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Abstract

Data selection is designed to accelerate learning with preserved performance. To
achieve this, a fundamental thought is to identify informative data samples with sig-
nificant contributions to the training. In this work, we propose Evolved Sampling
(ES), a simple yet effective framework for dynamic sampling performed along the
training process. This method conducts batch level data selection based on differ-
ences of historical and current losses, significantly reducing the back propagation
time while maintaining the model performance. ES is also readily extensible to
incorporate set level data selection for further training accelerations. As a plug-
and-play framework, ES consistently achieves lossless training accelerations across
various models, datasets, and optimizers, saving up to 40% wall-clock time. Par-
ticularly, the improvement is more significant under the noisy supervision setting.
When there are severe corruptions in labels, ES can obtain accuracy improvements
of approximately 20% relative to the standard batched sampling.

1 Introduction

Deep learning has showcased remarkable performance across a variety of real-world applications,
particularly leading to unparalleled successes of large “foundation” models [Touvron et al., 2023,
Rombach et al., 2022]. On the other hand, since these large models are usually trained on web-scale
datasets, the overall computation and memory loads are considerably increasing, calling for more
efficient developments of modern machine learning. Efficient learning involves several aspects,
centering around models, data, optimization, systems, and so on [Shen et al., 2023].

For data-efficient machine learning, the core is to properly evaluate the importance per data sample
in the original (large-scale) datasets. A broad array of methods is applied in a static manner,
where the samples’ importance is determined before the training. However, these approaches can
be prohibitively expensive to apply in practice, since their dependence on feature representations
requires additional (pre-)training in advance.

Another array of methods lies in a dynamic sense, where the samples’ importance is simultaneously
evaluated along the training process. Dynamic sampling methods can be further divided into two
categories: set level selection, to prune the whole dataset at the beginning of each epoch [Qin et al.,
2024, Raju et al., 2021, Thao Nguyen et al., 2023, Attendu and Corbeil, 2023], and batch level
selection, to sample subsets from original batches for back propagation [Kawaguchi and Lu, 2020,
Katharopoulos and Fleuret, 2017, 2018]. Nevertheless, these dynamic sampling methods leverage
similar strategies to evaluate the samples’ importance. Based on the naive intuition that samples’
contributions to the learning are directly associated with gradient updates, most previous methods
re-weight data samples with scales of gradients [Mirzasoleiman et al., 2020, Killamsetty et al., 2021],
current losses [Jiang et al., 2019, Loshchilov and Hutter, 2016, Schaul et al., 2016], or adopt reference
models [Mindermann et al., 2022, Deng et al., 2023, Xie et al., 2023]. However, these approaches
suffers from significant computation loads and exploit the historical information inadequately.
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Table 1: The comparison of different dynamic sampling methods. The “history” column denotes
whether the method uses historical information along the training. The “robust” column represents
the performance robustness under (severe) label noises. The last column summarizes the ratio of
samples used for back propagations (BPs) relative to the standard training. Here,  stands for the
pruning ratio for ser level methods (pruning data samples of the whole epoch), and b/ B represents
the pruning ratio for batch level methods (selecting a mini-batch b (subset) from a meta-batch B).

| set| batch | history | robust | # of samples for BP

UCB [Raju et al., 2021] Ve v 1—r
KA [Thao Nguyen et al., 2023] v 1—r
InfoBatch [Qin et al., 2024] v N 1—r
Loss [Katharopoulos and Fleuret, 2017] v b/B
Order [Kawaguchi and Lu, 2020] v b/B
ES (ours) v v v b/B

ESWP (ours) V|V v v (1-r)b/B

To tackle these challeges, we propose a novel dynamic sampling framework, Evolved Sampling (ES),
which incorporates the loss evolution or differences along the training process to determine samples’
importance and conduct batch level selection, without the demand of pre-trained reference models.
Due to its simplicity, this procedure is effortless to implement and only introduces mild computational
overheads with negligible memory costs, while significantly reducing the number of samples used for
back propagations (BPs) and consequently saving the overall wall-clock time, without degrading the
model performance. Moreover, ES facilitates convenient extensions to data pruning on the set level,
i.e. Evolved Sampling with Pruning (ESWP), leading to further accelerations with lossless model
performance. We demonstrate the differences in details between our proposed methods and previous
dynamic sampling methods in Table 1.

