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ABSTRACT

In supervised training, memorization is the ability of deep learning models to
assign arbitrary ground truth labels to inputs in the dataset. Due to the computa-
tional difficulty of identifying existing memorized points, researchers often induce
artificial memorization i.e, force the model to memorize the newly introduced
points (via Noisy Label or Noisy Input). However, in this work, we show that
this artificial proxy exhibits fundamentally different characteristics than the mem-
orization real points (or natural memorization). To demonstrate this deviation,
we re-examine two key findings derived from artificial memorization and com-
pare them against natural memorization i.e., over-parametrization and increased
training time increases memorization. We show that both these factors have the
opposite effect i.e., they reduce natural memorization. Additionally, we find that
memorization and train-test gap are strongly correlated (Pearson score 0.99). As a
result, memorization is not necessary for generalization. Since real world models
suffer from natural memorization (instead of the artificial one) our findings sug-
gest the research community should focus on natural memorization, instead of the
artificial proxy.

1 INTRODUCTION

Memorization is the ability of deep learning models to remember the point-label pairs in the training
data (Zhang et al.} 2017). The most precise method to check point memorization is through a leave-
one-out test (Feldman & Zhang} [2020). Here, we train a model on the full data set and another
model after having removed a single point from the data. If the model predicts a different label
for the removed point then we mark it as memorized. However, if the model’s prediction does not
change, then we say that the model has generalized to the point (i.e., can classify the point correctly
even if it is absent from the training data). This is repeated hundreds of times for each sample in the
data set to account for the different sources of randomness (Feldman & Zhang, 2020)), consequently
yielding the memorization value of the point. One clear limitation of this approach is that it is
prohibitively expensive. As a result, the procedure does not scale, even for small data sets such as
CIFAR-100, which contains 50,000 training points. Therefore, studying natural memorized points
in a real-world dataset incurs a significant computational cost.

To overcome this limitation, researchers employ proxy for natural memorization in the form of
artificial memorization. Instead of identifying points that are memorized from the training data,
researchers artificially introduce new points to the distribution, which are memorized by the model.
This can be in two forms (Krueger et al.|[2017;|Collins et al.| |2018; |Stephenson et al.,|2021; Morcos
et al., 2018): (1) Noisy Label: An existing input from the training data is purposefully mislabeled
(e.g., a cat mislabeled as APPLE) (2) Noisy Input: A completely unstructured point assigned an
arbitrary label (e.g., picture of Gaussian noise mislabeled as APPLE). Since there is no relationship
between these artificially introduced inputs and the corresponding label, the only way the model
can predict the assigned label is via memorization. However, to get the models to memorize these
points, they are over-trained using an unusually high number of iterations until the models predict
the desired labels.

It is worth mentioning that there are several explicit examples of artificial memorization being used
as a proxy. For instance, [Zielinski et al.| (2020b)); |Chatterjee| (2020); Zielinski et al.| (2020a)); Cheng
et al. (2021); |Yao et al.| (2019) use artificial memorization to build mechanisms to reduce model
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memorization on artificial data. Only a small subset of papers use this approach. An interested
reader can look into the space of reducing overfitting of noisy label§Song et al.|(2022)), which is just
a variation of artificial memorization.

However, this experimental framework rests on the assumption that artificial memorization is similar
to natural memorization. Unfortunately, this assumption does not hold for four reasons: (1) Artificial
memorization in the form of noisy input (i.e., Gaussian noise images) represents extreme outliers
that might not occur in the data set. These noisy examples are completely unstructured, and will
therefore have no overlapping features with the remaining points in the distribution. On the other
hand, natural outliers in the distribution will at least have some overlapping features with remaining
points. (2) Artificially memorized points characterized by noisy labels (i.e., mislabeled points) do
not represent the majority of the dataset. Therefore, by focusing on them, we are overlooking far
more important aspects of models memorizing natural, correctly labeled data. (3) Recent work has
demonstrated that memorization does not only occur in the form of outliers and mislabeled points.
Models can memorize points that belong to small-size sub-populations as well (Feldman & Zhang,
2020). For example, consider a data set consisting of 95 white cats and 5 black ones. A model
trained on this data will likely memorize the five black cats in the dataset because there are so few
representatives. (4) Finally, artificial memorization alters the normal training procedure. Specifi-
cally, it uses a significantly higher number of training iterations. Essentially, the model is trained
until it correctly classifies (and, therefore memorizes) the artificial points. These additional itera-
tions can be orders of magnitude greater than what is normally required for training a model (Arpit
et al.,2017)). Therefore, models trained on artificially memorized points diverge greatly from those
in the real world. In light of these four reasons, it is clear artificial memorization is not a valid proxy
for natural memorization. As a result, a natural question arises:

Is artificial memorization a useful proxy for naturally memorized points?

To answer this question, we evaluate whether findings from artificial memorization apply to natural
memorization. We re-assess the two main claims proposed in the literature, i.e., given a fixed dataset,
memorization increases as:

1. as the model size increases (i.e., over-parameterization) (Neel & Chang} 2023} Tirumala
et al., [2022; [Carlini et al., 2022; [Thomas et al., 2020; [Zhang et al., 2020; |Bombari et al.,
2022;|Zhang et al., |2017; Tan et al.| 2022} [shida et al.| 2020).

2. as training time (i.e., iterations) increases (Kandpal et al., 2022} [Liu et al.,|2020; Bai et al.
2021; Tanaka et al.| [2018}; |Xia et al., [2020; [Song et al., 2019).

We do so by identifying naturally memorized points from the training data using the recent algo-
rithm from |[Feldman & Zhang| (2020) and re-evaluating these findings. Our results demonstrate that
the claims, that over-parameterization and increased training increase memorization, are flawed. We
show that while increasing model parameters can increase the model’s capacity to memorize data, it
simultaneously improves the model’s ability to learn the correct patterns from data, resulting in a po-
tential decrease in memorization. As a result, as trainable parameters increase, natural memorization
decreases.

