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EXECUTIVE SUMMARY

Due to the increasing memory and computation cost of large-scale deep neural networks, there is
a new trend in the Al community to design principled network compression approaches. In this
Capstone Project, we find a dichotomous phenomenon of a widely-studied compression approach,
network pruning, which removes unimportant network weights while maintaining the test-time
performance of neural networks. We find that, depending on the relative size of the pruned weights
and the training data, early stopping the training process before pruning can significantly help or
harm the test-time performance of pruned models. Having shown the existence of this dichotomous
phenomenon on both computer vision (CV) and natural language processing (NLP) benchmarks,
we study the following two questions to quantify the phenomenon. (1) How do we determine the
transition line between using early stopping or training to convergence (in the two-dimensional
space of data size and pruned model size)? (2) If we need early stopping, how do we determine the
optimal early stopping time? We show that metrics derived from the recently proposed Heavy-Tailed
Self-Regularization (HT-SR) theory and the analysis of neural network loss landscapes can answer
these questions. In particular, we show that the rand_distance metric, which measures the distance
in the spectral domain between trained and randomly initialized weights, can be used to determine
the early stopping time. We also show preliminary results that the model similarity, a newly proposed
metric related to the loss landscapes of neural networks, can determine the transition line between
using early stopping or training to convergence.
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Part I
Project Background

1 Context

Before diving into the technical details, we briefly discuss in Part[I] the application context of our research to show
where we can apply our research outcomes and where our research can be the most useful.

In recent years, we have witnessed that neural network models are increasingly used to solve complex real-world
problems. For example, the BERT model [4], which proposes a new pretraining-fine-tuning pipeline for large-scale
Transformer-type models, has significantly improved the ability of natural language processing (NLP) models, and
it has revolutionized the NLP field. After the BERT model was released, most of the current machine translation
engines started to use large transformer models. For the common computer vision (CV) tasks, such as image object
detection [31]], image object recognition [7]], and image classification [15], various computer vision models have helped
accomplish human-level performance. In addition, deep neural networks for speech recognition [24]] also brought huge
improvements in applications, such as automatic movie captioning [3] and faster voice input [9]].

Deep neural networks are also used in mobile applications and portable devices. With the latest version of i10S, the
texts in the photos stored on the device can be extracted automatically within a second. This feature does not need
Internet connection, and the entire character recognition algorithm runs on the local machine. Some mobile phones
utilize image augmentation techniques for deep learning models to enhance the image quality of the photos [13]. There
are also many other application scenarios of deep learning on portable devices, especially in the past five years.

However, despite the widespread applications of deep neural networks on portable devices, their high cost and massive
energy consumption have always been an issue. In order to make it possible for a neural network model to run on
portable devices, researchers proposed neural network pruning to make the network smaller [27, 126]]. However, the
process of incorporating network pruning into the model’s training/inference pipeline is challenging due to the nature of
the problem, i.e., the performance of pruning is sensitive to different training settings like the model size, training data
size, the learning rate of the model to be pruned, and the hyperparameters of pruning algorithms.

Due to the large hyperparameter space, achieving optimal performance for network pruning is an open research problem.
An ad-hoc pruning setting is unlikely to produce optimal performance of the pruned model. We also recognize that the
objective function when training the large, dense model is to minimize the training loss for the pre-trained model, which
is not necessarily optimized for the performance of the pruned model. One of the possible solutions to this problem is
to perform a grid search on the different hyperparameters and training settings to find the combination that will result in
the best pruning results. However, this process is highly costly as it requires repeating the computationally expensive
training-pruning-fine-tuning cycle for many iterations. There is a need for a cost-effective method to select the optimal
training settings and hyperparameters.

Our research proposes the two-regime model (see Part[[l) on network pruning to provide a divide-and-conquer way of
improving network pruning. By carefully examining the optimal settings of network pruning, our research builds a
general framework to evaluate network pruning and diagnose the failure of pruning. Depending on specific goals and
constraints of pruned model size, the framework serves as a guidance to determine the best setting to improve pruning
performance.

