(H{Hr) 'Hio Y (UWUTU)™Y), (©)

where o~ (-) is the inverse function of the activation function o -).
Proof. See Appendix B.2. O

Since inverse functions may lead to numerical instability, this paper adopts the linear projectors.
Building on Proposition 1, the optimal projector for each modality can be decomposed into two
important factors: image whitening and text whitening. Here, we take W} as an example, explain the
benefit for MDD, and interpret its behind intuition:

 Existing MDD methods focus on the retrieval task, isotropic distributions (Su et al., 2021) are more
suitable for cosine similarity-based searches. However, embeddings learned by modal encoders are
typically anisotropic. The analytic projectors leverage matrix whitening to address this issue:

—1/2

(H7 H) " H = (H7H) T (7 H) T HT )

‘Whitening matrix Whitened embeddings

where the covariance of whitened embeddings is a unit matrix', preserving the isotropic property.

1\ " _
For text embeddings, we have (V (VTV) 1) = (VTV) ! V', which is also a matrix whitening.

* The goal of DD is to match the distribution between the real and synthetic datasets (Zhao & Bilen,
2023). Hence, we should consider the isotropic distribution as the target, which is easier than the
anisotropic one because it does not need to consider the differences between directions. As the
optimal parameters of the modal projectors contain whitened embeddings, it is reasonable to use
them as a surrogate for the entire model parameters.

3.2 ANALYTIC PARAMETER MATCHING

Once the advantages of analytic modal projectors are identified, the next step is to align the distribu-
tions of the real and synthetic datasets by matching their analytic parameters. However, there are
some instabilities in the calculation of Equation 5: (1) Embedding Shift. Matrix whitening requires
embeddings to have zero mean (Kessy et al., 2018), but the analytic parameters omit it, which may

result in embedding shift. (2) Scale Explosion. The whitening matrix involves the sum of sample
outer products, i.e., (H;HI)71/2 = (ZZ h;'—hl-) 71/2, which may affect the scale of the analytic

parameters of real and synthetic datasets. (3) Matrix Inversion. As the size of the synthetic dataset is
less than the embedding dimension, the analytic parameters of the synthetic dataset are not full-rank”.
As a result, directly calculating its inversion may lead to unstable distillation.

"Here we omit the mean of the embeddings, which will be discussed in Section 3.2

The dimension of embeddings is determined by specific encoder architectures. When NENet (Brock et al.,
2021) and BERT (Devlin et al., 2019) are employed as the image and text encoders, their embedding dimensions
are dy = 2078 and dr = T68, respectively, and the maximum size of the synthetic set |S| is 500.
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To overcome these issues, we reformulate the analysis parameters into three parts: image term, cross
term, and text term, and introduce some tricks to stabilize the distillation process:

Y= ﬁ(HI — )T (Hy — pr) + o, Yyu = 7(U pu) (U= py) +aol, (Image)
Yy = I%\(Hf —pr) (V= py), Yru = ‘TH(HT —pr) (U = po), (Cross)
Yo = ﬁ(HT—[LT)T(HT—uT)—FaI, Yvv = W(V—uv)T(V—HV)+OéI, (Text)

where @7, pr, py, and py denote the mean values of Hy, Hp, U, and V, respectively. The
hyperparameter « is used to ensure that the matrix is full-rank. Besides, for the synthetic dataset, we
use a hat notation to represent their corresponding analytic parameters, e.g., > 7, and do not repeat
their definitions for clarity. The objective function of APM is defined as:

Larm = IS/ SvEyy — S S SuyIF + 1570510 S0 0 — SepSro oyl )

It is worth noting that calculating the analytic parameters will introduce quadratic complexity with
respect to the number of samples. To avoid this issue, we need to pre-compute the analytic parameters
of the real dataset to reduce the time and space overhead during distillation. Therefore, we first
pre-train a teacher model M on the real dataset and freeze its weights during the distillation process,
so that we can cache the analytic parameters based on the fixed modal encoders and projectors.
Finally, we combine the objectives of MCL and APM as the overall loss function for distillation:

S|
L= ZL:NCE &3, K1) + nLapm, ©)

where 77 = 0.01 is a hyperparameter to balance these two loss functions.

3.3 SIMILARITY MINING

In APM, we mainly focus on aligning the channel-level correspondence between the real and
synthetic datasets, i.e., the covariance matrices of multi-modal data. On the other hand, mining
the correspondence between samples is also crucial for MDD, as pointed out by LoRS (Xu et al.,
2024a). Specifically, LoRS uses a LoRA-like (Xu et al., 2024b) matrix, Z = wl + LRT, to record
the similarities between samples and optimizes it during distillation.

In the evaluation stage, the similarity matrix is used to weight the binary cross-entropy loss function,
aiding the training of multi-modal models. However, this method poses additional computational
and space overhead for MDD. Different from LoRS, we directly use the teacher model to generate a
similarity matrix of the synthetic pairs rather than training it, and adopt a knowledge distillation loss
to train the model from scratch:

S|

P, = SoftmaX(Zi/T), = Softmax(Z; /1), Lxp = Z Z (10)
J

where Z = M'(X, K) and Z = M*(X, K) are the similarity matrices learned by the teacher and
student networks. We notice that the similarity matrix of APM is larger than that of LoRS. To address
this issue, we can apply SVD on the similarity matrix and preserve eigenvectors corresponding to the
top-K singular values.

4 EXPERIMENTS

In this section, we conduct extensive experiments to validate the effectiveness of our proposed method.
Specifically, we first introduce the experimental setup and then exhibit the quantitative results in
Section 4.2. Moreover, we make the ablation studies (Section 4.3) and in-depth analysis (Section 4.4)
to further demonstrate the advantages of APM.

4.1 EXPERIMENTAL SETUP

Datasets and Metrics. Following previous work (Wu et al., 2024; Xu et al., 2024a), we benchmark
various MDD methods in two widely used vision-language datasets: Flickr-30k (Plummer et al.,
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Table 2: Results on Flickr-30k dataset. We use NFNet+BERT as the distillation and evaluation net-
works. Full dataset performance: IR@1=21.3, IR@5=51.0, IR@10=63.6; TR@1=31.1, TR@5=61.7,
TR@10=74.3. The best results are highlighted in bold.

