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Abstract

Recent works in dataset distillation seek to minimize
training expenses by generating a condensed synthetic
dataset that encapsulates the information present in a
larger real dataset. These approaches ultimately aim to
attain test accuracy levels akin to those achieved by mod-
els trained on the entirety of the original dataset. Previous
studies in feature and distribution matching have achieved
significant results without incurring the costs of bi-level op-
timization in the distillation process. Despite their convinc-
ing efficiency, many of these methods suffer from marginal
downstream performance improvements, limited distillation
of contextual information, and subpar cross-architecture
generalization. To address these challenges in dataset dis-
tillation, we propose the ATtentiOn Mixer (ATOM) module
to efficiently distill large datasets using a mixture of chan-
nel and spatial-wise attention in the feature matching pro-
cess. Spatial-wise attention helps guide the learning pro-
cess based on consistent localization of classes in their re-
spective images, allowing for distillation from a broader
receptive field. Meanwhile, channel-wise attention cap-
tures the contextual information associated with the class
itself, thus making the synthetic image more informative for
training. By integrating both types of attention, our ATOM
module demonstrates superior performance across various
computer vision datasets, including CIFAR10/100 and Tiny-
Imagenet. Notably, our method significantly improves per-
formance in scenarios with a low number of images per
class, thereby enhancing its potential. Furthermore, we
maintain the improvement on cross-architectures and ap-
plications such as neural architecture search.

1. Introduction

Efficient deep learning has surged in recent years due to
the increasing computational costs associated with train-
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Figure 1. The ATOM Framework utilizes inherent information to
capture both context and location, resulting in significantly im-
proved performance in dataset distillation. We display the perfor-
mance of various components within the ATOM framework, show-
casing a 5.8% enhancement from the base distribution matching
performance on CIFAR10 at IPC50. Complete numerical details
can be found in Table 4.

ing and inferencing pipelines [24, 47-49, 58, 66, 70, 71].
This growth can be attributed to the escalating complex-
ity of model architectures and the ever-expanding scale of
datasets. Despite the increasing computational burden, two
distinct approaches have emerged as potential avenues for
addressing this issue: the model-centric and data-centric
approaches. The model-centric approach is primarily con-
cerned with mitigating computational costs by refining the
architecture of deep learning models. Techniques such as
pruning, quantization, knowledge distillation, and architec-
tural simplification are key strategies employed within this
paradigm [24, 27, 28, 60, 63, 66]. In contrast, the data-
centric approach adopts a different perspective, focusing on
exploring and leveraging the inherent redundancy within
datasets. Rather than modifying model architectures, this
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approach seeks to identify or construct a smaller dataset that
retains the essential information necessary for maintaining
performance levels. Coreset selection was a fairly adopted
method for addressing this gap [3, 5, 45, 50, 55]. In particu-
lar works such as Herding [61] and K-Center [50] offered a
heuristic-based approach to intelligently select an informa-
tive subset of data. However, as a heuristic-based method,
the downstream performance is limited by the information
contained solely in the subset. More recently, shapely data
selection [15] found the optimal subset of data by measur-
ing the downstream performance for every subset combina-
tion achievable in the dataset. However inefficient this may
be, the downstream performance is still limited by the di-
versity of samples selected. therefore, Dataset Distillation
(DD) [58] has emerged as a front-runner wherein a synthetic
dataset can be learned.

Dataset distillation aims to distill large-scale datasets
into a smaller representation, such that downstream mod-
els trained on this condensed dataset will retain competi-
tive performance with those trained on the larger original
one [0, 58, 71]. Recently, many techniques have been intro-
duced to address this challenge, including gradient match-
ing [36, 69, 71], feature/distribution matching [47, 70, 72],
and trajectory matching [6, 12, 19]. However, many of
these methods suffer from complex and computationally
heavy distillation pipelines [6, 19, 71] or inferior perfor-
mance [47, 70, 71]. A promising approach, DataDAM [47],
effectively tackled the computational challenges present in
prior distillation techniques by employing untrained neu-
ral networks, in contrast to bi-level optimization methods.
However, despite its potential, DataDAM faced several sig-
nificant limitations: (1) it obscured relevant class-content-
based information existing channel-wise in intermediate
layers; (2) it only achieved marginal enhancements on pre-
vious dataset distillation algorithms; and (3) it exhibited in-
ferior cross-architecture generalization.