Similarly, we show that the popular belief, that increasing training iterations always increases mem-
orization, does not hold. We find that continued training, until the model reaches the minimum
train-test gap, ultimately reduces memorization. Specifically, the rate of memorization is higher
during the earlier epochs. As training continues, the number of memorized points starts to decrease
as the model can learn features and generalize them. Given our refutation of the two major claims
derived from artificial memorization, we call for a serious re-evaluation of existing literature in light
of natural memorization to ascertain what does and does not hold true for real-world models.

Furthermore, during these experiments, we discover the phenomenon of transient memorization.
This is when points are memorized under certain conditions but are generalized under others. We
find that these can take two forms: 1) Model-Wise: shallow models memorize points that are gen-
eralized by deeper models. Upon further investigation, we find that the transient memorized points
consist of samples from smaller-sized sub-populations. Since shallow models do not have enough
capacity to learn the rare patterns corresponding to smaller sub-populations, they instead memorize
them in an attempt to classify them correctly. 2) Temporal-Wise: points are memorized at ear-
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lier epochs but are then generalized during the later epoch This happens because the model is
not fully trained during the earlier epochs, and therefore, is unable to extract features from small
sub-populations. However, with sufficient training, the model can learn these rarer patterns, thereby
reducing memorization. As a consequence, improving the model’s ability to learn rarer patterns will
help minimize transient memorization.

In addition to reducing transient memorization, improving the model’s ability to learn patterns also
reduces the train-test gap. The research community has not reached a consensus on the relationship
between memorization and the train-test gap, with some works claiming that the two have a direct
relationship (Leino & Fredrikson, [2020; [Salem et al, 2018 'Yeom et al.,[2018)) and others showing
the inverse (Hintersdorf et al., [2021} [Kaya & Dumitras) 2021} [Li et al., 2022; |Feldman & Zhang
2020). However, by studying natural memorization we show that as the train-test gap decreases,
memorization decreases as well. This implies that techniques that improve test accuracy and reduce
the train-test gap also decrease memorization. Our work makes the following contributions:

1. We re-evaluate two popular existing claims derived from the artificial memorization proxy
i.e., over-parameterization and training iterations increase memorization. We show that
these findings do not apply to natural memorization.

2. We identify the previously unknown phenomenon of transient memorization. This is when
points are memorized under certain conditions but are generalized under others. We show
that smaller sub-populations are mostly responsible for transient memorization. Therefore,
improving the model’s ability to learn rare patterns ultimately reduce memorization.

3. Lastly, we show that memorization and train-test gap are strongly correlated (Pearson score
0.99). As a result, we find that memorization is not necessary for generalization.

2 RELATED WORK AND MOTIVATION

Models can memorize entire data sets, not just a handful of points (Zhang et al., [2017). This is
believed to be due to the over-parameterization of deep learning models (i.e., the model has more
trainable parameters than training points) (Neel & Chang} [2023}; Tirumala et al.} 2022; |Carlini et al.
2022; [Thomas et al., [2020; |[Zhang et al., [2020; Bombari et al., 2022} |[Zhang et al., 2017; [Tan et al.,
2022; Ishida et al., [2020; Zhang et al.,[2017). This was shown to be true for artificially memorized
points where increasing the number of training parameters also increased the number of artificial
points the model could memorize. The primary reason behind this behavior is that a greater number
of parameters increases the model’s expressivity, which enables the model to learn more intricate
decision boundaries. As a result, the model can fit (and memorize) the artificially introduced points.

In addition to model complexity, another factor that is believed to increase memorization is the
number of training iterations (Kandpal et al.| 2022} |Liu et al.| 2020; Bai et al., 2021} |Tanaka et al.,
2018;|Xia et al.;|2020;/Song et al.,[2019;Zhang et al.,[2020; Chatterjeel [2018} Zielinski et al., 2020Db)).
While more useful features are learned during the earlier iterations (Arpit et al.,| 2017} Zielinski et al.}
2020b), more memorization happens during the later ones. This is because as iterations progress,
the model learns more complex decision boundaries, allowing it to fit the artificially introduced
points. This resulted in the belief that models trained using high iterations would memorize more
data, instead of learning useful features.

Having discovered the factors that increase memorization, the next natural question is if it is possible
to reduce it while still being able to learn useful features. Since deeper models memorized more,
the most obvious conclusion was the shallower models would memorize less. The intuition here is
that shallower models are less expressive, learn simpler decision boundaries, and are therefore less
prone to over-fitting the artificially introduced points. As a result, they will likely learn the underly-
ing patterns in the data set, while being unable to memorize the artificial points. This realization led
to a plethora of methods that attempted to combat memorization by merely simplifying the decision
boundary, which included early-stopping (Liu et al.| 2020; Bai et al.,[2021}; Tanaka et al., 2018} [Xia
et al.| [2020; |Song et al.l 2019)), dropout (Maini et al.} 2023} |Goel & Chenl 2021} Rusieckil, [2020; |Xu
et al., |2023)), regularization (Cheng et al.| 2021; Wei et al.| 2020; | Xu et al., [2022; |Jiang et al., 2022;
Yi et al.| [2022), clustering (Stephenson et al., [2021)), and at times entirely new frameworks (Han

!Transient memorization differs from over-fitting. This is because the former occurs during the earlier
stages of training while the latter happens after the model has already been trained for a high number of epochs.
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et al} 2018} [Yao et al., 2020 [Xie et al., 2021)). However, all of this prior work uses artificial mem-
orization. Therefore, the validity of these findings critically hinges on the same single assumption:
that artificial memorization behaves the same way as natural memorization.

In this work, we show that this assumption is incorrect. We do so by re-evaluating the widely
accepted beliefs about memorization by examining naturally memorized points. Specifically, we
evaluate the belief that over-parameterization and increased training iterations cause memorization.
We show that over-parameterization and increased training both reduce natural memorization.