Pairs Coreset Selection \ Dataset Distillation
(Ratio) ™MeUI® Rand Herd K-Cent Forget | MTT-VL TESLA  LoRS  RepBlend  APM
R@1 1.0 07 0.7 0.7 | 4702 0502 83+02 11.5x04 12.8+0.4
IR@5 40 28 3.1 24 | 157205 23202 241202 32.0£0.7 34.2%0.2
100 IR@I0 65 53 6.1 56 | 24.6£1.0 47+04 351203 44.5£0.6 47.1x0.3
©03%) TR@L 13 11 0.6 12 | 99+03 5505 11.8+02 16.2+08 17.8+0.5
TR@5 59 47 5.0 42 | 283205 195309 35806 41.7+0.9 43.0+1.2
TR@10 101 79 7.6 9.7 | 39.120.7 28.9+1.0 49.2+#0.5 55.5+0.4 57.2%1.1
R@1 L1 15 1.5 1.2 | 46209 02+0.1 8603 127408 14.60.1
IR@5 48 55 5.4 31 | 160£1.6 1.3+0.2 253#03 34.7x0.6 38.5x0.2
200 IR@I0 92 93 9.9 84 | 255426 2.5+0.2 36.6+0.3 47.620.5 52.0+0.3
07%) TR@L 21 23 2.2 1.5 | 102+0.8 2.8+0.5 14.5£0.5 18.6+0.7 18.9+1.2
TR@5 87 84 8.2 84 | 28.7£1.0 10415 38705 46.0£0.8 47.8+1.4
TR@I0 132 144 135 102 | 41.9+1.9 17416 53.4£0.5 60.0:0.6 62.2%1.1
R@1 24 30 3.5 1.8 | 6.6£0.3 11202 10.0£0.2 17.0+0.6 17.5+0.3
IR@5 105 100 104 9.0 | 202+1.2 7304 28907 42.5+0.5 43.5x0.2
500 IR@I0 174 170 173 159 | 30.0£2.1 12.620.5 41.6£0.6 559+0.6 56.8+0.3
(7% TR@L 52 51 4.9 3.6 | 13306 5.1£0.2 15.5%0.5 225204 21.6+0.4
TR@5 183 164 164 123 | 32.8+1.8 153205 39.8+0.6 53.2+0.3 52.70.2
TR@10 257 243 233 193 | 46.8+3.0 238203 53.7+0.3 66.7+0.3 66.4+0.4

2015) and MS-COCO (Lin et al., 2014), which have 31k and 123k, respectively, and each image is
paired with five human-annotated captions. We focus on the cross-modal retrieval task, which aims
to retrieve the top-K semantically relevant samples in the target modality conditioned on a query
from the source modality. We use Recall at K (R@K) as the metric and consider two scenarios:
image-to-text retrieval (TR@K) and text-to-image retrieval (IR@K).

Preprocessing. The derivation of the analytic parameters of modal projectors is based on the one-
to-one correspondence between images and text. However, in Flickr-30k and MS-COCO, the ratio
of the number of images to captions is 1:5, which makes it impossible to directly use APM. To
address this issue, we uniformly divide the captions into five datasets and ensure that each image has
a corresponding caption. During distillation, we cyclically select one sub-dataset to participate in the
calculation of the real analytic parameter, thereby preventing the overfitting of the synthetic dataset.

Networks. We use a CLIP-style (Radford et al., 2021) network architecture as our distillation
backbone, consisting of an image encoder, a text encoder, and two linear modal projectors. For the
image encoder, we choose NFNet (Brock et al., 2021), RegNet (Xu et al., 2023), ResNet-50 (He
et al., 2016), and ViT (Dosovitskiy et al., 2021). For the text encoder, we use BERT (Devlin et al.,
2019) and DistilBERT (Sanh et al., 2019). We directly optimize the synthetic images in the pixel
space and update the embedding of the synthetic captions instead of the original text, as suggested
by Wu et al. (2024). We use the officially pre-trained weights to initialize both the image and text
encoders. During distillation and evaluation, both encoders are frozen, and we only focus on the
modal projectors, as suggested by Zhang et al. (2025).

Baselines. We benchmark APM with various MDD methods to demonstrate its effectiveness.
Specifically, we consider two categories of methods: Coreset-based methods, including Random,
Herding (Welling, 2009), K-Center (Wolf, 201 1), and Forgetting (Toneva et al., 2019), as well as the
advanced distillation-based methods, including MTT-VL (Wu et al., 2024), LoRS (Xu et al., 2024a),
and RepBlend (Zhang et al., 2025).

Others. Similar to LoRS, APM also uses the similarity matrix to aid the training of models. To
ensure a fair comparison, we remove one synthetic pair to keep the total budget unchanged, i.e.,
100—99, 200—199, and 500—499. Moreover, to remove randomness, we evaluate our methods
five times and report the mean and standard deviation. See Appendix D for more details, such as
hyperparameters and algorithms.
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Table 3: Results on MS-COCO dataset. We use NFNet+BERT as the distillation and evaluation net-
works. Full dataset performance: IR@1=11.1, IR@5=31.5, IR@10=44.7; TR@1=14.6, TR@5=37.6,
TR@10=50.5. The best results are highlighted in bold.