In this work, we introduce ATtentiOn Mixer, dubbed
ATOM as an efficient dataset distillation pipeline that strikes
an impressive balance between computational efficiency
and superior performance. Drawing upon spatial attention
matching techniques from prior studies like DataDAM [47],
we expand our receptive field of information in the match-
ing process. Our key contribution lies in mixing spatial in-
formation with channel-wise contextual information. Intu-
itively, different convolutional filters focus on different lo-
calizations of the input feature; thus, channel-wise atten-
tion aids in the distillation matching process by compress-
ing and aggregating information from multiple regions as
evident by the performance improvmenets displayed in Fig-
ure 1. ATOM not only combines localization and context,
but it also produces distilled images that are more gener-
alizable to various downstream architectures, implying that
the distilled features are true representations of the original

dataset. Moreover, our approach demonstrates consistent
improvements across all settings on a comprehensive distil-
lation test suite. In summary, the key contributions of this
study can be outlined as follows:

[C1] We provide further insight into the intricacies of at-
tention matching, ultimately introducing the use of channel-
wise attention matching for capturing a higher level of infor-
mation in the feature-matching process. Our mixing module
combines both spatial localization awareness of a partic-
ular class, with distinctive contextual information derived
channel-wise.

[C2] Empirically we show superior performance against
previous dataset distillation methods including feature
matching and attention matching works, without bi-level
optimization on common computer vision datasets.

[C3] We extend our findings by demonstrating superior
performance in cross-architecture and neural architecture
search. In particular, we provide a channel-only setting that
maintains the majority of the performance while incurring
a lower computational cost.

2. Related Works

Coreset Selection. Coreset selection, an early data-centric
approach, aimed to efficiently choose a representative sub-
set from a full dataset to enhance downstream training per-
formance and efficiency. Various methods have been pro-
posed in the past, including geometry-based approaches
[1,9,50,52,61],loss-based techniques as mentioned in [44,
54], decision-boundary-focused methods [14, 40], bilevel
optimization strategies [30, 31], and gradient-matching al-
gorithms outlined in [29, 41]. Notable among them are
Random, which randomly selects samples as the coreset;
Herding, which picks samples closest to the cluster center;
K-Center, which selects multiple center points to minimize
the maximum distance between data points and their nearest
center; and Forgetting, which identifies informative training
samples based on learning difficulties [3, 5, 50, 54]. While
these selection-based methods have shown moderate suc-
cess in efficient training, they inherently possess limitations
in capturing rich information. Since each image in the se-
lected subset is treated independently, they lack the rich fea-
tures that could have been captured if the diversity within
classes had been considered. These limitations have moti-
vated the emergence of dataset distillation within the field.

Dataset Distillation. Dataset distillation has emerged as
a learnable method of synthesizing a smaller, information-
rich dataset from a large-scale real dataset. This approach
offers a more efficient training paradigm, commonly ap-
plied in various downstream applications such as contin-
ual learning [8, 18, 47, 65, 71], neural architecture search
[25, 53], and federated learning [26, 37, 38, 64]. The semi-
nal work, initially proposed by Wang et al. [58], introduced
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Figure 2. (a) An overview of the proposed ATOM framework. By mixing attention, ATOM is able to capture both spatial localization and
class context. (b) Demonstration of the internal architecture for spatial- and channel-wise attention in the ATOM Module. The spatial-wise
attention computes attention at specific locales through different filters, resulting in a matrix output, whereas the channel-wise attention
calculates attention between each filter, naturally producing a vectorized output.

bilevel optimization, comprising an outer loop for learning
the pixel-level synthetic dataset and an inner loop for train-
ing the matching network. Following this, several studies
adopted surrogate objectives to tackle unrolled optimization
problems in meta-learning. For example, gradient match-
ing methods [13, 32, 36, 69, 71] learn images by aligning
network gradients derived from real and synthetic datasets.
Trajectory matching [6, 10, 12, 19] improves performance
by minimizing differences in model training trajectories be-
tween original and synthetic samples. Meanwhile, feature
matching strategies [47, 47, 56, 68, 70, 72] aim to align fea-
ture distributions between real and synthetic data within di-
verse latent spaces. Despite significant advancements in this
field, methods still struggle to find a trade-off between the
computational costs associated with the distillation pipeline
and the model’s performance. A recent work, DataDAM
[47], used spatial attention to improve the performance of
feature-matching-based methods by selectively matching
features based on their spatial attention scores. However,
although this method operates without bilevel optimiza-
tion, it only marginally improves performance on larger test
suites. In this study, we delve deeper into the potential of
attention-based methods and demonstrate superior perfor-
mance compared to DataDAM and previous benchmarks
across various computer vision datasets. Additionally, we
achieve a lower computational cost compared to conven-
tional attention-matching approaches by leveraging infor-
mation in a channel-wise manner.