2 Methods

2.1 Preliminaries

The classic setting of general machine learning tasks is as follows. Given a dataset D of size n, the
goal is to solve the empirical risk minimization (ERM) problem:

PN
min L, (6) := ;zl(e),. 2.1)

Here, ¢;(-) denotes the non-negative loss function of the i-th sample, and L, (@) represents the
empirical averaged loss over n data samples. When n is large, a common routine is to compute
stochastic gradient on a random batch instead of the whole training set. For instance, starting from an
initialization 6(0) = 6, the SGD optimizer updates model by

0t +1) = 0(t) — 1= >~ Vi, (0(1)) ~ 0(t) — mVoLn(O(1)), 2.2)

where B < n is the batch size. The standard method is to draw the batch uniformly without
replacement for [n/B] iterations in one epoch, which we refer as the standard batched sampling.

2.2 Evolved Sampling

For the loss-weighted sampling, one calculates the sampling probability as

In general machine learning tasks, the typical behaviors of loss curves often appear decent trends
overall, but can oscillate meanwhile due to certain noises. This introduces the sensitivity or instability
issue of the sampling scheme (2.3). A natural smoothing operation is to use the EMA of losses

pi(t) o< w;(t) = Pw;(t — 1)+ (1 — B)4;(0(t)), w;(0)=1/n 2.4)



where the hyper-parameter 5 € [0, 1] is typically selected close to 1 to capture more historical
information. However, the EMA can potentially erase too many dynamical details (including noises)
shown in the loss dynamics. To see this, we give an illustration in Figure 1. The black curve denotes
a (polynomially) decayed function with random perturbations, which is designed to mimic typical
behaviors of loss curves in general machine learning tasks and fails to provide information robustly
due the noises. On the other hand, the blue curve represents the EMA, which leads to over-smoothing
due to the average effect.

Decoupled EMA. To sufficiently leverage the loss dynamics in a more robust sense, we propose to
calculate the sampling probability as

pi(t) ocwi(t) = Pisi(t — 1) + (1 — B1)4i(6(1)),
si(t) = B2si(t — 1) + (1 — B2)Li(8(t)), s:(0)=1/n

with 81, B2 € [0,1] as two hyper-parameters. Here, the intermediate series {s;(¢) }+en, updated in
the EMA scheme, is also referred as the score (for the ¢-th sample). The scheme (2.5) is the so-called
decoupled EMA, which reduces to (2.4) when 8, = B2 = (. In Figure 1, it is shown by the red curve
and appears an “interpolation” between the original loss and single EMA: When losses oscillate,
the decoupled EMA reacts moderately by not only capturing detailed dynamics of losses, but also
remaining necessary robustness , exhibiting the flexibility to trade-off (by tuning two betas).

2.5)

Intuitively, by setting (31, 82) — (0%, 17), we are able to exploit the long-term historical information
along the training (via 35), while focusing on the importance of current losses (via 1) and thus can
get the best of both world. This simple and elegant design turns out to be surprisingly beneficial in
practice, which is further verified in numerous experiments in Section 3.
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Figure 1: The effect of EMAs, where the output weight is a function of the time step ¢. From left to
right: 51 =0.1,0.5,0.8, and 8 = 85 = 0.9.

Annealing. Notably, similar to other loss-weighted sampling methods, the decoupled EMA sam-
pling scheme (2.5) also assigns different weights on the respective gradient of data samples, leading
to a biased estimation on the true gradient Vgﬁn(~) (that assigns uniform weights). Inspired by Qin
et al. [2024], we adopt the annealing strategy, to perform normal training (with the standard batched
sampling, no data selection) at the last few epochs. Besides, to get a better initialization of the score
{5i(-) }ie[n)> we also apply the annealing strategy at the first few epochs.

Combining the decoupled EMA sampling scheme (2.5) with the annealing strategy, we obtain the
Evolved Sampling (ES) framework (formalized in Algorithm 1).