Pairs . Coreset Selection \ Dataset Distillation
(Ratio) MU Rand Herd K-Cent Forget | MTT-VL TESLA  LoRS  RepBlend  APM
IR@1 0.3 0.5 0.4 0.3 1.320.1 0.320.2 1.8+0.1 4.1+0.3 4.7£0.2
IR@5 1.3 1.4 1.4 1.5 5.440.3 1.0£0.4 7.1£0.2 13.940.8 16.2+0.2
100 IR@10 2.7 3.5 2.5 2.5 9.5+0.5 1.8+0.5 12.2+0.2 22.3+0.5 25.8+0.3
(0.8%o) TR@1 0.8 0.8 1.4 0.7 2.5+0.3 2.0£0.2 3.3+0.2 5.240.5 6.2+0.4
TR@5 3.0 2.1 3.7 2.6 10.0£0.5 7.7£0.5 122403 17.9+£0.9 20.0+0.5
TR@10 5.0 49 5.5 4.8 157204 13.5£0.3 19.6£0.3 28.0+0.3 31.1x0.5
IR@1 0.6 0.9 0.7 0.6 1.7£0.1 0.1£0.1 2.4+0.1 6.1+0.8 6.1+0.2
IR@5 2.3 2.4 2.1 2.8 6.5+0.4 0.2+0.1 9.3+0.2 19.3+0.7  19.6+0.2
200 IR@10 4.4 4.1 5.8 4.9 12.3£0.8  0.50.1 15.5£0.2 29.8+0.5 30.4+0.3
(1.7%o) TR@1 1.0 1.0 1.2 1.1 3.3£0.2 0.7£0.2  4.3+0.1 6.9£0.6 7.7£0.5
TR@5 4.0 3.6 3.8 3.5 11.940.6  3.1£0.5 142403 21.8£0.9 23.6+0.7
TR@10 7.2 7.7 7.5 7.0 19412 53+0.8 22.6£0.2 32.3+0.7 35.3+0.9
IR@1 1.1 1.7 1.1 0.8 2.5+0.5 0.8+0.2 2.8+0.2 6.2+0.1 7.1£0.2
IR@5 5.0 5.3 6.3 5.8 8.9+0.7 3.60.6 9.9+0.5 19.9+0.3  21.8+0.3
500 IR@10 8.7 9.9 10.5 8.2 15.8+1.5 6.7¢40.9 16.5+£0.7 30.6£0.1 33.3+0.4
(4.4%0) TR@1 1.9 1.9 2.5 2.1 5.0£0.4 1.7£0.4 5.3£0.3 7.0£0.2 8.0+0.4
TR@5 7.5 7.8 8.7 8.2 17.2¢1.3 59+40.8 18.3+1.5 22.0+£0.3 24.3+0.3
TR@10 125 137 14.3 13.0 26.0£1.9 10.2+1.0 279414 329+0.6 37.1x0.4

Table 4: Ablation study on the loss function of APM under 100 pairs. Table 5: Effect of hyperpa-
“Random” means we randomly pick data for evaluation without training. rameters in Flickr-30k.

Flickr  IR@l IR@5 IR@10 TR@l TR@5 TR@10 wm 001 0,001

Random 3.4 11.5 18.5 4.1 12.8 21.3 o0l 52 81 99
+LmcL 6.0 19.0 28.5 8.1 25.5 38.0 005 73 128 115
+L ApM 12.8 34.2 47.1 17.8 43.0 57.2 0.1 106 114 11.0

4.2 QUANTITATIVE RESULTS

Tables 2 and 3 report the distillation performance of various MDD methods on Flickr-30k and
MS-COCO datasets, from which we have the following observations: First, APM consistently
outperforms existing methods in IR. For example, on Flickr-30k with 100 pairs, APM reaches 12.8
IR@1, surpassing RepBlend and LoRS. On MS-COCO with 100 pairs, APM achieves 4.7 IR@1,
while RepBlend remains at 4.1. This advantage is not accidental: APM encourages embeddings to be
more isotropic and better aligned across modalities, thereby reducing the semantic gap. As a result, it
provides consistent improvements on the text-to-image side. Second, APM has a clear improvement
in the more challenging MS-COCO benchmark, where the full dataset performance is 11.1 IR@1
and 14.6 TR@1. When the budget increases from 200 to 500 pairs, RepBlend improves IR@1 only
marginally (6.1—6.2), while APM gains +0.9 (6.1—7.1). Similar trends hold at higher recall levels,
confirming the effectiveness of APM. Third, the improvements are most pronounced under small
budgets: on Flickr-30k with 100 pairs, APM improves TR@1 by +5.2 over RepBlend. At larger
budgets, the gap narrows. We hypothesize that this is because all methods are initialized with the real
dataset, leaving limited room for further improvement.

4.3 ABLATION STUDIES

To further verify the effectiveness of each component in APM, we make a series of ablation studies
about loss functions, hyperparameters, and cross-architecture generalization.

Loss Functions. We first evaluate the role of loss functions, including Lycr and Lapy. The results
are shown in Table 4. It can be observed that the randomly selected data outperforms the coreset-
based methods, validating the effectiveness of similarity mining. We further add the contrastive loss
function LyicL to optimize the synthetic data and slightly improve the performance, e.g., 3.4—6.0 in
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Table 6: Cross-architecture performance of various MDD methods in the Flickr-30k with 500 pairs.
The synthetic dataset is distilled on NFNet+BERT and evaluated by other networks.

Evaluation Model | Method | IR@1 IR@5 IR@10 TR@1 TR@5 TR@10
TESLA-VL | 3.0£0.2 10.8+0.5 17.0£0.8 6.0£0.9 18.8+0.7 27.7+1.2
LoRS 33202 127403 204+02 6.8+0.2 19.6+1.3 31.1x0.3
ResNet + BERT | RepBlend | 42402 14.1#02 23.6£0.6 8.4+0.2 23.1+0.8 35.0+1.3
APM 6.9+0.2 21.2+0.3 31.2+0.4 8.7+0.7 24.5+0.5 35.9+1.2
TESLA-VL | 32+0.8 11.1+1.8 17.5%1.3 58+0.1 18.6+0.6 28.1+1.0
LoRS 3.540.1 126403 21.1#0.4 6.8+0.3 20.8+0.3 30.2+0.3
RegNet + BERT | RepBlend | 3.9£0.2 13.9+0.3 24.0£0.6 7.9+0.3 24.2+0.3 36.2+1.1
APM 5.4+0.1 16.7£0.4 253%0.5 7.9+0.5 222+0.6 32.1+0.6

IR@1. Finally, we add both Lyc and Lapy in the distillation process, which significantly improves
the IR@1 value from 6.0 to 12.8, demonstrating the superiority of APM.

Hyperparameters. We next evaluate the influence of hyperparameters on the performance of APM.
Specifically, we focus on two important hyperparameters: « in analytic parameters and 7 in loss
functions. We can observe from Table 5 that the best result is obtained with 7 = 0.01 and o = 0.05.
Generally, the hyperparameter o controls the frequency of the covariance matrix (Bo et al., 2025). A
smaller value of a introduces more high-frequency noise, while a large value of o makes the images
blurred. On the other hand, a larger value of n may enforce the synthetic dataset to overfit the real
analytic parameters, and a smaller value cannot narrow the distribution gap between the real and
synthetic datasets.