3 IDENTIFYING NATURALLY MEMORIZED POINTS

However, before we re-evaluate these findings and show our results, we need to first describe how
we identify the naturally memorized points. In this section, we describe the methodology we use,
that was originally proposed by [Feldman & Zhang| (2020).

3.1 DEFINING MEMORIZATION

Central to our evaluation methodology is the definition of memorization. We adopt the one proposed
by Feldman & Zhang| (2020), arguably the most common, prominent definition in the memorization
literature. Although other variations exist (Carlini et al., [2022; 2019; [2021)), they are tailored to
specific application domains (e.g., large language models), thus, we do not consider them in this
work. According to|Feldman & Zhang| (2020), a point is memorized if it is correctly predicted only
if it is present in the training data. Specifically, they provide a method to calculate the memorization
score for each point in the training data. The score is the difference between the percentage of the
models that classified the point correctly when it was present in the training data and the percentage
of models that classified the point correctly when it was absent from the training data. It is worth
mentioning that papers that employ artificial points are implicitly using [Feldman & Zhang| (2020)’s
definition of memorization. This is because these artificial points have high scores as well.

Formally, consider a data point z; in the training set S where S = ((1,y1)...(Tn,yn)). We train
two sets of models h on the data set S using algorithm A. (h < A(S)) are models where point
x; are inside the training data. On the other hand, (h < A(S\?)) are models where point x; is not
inside the training data. The memorization score is the difference between the accuracy for point x;
between the two sets of models:

Pry, acs)[M(®i) = vi] = Pracsviy[h(zi) = yil (1)

As we can see, the memorization score equation presented above captures the drop in accuracy once
the point x; is removed from the training data. If the drop is larger than a threshold (set at 25% in
the original paper), Feldman & Zhang| (2020)) marks that point as memorized. Overall, the definition
captures the idea that a point z; is memorized if its prediction drops significantly if it is removed
from the training data.

In simpler terms, we train 1000 instances of each of the models (i.e., 1000 models where z; is
present and 1000 models where x; is absent from the training data ). We find that x; is classified
correctly for 90% of the models when it is present in the training data (i.e., 900 out of the 1000
instances classified the point correctly). However, when z; is removed from the training data, its
classification drops to 25% (i.e., 250 out of the 1000 instances classified the point correctly). The
resulting memorization score is 90% — 25% = 65%. Since the memorization score (65%) is higher
than the threshold (25% defined in the original paper), x; is marked as memorized. In contrast, if
there is an insignificant change in the memorization score (i.e., z; is classified correctly, whether or
not it is present in the training data) then we do not mark point x; as memorized.

Furthermore, if the memorization score is close to 100%, then it was only classified correctly when
present in the training data. Therefore, this point belongs to a sub-population of size one (i.e., it is
an outlier). If the score is closer to 0, then the point was classified correctly even if it was absent
from the training data. This means that the point belongs to a large sub-population consisting of
many points. In general, the lower the score, the larger the sub-population, and the larger the score,
the smaller the sub-population (Abdullah et al.l 2023). For example, in a dataset consisting of 100
white cats, 20 black cats, and 1 purple one, the white cats will have memorization scores closer to
0, the purple cat will have a one closer to 1, and the black cats will have one somewhere in between.



Under review as a conference paper at ICLR 2025

CIFAR10/100
SmallVGG | MedVGG | LargeVGG VGG19 Resnet18 Resnet50
Parameters 0.5M M 7.5M 20M 11M 24M

Train Accuracy |98.14 /97.87[99.79/99.89|100.0 /99.98 199.98 / 99.96 | 100.0 / 99.98 | 100.0 / 99.98
Test Accuracy |87.25/59.35|88.85/62.89|90.46/67.80|92.13/68.23|93.58/73.41|93.78/75.17

Table 1: To evaluate the relationship between natural memorization and over-parameterization, we
trained the following models with varying number of trainable parameters. The accuracy is in the
format CIFAR10 Accuracy / CIFAR100 Accuracy.

Tiny ImageNet
Resnet18 | Resnet50 | Vit-Tiny | Vit-Small
Parameters 11M 24M M 22M
Train Accuracy 100.0 100.0 100.0 100.0
Test Accuracy 57.29 62.02 70.20 79.3

Table 2: To evaluate the relationship between natural memorization and over-parameterization, we
trained the following models with varying number of trainable parameters. The accuracy is in the
format Tiny ImageNet Accuracy.

3.2 IDENTIFYING MEMORIZED POINTS

So far, we have only defined how to calculate the memorization score in Equation [I, However,
calculating the actual score is a much harder task due to its computation complexity. This is because
it requires running the classic leave-one-out technique, which is comprised of the following steps:
1) train a model on the entire training data 2) remove a single point from the data 2) retrain the
model on the remaining data 3) check if the removed point is correctly classified. 4) repeat steps 1-3
a few hundred times to account for the different sources of randomness introduced during training
(e.g., the varying initialization, GPU randomness, etc.). 5) calculate the memorization score across
the hundreds of runs. 6) repeat all the above steps for each point in the training data. It is painfully
obvious that using the leave-one-out methodology to calculate the memorization score requires the
user to train hundreds of thousands of models. Therefore, running this experiment over even a small
dataset (such as CIFAR-100 which contains 50,000 training points) will require a large amount of
resources and is, therefore, computationally intractable.

To overcome this limitation, Feldman & Zhang|(2020) develop a technique to approximate the mem-
orization scores. Instead of removing one point at a time, the authors randomly sample a fraction
r of the points from the training set (originally of size n) and leave the remaining points out of
training. The number of points used in training is then m = r - n, 0 < r < 1. In|Feldman & Zhang
(2020) the authors use » = 0.7 for their experiments. The authors repeat this & times. The exact
value of k£ depends on the dataset but is typically on the order of a few thousand models. As a result,
arandom point z; will be present in approximately & - of the total trained models and will be absent
from k - (1 — r) of them. By aggregating the results over both sets of models, the authors can ap-
proximate the memorization score for x;. All the points that have a higher memorization score than
some predetermined threshold (specified in the original work as 25%) are said to be memorized.