2 Market Insights

There are a broad range of applications of deep learning models for portable devices. However, portable devices have
many limitations in computational power, RAM, and battery that make running larger models costly or prohibitive.
Large dense neural network models put high demand and constraints on the portable devices. For example, the feature
map [22]] generated by model inference requires large amounts of memory. However, the RAM of a portable device
may only be less than 1GB, which means there will be no room to run other processes if we want to run a deep learning
model on a portable device. Even the most advanced iPhone has a RAM of 6GB, which means it could not load a
giant neural network model while running many other applications. Nevertheless, some applications require deep
neural networks to make consecutive model predictions in real-time. For example, voice recognition software is used to
generate texts according to the input sound and is a typical usage scenario of neural network models. Such software
can work quite well when the workload is light, but can be disastrous in heavy use cases. For example, using the deep



learning-based virtual background technology [23]] on portable devices for long hours may drain the battery much faster
than using the camera alone. When we perform consecutive predictions, it will burden the CPU and battery [8].

We can use network pruning to trade the model’s performance for efficiency, which allows portable devices to effectively
use these models. However, given the constraints of the device, we have to search for the best configuration to maximize
the tradeoff between model’s performance and efficiency. To do this, industry engineers typically utilize a grid search
method, which takes enormous time and computational resources [[1]].

Searching for optimal pruning configurations could be expensive. Consider a scenario where a deep learning researcher
wants to search for the best combination of the learning rate, batch size, and early stopping epoch to train the large
models and then prune them. Suppose we have 100 different (learning rate, batch size) combinations and 100 early
stopping checkpoints for a deep learning model and have three different compression techniques for each of the early
stopping checkpoints on each hyperparameter combination. The price for renting an AWS p3 machine is $3/hour. If a
model takes 1 hour to train, prune, and fine-tune fully, it will cost $90,000 of compute time to search for all 30,000
combinations. This shows that pruning a model needs careful large-scale studies to improve the performance, which is
daunting for the research engineers and even small enterprises.

Considering the resource intensive processes of both training deep learning models and running inference on devices in
real-time, our work in deep learning model pruning can save high costs on both developers’ and users’ sides.



Part 11
Technical Project Outcomes

3 Overview

In this work, we propose the two-regime model on network pruning: early stopping and training to convergence. Early
stopping means that we stop the training early short of convergence during the training stage. Training to convergence
means that we train the model to minimize training loss within an error range during the training stage. Depending on
the various problem configurations of network pruning, either early stopping or training to convergence is more useful
to improve the prediction performance of the pruned model. These are the two different regimes of network pruning
that we consider.

In this part, we first show the existence of the two regimes with our experimental results on the CV and NLP models.
Then, we utilize HT-SR and loss landscape metrics to quantify the two regimes. These metrics utilize the numerical
values of the weights in a neural network to determine the characteristics of the model. The percentage of parameters
that are removed is called the prune ratio. In this paper, we identify heavy-pruning as the regime where early stopping
is optimal in a model compression setting and light-pruning as the regime where training to convergence is optimal.
The open problem is to determine the transition line between the two regimes in a combination of hyper-parameters and
the early stopping epochs.

4 Related Work

4.1 Pruning

One of the most popular model compression techniques is pruning. This technique removes unimportant connections
(weights) in a neural network based on specific pruning criteria [19]. There are many different aspects that factor to the
method of pruning, such as structure, scoring, scheduling, and fine-tuning.

Different pruning methods may affect the structure of the weights and the sparsity of the neural network. Unstructured
pruning zeroes out the connections between neurons (weights), which effectively makes it a sparse network [[1]]. There
are also different ways to score or select which weights to prune. The most common scoring technique is scoring
the weights based on its magnitude. In this research endeavor, we are mainly focused on unstructured weight-level
magnitude pruning [10], where for each layer weight matrix, a certain percentage of the parameters are removed based
on its magnitude.

4.2 Early Stopping For Pruning

Most prior pruning work [19} [16] typically trains the model to convergence and then prune. This approach is based
on the assumption that the well-trained model can still preserve its superior performance after pruning. However, the
assumption is not rigorously or empirically proved by any prior work. Our findings in this work show contradictory
results to the assumption, i.e., one can stop the training stage early to get better pruned models. There is a recent
study [[18]] proposing that early stopping improves the pruning performance of initially trained models with large sizes.
Although it gives a valuable heuristic on early stopping, it is still unclear when early stopping is necessary and when
to apply early stopping to reach the optimal pruning results, which are questions that our study addresses. Another
study [30] proposes a metric that measures the similarity between pruned sub-network architecture in consecutive
training epochs to indicate when to stop training and start to draw the “lottery tickets” [6]. However, our work answers
the question of whether early stopping benefits pruning.