Cross-Architecture Generalization. Finally, we evaluate the cross-architecture generalization of
different MDD methods. Following previous work (Zhang et al., 2025), we use NF-ResNet-50 and
NF-RegNet as the image encoders, respectively, and BERT as the text encoder. The results are shown
in Table 6, from which we can find that APM exhibits the strongest generalization ability across
architectures. First, when evaluated on ResNet+BERT, APM achieves the best performance on all
metrics, e.g., 6.9 IR@1 and 8.7 TR@1, surpassing RepBlend by +2.7 and +0.3, respectively. Second,
on RegNet+BERT, APM consistently outperforms the baselines, reaching 5.4 IR@1 and 7.9 TR@1,
while the second-best method only achieves 3.9 and 6.8. This demonstrates that APM not only learns
compact and effective synthetic datasets but also transfers well to unseen architectures. The results
validate our claim that APM preserves the essential modality alignment in a way that is independent
of specific backbone choices, highlighting its scalability and robustness for real-world deployment.

4.4 IN-DEPTH ANALYSIS

Data Entropy. The goal of DD is to reduce the redundancy in the real datasets. To verify whether
APM can achieve this objective, we analyze the entropy of the image and text embeddings in the
synthetic dataset. Specifically, we use the SVD entropy, which is defined as H = — >, p; log p;,

where p; = = and o; denote the i-th singular value of the data embeddings. Intuitively, data

o
embeddings with smaller SVD entropy have more redundancy as their information is dominated by
a few principal singular values, and vice versa. Based on this property, we draw the trends of loss
and SVD entropy of the image and text embeddings in Figure 3. We can observe that as the loss
function decreases, the SVD entropy of the data embeddings gradually increases, implying that APM
can effectively reduce data redundancy and improve data diversity.

Scalability. In addition to the efficacy and efficiency, we also emphasize the scalability of the method.
Generally, we expect models trained on synthetic datasets to have comparable performance to those
trained on real datasets. However, lossless performance is only possible on relatively large-scale
synthetic datasets. For example, in the setting of Flickr-30k with 500 pairs, the results of APM
are 17.5in IR@1 and 21.6 in TR@1, which are still far behind the performance on the full dataset
(21.3inIR@1 and 31.1 in TR@1). To evaluate the scalability of APM, we increase the maximum
budget from 500 pairs to 1,000 pairs. The results are listed in Table 7. It can be observed that APM
achieves the best results in 4 of 6 metrics, while only slightly outperformed by RepBlend in TR@5
and TR@ 10, demonstrating its scalability.
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50 Table 7: Scalability experiments on Flickr-30k datasets. Results
58, of MDW and EDGE are taken from Dang et al. (2025) and Zhao
et al. (2025), while other results were implemented by ourselves.
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Figure 4: Distribution of the  Figure 5: The real and synthetic data pairs of APM. We highlight
synthetic dataset (Flickr). some fine-grained descriptions in the synthetic captions.

4.5 VISUALIZATION

Modality Distribution. A recent work (Zhang et al., 2025) highlights that MDD methods suffer
from the modality collapse issue, where intra-modality embeddings are overly concentrated, while
cross-modality embeddings are not well aligned. To verify whether APM can address this issue, we
project the image and text embeddings on a spherical surface, as shown in Figure 4. We can observe
that the image and text embeddings are well-matched in the shared space, indicating that APM can
preserve the data correspondence across modalities.

Synthetic Pairs. We compare the real dataset with the synthetic dataset learned by APM in Figure 5.
To be more intuitive, the synthetic data pairs are initialized by the real data. It can be observed that
the caption learned by APM contains more detailed descriptions, such as the clothing of people.
Moreover, the images also have high-frequency artifacts. We speculate that these textures will
increase the diversity of data.

5 RELATED WORK

Dataset Distillation. The concept of dataset distillation (DD) was first introduced by Wang et al.
(2018), with the goal of condensing a large dataset into a compact set of synthetic samples while
maintaining comparable performance. Existing methods can be broadly categorized into three groups:
gradient matching (Zhao et al., 2021; Kim et al., 2022), which aligns gradients computed on real and
synthetic data; trajectory matching (Cazenavette et al., 2022; Guo et al., 2024), which supervises
the student’s optimization trajectory using expert trajectories trained on real data; and statistical
matching (Zhao & Bilen, 2023), which aligns higher-order statistics such as feature distributions
or batch normalization statistics (Yin et al., 2023; Shao et al., 2024). Moreover, UniDD (Bo et al.,
2025) provides a unified spectral filtering view of DD, under which our proposed APM can also
be interpreted as a high-pass filter. DD has also been applied across diverse domains, including
images (Zhao et al., 2021; Yin et al., 2023), time series (Liu et al., 2024b; Ding et al., 2024), and
graphs (Jin et al., 2022; Liu et al., 2024a).
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Multi-modal Dataset Distillation. Compared with single-modal distillation, the multi-modal setting
introduces additional challenges, as it requires preserving both intra-modal semantics and cross-modal
alignment. Recent studies have extended trajectory matching (TM) to the multi-modal domain. For
instance, MTT-VL (Wu et al., 2024) proposes bi-trajectory matching to align the paired image-text
data. LoRS (Xu et al., 2024a) further introduces the concept of similarity mining, improving the
performance of MDD by a large margin. More recently, RepBlend (Zhang et al., 2025) identifies
the issue of modality collapse in MDD and proposes representation blending to preserve cross-
modal consistency. MDW (Dang et al., 2025) further investigates the robustness of MDD under
noisy environments. EDGE (Zhao et al., 2025) improves the efficiency and scalability of MDD by
leveraging the prior knowledge of generative models.

6 CONCLUSION

In this paper, we introduce APM, a framework that improves the efficiency and scalability of multi-
modal dataset distillation. APM uses the analytic parameters of linear modal projectors to replace the
inner model optimization in trajectory matching, enabling efficient alignment of real and synthetic
datasets. Extensive experiments on Flickr30k and MS-COCO demonstrate that APM not only reduces
both storage and computational overhead but also maintains superior performance. A promising
future direction is to extend APM to other modalities, such as audio-text datasets.

10
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ETHICS STATEMENT

This work aims to improve the efficiency and scalability of multi-modal dataset distillation, thereby
reducing the computational and storage requirements for training large neural networks. There
are many potential societal consequences of our work, none of which we feel must be specifically
highlighted here.

REPRODUCIBILITY

To ensure the reproducibility of our work, we introduce more implementation details in Appendix D.
During peer reviewing, we upload the source code as supplementary material. We promise to make
our code publicly available if the paper is accepted.

REFERENCES

Deyu Bo, Songhua Liu, and Xinchao Wang. Understanding dataset distillation via spectral filtering.
CoRR, abs/2503.01212, 2025.