Attention Mechanism. Attention mechanisms have
been widely adopted in deep learning to enhance perfor-
mance across various tasks [2, 59, 67]. Initially applied
in natural language processing [2], it has extended to com-

puter vision, with global attention models [59] improving
image classification and convolutional block attention mod-
ules [62] enhancing feature map selection. Additionally, at-
tention aids model compression in knowledge distillation
[67]. They are lauded for their ability to efficiently incor-
porate global contextual information into feature represen-
tations. When applied to feature maps, attention can take
the form of either spatial or channel-based methods. Spa-
tial methods focus on identifying the informative regions
("where”), while channel-based methods complementarily
emphasize the informative features ("what”). Both spatial
localization and channel information are crucial for identi-
fying class characteristics. Recently, Sajedi et al. proposed
DataDAM [47] to concentrate only on spatial attention, cap-
turing class correlations within image localities for efficient
training purposes. However, inspired by the inherent ob-
fuscation of the content in the attention maps, we propose
an Attention Mixer module that uses a unique combination
of spatial and channel-wise attention to capture localization
and information content.

3. Methodology

Given the larger source dataset 7 = {(«;, yl)}zll con-
taining |7| real image-label pairs, we generate a smaller
learnable synthetic dataset S = {(s;, y])}lj‘g:‘1 with |S| syn-
thetic image and label pairs. Following previous works
[6, 47, 56, 69, 71], we use random sampling to initial-
ize our synthetic dataset. For every class k, we obtain a
batch of real and synthetic data (B,Z— and BY, respectively)
and use a neural network ¢g(-) with randomly initialized
weights 0 [20] to extract intermediate and output features.
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We illustrate our method in Figure 2 where an L-layer neu-
ral network ¢g(-) is used to extract features from the real
and synthetic sets. The collection of feature maps from
the real and synthetic sets can be expressed as ¢g(T) =
[ g:klv ) g}L] and ¢9(Sk) = [ 913"' 7f0L] respec-
tively. The feature fg?; comprises a multi-dimensional array

within RIB{ [XCrxWix Hy , obtained from the real dataset at
the {th layer, where C; denotes the number of channels and
H; x W, represents the spatial dimensions. Correspond-
ingly, a feature fg % is derived for the synthetic dataset.

We now introduce the Attention Mixer Module (ATOM)
which generates attention maps for the intermediate fea-
tures derived from both the real and synthetic datasets.
Leveraging a feature-based mapping function A(-), ATOM
takes the intermediate feature maps as input and produces
a corresponding attention map for each feature. Formally,

we express this as: A(¢e(T)) = [agy,  ag5y_,] and
A(po(Sk)) = [a‘gkl, e ,agfol] for the real and synthetic

sets, respectively. Previous works [47, 67] have shown that
spatial attention, which aggregates the absolute values of
feature maps across the channel dimension, can emphasize
common spatial locations associated with high neuron acti-
vation. The implication of this is retaining the most infor-
mative regions, thus generating an efficient feature descrip-
tor. In this work, we also consider the effect of channel-wise
attention, which emphasizes the most significant informa-
tion captured by each channel based on the magnitude of its
activation. Since different filters explore different regions or
locations of the input feature, channel-wise activation yields
the best aggregation of the global information. Ultimately,
we convert the feature map feT"l‘ of the I layer into an at-

tention map a representlng spatial or channel-wise atten-
tion using the correspondmg mapping functions A,(-) or
A.(-) respectively. Formally, we can denote the spatial and
channel-wise attention maps as:

Cy
o5 =Y |(fah 1)
i=1
Hl*Wl
A5 = >0 |(Fh]™, 2)
i=1
where, ( (fj)l = g?;(:,i, :,:) is the feature map of chan-

nel i from the I™ layer, and the power and absolute value
operations are applied element-wise; meanwhile, the sym-
bol * flattens the feature map along the spatial dimen-

sion ((ka)* ERIB;CT\XCZXWI*HL>, such that ( g?;)* =

1
( g—’;) (:,:,7). By leveraging both types of attention, we
can better encapsulate the relevant information in the inter-
mediate features, as investigated in Section 4.3. Further, the

effect of power parameters for spatial and channel-wise at-
tention, i.e. ps and p. is studied in the Section 4.3.