Pruning. Note that applying the decoupled EMA sampling scheme (2.5) to meta-batches (with the
batch size B) has already introduced data selection in a batch level, since one can always select a
smaller batch (with the batch size b < B) out of the meta-batch, according to the sampling probability
p;(t) defined in (2.5). For more aggressive data pruning and enhanced data efficiency, we can further
extend ES by involving the set level data selection (i.e. randomly pruning the whole dataset according
to the probability proportional to the score {s;(e)}?_; at the beginning of the e-th epoch), which is
Evolved Sampling with Pruning (ESWP; formalized in Algorithm 1).

3 Experiments

In this section, we provide numerical simulations on the proposed method (ES(WP); Algorithm 1) to
demonstrate its effectiveness, efficiency, robustness and flexibility. For all sampling methods, the
hyper-parameters used in data augmentation are maintained the same.



Algorithm 1 Learning by Evolved Sampling (with Pruning)
Require: Dataset D = {z;}!_,, model space ® > 0, optimizer (e.g. SGD, Adam)
Require: Pruning ratio r, meta-batch size B, mini-batch size b < B, decoupled EMASs’ hyper-

parameters 31, B2 € (0, 1), total number of epochs F, number of annealing epochs E,,

Initialize the model 6(0) = 6y, the score s(0) = ﬁln =11,,t=0

fore=0,1,--- ,E—1do

if £, <e< E — E, then
Sample a sub-dataset D, (|D.| = (1 — r)|D|) from D without replacement, according to the

probability p}(e) x s;(e) (normalized w.r.t. i € [n]) > “pruning”
else

Set D, =D
end if

forj =0,1,---,[ 2] —1do

Sample a meta-batch B; (|B;| = B) uniformly from D, without replacement

Compute the loss ¢;(6(t)) for z; € B,

Update the score: s;(e + 1) <— Ba2s;(e) + (1 — B2)¢;(6(t)) for z; € By

Update the weight: w;(e) < B1s;(e) + (1 — 81)4;(0(t)) for z; € By

if £, <e< E — E, then
Sampling a mini-batch b; (|b;|] = b) from B; without replacement, according to the
probability p;(e) x w;(e) (normalized w.r.t. {i € N1 : z; € B;})
Update the model: 6(¢ + 1) < optimizer(0(t); b;)

else
Update the model: (¢ + 1) < optimizer(0(t); B:) > “annealing”

end if

t—t+1

end for
end for

3.1 Effectiveness and Efficiency

Configurations. For ES/ESWP, the default hyper-parameters are as follows: The annealing ratio is
E,/E = 5%; the pruning ratio is r = 20% for ESWP; in decoupled EMAs, (51, 32) = (0.2,0.9)
for ES, (B1, 82) = (0.2,0.8) for ESWP; for both ES and ESWP, the ratio of mini-batch size over
meta-batch size is b/ B = 25%. For the two batch level selection methods (Order, Loss), we use the
same mini/meta-batch size.

Results. (i) For small-scale tasks, we train ResNet models on CIFAR datasets. It is shown in Table
2 that the batch level selection methods (Loss, Order, ES) typically exhibits limited accelerations on
these small-scale tasks, since these methods often require additional forward propagation overheads
that are not negligible compared to BPs. Nevertheless, ES is the only algorithm that achieves lossless
accelerations across all methods. Notably, ESWP saves the most computation time while maintaining
the best performance (also comparable to Baseline) among set level selection methods.

Table 2: The test accuracy (%) and saved time of training ResNet models on CIFAR datasets.

| CIFAR-10 (R-18) | CIFAR-100 (R-18) | CIFAR-100 (R-50)

Baseline | 95.4 | 78.8 | 81.1
UCB [Raju et al., 2021] 95.2)0o 18% |77.6,15 18% |80.5,06 24%
KA [Thao Nguyen et al., 2023] 95.310.1 21% | 78.1 10.7 21% 80.210.9 24%
InfoBatch [Qin et al., 2024] 95.3,01 21% | 78.40.4 24% | 80.4,07 28%
Loss [Katharopoulos and Fleuret, 20171 95.3 0.1 11% | 784,04 10% |80.5,06 12%
Order [Kawaguchi and Lu, 2020] 95.4100 11% |785,,5 10% [80.9,0> 12%
ES 95'4T[]-U 10% 78.8A[]_[] 10% 81.1‘“]_[] 11%