Andy Brock, Soham De, Samuel L. Smith, and Karen Simonyan. High-performance large-scale
image recognition without normalization. In ICML, volume 139 of Proceedings of Machine
Learning Research, pp. 1059-1071. PMLR, 2021.

George Cazenavette, Tongzhou Wang, Antonio Torralba, Alexei A. Efros, and Jun-Yan Zhu. Dataset
distillation by matching training trajectories. In CVPR, pp. 10708-10717. IEEE, 2022.

Zhuohang Dang, Minnan Luo, Chengyou Jia, Hangwei Qian, Xiaojun Chang, and Ivor W. Tsang.
Multi-modal dataset distillation in the wild. CoRR, abs/2506.01586, 2025.

Jia Deng, Wei Dong, Richard Socher, Li-Jia Li, Kai Li, and Li Fei-Fei. Imagenet: A large-scale
hierarchical image database. In CVPR, pp. 248-255. IEEE Computer Society, 2009.

Jacob Devlin, Ming-Wei Chang, Kenton Lee, and Kristina Toutanova. BERT: pre-training of deep
bidirectional transformers for language understanding. In NAACL-HLT (1), pp. 4171-4186.
Association for Computational Linguistics, 2019.

Jianrong Ding, Zhanyu Liu, Guanjie Zheng, Haiming Jin, and Linghe Kong. Condtsf: One-line
plugin of dataset condensation for time series forecasting. In NeurIPS, 2024.

Alexey Dosovitskiy, Lucas Beyer, Alexander Kolesnikov, Dirk Weissenborn, Xiaohua Zhai, Thomas
Unterthiner, Mostafa Dehghani, Matthias Minderer, Georg Heigold, Sylvain Gelly, Jakob Uszkoreit,
and Neil Houlsby. An image is worth 16x16 words: Transformers for image recognition at scale.
In ICLR. OpenReview.net, 2021.

Ziyao Guo, Kai Wang, George Cazenavette, Hui Li, Kaipeng Zhang, and Yang You. Towards lossless
dataset distillation via difficulty-aligned trajectory matching. In /CLR. OpenReview.net, 2024.

Kaiming He, Xiangyu Zhang, Shaoqing Ren, and Jian Sun. Deep residual learning for image
recognition. In CVPR, pp. 770-778. IEEE Computer Society, 2016.

Wei Jin, Lingxiao Zhao, Shichang Zhang, Yozen Liu, Jiliang Tang, and Neil Shah. Graph condensation
for graph neural networks. In /ICLR. OpenReview.net, 2022.

Agnan Kessy, Alex Lewin, and Korbinian Strimmer. Optimal whitening and decorrelation. The
American Statistician, 72(4):309-314, 2018. doi: 10.1080/00031305.2016.1277159.

Chris Dongjoo Kim, Byeongchang Kim, Hyunmin Lee, and Gunhee Kim. Audiocaps: Generating

captions for audios in the wild. In NAACL-HLT (1), pp. 119—-132. Association for Computational
Linguistics, 2019.

11



Under review as a conference paper at ICLR 2026

Jang-Hyun Kim, Jinuk Kim, Seong Joon Oh, Sangdoo Yun, Hwanjun Song, Joonhyun Jeong, Jung-
Woo Ha, and Hyun Oh Song. Dataset condensation via efficient synthetic-data parameterization.
In ICML, volume 162 of Proceedings of Machine Learning Research, pp. 11102-11118. PMLR,
2022.

Alex Krizhevsky, Geoffrey Hinton, and et al. Learning multiple layers of features from tiny images.
2009.

Shiye Lei and Dacheng Tao. A comprehensive survey of dataset distillation. IEEE Trans. Pattern
Anal. Mach. Intell., 46(1):17-32, 2024.

Tsung-Yi Lin, Michael Maire, Serge J. Belongie, James Hays, Pietro Perona, Deva Ramanan, Piotr
Dollér, and C. Lawrence Zitnick. Microsoft COCO: common objects in context. In ECCV (5),
volume 8693 of Lecture Notes in Computer Science, pp. 740-755. Springer, 2014.

Yang Liu, Deyu Bo, and Chuan Shi. Graph distillation with eigenbasis matching. In ICML. OpenRe-
view.net, 2024a.

Zhanyu Liu, Ke Hao, Guanjie Zheng, and Yanwei Yu. Dataset condensation for time series classifica-
tion via dual domain matching. In KDD, pp. 1980-1991. ACM, 2024b.

Bryan A. Plummer, Liwei Wang, Chris M. Cervantes, Juan C. Caicedo, Julia Hockenmaier, and
Svetlana Lazebnik. Flickr30k entities: Collecting region-to-phrase correspondences for richer
image-to-sentence models. In ICCV, pp. 2641-2649. IEEE Computer Society, 2015.

Alec Radford, Jong Wook Kim, Chris Hallacy, Aditya Ramesh, Gabriel Goh, Sandhini Agarwal,
Girish Sastry, Amanda Askell, Pamela Mishkin, Jack Clark, Gretchen Krueger, and Ilya Sutskever.
Learning transferable visual models from natural language supervision. In ICML, volume 139 of
Proceedings of Machine Learning Research, pp. 8748—-8763. PMLR, 2021.

Victor Sanh, Lysandre Debut, Julien Chaumond, and Thomas Wolf. Distilbert, a distilled version of
BERT: smaller, faster, cheaper and lighter. CoRR, abs/1910.01108, 2019.

Florian Schmid, Khaled Koutini, and Gerhard Widmer. Efficient large-scale audio tagging via
transformer-to-cnn knowledge distillation. In JCASSP, pp. 1-5. IEEE, 2023.

Shitong Shao, Zeyuan Yin, Muxin Zhou, Xindong Zhang, and Zhiqiang Shen. Generalized large-scale
data condensation via various backbone and statistical matching. In CVPR, pp. 16709-16718.
IEEE, 2024.

Jianlin Su. Does logistic regression have an analytical solution? 2021. URL https://spaces.
ac.cn/archives/8578.

Jianlin Su, Jiarun Cao, Weijie Liu, and Yangyiwen Ou. Whitening sentence representations for better
semantics and faster retrieval. CoRR, abs/2103.15316, 2021.

Mariya Toneva, Alessandro Sordoni, Remi Tachet des Combes, Adam Trischler, Yoshua Bengio,
and Geoffrey J. Gordon. An empirical study of example forgetting during deep neural network
learning. In ICLR (Poster). OpenReview.net, 2019.