4.3 Generalization Measures

As noted earlier, there is a need for machine learning practitioners to gain valuable insights before any experiments
or any computationally expensive tasks are performed. Generalization is a model’s ability to react to data outside of
the training set. Generalization measures attempt to characterize some aspects of generalization through evaluating
the properties of the trained model, the optimizer, or the training set. These analyses are often drawn from empirical
correlations and do not necessarily prove causation [L1]]. In this research, we use two generalization measures that can
represent a model’s innate characteristics and evaluate its ability to generalize across different training settings. These
settings may vary in terms of model architecture, dataset size, or hyperparameters.



Empirical Spectral Density (ESD) is the eigenvalues’ distribution of the layers’ weights of a model. We know from
the Heavy-Tailed Self-Regularization theory (HT-SR) [20] that well-trained, well-correlated models can be fit into a
(truncated) power law distribution where their distribution of eigenvalues are different than a model with randomized
weight matrices. By evaluating the similarity between the ESD of a trained model with the ESD of a random model for
each layer’s weight matrix, we can measure how non-random the trained model is. Ideally, the more information a
neural network learns through training, the less random its ESD should be.

Another type of generalization measures we consider is obtained from the loss landscape of a model. Loss landscape is
the representation of the loss function around the weight space of the network [17]. The shape of the loss landscape is
dependent on the weights or parameters of the network. As a pre-trained model is pruned, its loss landscape changes as
its weights are perturbed. This weight perturbation often decreases the quality of the loss landscapep_l where training
models to convergence will often find very different global minimas [28]. By evaluating the loss landscape at every
prune ratio, we can infer the early stopping epoch during training to achieve optimal performance.

5 Two-Regime Model of Network Pruning

Regime Il
Optimal to

early-sto
Prune y P

Ratio

Regime |
Optimal to
train to convergence

 —
Dataset Size
Model Size

Figure 1: Caricature of the two-regime model of network pruning. Regime I: training a model to convergence is optimal

to achieve the best pruned model performance. Regime II: applying early stopping during training is optimal to achieve
the best pruned model performance.

We propose a two-regime model to answer the question if early stopping is needed in network pruning. Furthermore,
we are interested in the following three questions that rise to the two-regime model.

1) When do we need to do early stopping?

2) How do we determine the transition line on the space of prune ratio between the two regimes?

3) How do we determine the optimal early stopping epoch during training in Regime II?

5.1 Definition and Preliminaries

We define our two-regime model as the distinction between different training settings within the context of network
pruning, which is pictorially represented in Figure|l| Regime I represents settings where training a neural network
model to convergence is optimal to achieve the best pruned model performance. Regime II represents settings where
applying early stopping when training a large model will result in the best pruned model performance. One of the main
objectives of this research is to identify the conditions where a machine learning setting belongs in either Regime I or
Regime II. Our findings suggest that there are two conditions which have to be satisfied for a training setting that is
optimal when applying early stopping. These conditions are:

1) Model is heavily pruned

2) Model is trained with a smaller model size and more data

Tt is well-known that the loss landscape becomes less “connected” when the network size becomes smaller [, [28]]. Therefore,
heavy pruning can lead to worse connectivity of the loss landscape.



While the exact prune ratio, model size, and data size that determines the transition between the two regimes can vary by
model architecture and other factors, our findings show that the two-regime pattern is consistent in all of the experiment
results we collected.

5.2 Metrics

We also provide useful metrics to quantify the conditions when we should apply early stopping and at what step to stop
training in the two-regime model.

To determine the transition line between the prune ratios where we should apply early stopping as opposed to training
to convergence, we propose to use model similarity as defined in the equation below.

Model similarity is calculated by taking an already-pruned model and fine-tuning that model with two different seeds
[12]]. The predicted probability distributions between the two resulting models are then compared for its similarity.
Intuitively speaking, model similarity represents the distance between the position of the models with respect to the loss
landscape [28]].