(i1) For large-scale tasks, we fine-tune the ViT-Large model on the ImageNet-1K dataset, and
summarize the performance of different sampling methods in Table 3. Under this setting, ES
continues to show the best performance among batch level selection methods and the second-to-
highest accuracy across all sampling methods. Notably, ESWP achieves the best performance and



most significant time reduction, suggesting that ESWP inherits the advantages of both set and batch
level selection methods. In addition, it is observed that the training speed-up of batch level methods
gets far more significant given these large-scale tasks, conversely surpassing the set level methods
compared to (i). This is due to the dominance of the saved computation in BPs. Furthermore, many
sampling methods achieve higher accuracies than the baseline, implying huge potentials of data
selection in large-scale machine learning.

Table 3: The validation accuracy (%) and saved time of fine-tuning ViT-Large on the ImageNet-1K.

| Baseline | UCB KA InfoBatch | Loss  Order ES | ESWP
Accuracy ‘ 84.4 ‘ 84.2 84.3 84.7 ‘ 84.3 84.2 84.7 ‘ 85.0
Time] ‘ - ‘ 23.6% 25.3% 23.5% ‘ 36.4% 382% 26.0% ‘ 40.7%

3.2 Robustness under Label Noises

In this section, we further demonstrate that ES(WP) exhibits more notable advantages when there are
label noises. We train ResNet models on CIFAR datasets under both light (10%) and heavy (40%)
label noises, which are injected randomly with uniform probabilities or flipped to another class.

In Table 4, we summarize the results of training the ResNet-18 model on the CIFAR-100 dataset
under different levels and types of label noises. It is shown that ES/ESWP consistently outperforms
all the other sampling methods (including the baseline) with clear gaps, and the improvement is more
significant when the label noises become severer.

Table 4: The test accuracy (%) of training the ResNet-18 on the CIFAR-100 with label noises.

Baseline| UCB KA InfoBatch| Loss Order ES ESWP
Flip (10%) 723|687 36 67.0 55 71555 729406 70.8)15 73.1405 | 73.1408
Flip (40%) 46.8 |43.909 45.0 15 46.6)05 |53.6168 478110 5714103 |58.2411 4

Uniform (10%)| 68.3 |66.6; 7 65459 6785 |67.0 13 65459 68.74), |68.7,

Uniform (40%)| 50.8 |44.157 44.0 55 50.8400 |57.316.5 37.9 129 61.14193] 60.1193

3.3 Ablation Studies

Decoupled EMA and annealing. We numerically test the effectiveness of two important com-
ponents applied in ES, i.e. the decoupled EMA and annealing. Here, we perform ablations on
combinations of “Loss”, “A” (Annealing), “E” (single EMA) and “DE” (decoupled EMA). From
Table 5, it is observed that: (i) Annealing is an effective technique to boost performance; (ii) EMA
also contributes to the improvements; (iii) Compared to the single EMA, the decoupled EMA provides
more substantial benefits to the training process.

Table 5: Ablations on decoupled EMAs and annealing for different models, datasets and noises.

ResNet-18 ResNet-50 ALBERT-Base

CIFAR-10 (40%) CIFAR-100 (10%)|CIFAR-100 CIFAR-100 (40%) CoLA
Loss \ 83.3 67.0 | 80.5 53.8 \ 55.1

Loss + A \ 84.4 68.4 \ 80.8 60.1 \ 55.8
Loss+E \ 83.4 66.2 | 80.5 53.6 \ 57.6

Loss + DE \ 83.7 66.8 \ 81.1 54.2 \ 57.5
Loss+A+E | 84.6 68.0 | 804 60.3 \ 57.6

ES =Loss + A + DE| 85.2 68.7 | 811 60.9 | 58.4

4 Conclusion

In this work, we propose a simple yet effective framework, Evolved Sampling, which can be applied
to general machine learning tasks to improve the data efficiency in a dynamic manner. By further
adopting differences of historical losses to determine samples’ importance for data selection, Evolved
Sampling can achieve lossless training with significant accelerations, particularly when there are
severe noises in labels. Studies in the future may include: (i) more rigorous mathematical analysis
on the effect of data selection (e.g. Kolossov et al. [2024]); (ii)) More specific applications, such as
data selection/reduction on domain mixtures (e.g. Chen et al. [2023], Xie et al. [2023]); (iii) More
efficient and scalable implementation, such as data parallelism [You et al., 2017, 2020].
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A Related Work