Adron van den Oord, Yazhe Li, and Oriol Vinyals. Representation learning with contrastive predictive
coding. CoRR, abs/1807.03748, 2018.

Tongzhou Wang, Jun-Yan Zhu, Antonio Torralba, and Alexei A. Efros. Dataset distillation. CoRR,
abs/1811.10959, 2018.

Max Welling. Herding dynamical weights to learn. In ICML, volume 382 of ACM International
Conference Proceeding Series, pp. 1121-1128. ACM, 20009.

Gert W. Wolf. Facility location: concepts, models, algorithms and case studies. series: Contributions
to management science. Int. J. Geogr. Inf. Sci., 25(2):331-333, 2011.

Xindi Wu, Byron Zhang, Zhiwei Deng, and Olga Russakovsky. Vision-language dataset distillation.
Trans. Mach. Learn. Res., 2024, 2024.

12


https://spaces.ac.cn/archives/8578
https://spaces.ac.cn/archives/8578

Under review as a conference paper at ICLR 2026

Jing Xu, Yu Pan, Xinglin Pan, Steven C. H. Hoi, Zhang Yi, and Zenglin Xu. Regnet: Self-regulated
network for image classification. IEEE Trans. Neural Networks Learn. Syst., 34(11):9562-9567,
2023.

Yue Xu, Zhilin Lin, Yusong Qiu, Cewu Lu, and Yong-Lu Li. Low-rank similarity mining for
multimodal dataset distillation. In /ICML. OpenReview.net, 2024a.

Yuhui Xu, Lingxi Xie, Xiaotao Gu, Xin Chen, Heng Chang, Hengheng Zhang, Zhengsu Chen,
Xiaopeng Zhang, and Qi Tian. Qa-lora: Quantization-aware low-rank adaptation of large language
models. In ICLR. OpenReview.net, 2024b.

Zeyuan Yin, Eric P. Xing, and Zhigiang Shen. Squeeze, recover and relabel: Dataset condensation at
imagenet scale from A new perspective. In NeurlIPS, 2023.

Ruonan Yu, Songhua Liu, and Xinchao Wang. Dataset distillation: A comprehensive review. IEEE
Trans. Pattern Anal. Mach. Intell., 46(1):150-170, 2024.

Xin Zhang, Ziruo Zhang, Jiawei Du, Zuozhu Liu, and Joey Tianyi Zhou. Beyond modality collapse:
Representations blending for multimodal dataset distillation. CoRR, abs/2505.14705, 2025.

Bo Zhao and Hakan Bilen. Dataset condensation with distribution matching. In WACV, pp. 6503-6512.
IEEE, 2023.

Bo Zhao, Konda Reddy Mopuri, and Hakan Bilen. Dataset condensation with gradient matching. In
ICLR. OpenReview.net, 2021.

Zhenghao Zhao, Haoxuan Wang, Junyi Wu, Yuzhang Shang, Gaowen Liu, and Yan Yan. Efficient
multimodal dataset distillation via generative models. CoRR, abs/2509.15472, 2025.

13



Under review as a conference paper at ICLR 2026

A STATEMENT ON LLM USAGE

In preparing this manuscript, we employed LLMs solely to assist with language polishing and
grammar checking. No sections of the text were directly copied from LLM outputs, and all scientific
ideas, analyses, and conclusions are original contributions of the authors.

B DERIVATION

B.1 ANALYTIC SOLUTION OF LINEAR PROJECTOR
Recalling that Proposition 1 aims to give the analytic solutions of the linear modal projectors. Here
we provide the detailed derivations.

For the loss function Ly = UV — 1|
the analytic parameters.

2., we directly use the gradient of matrix trace to calculate

Proof. We prove the statement for /7, and the proof for Wy is analogous.

We consider the alternative Optimization of W; and W, where we first fix W and optimize W7:
LWy = ||[HW VT 1|2 = tr((HIWIVT —DTHW VT - I)).
Based on the trace of the matrix, we have:
LWr) = te(W, (H H)Wi(VTV)) = 2te((H] V) TWr) + te(D).

We now apply standard matrix calculus identities:

O T 0 e
oy WX TAXB) = AX(B+BT), o u(CX)=C.

Since both A = HITHI and B=V TV are symmetric, we obtain:
Vw, L =2H H)W;(V'V)-2H] V.
Setting the gradient to zero yields the normal equation:
(Hf HO)Wi(V'V) = H] V.
Assuming invertibility of H; H; and V' TV, the final solution is
Wi = (H H) 'H] v(VV)~L
O

D

We further consider the non-linear InfoNCE loss function £xcg = —ﬁ Yo log exp(uiv; )

D
SIPhexp(uiv] )’

which is more challenging than the linear case, but the conclusion is similar.

We begin by introducing an existing result about the analytic solution of a linear layer with the
softmax function in the multi-class classification task:

Lemma 3. The probability that a sample belongs to a certain class is defined as:
exp(zw," + b;)
Sy exp(aw] +bi)

where x is the sample, and w; and b; denote the weight and bias of the i-th class, respectively. The
analytic solutions of w; and b; are defined as:

p(ilz) = (11)

1
w; =L, by =Inp; — 5/%271#:’ (12)

where p; is the ratio of the i-th class, j; is the mean value of the data embedding in the i-th class,
and ¥ =¥ + i" i+ 32, pi pa-
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Proof. See Equations 12-15 in Su (2021). ]

Notably, The InfoNCE loss can also be viewed as a multi-class classification task, where each pair
is a class. In this case, u; can be seen as the sample and v, denotes the weight in the i-th class.
Therefore, we can directly obtain their analytic solutions:

1 1
i = —uSy,  vi= —uly, 13
u Tv v v Tu U (13)

where Yy and Yy denote the covariance of each modality. Notably, we have S+ atp =
+ >z w; =+ XX, p; = %, and p1; = u;. Therefore, By = 2U U and Sy = 2V V.

We then transform this equation into matrix form by stacking a series of vectors, and obtain:

N N
U=—VvVv'wWl v=_—vw'v) ' (14)
2T 2T

Based on the above analysis, we can find that both InfoNCE and the least-square loss [|[UV T — I||%
have similar results, and the softmax function does not affect the calculation of analytic solutions.