N
1
Model Similarity = — > IS (d;,dj). (1)
=1

Here JS represents the Jensen-Shannon Divergence to calculate the similarity between two probability distributions
[11]. The two distributions d; and d; represent the predicted probability distributions of a pruned model fine-tuned
with one seed and of the same pruned model fine-tuned with another seed on the ¢-th data sample in the training set. N
is the number of training samples. We calculate this Jensen-Shannon Divergence on the whole training set.

We also propose to use random_distance as an indicator to determine the best early stopping epoch to stop training.

L
1
random_distance = 7 Z JS (pi, p’-”a”d) . 2)

i
i=1

Here JS represents the Jensen-Shannon Divergence. Consider a trained model with L weight matrices. The notation
p: represents the ESD obtained by normalizing the squared singular values of the ¢-th weight matrix W, and we use
pia™d to denote the distribution obtained in the same way but using the randomized weight matrix. We calculate this
Jensen-Shannon Divergence for every layer weight matrix and take the mean as the random_distance score [29].

6 Empirical Results

We first provide details of the experimental setup. Then, we provide empirical results to show the existence of the
two-regime model. Finally, we show how to use generalization metrics to quantify the two regimes.

6.1 Experimental Setup

We conduct experiments for both CV and NLP tasks. In the CV experiments, we use CIFAR-10 dataset [14] and the
PreResNet architecture implemented in [[19]. For the standard setting in Figure and [6] we use the full train set
and PreResNet-20. For scaling experiments in Figure 4] and [5} we study four cases with subsampling {1, 5, 10, 100}
% of CIFAR-10, and four cases with PreResNet-{20, 38, 56, 110} architectures. For each experiment, we train the
model for 160 epochs with a batch size of 64. We use an SGD optimizer with an initial learning rate of 0.1, learning
rate decay by 0.1 at epoch 80, 120, momentum 0.9, and weight decay 1e-4. We save the checkpoints at every 10 epochs
during training. For each setting in CV, we train and prune a model for one seed, fine-tune each pruned models for three
random seeds, and report the average classification accuracy on the test set.

On the NLP side, we consider the machine translation dataset WMT14 [2]] German to English corpus. We use the
original “base” transformer architecture from [25] with 6 layers, 8 attention heads per layer, and an embedding
dimension of 512. We train the model from scratch on a subsampled dataset of 1.28 million sentence pairs for 19 epochs.
We use a batch size 1500 and an Adam optimizer with an inverse square-root learning schedule, dropout probability of
0.1, and 10% label smoothing. We save the checkpoints at every epoch during training and report BLEU scores on the
validation set.

For pruning method, we use unstructured weight-level magnitude-based pruning [[10] on CV and NLP models with a
uniform layerwise sparsity [32], i.e., each layer is pruned to have identical layerwise sparsity levels. Specifically, we
only prune weights in convolution layers in CV models following the setting in [19] and only prune weights in linear
layers (transformer layers and prediction layer) in NLP models. After pruning, we fine-tune the CV models for 40



epochs with learning rate le-3 and fine-tune the NLP models for 5 epochs with the same learning rate schedule as
training.

For generalization metrics, we use the open-source WeightWatcher tool [21] to measure the random_distance of
the ESDs. When measuring the model similarity, we fine-tune each pruned model for three random seeds and average
the score across the three pairs.

6.2 Existence of Two Regimes

We provide results to show the existence of the two-regime models. By evaluating
the results by changing prune ratio and training data/model size, we are able to
examine the transition between the two regimes along two axis: prune ratio and
training data/model size. Based on the transition between the two regimes, we
demonstrate that early stopping is necessary for optimal pruning performance
when the model is heavily pruned and trained with more data and smaller model
size.

Illustration of Result Format Figure[2]shows a 2D diagram we get from the
experiment, using PreResNet-20 on CIFAR-10. The x-axis represents how many
epochs this model gets trained. In the CV experiment, we train a model for 160
epochs and save the model every 10 epochs. The y-axis represents the prune
ratio and we apply the same pruning algorithm with these ratios to all the saved
models during training. Therefore, each pixel in this 2D diagram represents a
single experiment, i.e., a model is trained for x epochs, pruned y% of parameters,
and then fine-tuned. Note that this should be distinguished from the setting when
the entire row of the 2D diagram represents a training run. We plot the test
accuracy of the pruned models after fine-tuning in the 2D diagram. We consider
two quantities to differentiate the regimes: (1) the optimal stop epoch in each
prune ratio. (2) the difference between the optimal epoch and other epochs. The
first quantity is important because we use that to differentiate the two regimes,
i.e., the regime is defined based on whether early stopping is necessary. The second quantity is also important because
it affects our perception of the regime diagram. To better visualize the two quantities, we use a normalization scheme
where we subtract the grid values in each row by the value of the optimal stop epoch for each prune rati In addition,
we annotate the optimal epochs in each row using red star markers. Figure[3alshows 2D plot after the normalization and
annotation.