Given our generated spatial and channel attention maps
for the intermediate features, we apply standard normaliza-
tion such that we can formulate a matching loss between the
synthetic and real datasets. We denote our generalized loss

Latowm as:
K L-1
> S en ] s [0
GNP" k=1 =1 H H
where, in the case of spatial attention, we denote zg’“l =
T
vec(a TA) € RIBEIXWixH) and 258 = vec(a‘g’“l) €

RIBR X (WixHy) o represent the vectorized spatial atten-
tion map pairs at the [ layer for the real and synthetic
datasets, respectively. Meanwhile, for channel-based at-

. T
tention, we have zeT"l = vec(a T’“) e RIBx IX(C1) apd
zg"l = veclagh) € RIBRIX(C0) to represent the flattened

channel attention map pairs at the /" layer for the real and
synthetic datasets, respectively. The parameter K is the
number of categories in a dataset, and Py denotes the distri-
bution of network parameters. We estimate the expectation
terms in Equation (3) empirically if ground-truth data dis-
tributions are not available.

Following previous works [47, 56, 68, 70, 72], we lever-
age the features in the final layer to regularize our matching
process. In particular, the features of the penultimate layer
represent a high-level abstraction of information from the
input images in an embedded representation and can thus
be used to inject semantic information in the matching pro-
cess [17, 46, 47, 70]. Thus, we employ Lyvp as described
in [47, 70] out-of-the-box.

Finally, we learn the synthetic dataset by minimizing the
following optimization problem using SGD optimizer:

S* = arg;nin (Latom + ALmmb) » “)

where A is the task balance parameter inherited from [47].
In particular, we highlight that Lyvp brings semantic infor-
mation from the final layer, while £arom mixes the spatial
and channel-wise attention information from the interme-
diate layers. Note that our approach assigns a fixed label
to each synthetic sample and keeps it constant during train-
ing. A summary of the learning algorithm can be found in
Algorithm 1.

4. Experiments
4.1. Experimental Setup

Datasets. Our method is evaluated on the CIFAR-10 and
CIFAR-100 datasets [33], which maintain a resolution of
32 x 32, aligning with state-of-the-art benchmarks. Fur-
thermore, we resize the Tiny ImageNet [35] datasets to 64
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Algorithm 1 Attention Mixer for Dataset Distillation

Input: Real training dataset 7 = {(x;, yl)}g1

Required: Initialized synthetic samples for K classes,
Deep neural network ¢g parameterized with 8, Probability
distribution over randomly initialized weights Py, Learning
rate 7)s, Task balance parameter A\, Number of training iter-
ations /.

1: Initialize synthetic dataset S
2: fori=1,2,--- ,Ido
3: Sample 0 from Py

4: Sample mini-batch pairs BZ— and B,f from the real
and synthetic sets for each class k
5: Compute L atom and Lymp

6: Calculate £ = Latom + ALMMD
7: Update the synthetic dataset using S < S—nsVsL
8: end for

Output: Synthetic dataset S = {(s;, yi)}gl

x 64 for additional experimentation. The supplementary
materials provide more detailed dataset information.

Network Architectures. We employ a ConvNet archi-
tecture [16] for distillation, following prior studies. The de-
fault ConvNet comprises three convolutional blocks, each
consisting of a 128-kernel 3 x 3 convolutional layer, in-
stance normalization, ReLU activation, and 3 x 3 average
pooling with a stride of 2. To accommodate the increased
resolutions in Tiny ImageNet, we append a fourth convolu-
tional block. Network parameters are initialized using nor-
mal initialization [20] in all experiments.

Evaluation Protocol. We evaluate the methods using
standard measures from previous studies [47, 56, 69-71].
Five sets of synthetic images are generated from a real train-
ing dataset with 1, 10, and 50 images per class. Then, 20
neural network models are trained on each synthetic set us-
ing an SGD optimizer with a fixed learning rate of 0.01.
Each experiment reports the mean and standard deviation
values for 100 models to assess the efficacy of distilled
datasets. Furthermore, computational costs are assessed by
calculating run-time per step over 100 iterations, as well as
peak GPU memory usage during 100 iterations of training.