Running this methodology will help us calculate the memorization scores of the points in the dataset.
With these scores, we can identify natural memorization: the pre-existing points that are being
memorized by the model.

4 EXPERIMENTAL SETUP AND RESULTS

Having described how we extract the naturally memorized points, we now re-examine the role of
over-parameterization and training iterations on natural memorization. While doing so, we discover
the phenomenon of transient memorization. Finally, we will explore the relationship between mem-
orization and the train-test gap.

To unearth the relationship between natural memorization and over-parameterization, we train a
series of models with an increasing number of trainable weights. We designed four models using
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Figure 1: The figure shows the relationship between memorization and model complexity, across
different model families. When comparing VGG models, we can see that as number the of pa-
rameters increases, memorization decreases. To validate our findings, we reproduce the experiment
across the RESNET and the transformer based ViT family of models. This is stark contrast to artifi-
cial memorization, which increases as model complexity increases.

VGG blocks (SmallVGCﬂ MedVGG, LargeVGG, VGG19), two model types using the Resnet ar-
chitecture (Resnet18 and Resnet50), and three Vision Transformers (ViT Tiny and Small) shown in
TablegT|and [2] Here, the goal is to observe how varying the trainable parameters, while keeping the
architecture family constant, impacts memorization. We repeat the experiment on two different ar-
chitectures (VGG and RESNET) to see if the findings hold. Observing the total number of naturally
memorized points for each architecture will help reveal the role of over-parameterization on memo-
rization. Next, to understand the role of training iterations, we calculate the number of memorized
points at each iteration of training. This reveals how memorization varies across training.

We identify the naturally memorized points using the method in Section [3] We use a similar train-
ing setup to the one outlined in [Feldman & Zhang| (2020). Specifically, we train the models for
100 epochs, using a batch size of 512, with a triangular learning rate of 0.4. However, based on
recent work (Abdullah et al.l[2023), we make one minor modification and use weight decay to avoid
undertraining. We train 2,000 models for each architecture mentioned in Table [I} use data aug-
mentation of Random Horizontal Flip and Random Translate, and use Equation|[I]to identify all the
naturally memorized points. We repeat these experiments pre-trained ViTs ﬂ We conduct this ex-
periment using three training data sets (CIFAR-10, CIFAR-100, and Tiny ImageNet) to get a better
understanding across different data sets.

This experimental framework gives us two advantages. First, it allows us to study natural memo-
rization, which is experienced by real-world models. Second, unlike artificial memorization which
requires very high training iterations (explained in the Section/[I]), we simply train the models to their
maximum test accuracies. As a result, contrary to models trained on artificial points, our training
setup closely resembles what is used in the real world.

4.1 OVER-PARAMETERIZATION VS NATURAL MEMORIZATION:

Figure [If'| shows that as over-parameterization increases, memorization decreases. For example,
SmallVGG memorized more points than VGG19, even though VGG19 has significantly more train-
able weights. We observe a similar trend when comparing the Resnet models and ViT models where
deeper models memorize less than shallower ones. This shows that shallow models learn fewer
useful features and are forced to memorize points to classify them correctly. On the other hand,
the deeper models can learn more useful features and are therefore able to classify points correctly

2Details of the architecture are provided in the Appendix

*https://huggingface.co/timm

“We repeat these experiments without data-augmentation and weight decay and show that are results do not
change (Appendix Figure@
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Figure 2: The figure above shows the relationship between memorization and training iterations.
CIFAR-100 results in the Appendix (Figure EI)

without memorization. This means that deeper models have a higher learning capacity than shallow
models. As a result, increasing over-parameterization decreases memorization.

In addition to a higher learning capacity, our results show that deeper models have a higher mem-
orization capacity as well. Specifically, shallow models (like SmallVGG) have a lower training
accuracy than deeper models (like VGG19) (Table . This means that SmallVGG is unable to fit
certain points that can be fit by VGG19. Upon further inspection, we saw that points misclassified by
SmallVGG were then either memorized or generalized by the larger VGG19 model. Since smaller
models are unable to fit the entire training data, this means that smaller models lesser capacity to
memorize and lesser capacity to generalize in comparison to the larger models.

Our results show that the belief that over-parameterization increases model memorization does not
apply to natural memorization. We can see that over-parameterization and memorization have
a nuanced relationship. Increasing parameters increase memorization capacity. However, over-
parameterization also improves the model’s learning capacity, thereby reducing the total number of
memorized points.

4.2 TRAINING ITERATIONS VS NATURAL MEMORIZATION:

We can observe a similarly nuanced relationship between memorization and training epochs in Fig-
ure 2] Memorization can be split into three different stages.

Stage 1: This initial stage consists of the first few epochs and is characterized by the unique absence
of any memorization. For example, consider the LargeVGG plot (green line) in Figure[2a] There is
no memorization from Epoch O to Epoch 10. This can be observed across all the models and data
sets. This reaffirms the observations by prior work, which shows that the model learns easy samples
during the first few epochs (Arpit et al.| |2017). Stage 2: During this stage, we start to observe a
gradual increase in memorization. We can see that for LargeVGG (green line) memorized points
increase from zero at Epoch 10 to 8,300 at Epoch 77. Stage 3: The final stage is characterized by
a reduction in memorization. Points that were memorized at the earlier epochs are generalized to
during the final epochs. For example, the number of memorized points falls from Epoch 77 onwards
(Figure[2a). Memorization reduces from approximately 8,300 to 6,400 points from Epoch 77 to 99.
This observation holds true even for the ViT models, even if it is more subtle. We believe that this
is due to the use-pretrained base models that help achieve high test accuracy in the first few epochs,
and the marginal improvements in accuracy for the remaining training cycle.