B.2 ANALYTIC SOLUTION OF NON-LINEAR PROJECTOR

For the non-linear projectors U = o(H;W;) and V' = o(HpWr), we have o(H;W;) =
V(VTV)~tand o(HrWyz) = U(UTU)™L. Since the activation ¢ is an element-wise function, we
can directly use its inversion function to calculate the analytic solutions:

Wi = (HH) ' Hj o \(V(VIV)Y), Wi = (HpHr) 'Hyo ' (UUTU)™),  (15)
where o ~1() is the inverse function of o (-).

We list some commonly used activation functions and their inverses below.

Table 8: Activation Functions o (z) and their inverses o~ *(y)

Activation o(x) o '(y)
Sigmoid o(z) =1 +1efz o Hy) = ln<13y>
Tanh o(x) = tanh(z) = Zz _T_ Z:i o (y) = arctanh(y) = ;111(11%)
LeakyReLU o(z) = {Zx i i 8 o (y) = {2 z i 8

C ADDITIONAL EXPERIMENTS

C.1 ISOTROPY AND ANISOTROPY DISTRIBUTIONS

We make an experiment to verify the effectiveness of isotropy distribution.

As mentioned Section 3.1, the analytic parameters (H; H;)"'H; V/(V TV)~! have a close connec-
tion with matrix whitening, which transforms the embeddings into a isotropy distribution.

To construct a anisotropy distribution, we remove the inverse covariance in the analytic parameters
and obtain H; V, which is dominated by the principle singular values.

The comparison between the isotropy and anisotropy distributions is shown in Table 9. We have
the following observations: First, the synthetic data learned by isotropy distribution has large
entropy, indicating that it can encode more information of the real data. Second, the isotropy
distribution outperforms anisotropy distribution by a large margin, verifying the effectiveness of
isotropy distribution and supporting our claims.
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Table 9: Comparison between isotropy and anisotropy distributions.

Type Equation Image Entropy Text Entropy IR@1 TR@1
Isotropy (H H)"*H]V(VTV)~! 3.93 3.87 12.8 17.8
Anisotropy HV 3.87 3.79 7.9 11.2

C.2 ZERO-SHOT CLASSIFICATION
To verify whether the synthetic dataset can be used in downstream tasks beyond retrieval. We make a
zero-shot image classification task to benchmark the performance between real and synthetic datasets.

Specifically, we use three datasets, CIFAR-10, CIFAR-100, and ImageNet-1k. The results are shown
Table 10. We can see that the synthetic datasets have similar zero-shot classification performance
with the real dataset.

Table 10: Results of zero-shot image classification.

CIFAR-10 CIFAR-100 ImageNet-1k
Dataselt oy 1 (%) Top-5(%) Top-1(%) Top-5(%) Top-1(%) Top-5(%)
Full 58.77 92.07 16.34 38.27 7.62 19.54
99 Pairs 52.44 87.54 13.53 32.19 4.28 12.50
199 Pairs 53.73 85.96 13.70 34.76 435 12.69
499 Pairs 55.03 90.28 14.45 36.14 5.06 14.77

C.3 ABLATION STUDY

In Section 3.2, we mentioned three issues of the analytic parameters, including Embedding Shift (ES),
Scale Explosion (SE), and Matrix Inversion (MI), and proposed three corresponding modifications.
We further make an ablation study on the Flickr-30k dataset to validate the effectiveness of these
modification. The results are shown Table 11. We have the following observations: First, removing
ES slightly affects the performance of APM. The reason is that synthetic data is initialized by real
data, thus they may have similar mean values. Second, removing SE significantly reduces the retrival
performance as the number of real data is larger than the synthetic data, making the scale of H IT Hi
and H IT H different. Third, removing MI cannot obtain the meaningful synthetic dataset. The
covariance of the synthetic dataset is low-rank, and directly solving for its inverse matrix will lead to
numerical instability.

Table 11: Ablation studies on the design of loss function.

IR@1 JR@5 JR@10 TR@l TR@5 TR@I10

Lapm 12.8 34.2 471 17.8 43.0 57.2
w/o ES 11.6 320 449 17.3 41.8 57.5
w/o SE 2.1 7.5 12.9 39 13.3 19.9
w/o MI 0.2 0.8 1.3 0.0 0.0 0.0

C.4 COMPARISON WITH EDGE

EDGE leverages generative models to address the semantic correlation and diversity issues of existing
MDD methods. Notably, we have cited EDGE in the original paper.

EDGE mainly focuses on the large budget setting (500 / 1000 pairs). We report the performance of
EDGE and APM under the same settings in the revision. Below is a quick comparison.
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Table 12: Flickr Retrieval Results

Flickr IR@l IR@5 JR@10 TR@l TR@5 TR@10

EDGE-500 6.7 21.0 30.5 13.3 35.6 47.5
APM-500 17.5 43.5 56.8 21.6 52.7 66.4
EDGE-1000 9.9 28.2 40.5 14.5 38.3 51.7
APM-1000 184 45.5 57.9 23.2 53.8 66.9

Table 13: MS-COCO Retrieval Results

MS-COCO IR@]1 IR@5 IR@10 TR@l TR@5 TR@I0

EDGE-500 1.8 6.5 11.2 2.9 9.5 15.7
APM-500 71 21.8 33.3 8.0 24.3 37.1

C.5 AUDIO-TEXT DATASET DISTILLATION

We make an additional experiment on the audio-text retrieval task to verify the generalization of
the proposed method. Following Zhang et al. (2025), we choose the AudioCaps (Kim et al., 2019)
dataset, consisting of 49,838 training audios, 495 validation audios, and 975 test audios. We use
EfficientAT (mn20_as) (Schmid et al., 2023) as the audio encoder and BERT as the text encoder.
Since RepBlend (Zhang et al., 2025) does not introduce its implementation details, we describe our
reproduction process below.

Data Preparation. The AudioCaps dataset contains files in WAV format. We use the AugmentMel-
STFT function from EfficientAT to preprocess the audio. We sample the audios in mono at a sampling
rate of 32 kHz and then calculate their log-mel-spectrogram in a 25-ms window with a step size of 10
ms. After processing, each audio has a feature map with shape [1, 128, 1000], as shown in Figure 6.

Distillation. Instead of distilling the raw audios, we directly synthesize the log-mel-spectrogram to
match the input of EfficientAT. The spectrogram has a shape of [1, 128, 1000], which can be seen as
an image with channel=1, width=128, and height=1000. Therefore, the code of image-text distillation
can be directly transferred to the audio-text datasets. See Table 15 for the hyperparameters.