Figure 2: Test accuracy of pruned
models trained with varying epochs
and pruned with varying prune ra-
tios. Models are trained with
PreResNet-20 on CIFAR-10.

Transition between Regimes on Prune Ratio We show the transition between regimes on prune ratio in a fixed dataset
and model size setting. This transition illustrates that we should do early stopping when the model is heavily pruned.

In Figure[3al we can see that an abrupt color change partitions the 2D plots into two regimes, as we defined in Section[5.1]
In Regime I, when using small prune ratios, the optimal epochs (x-axis value of red markers) are late in the training,
located after 90 epochs. Note that our training also converged after 90 epochs. The training curve is shown in Figure[I0|
in Appendix. In Regime I, we need to train to convergence (at least 90 epochs) to get the optimal pruning results. In
Regime II, when using large prune ratios, we can see the red markers are early on the left, and there are dark bands
after the red markers. It means that we need to do early stopping at the red markers, and training more will decrease the
test accuracy of pruned models.

Figure [3b|shows a similar two-regime phenomenon in the NLP experiment. Interestingly, we find a transition region
between the two regimes in the NLP regime plot. In this region, we can apply early stopping at epoch 4 or 6, but if we
train more, the performance will be similar. It indicates that we can either do early stopping or train to convergence
based on our needs in the transition regime.

Transition between Regimes on Training Data/Model Size We show the transition between two regimes on the
training dataset size and model size. This transition demonstrates that we only need to do early stopping when training
with smaller models and more data.

In the first experiment, we scale the model depth of PreResNet by {110, 56, 44, 20 }. We show their regime plots in the
first row of Figure [, We can see that in Figure[#a] when we prune a large model with high prune ratios, the optimal
epochs are late in the training, and there is no dark band. However, for the small models in Figure [#bland [4d] the red

2We note that this normalization method sounds like an ad-hoc way to process data. However, the normalization is only for the
visualization purposes, and we show both the normalized and the original (unnormalized) results in this report. For unnormalized
results, see Section@



(a) (b)

Figure 3: Partitioning the 2D prune ratio—training epoch diagram into two regimes of pruning. (a) Models are trained
with PreResNet-20 on CIFAR-10. (b) Models are trained with Transformer-base on WMT14. BLEU score is reported
on validation set.

(a) PreResNet-110 (b) PreResNet-56 (c) PreResNet-38 (d) PreResNet-20

(e) 1% of CIFAR-10 (f) 5% of CIFAR-10 (g) 10% of CIFAR-10 (h) 100% of CIFAR-10

Figure 4: Partitioning the 2D prune ratio — training epoch diagram into two regimes of pruning. (First row). Varying
depth of model trained on CIFAR-10. (Second row). Varying amount of training data to train PreResNet-20. All plots
are on the same set of axes.

markers move left, and the dark band gradually appears late in the training. It indicates that when using smaller models,
we should apply early stopping. Further training beyond the early stopping epoch will give poor results.

In the second experiment, we scale the dataset sizes by sampling the CIFAR-10 train set with {1, 5, 10, 100 } %. The
regime plots are shown in the second row of Figure [ From left to right, we can also see that in the upper regions, the
dark band gradually appears and red markers move left.

In Figure[5] we use a line plot to visualize how the optimal epoch changes in the two scaling experiments. The curves
show decreasing trend in both figures, which means decreasing model depth or increasing data amount will make the
optimal stop epoch earlier. Therefore, we should stop early when the model is trained with a larger dataset size and a
smaller model size.



(a) (b)

Figure 5: Optimal early stopping epoch versus training settings in high prune ratios. (a) Varying model depth. (b)
Varying amount of training data.