Our results show that the belief that increased training iterations increase model memorization does
not apply to natural points. We show that the number of iterations has a more nuanced impact
on memorization. While there is little to no memorization during Stage 1, memorization starts
increasing and reaches its peak during Stage 2, followed by a stark reduction during Stage 3. This
means, that if the model is trained for long enough, the memorization rate will eventually fall. These
results are somewhat similar to epoch wise double descent (i.e., longer training regimes can correct
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over-fitting (Nakkiran et al.l 2021)) and thus a validation for our work. However, there is one main
difference between the two. Double descent experiments have demonstrated that it takes thousands
of additional epochs for the model to correct the over-fitting of these points, far beyond a normal
training regimen of real-world models. On the other hand, we show that memorization of natural

points can be corrected within the first hundred epochs, and thus applicable to real-world models.
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Figure 3: The relationship between memorization and the train-test gap. We can see across all three
datasets, memorization and train-test gap are strongly correlated (Pearson Score 0.99).

4.3 EXPLORING TRANSIENT MEMORIZATION:

One interesting behavior that has been exposed by our experiments is that of fransient memorization
i.e., points that are memorized under certain conditions, but are then subsequently learned. These
take two forms: Model-Wise: points are memorized by shallow models but are generalized by
deeper ones and Temporal-Wise: points are memorized in the earlier epochs but then generalized
to the later ones. We call this phenomenon transient memorization. These are points that are mem-
orized under certain conditions but are generalized under others. In this subsection, we explore this
phenomenon and identify what type of points are prone to behavior.

Model-Wise: To do so, we first identify the model-wise transient points that were memorized by the
smaller models but learned by the larger ones. Specifically, SmallVGG and Resnet50 memorized
8,375 and 4,111 points from CIFAR-10 datasets, respectively. This means there are approximately
8375 — 4111 = 4264 transient memorized points (i.e., memorized by the SmallVGG but were
then learned by Resnet50). Having identified the transient points, we observe their memorization
scores calculated using Equation[I] As a reminder to the reader, points from larger sub-populations
have lower scores, and ones from smaller sub-populations have a higher score (Section [3.I). Our
calculations show that while the average memorization score for the entire data set is 11.17% +
19.13%, the transient points have an average score of 44.99% =+ 15.02%. This shows that the model-
wise transient points do not consist of outliers (as the score is not close to 100) nor do they consist
of sub-populations with many points (as the score is not close to 0). This means that transient points
consist of samples from smaller-sized sub-populations, with rarer occurrences in the training data.
As a result, these are difficult for shallow models to learn. Therefore, the only way shallow models
can classify these smaller sub-populations correctly is via memorization. However, as the model
depth increases, the capacity to learn rare patterns also improves. As a result, the model can learn
better features that help it classify the smaller sub-populations correctly without memorization.

Since results can be impacted by arbitrary cut off values for the memorization scores, we also present
the results of the distributions of memorization scores across different models in Figure ffa). We
can see that as we increase model complexity and architecture, memorization decreases. Thereby
showing, that increasing complexity reduces natural memorization memorization.

Temporal-Wise: We see a similar trend in temporal-wise transient memorization across epochs
i.e., points that are memorized in the earlier epochs but are learned in the later ones. To do so, we
compare the points memorized at the Epoch with the highest memorization (Epoch 77) against the
one with the lowest memorization (Epoch 99). There are 8380 and 6425 points memorized in Epochs
77 and 99 in Figure 2] There are approximately 1955 transient memorized points. These points have
an average memorization score of 35.71% * 4.69%, which is larger than the average score across
all the points in the training data of 11.17% =+ 19.13%. This demonstrates the transient memorized
points consist of smaller sub-populations, which is similar to our earlier observation. Therefore,
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Figure 4: Two forms of transient memorization on the Tiny ImageNet Dataset. (a) Model Wise:
Memorization across model architectures. (b) Temporal-Wise: Memorization across epochs.

as the number of epochs increases, the model’s ability to learn rare patterns improves. Therefore,
the features associated with the smaller sub-populations are learned by the model, thereby reducing
reliance on memorization. Additionally, we note that the memorization score of the transient points
across epochs is lower than the score across models (35.71% + 4.69% vs 44.99% + 15.02%), this
means that the transient points across epochs belong to slightly larger sub-populations. However,
since the score is still larger than the average, it means that the transient points on average belong to
smaller sub-populations.

Finally, we show the results of the distributions of memorization scores across different epochs for
the Tiny ImageNet dataset trained on ViT-Small in Figure [@(b). Temporal-wise memorization is
visually subtle (compared to model-wise), but present nonetheless. Specifically, increasing training
iterations generally reduces memorization scores. The only exception is that higher iterations lead
to points with extremely high memorization scores (between 90%-100%). At the same time, we can
observe for most memorization scores (in the range 10%-90%), lower iterations produce high scores.
This reinforces our argument that increasing iterations can, in general, reduce natural memorization.

4.4 NATURAL MEMORIZATION VS TRAIN-TEST GAP:

Our results show that transient points consist of smaller-sized sub-populations. To enable the model
to learn features associated with these samples, instead of memorizing them, we can increase model
complexity and/or training iterations. Interestingly, this also helps the model’s test accuracy, thereby
reducing the train-test gap. However, as we showed earlier, the research community is torn on the
matter of memorization and the train-test gap. While some works claim a direct relationship i.e., the
train-test gap increases memorization (Leino & Fredrikson, 2020} |Salem et al., 2018} |Yeom et al.,
2018)), others show the inverse (Hintersdorf et al., 2021} |[Kaya & Dumitras| 2021} [Li et al., 2022}
Feldman & Zhang| 2020). Now, we re-evaluate this notion by studying natural memorization.