Evaluation. In the test set of AudioCaps, each audio corresponds to 5 captions, which improves its
retrieval performance. We train the multi-modal network from scratch and evaluate it on the test set.
We repeat the experiments five times and report the average performance and standard deviation.

Results. The results are shown in Table 14. We can observe that APM outperforms LoRS and
RepBlend, especially in audio retrieval tasks, where it shows a significant performance improvement.
Figure 6 illustrates the original and distilled log-mel-spectrograms. We can see that the distilled log-
mel-spectrogram has more energy than the original one, indicating that it compresses the knowledge
of other audios.

Log Mel Spectrogram Log Mel Spectrogram

Original Log-spectrogram Distilled Log-spectrogram

Figure 6: Visualizations of the original and distilled audio data.
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Table 14: Results on AudioCaps dataset. We use EfficientAT (mn20_as)+BERT as the distillation
and evaluation networks. Full dataset performance: AR@1=17.6, AR@5=47.7, AR@10=63.8;
TR@1=20.6, TR@5=49.6, TR@10=67.2. The best results are highlighted in bold.

Pairs | Method | AR@I AR@5 AR@I0 TR@l TR@5 TR@10

LoRS 2.7¢03  8.6+0.3 14.7#04 59403 13.0£04 21.8+0.5
100 | RepBlend | 4.1x0.2  14.2+0.3 23.7+0.4 8.9+0.1 24.3x0.2 34.7+0.3
APM 8.3+x0.3 28.6+0.3 42.1+0.4 11.3+0.6 33.4+0.6 46.7+0.8
LoRS 3.8+0.2 14.840.2 21.8+0.2 8.0+0.2 21.2+0.2 33.1+0.2
200 | RepBlend | 6.8+0.2  20.6£0.2 31.4+0.3 9.7£0.2 29.1x04 41.2+0.4
APM 10.1+0.1 32.5+0.3 47.3+0.2 11.7+0.7 35.6+0.8 51.1+1.1
LoRS 7.1£0.1 24.7+0.2 36.7£0.2 9.2+0.2 27.4+0.3 41.3%x0.3
500 | RepBlend | 9.7+0.1 32.2+0.3 46.840.2 13.840.3 38.6x0.3 54.1+0.4
APM 11.4+0.1 35.8+0.4 51.3+0.3 13.6+0.7 39.3+0.7 54.8+0.5

D EXPERIMENTAL DETAILS

Hyperparameters. To improve the reproducibility of our work, we provide the hyperparameters
used in both distillation and evaluation stages in Tables 15 and 16.

Table 15: Hyperparameters used in the distillation stage.

Dataset Flickr COCO AudioCaps

Pairs 100 200 500 100 200 500 100 200 500
Epoch 400 400 400 400 400 400 400 400 400
Optimizer Adam Adam Adam Adam Adam Adam Adam Adam Adam
LR 0.1 0.1 0.1 0.1 0.1 0.1 0.01 0.01 0.01
Betas (0.6,0.9) (0.6,0.9) (0.6,0.9) (0.6,0.9) (0.6,0.9) (0.6,0.9) (0.6,0.9) (0.6,0.9) (0.6,0.9)
a 0.05 0.05 0.05 0.05 0.05 0.05 0.1 0.1 0.1

n 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Projector Dim. 256 256 256 256 256 256 256 256 256

Table 16: Hyperparameters used in the evaluation stage.

Dataset Flickr COCO AudioCaps

Pairs 100 200 500 100 200 500 100 200 500
Epoch 100 100 100 100 100 100 100 100 100
Optimizer SGD SGD SGD SGD SGD SGD SGD SGD SGD
LR 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Momentum 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
Weight Decay 0.0005  0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005
Scheduler StepLR  StepLR  StepLR  StepLR  StepLR  StepLR  StepLR  StepLR  StepLR
Projector Dim. 256 256 512 256 256 512 256 256 256
KD Temperature (7) 5 5 10 5 5 10 5 5 5

Algorithms Algorithm 1 illustrates the distillation process of APM. Algorithm 2 shows the Pytorch-
style core code of APM.
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Algorithm 1 Analytic Parameter Matching (APM)

Input: Distillation network M = { fg, fp, gk, g}, real dataset D =

Output: Synthetic dataset S = (X, K)

for iteration? = 1,--- ,Z do
Feed S into /\/l where H; = fe(X), H

R A O S ol

end for

Feed D into M, where H; = fg(X), Hr = g&(
Calculate X1, Yyv, X1v, 21U, 27T, and Dy
Calculate W; = zl—}zwz;; and Wi = 25050025

(X, K), number of iteration Z.

K),U =ge(Hp),V = gp(Hr)

Tr = gE(K) U = gg(Hy),V = gp(Hr)

Calculate E[], ZUU; 2[‘/, ETU» ZTI" and ZVV
Calculate WI = EU EIVZ vy and W7 = ETTETUZ
Minimize the discrepancy between analytic parameters based on Equation 8

Algorithm 2 PyTorch code of APM

def Conv(img_embed, txt_embed, img_proj, txt_proj,

device = img_embed.device
N = img_embed.shape[0]

alpha=0.1):

+ alpha x torch.eye(h_I.shape[l]

h I = img_embed - img_embed.mean (0, keepdim=True)
h_T = txt_embed - txt_embed.mean (0, keepdim=True)
h U = img_proj - img_proj.mean (0, keepdim=True)
h_V = txt_proj - txt_proj.mean (0, keepdim=True)
sigma_II = (h_I.T @ h_I) / N

sigma_IV = (h_I.T @ h_V) / N

sigma_VV = (h_V.T @ h_V) / N

tmp = torch.linalg.solve(sigma_II, sigma_IV)

w_1 torch.linalg.solve(sigma_VV, tmp,
sigma_TT = (h_T.T @ h_T)

sigma_TU = (h_T.T @ h U) / N

sigma_UU = (h_U.T @ h_U)

tmp2 = torch.linalg.solve(sigma_TT, sigma_TU)

w_T = torch.linalg.solve (sigma_UU, tmp2,

return w_I, w_T

+ alpha x torch.eye(h_V.shape[l],

left=False)
/ N + alpha * torch.eye (h_T.shape[l]

/ N + alpha % torch.eye(h_U.shape[l]

left=False)

device=device)

device=device)

device=device)

device=device)
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