Implementation Details. We use the SGD optimizer
with a fixed learning rate of 1 to learn synthetic datasets
containing 1, 10, and 50 IPCs over 8000 iterations with task
balances (\) set at 0.01. Previous works have shown that
ps = 4 is sufficient for spatial attention matching [47]. As
such we set our default case as: p. = ps = 4. This is
further ablated in Section 4.3. We adopt differentiable aug-
mentation for both training and evaluating the synthetic set,
following [47, 71]. For dataset reprocessing, we utilized
the Kornia implementation of Zero Component Analysis
(ZCA) with default parameters, following previous works

[6,42,47]. All experiments are performed on a single A100
GPU with 80 GB of memory. Further hyperparameter de-
tails can be found in the supplementary materials.

Competitive Methods. In this paper, we compare
the empirical results of ATOM on three computer vision
datasets: CIFAR10/100 and TinyImageNet. We evaluate
ATOM against four corset selection approaches and thir-
teen distillation methods for training set synthesis. The
corset selection methods include Random selection [45],
Herding [3, 5], K-Center [50], and Forgetting [55]. We
also compare our approach with state-of-the-art distillation
methods, including Dataset Distillation [58] (DD), Flexi-
ble Dataset Distillation [4] (LD), Dataset Condensation [71]
(DC), Dataset Condensation with Contrastive (DCC) [36],
Dataset Condensation with Differentiable Siamese Aug-
mentation [69] (DSA), Distribution Matching [70] (DM),
Deep Generative Priors (GLaD), Aligning Features [56]
(CAFE), VIG [39], Kernel Inducing Points [42, 43] (KIP),
Matching Training Trajectories [6] (MTT), and Attention
Matching [47] (DAM).

4.2. Comparison with State-of-the-art Methods

Performance Comparison. In this section, we present
a comparative analysis of our method against coreset and
dataset distillation approaches. ATOM consistently outper-
forms these studies, especially at smaller distillation ratios,
as shown in Table 1. Since the goal of dataset distillation
is to generate a more compact synthetic set, we emphasize
our significant performance improvements at low IPCs. We
achieve almost 4% improvement over the previous attention
matching framework [47], DataDAM when evaluated on
CIFAR-100 at IPC1. Notably, our performance on CIFAR-
100 at IPC50 is 50.2% — that is nearly 90% of the baseline
accuracy at a mere 10% of the original dataset. These exam-
ples motivate the development of dataset distillation works
as downstream models can achieve relatively competitive
performance with their baselines at a fraction of the train-
ing costs. Our primary objective in this study is to investi-
gate the impact of channel-wise attention within the feature-
matching process. Compared to prior attention-based and
feature-based methodologies, our findings underscore the
significance of channel-wise attention and the ATOM mod-
ule, as validated also in the ablation studies in Section 4.3.
Cross-architecture Generalization. In this section, we
assess the generalization capacity of our refined dataset by
training various unseen deep neural networks on it and then
evaluating their performance on downstream classification
tasks. Following established benchmarks [47, 56, 70, 71],
we examine classic CNN architectures such as AlexNet
[34], VGG-11 [51], ResNet-18 [21], and additionally, a
standard Vision Transformer (ViT) [11]. Specifically, we
utilize synthetic images learned from CIFAR-10 with IPC50
using ConvNet as the reference model and subsequently
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Dataset CIFAR-10 CIFAR-100 Tiny ImageNet
IPC 1 10 50 1 10 50 1 10 50
Ratio % 0.02 0.2 1 0.2 2 10 0.2 2 10
Random 14.4i2_0 26‘0i1,2 43.4i1'0 4.2i0,3 14~6i0.5 30.0i0,4 1.4i0 1 5‘0i0,2 15.0i044
Herding [61] 21.541.2 31.610.7 40.410.6 8.3+0.3 17.310.3 33.7+0.5 2.810.2 6.310.2 16.710.3
K-Center [50] 21.541.3 14.740.9 27.041.4 8.4410.3 17.3+0.3 30.540.3 - - -
Forgetting [54] 13.541.2 23.3+1.0 23.341.1 4.5410.2 15.140.3 - 1.6+0.1 5.140.2 15.040.3
DDT[58] - 36.841.2 - - - - - - -
LDT[4] 25.74+0.7  38.3+0.4 425404 | 11.540.4 - - - -
DC[71] 28.3+0.5 449105 53.910.5 12.840.3 25.240.3 30.6+0.6 5.3+0.1 12.940.1 12.740.4
DCC [36] 32.9410.8 4944105 61.610.4 13.310.3 30.6+0.4 - - - -
DSA [69] 28.8+0.7 52.1+0.5 60.6+0.5 13.9+0.3 32.34+0.3 42.840.4 5.7+0.1 16.3+0.2 15.1+0.2
DM [70] 26.040.8 48.940.6 63.040.4 11.440.3 29.740.3 43.6+0.4 3.940.2 12.940.4 25.340.2
GLaD [7] 28.0:{:0,8 46.7:{:0.5 59.9:‘:()‘7 - - - - - -
CAFE [56] 30.3+1.1 46.340.6 55.540.6 12.940.3 27.840.3 37.940.3 - - -
CAFE+DSA [56] 31.640.8 50.940.5 62.340.4 14.040.3 31.540.2 42.940.2 - - -
VIG [39] 26.541.2 54.640.1 35.640.6 17.840.1 29.310.1 - - - -
KIP [42] 29.8+1.0 46.140.7 53.240.7 12.040.2 29.0+0.3 - - - -
MTT [6] 31.941.2 56.410.7 65.940.6 13.8+0.6 33.110.4 42.940.3 6.240.4 17.310.2 26.540.3
DAM [47] 32.041.2 54.210.8 67.040.4 14.540.5 34.810.5 49.410.3 8.3+0.4 18.710.3 28.740.3
ATOM (OHI'S) 34.8:&1‘0 57.9:&0‘7 68.83:0‘5 18.110'4 35.7i0,4 50-2;&03 g-lio‘z 19.5:&0‘4 29.110‘3
Full Dataset | 84.840.1 \ 56.21+0.3 \ 37.6+0.4