Figure [3] shows that there is a strong relationship (Pearson score 0.99) between the train-test gap
and memorization. This is because smaller models are unable to learn features corresponding to
the smaller sub-populations, resulting in lower test accuracy, a larger train-test gap, and therefore,
greater memorization. In contrast, large models can learn the rarer patterns in the data, resulting in
a higher test accuracy, smaller gap, and therefore, lesser memorization. This explains why VGG19
memorized a significantly higher number of points than Resnet18, even though VGG19 has twice
as many parameters (Table [T). This is because Resnet18 includes architectural improvements to
increase the model’s ability to learn rarer patterns thereby increasing test-set accuracy and reducing
the model’s reliance on memorization.

5 DISCUSSION AND TAKEAWAYS

Artificial and Natural Memorization through Feldman & Zhang| (2020) As mentioned pre-
viously, many existing works studying artificial memorization implicitly use Feldman & Zhang
(2020)’s definition of memorization. This means that the core issue does not lie in the notion of
memorization or its definition (since both artificial and natural memorized points have high scores).
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Instead, it lies in the fact that prior works incorrectly assume that their findings from the artificial
proxy would translate to natural memorization. As a result, future researchers are encouraged to
study memorization from the natural lens, instead of using the artificial proxy. To add to that, this
definition of memorization only applies to classification problems. One promising direction for
future work is to see if these findings can be extended to LLMs.

Train-test gap and Memorization are strongly correlated: We can observe in Figure |3| that the
increasing model size reduces memorization while simultaneously increasing test accuracy, with
a Pearson correlation score of 0.99. This strong correlation alludes to the fact that generalization
and memorization are inversely proportional: As test accuracy increases, memorization decreases.
Intuitively, when a point is memorized, removing it from the training data results in an incorrect
classification. However, deeper models have the ability to learn better features. As a consequence,
they are able to learn the features needed to classify the point even when it is absent from the data
set. One way to track how quality of features learned by the model is its test accuracy (higher
accuracy, better features). Therefore, as the model learns better features, it memorizes fewer points,
while simultaneously generalizing better to test points. This is further explained by the results of
the shallow models. Specifically, since shallow models lack the ability to learn robust features.
As a consequence, when a point is removed from the training data, it will likely be misclassified.
Therefore, shallow models will likely memorize points. Therefore, one simple way to minimize
memorization is to train the model to the lowest train-test gap.

Memorization is not necessary for generalization|Feldman & Zhang|(2020) argue that memoriza-
tion is necessary for generalization. This means that a model’s ability to perform well on the test
set is predicated on its ability to memorize the small-subpopulations on the distribution’s long tail.
However, we find that memorization is not necessary for generalization. This is because 1) small-
subpopulations experience transient memorization and are learned by increasing model complexity
and training epochs. 2) As transient memorization decreases, generalization increases, and train-
test gap decreases. Thus, better feature learning, not memorization, drives performance. Therefore,
reliance on memorization is a fallback mechanism for less capable models (explaining their poor
test-set performance), while models with greater learning capacity and training regimes demonstrate
that generalization, not memorization, is the key to achieving high accuracy.

6 CONCLUSION

The study of memorization has been based on the premise that artificial memorization is a valid
proxy for natural memorization. In this work, we show that this is not the case. We do so by eval-
uating two of the most popular beliefs from artificial memorization i.e., model complexity causes
memorization and high training iterations cause memorization. We show that these do not apply to
natural memorization. Additionally, we discover the previously unknown phenomenon of transient
memorization. This is when points are memorized under certain conditions but are generalized to
under other conditions. Given our experimental results, we challenge the idea that artificial mem-
orization might always be a good proxy for natural points. Future work should focus on further
experimentation to validate this finding across more domains and architectures. In light of our find-
ings, researchers are encouraged to use natural memorization instead of using the artificial proxy.

REFERENCES

Hadi Abdullah, Ke Wang, Blaine Hoak, Yizhen Wang, Sunpreet Arora, and Yiwei Cai. Is memo-
rization actually necessary for generalization? In arXiv preprint, 2023.

Devansh Arpit, Stanistaw Jastrzundefinedbski, Nicolas Ballas, David Krueger, Emmanuel Bengio,
Maxinder S. Kanwal, Tegan Maharaj, Asja Fischer, Aaron Courville, Yoshua Bengio, and Simon
Lacoste-Julien. A closer look at memorization in deep networks. In Proceedings of the 34th
International Conference on Machine Learning - Volume 70, ICML’ 17, pp. 233-242. JMLR.org,
2017.

Yingbin Bai, Erkun Yang, Bo Han, Yanhua Yang, Jiatong Li, Yinian Mao, Gang Niu, and Tongliang

Liu. Understanding and improving early stopping for learning with noisy labels. Advances in
Neural Information Processing Systems, 34:24392-24403, 2021.

10



Under review as a conference paper at ICLR 2025

Simone Bombari, Mohammad Hossein Amani, and Marco Mondelli. Memorization and optimiza-
tion in deep neural networks with minimum over-parameterization. Advances in Neural Informa-
tion Processing Systems, 35:7628-7640, 2022.

Nicholas Carlini, Chang Liu, Ulfar Erlingsson, Jernej Kos, and Dawn Song. The secret sharer:
Evaluating and testing unintended memorization in neural networks. In 28th USENIX security
symposium (USENIX security 19), pp. 267-284, 2019.

Nicholas Carlini, Florian Tramer, Eric Wallace, Matthew Jagielski, Ariel Herbert-Voss, Katherine
Lee, Adam Roberts, Tom Brown, Dawn Song, Ulfar Erlingsson, et al. Extracting training data
from large language models. In 30th USENIX Security Symposium (USENIX Security 21), pp.
2633-2650, 2021.