6.3 Quantification of Two Regimes

We study the following two questions to quantify the two-regime model using generalization metrics: (1) how do we
determine the transition line on prune ratios between using early stopping or training to convergence? (2) how to
determine the optimal early stopping epoch during training?

Transition Line on Prune Ratio We propose to measure model similarity on pruned models to predict the transition
line. As shown in Figure[6] we can see that both the regime plots of normalized test accuracy and model similarity show
an abrupt change between upper and lower regions, and the transition line between prune ratios are aligned. We believe
that this result implies a hypothesis on neural network loss landscapes. We state this hypothesis but leave the formal
investigation to future work. We believe our results imply that, when pruning well-trained models, we are likely to
prune the model into two different types of loss landscapes depending on prune ratios. When using a high prune ratio,
we could prune it into a poor loss landscape, in which trained models are less similar. In this case, it is more likely that
one will get poor pruning results. One of the treatments is to use early stopping to retrain the original dense model and
prune the model again for better results.

(a) Normalized Test Accuracy (b) Model Similarity

Figure 6: Partitioning the 2D prune ratio — training epoch diagram into two regimes of pruning and use model similarity
to predict the transition line. Model are trained with PreResNet-20 on CIFAR-10. All plots are on the same set of axes.

Optimal Early Stopping We propose to measure random_distance during training and use it to indicate when to
apply early stopping. The results are shown in Figure|/| The first row considers CV experiments, and the second row
considers NLP experiments. These sub-figures show models pruned in different prune ratios, but these are all heavy
pruning identified in 2D regime plots. The blue line is the test accuracy of the pruned model, which is the quantity we
want to predict, and it is unknown during training because acquiring it needs two more steps: pruning and fine-tuning.
The red line is random_distance that can be measured during training. We can see that the peaks of red lines and
peaks of blue lines are well-aligned across the x-axis for all cases we show, which shows that it is possible to use the
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Figure 7: Predicting optimal early stopping epochs using random_distance measured during training. (First
row). PreResNet-20 trained on CIFAR-10 pruned with high prune ratios. (Second row). Transformer trained on
WMT14 pruned with high prune ratios. In all cases, the peaks of random_distance are aligned with the peaks of
accuracy/BLEU score in x-axis.

random_distance to monitor the training. We can apply early stopping and start pruning when random_distance
reaches its maximum.

7 Conclusion

In this work, we propose a two-regime model that can determine if we need to do early stopping or train to convergence
when training a model to get the optimal pruning results. First, we provide results to show two regimes in CV and NLP
experiments and identify the conditions for the two-regime model. Early stopping is necessary for optimal performance
when the model is heavily pruned and trained with more data and smaller model sizes. Second, we show that HT-SR
and loss landscape metrics can be used to quantify the two regimes. Specifically, we show results of using model
similarity to determine the transition line on prune ratio and using random_distance to determine the optimal early
stopping epoch during training. Future work includes finding better metrics that accurately determine the transition line
on the prune ratio and investigating if the two-regime model exists in other similar deep learning problems like network
quantization and transfer learning.
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Appendices

A Unnormalized 2D Regime Plots

In this section, we provide unnormalized 2D regime plots as the complementary results for the normalized plots shown
in the main paper. We show the results of CV and NLP standard setting in Figure[8] We show the results of scaling
training setting experiments in Figure[9]

(a) (b)

Figure 8: Original (unnormalized) test accuracy / BLEU score of pruned models trained with varying epochs and
pruned with varying prune ratios. (a) Models are trained with PreResNet-20 on CIFAR-10. (b) Models are trained with
Transformer-base on WMT14. BLEU score is reported on validation set.

(a) PreResNet-110 (b) PreResNet-56 (c) PreResNet-38 (d) PreResNet-20

(e) 1% of CIFAR-10 (f) 5% of CIFAR-10 () 10% of CIFAR-10 (h) 100% of CIFAR-10

Figure 9: Original (unnormalized) test accuracy of pruned model in the experiments of scaling training settings.
(First row). Varying depth of model trained on CIFAR-10. (Second row). Varying amount of training data to train
PreResNet-20. All plots are on the same set of axes.
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B Training Curve

Figure 10: Training curve of PreResNet-20 on CIFAR-10. The training converges after 90 epochs.
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