Table 1. Comparison with previous dataset distillation methods on CIFAR-10, CIFAR-100 and Tiny ImageNet. The works DD and LD'
use AlexNet [34] for CIFAR-10 dataset. All other methods use ConvNet for training and evaluation. Bold entries are the best results.

train the aforementioned networks on the refined dataset
to assess their performance on downstream tasks. The re-
sults, as depicted in Table 2, indicate that ATOM demon-
strates superior generalization across a spectrum of archi-
tectures. Notably, it achieves a significant performance
boost of over 4% compared to the prior state-of-the-art on
ResNet-18 [21]. This implies that the channel-wise atten-
tion mechanism effectively identifies features not only rel-
evant to ConvNet but also to a wider range of deep neural
networks, thereby enhancing the refined dataset with this
discerned information.

ConvNet AlexNet VGG-11 ResNet-18 ViT ‘ Avg.

DC[71] 53.9+0.5 28.840.7 38.841.1 20.9+1.0 30.1+0.5 34.540.8
CAFE [56] 623104  43.2104 488105 433107 227107 | 441105
DSA [69] 60.6+05  53.7+0.6 Bl.diio  47.8400  43.3104 | 5ldior
DM [70] 63.0+0.4 60.140.5 5744108 52.940.4 45.240.4 55.740.5
KIP [42] 56.940.4 53.241.6 53.240.5 47.6+0.8 18.3+0.6 45.840.8
MTT [6] 66.240.6 43.940.9 48.741.3 60.040.7 A7.710.6 53.3+0.8
DAM [47] 67.040.4 63.940.9 64.840.5 60.240.7 48.240.8 60.840.7
ATOM (Ours)  68.810.4 64.1i07 66.4106 64.5:06 49.510.7 | 62.720.6

Table 2. Cross-architecture testing performance (%) on CIFAR-10
with 50 images per class. The ConvNet architecture is employed
for distillation. Bold entries are the best results.