Nicholas Carlini, Daphne Ippolito, Matthew Jagielski, Katherine Lee, Florian Tramer, and
Chiyuan Zhang. Quantifying memorization across neural language models. arXiv preprint
arXiv:2202.07646, 2022.

Satrajit Chatterjee. Learning and memorization. In International conference on machine learning,
pp- 755-763. PMLR, 2018.

Satrajit Chatterjee. Coherent gradients: An approach to understanding generalization in gradient
descent-based optimization. arXiv preprint arXiv:2002.10657, 2020.

Hao Cheng, Zhaowei Zhu, Xing Sun, and Yang Liu. Mitigating memorization of noisy labels via
regularization between representations. arXiv preprint arXiv:2110.09022, 2021.

Edo Collins, Siavash Arjomand Bigdeli, and Sabine S*usstrunk. Detecting memorization in relu
networks. arXiv preprint arXiv:1810.03372, 2018.

Vitaly Feldman and Chiyuan Zhang. What neural networks memorize and why: Discovering the
long tail via influence estimation. Advances in Neural Information Processing Systems, 33:2881—
2891, 2020.

Purvi Goel and Li Chen. On the robustness of monte carlo dropout trained with noisy labels. In Pro-
ceedings of the IEEE/CVF Conference on Computer Vision and Pattern Recognition, pp. 2219—
2228, 2021.

Bo Han, Quanming Yao, Xingrui Yu, Gang Niu, Miao Xu, Weihua Hu, Ivor Tsang, and Masashi
Sugiyama. Co-teaching: Robust training of deep neural networks with extremely noisy labels.
Advances in neural information processing systems, 31, 2018.

Dominik Hintersdorf, Lukas Struppek, and Kristian Kersting. To trust or not to trust prediction
scores for membership inference attacks. arXiv preprint arXiv:2111.09076, 2021.

Takashi Ishida, Ikko Yamane, Tomoya Sakai, Gang Niu, and Masashi Sugiyama. Do we need zero
training loss after achieving zero training error? arXiv preprint arXiv:2002.08709, 2020.

Xuefeng Jiang, Sheng Sun, Yuwei Wang, and Min Liu. Towards federated learning against noisy
labels via local self-regularization. In Proceedings of the 31st ACM International Conference on
Information & Knowledge Management, pp. 862—873, 2022.

Nikhil Kandpal, Eric Wallace, and Colin Raffel. Deduplicating training data mitigates privacy risks
in language models. In International Conference on Machine Learning, pp. 10697-10707. PMLR,
2022.

Yigitcan Kaya and Tudor Dumitras. When does data augmentation help with membership inference
attacks? In International conference on machine learning, pp. 5345-5355. PMLR, 2021.

David Krueger, Nicolas Ballas, Stanislaw Jastrzebski, Devansh Arpit, Maxinder S Kanwal, Tegan
Maharaj, Emmanuel Bengio, Asja Fischer, and Aaron Courville. Deep nets don’t learn via mem-
orization. 2017.

Klas Leino and Matt Fredrikson. Stolen memories: Leveraging model memorization for calibrated
{White-Box } membership inference. In 29th USENIX security symposium (USENIX Security 20),
pp. 1605-1622, 2020.

11



Under review as a conference paper at ICLR 2025

Xiao Li, Qiongxiu Li, Zhanhao Hu, and Xiaolin Hu. On the privacy effect of data enhancement via
the lens of memorization. arXiv preprint arXiv:2208.08270, 2022.

Sheng Liu, Jonathan Niles-Weed, Narges Razavian, and Carlos Fernandez-Granda. Early-learning
regularization prevents memorization of noisy labels. Advances in neural information processing
systems, 33:20331-20342, 2020.

Pratyush Maini, Michael C Mozer, Hanie Sedghi, Zachary C Lipton, J Zico Kolter, and Chiyuan
Zhang. Can neural network memorization be localized? arXiv preprint arXiv:2307.09542, 2023.

Ari S Morcos, David GT Barrett, Neil C Rabinowitz, and Matthew Botvinick. On the importance of
single directions for generalization. arXiv preprint arXiv:1803.06959, 2018.

Preetum Nakkiran, Gal Kaplun, Yamini Bansal, Tristan Yang, Boaz Barak, and Ilya Sutskever. Deep
double descent: Where bigger models and more data hurt. Journal of Statistical Mechanics:
Theory and Experiment, 2021(12):124003, 2021.

Seth Neel and Peter Chang. Privacy issues in large language models: A survey. arXiv preprint
arXiv:2312.06717, 2023.

Andrzej Rusiecki. Standard dropout as remedy for training deep neural networks with label noise.
In Theory and Applications of Dependable Computer Systems: Proceedings of the Fifteenth Inter-
national Conference on Dependability of Computer Systems DepCoS-RELCOMEX, June 29-July
3, 2020, Brunow, Poland 15, pp. 534-542. Springer, 2020.

Ahmed Salem, Yang Zhang, Mathias Humbert, Pascal Berrang, Mario Fritz, and Michael Backes.
Mil-leaks: Model and data independent membership inference attacks and defenses on machine
learning models. arXiv preprint arXiv:1806.01246, 2018.

Hwanjun Song, Minseok Kim, Dongmin Park, and Jae-Gil Lee. How does early stopping help
generalization against label noise? arXiv preprint arXiv:1911.08059, 2019.

Hwanjun Song, Minseok Kim, Dongmin Park, Yooju Shin, and Jae-Gil Lee. Learning from noisy
labels with deep neural networks: A survey. IEEE transactions on neural networks and learning
systems, 2022.

Cory Stephenson, Suchismita Padhy, Abhinav Ganesh, Yue Hui, Hanlin Tang, and SueYeon Chung.
On the geometry of generalization and memorization in deep neural networks. arXiv preprint
arXiv:2105.14602, 2021.