Static sampling. Methods to sampling statically can be based on geometry, uncertainty, error, meta
optimization, dataset distillation, etc. With numerous studies on theoretical guarantees [Har-Peled
and Mazumdar, 2004, Huang et al., 2023, Bachem et al., 2015], the coreset selection is designed to
approximate original datasets with smaller (re-weighted) subsets, typically achieved by clustering in
representation spaces [Xia et al., 2023, Abbas et al., 2023, Sorscher et al., 2022]. Uncertainty-based
methods use probability metrics such as the confidence, entropy [Coleman et al., 2020] and distances
to decision boundaries [Ducoffe and Precioso, 2018, Margatina et al., 2021, Dasgupta et al., 2019, Liu
et al., 2021]. Sampling methods based on errors assume that training samples with more contributions
to errors are more important. Errors are evaluated with merics such as forgetting events [Toneva et al.,
2019], GRAND & EL2N score [Paul et al., 2021], and sensitivity [Langberg and Schulman, 2010,
Munteanu et al., 2018]. As is discussed before, these static sampling methods require extra training,
leading to considerable costs in both computation and memory.

Dynamic sampling. Methods to sampling dynamically typically leverage metrics based on losses
and gradients along the training process. Loss-adaptive sampling re-weights data points during the
training according to current losses [Katharopoulos and Fleuret, 2017, Jiang et al., 2019, Loshchilov
and Hutter, 2016, Schaul et al., 2016] and historical losses[Oren et al., 2019, Sagawa et al., 2020].
To name a few, Ordered SGD [Kawaguchi and Lu, 2020] selects top-¢ samples in terms of the
loss ranking per training step. InfoBatch [Qin et al., 2024] randomly prunes a portion of less
informative samples with losses below the average and then re-scales the gradients. KAKURENBO
[Thao Nguyen et al., 2023] combines current losses with the prediction accuracy and confidence
to design a sampling framework with moving-back. Kumar et al. [2023] and Balaban et al. [2023]
assign weights as functions of current losses based on the robust optimization theory. Attendu
and Corbeil [2023] and Raju et al. [2021] use the exponential moving average over past losses for
sampling. There are also studies adopting reference models, including Mindermann et al. [2022],
Deng et al. [2023], Xie et al. [2023] and so on. These methods either exploit the information of
losses inadequately, or require to train additional architectures. Gradient-based sampling methods
involve (i) gradient matching, such as CRAIG [Mirzasoleiman et al., 2020] and GRAD-MATCH
[Killamsetty et al., 2021], which approximate the “full” gradients computed on original datasets via
the gradients computed on subsets; (ii) gradient adaption, where the sampling probability is basically
determined by current scales of gradients [Hanchi et al., 2022, Katharopoulos and Fleuret, 2018]. A
recent work [Wang et al., 2024] uses a intricate layer-wise sampling scheme with complex variance
control. Obviously, gradient-based sampling methods lead to much more computation and memory
overheads than loss-based methods.

Set level versus batch level. Dynamic sampling methods can be divided into two categories based
on the level where data selection is performed: (i) set level selection, to prune the whole dataset at
the beginning of each epoch [Qin et al., 2024, Raju et al., 2021, Thao Nguyen et al., 2023, Attendu
and Corbeil, 2023]; (ii) batch level selection, to sample subsets from the original batches for back
propagations [Kawaguchi and Lu, 2020, Katharopoulos and Fleuret, 2017, 2018, Mindermann et al.,
2022]. These two types of methods, facilitating training accelerations from different perspectives, are
not mutually exclusive. However, to the best of our knowledge, we are not aware of any algorithms
combining both of them.
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