Distillation Cost Analysis. In this section, we delve into
an examination of the training costs required for the distilla-
tion process. Although the main goal of dataset distillation
is to reduce training costs across different applications such
as neural architecture search and continual learning, the dis-
tillation technique itself must be efficient, enabling smooth
operation on consumer-grade hardware. Approaches such
as DC, DSA, and MTT introduce additional computational

Method Run Time (Sec.) GPU memory (MB)
IPC1 IPC10 IPC50 IPC1 IPCI0 IPCS50

DC[71] 0.1640.01 3.311002 15.7440.10 | 3515 3621 4527
DSA [69] 0.224002 4471012 20.13405s | 3513 3639 4539
DM [70] 0.08+0.02 0.0840.02 0.0814002 | 3323 3455 3605
MTT [6] 0.3640.23 0.4040.20 OOM 2711 8049 OOM
DAM [47] 0.0940.01 0.0840.01 0.1610.04 | 3452 3561 3724
ATOM' (Ours) | 0.08+409.02 0.08+4p.02 0.134003 | 3152 3263 4151
ATOM (Ours) | 0.1040.02 0.1040.01  0.1740.02 | 3601 4314 5134

Table 3. Comparisons of training time and GPU memory usage
for prior dataset distillation methods. Run time is averaged per
step over 100 iterations, while GPU memory usage is reported
as peak memory during the same 100 iterations of training on an
A100 GPU for CIFAR-10. Methods that surpass the GPU memory
threshold and fail to run are denoted as OOM (out-of-memory).
ATOM' represents our method with on-channel attention, hence
offering a better tradeoff in computational complexity.

overhead due to bi-level optimization and training an ex-
pert model. In contrast, our method, akin to DM and DAM,
capitalizes on randomly initialized networks, obviating the
need for training and thereby reducing the computational
cost per step involved in the matching stage. As illustrated
in Table 3 utilizing solely the channel-based ATOM' de-
creases the computational burden of matching compared to
the default ATOM configuration. This efficiency is crucial,
as channel-wise attention offers a more effective distillation
process while maintaining superior performance (refer to
Section 4.3).

Convergence Speed Analysis. In Figure 3, we plot the
downstream testing accuracy evolution for the synthetic im-
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Figure 3. Test accuracy evolution of synthetic image learning on
CIFAR10 with IPC50 for ATOM (ours), DM [70] and DataDAM
[47].

ages on CIFAR10 IPC50. Comparing with previous meth-
ods, DM [70] and DataDAM [47], we can explicitly see
an improvement in convergence speed and a significantly
higher steady state achieved with the ATOM framework.
Our included convergence analysis supports the practicality
of our method and the consistency to which we outperform
previous baselines.

4.3. Ablation Studies and Analysis

Evaluation of loss components in ATOM. In Table 4, we
evaluate the effect of different attention-matching mecha-
nisms with respect to pure feature matching in interme-
diate layers and distribution matching in the final layer
(Lyvmp)-  The results clearly demonstrate that attention-
matching improves the performance of the distillation pro-
cess. In particular, the attention-matching process improves
feature matching by 8.0%. Further, it seems that channel
attention is able to capture the majority of relevant infor-
mation from the intermediate features, as evidenced by an
improvement of over 1.5% from spatial attention matching.
Ultimately, this provides an incentive to favor channel at-
tention in the distillation process.

Lymmp Feature Map Spatial Atn. Channel Atn. | Performance (%)
v - - - 63.040.4
v - - 60.8+0.6
v - v - 67.040.7
v - - v 68.640.3
v - v v 68.8410.5

Table 4. Evaluation of loss components and attention components
in ATOM using CIFAR-10 with IPC50.

Evaluating attention balance in ATOM. In this sec-
tion, we evaluate the balance between spatial and channel-
wise attention through the power value p. Referencing
Equation (1) and Equation (2), modulating the values of p,
and p,. ultimately affects the balance of spatial and channel-
wise attention in Larom. In Table 5, we examine the im-
pact of different exponentiation powers p in the attention-

matching mechanisms. Specifically, we conduct a grid-
based search to investigate how varying the exponentiation
of spatial (ps) and channel (p.) attention influences subse-
quent performance. Our findings reveal that optimal per-
formance (nearly 1% improvement over our default) oc-
curs when the exponentiation for channel attention signif-
icantly exceeds that of spatial attention. This suggests that
assigning a higher exponential value places greater empha-
sis on channel-attention matching over spatial-wise match-
ing. This aligns with our observations from the loss compo-
nent ablation, where channel-wise matching was found to
encapsulate the majority of information within the feature
map. Consequently, we deduce that prioritizing channel-
wise matching will enhance downstream performance out-
comes.