Jasper Tan, Blake Mason, Hamid Javadi, and Richard Baraniuk. Parameters or privacy: A provable
tradeoff between overparameterization and membership inference. Advances in Neural Informa-
tion Processing Systems, 35:17488-17500, 2022.

Daiki Tanaka, Daiki Ikami, Toshihiko Yamasaki, and Kiyoharu Aizawa. Joint optimization frame-
work for learning with noisy labels. In Proceedings of the IEEE conference on computer vision
and pattern recognition, pp. 5552-5560, 2018.

Aleena Thomas, David Ifeoluwa Adelani, Ali Davody, Aditya Mogadala, and Dietrich Klakow.
Investigating the impact of pre-trained word embeddings on memorization in neural networks. In
Text, Speech, and Dialogue: 23rd International Conference, TSD 2020, Brno, Czech Republic,
September 811, 2020, Proceedings 23, pp. 273-281. Springer, 2020.

Kushal Tirumala, Aram Markosyan, Luke Zettlemoyer, and Armen Aghajanyan. Memorization
without overfitting: Analyzing the training dynamics of large language models. Advances in
Neural Information Processing Systems, 35:38274-38290, 2022.

Hongxin Wei, Lei Feng, Xiangyu Chen, and Bo An. Combating noisy labels by agreement: A joint
training method with co-regularization. In Proceedings of the IEEE/CVF conference on computer
vision and pattern recognition, pp. 13726—13735, 2020.

Xiaobo Xia, Tongliang Liu, Bo Han, Chen Gong, Nannan Wang, Zongyuan Ge, and Yi Chang.
Robust early-learning: Hindering the memorization of noisy labels. In International conference
on learning representations, 2020.

12



Under review as a conference paper at ICLR 2025

Zeke Xie, Fengxiang He, Shaopeng Fu, Issei Sato, Dacheng Tao, and Masashi Sugiyama. Arti-
ficial neural variability for deep learning: On overfitting, noise memorization, and catastrophic
forgetting. Neural computation, 33(8):2163-2192, 2021.

Tianyuan Xu, Xueliang Liu, Zhen Huang, Dan Guo, Richang Hong, and Meng Wang. Early-learning
regularized contrastive learning for cross-modal retrieval with noisy labels. In Proceedings of the
30th ACM International Conference on Multimedia, pp. 629-637, 2022.

Yuanzhuo Xu, Xiaoguang Niu, Jie Yang, Steve Drew, Jiayu Zhou, and Ruizhi Chen. Usdnl:
uncertainty-based single dropout in noisy label learning. In Proceedings of the AAAI Confer-
ence on Artificial Intelligence, volume 37, pp. 10648-10656, 2023.

Quanming Yao, Hansi Yang, Bo Han, Gang Niu, and James Kwok. Searching to exploit memoriza-
tion effect in learning from corrupted labels. arXiv preprint arXiv:1911.02377, 2019.

Quanming Yao, Hansi Yang, Bo Han, Gang Niu, and James Tin-Yau Kwok. Searching to exploit
memorization effect in learning with noisy labels. In International Conference on Machine Learn-
ing, pp. 10789-10798. PMLR, 2020.

Samuel Yeom, Irene Giacomelli, Matt Fredrikson, and Somesh Jha. Privacy risk in machine learn-
ing: Analyzing the connection to overfitting. In 2018 IEEE 31st computer security foundations
symposium (CSF), pp. 268-282. IEEE, 2018.

Li Yi, Sheng Liu, Qi She, A Ian McLeod, and Boyu Wang. On learning contrastive representations
for learning with noisy labels. In Proceedings of the IEEE/CVF conference on computer vision
and pattern recognition, pp. 16682-16691, 2022.

Chiyuan Zhang, Samy Bengio, Moritz Hardt, Benjamin Recht, and Oriol Vinyals. Understanding
deep learning requires rethinking generalization. International Conference on Learning Repre-
sentations (ICLR), 2017.

Xiao Zhang, Haoyi Xiong, and Dongrui Wu. Rethink the connections among generalization, mem-
orization and the spectral bias of dnns. arXiv preprint arXiv:2004.13954, 2020.

Piotr Zielinski, Shankar Krishnan, and Satrajit Chatterjee. Explaining memorization and general-
ization: A large-scale study with coherent gradients. arXiv preprint arXiv:2003.07422, 2020a.

Piotr Zielinski, Shankar Krishnan, and Satrajit Chatterjee. Weak and strong gradient directions:
Explaining memorization, generalization, and hardness of examples at scale. arXiv preprint
arXiv:2003.07422, 2020b.

A MODEL ARCHITECTURES:

Below we provide information about the custom VGG models built using the standard VGG block.
We use the VGGNumber — M ax Pool to describe the architecutre where the VGGNumber repre-
sents the size of the standard VGG Block.

VGGsmall: 64— MaxPool — 64 — MaxPool — 64 — MaxPool — 64 — MaxPool —
512 — MaxPool — FC.

VGGmed: 64— MaxPool — 128 — MaxPool — 128 — MaxzPool — 128 — MaxPool —
512 — MaxPool — FC.

VGGlarge 64— MaxPool — 512 — MaxPool — 512 — MaxPool — 512 — MaxPool —
512 - MazPool — FC.

13



Under review as a conference paper at ICLR 2025

Memorization vs Iterations (CIFAR-100)

30000

25000 4

20000 4

15000

10000

Total Memorized Points

5000 4

— SmallVGG
MedVGG
—— LargeVGG
— VGG19
Resnetl8
—— Resnet50

Epoch 59

—

och

Epochs

(a) CIFAR-100

Figure 5: The figure above shows the relationship between memorization and training iterations.
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Figure 6: To disentangle the impact of the training regime from memorization, we repeat our experi-
ments without data augmentation and weight decay. As we can see, our findings do not change from
the earlier results. a) Increasing model complexity decreases memorization b) Increases iterations
decreases memorization ¢) Memorization and Train-Test gap are strongly correlated.
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