Spatial Attention pg
1 2 4 8

57.4% 57.5% 57.0% 56.2%
58.2% 57.5% 57.2% 56.3%
58.4% 58.5% 57.9% 57.6%
58.8% 58.7% 58.2% 57.8%

Channel Attention p.

0 B —

Table 5. Evaluation of power values in the spatial and channel
attention computations for Larom using CIFAR-10 with TPC10.

Visualization of Synthetic Images. We include samples
of our distilled images in Figure 4. The images appear to
be interleaved with artifacts that assimilate the background
and object information into a mixed collage-like appear-
ance. The synthetic images effectively capture the corre-
lation between background and object elements, suggesting
their potential for generalizability across various architec-
tures, as empirically verified in Table 2. Additional visual-
izations are available in the supplementary material.

4.4. Applications

Neural Architecture Search. In Table Table 6 we lever-
age our distilled synthetic datasets as proxy sets to accel-
erate Neural Architecture Search. In line with previous
state-of-the-art, [47, 69, 71], we outline our architectural
search space, comprising 720 ConvNets on the CIFAR-
10 dataset. We commence with a foundational ConvNet
and devise a consistent grid, varying in depth D € {1, 2,
3, 4}, width W € {32, 64, 128, 256}, activation func-
tion A € {Sigmoid, ReLU, LeakyReLU}, normalization
technique N € {None, BatchNorm, LayerNorm, Instan-
ceNorm, GroupNorm}, and pooling operation P € {None,
MaxPooling, AvgPooling}. Additionally, we benchmark
our approach against several state-of-the-art methods, in-
cluding Random, DSA [71], DM [70], CAFE [56], DAM
[47], and Early-Stopping. Our method demonstrates su-
perior performance, accompanied by a heightened Spear-
man’s correlation (0.75), thereby reinforcing the robustness
of ATOM and its potential in neural architecture search.
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Figure 4. Sample learned synthetic images for CIFAR-10/100 (32 x 32 resolution) IPC10 and TinyImageNet (64 x 64 resolution) IPC 1.

Random DSA DM CAFE DAM  ATOM  Early-stopping ‘ Full Dataset

Performance (%) 88.9 872 872 836  89.0 88.9 88.9 89.2
Correlation 0.70 066 071 059 072 0.75 0.69 1.00

Time cost (min) 2064 2064 2066 2064 2064 2064 2062 51689

Storage (imgs) 500 500 500 500 500 500 5% 10* 5 x 10*

Table 6. Neural architecture search on CIFAR-10 with IPC50.

5. Limitations

Many studies in dataset distillation encounter a constraint
known as re-distillation costs [22, 23, 57]. This limitation
becomes apparent when adjusting the number of images per
class (IPC) or the distillation ratios. Like most other dis-
tillation methods, our approach requires re-distillation on
the updated setting configuration, which limits flexibility re-
garding configuration changes and storage allocation. Ad-
ditionally, we observed in Table 2 that dataset distillation
methods often struggle with generalizing to transformer ar-
chitectures. Despite ATOM outperforming other methods,
there is still a noticeable performance drop compared to
convolutional neural networks. This suggests that the ef-
fectiveness of transformers for downstream training might
be constrained by the distilled data.

6. Conclusion

In this work, we introduced an Attention Mixer (ATOM)
for efficient dataset distillation. Previous approaches have
struggled with marginal performance gains, obfuscating
channel-wise information, and high computational over-
heads. ATOM addresses these issues by effectively combin-
ing information from different attention mechanisms, facili-
tating a more informative distillation process with untrained
neural networks. Our approach utilizes a broader receptive
field to capture spatial information while preserving dis-
tinct content information at the channel level, thus better
aligning synthetic and real datasets. By capturing informa-
tion across intermediate layers, ATOM facilitates multi-scale

distillation. We demonstrated the superior performance of
ATOM on standard distillation benchmarks and its favorable
performance across multiple architectures. We conducted
several ablative studies to justify the design choices behind
ATOM. Furthermore, we applied our distilled data to Neu-
ral Architecture Search, showing a superior correlation with
the real large-scale dataset. In the future, we aim to extend
attention mixing to various downstream tasks, including im-
age segmentation and localizations. We also hope to ad-
dress limitations of ATOM, such as re-distillation costs and
cross-architecture generalizations on transformers.
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