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Abstract: Natural Language Processing (NLP), as a key branch of computer science and
artificial intelligence, aims to enable machines to understand and generate human language.
Although early rule-based methods and statistical learning models have made some progress
in dealing with the complexity and diversity of language, there are limitations, such as
relying on specific language grammar and vocabulary, and difficulty in handling ambiguity
and complex contexts. However, NLP still faces challenges such as overfitting, underfitting,
and model optimization. Based on this, this article analyzes how deep learning improves the
accuracy and efficiency of NLP tasks by introducing multi-layer neural network
architectures such as recurrent neural networks (RNN), long short-term memory networks
(LSTM), and transformers. Especially in terms of model optimization techniques, strategies
such as parameter adjustment, handling overfitting and underfitting, and specific
applications of emerging optimization algorithms were explored. This article aims to provide
researchers and developers with a deep understanding of NLP challenges and effective
solutions, in order to promote the further development and application of NLP technology.

1. Introduction

Natural Language Processing (NLP) is a key area in artificial intelligence and computer science,
focusing on enabling machines to understand and parse human language. Since the 1960s, NLP has
evolved from rule-based systems to machine learning, with each stage aimed at capturing the
complexity and diversity of language more accurately. The introduction of deep learning technology
in recent years marks a significant breakthrough in the field, greatly improving the accuracy and
efficiency of tasks such as machine translation, sentiment analysis, and speech recognition. Utilizing
large-scale datasets and powerful computational capabilities, NLP models based on deep learning can
capture the subtleties and complex structures of language, achieving unprecedented levels of language
understanding. This transformation has not only propelled scientific research forward but has also
brought revolutionary changes to business applications and daily life.

2. Basic Concepts of Natural Language Processing
2.1 Traditional NLP Models and Methods

Before the rise of deep learning, traditional NLP methods mainly relied on manually crafted rules
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and statistical learning models. A typical traditional NLP algorithm is the Naive Bayes classifier, used
for text classification and sentiment analysis. This algorithm is based on Bayes' theorem and
calculates the probability that a given text belongs to a specific category:

P(C|D)=% (1)

Where C is the category, and D is the document or text. Despite its simplicity, the Naive Bayes
classifier performed well in early text classification tasks. Another example is the Hidden Markov
Model (HMM), widely used in speech recognition and part-of-speech tagging. HMM is a statistical
sequence model that can handle time-series data such as speech or text(l,

2.2 Challenges and Limitations

Despite significant progress, traditional NLP methods face several challenges and limitations.
Firstly, these methods highly depend on the specific grammar and vocabulary of the language, making
cross-language applications difficult. Secondly, the manual rule-making and feature extraction
processes are time-consuming and labor-intensive, and they struggle to cover the complexity and
diversity of all languages. The journal "Computational Linguistics" points out that traditional methods
perform poorly in handling ambiguity and complex contexts. Additionally, these methods often fail
to fully utilize the rich information in large-scale corpora, limiting their performance and applicability.
This issue is particularly apparent with the explosive growth of internet data. Therefore, although
traditional NLP provides foundational frameworks and theories, they still face many limitations in
dealing with real-world language problems.

3. The Application of Deep Learning in NLP
3.1 Basic Principles of Deep Learning

Deep learning is a machine learning technique that simulates the way the human brain processes
information by constructing multi-layer neural networks. In deep learning models, each layer
transforms the input data in some way, using activation functions like ReLU or Sigmoid to introduce
non-linearity, allowing the network to capture complex data features. The core of deep learning
involves continuously adjusting network parameters through the backpropagation algorithm
(Backpropagation) and gradient descent (Gradient Descent) to minimize the difference between
predictions and actual results. The specific formula can be expressed as:

Aw = —VQ(w) (2)

Where Aw is the change in weight, 1 is the learning rate, and VQ(w) is the gradient of the loss
function with respect to the weights. This process enables deep learning models to automatically learn
the features of data, thereby making effective predictions or classifications!?,

3.2 Improving NLP Performance and Effectiveness

In the NLP field, the application of deep learning has significantly improved the performance of
various tasks. Methods to enhance performance include data preprocessing, model structure
optimization, application of regularization techniques, and hyperparameter adjustment. Data
preprocessing, such as word embeddings, transforms words into vectors, helping models better
understand the semantic relationships between words in the language. Optimizing the model structure,
such as using the attention mechanism (Attention Mechanism), allows the model to focus on
important parts of the input data, thereby improving the ability to handle complex sentencestl.
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Additionally, applying regularization techniques like Dropout can prevent model overfitting,
enhancing the model's generalization ability.

3.3 Main Models and Architectures

The main models of deep learning in NLP include Recurrent Neural Networks (RNN), Long Short-
Term Memory networks (LSTM), and Transformers.

RNNs are a basic architecture for processing sequential data, especially suitable for time-series
data or text. In RNNs, the nodes form a cyclical connection, allowing information to pass from one
step to the next. This structure enables RNNs to remember previous information and use it to
influence the current step's output. However, standard RNNs encounter problems of gradient
vanishing or explosion when dealing with long sequences. Below is the structure of an RNN(Figure
1):
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Figure 1: RNN Structure

Recurrent Neural Networks (RNN) are different from conventional feed-forward neural networks
as they have a cyclic nature, meaning each output is not independent; the network accumulates
information from previous inputs and applies it to the current output computation, meaning there are
connections between the nodes in the hidden layers. Traditional machine translation models could
only consider a limited amount of prefix lexical information as the condition for the semantic model,
while RNNs have the ability to incorporate all preceding lexical inputs into the model's consideration
scope, making RNNs suitable for addressing time-series input-output problems in natural language
processing. NLP issues involve temporal tagging problems, so at the beginning of deep learning,
RNNs were chosen to address natural language processing problemstl.

RNNSs process sequential data through the cyclic transmission of internal states but face issues of
gradient vanishing or explosion. LSTMs solve this problem by introducing a gating mechanism.
LSTM is a special type of RNN designed to avoid the gradient vanishing problem of traditional RNNS.
It introduces three gates: the forget gate, input gate, and output gate, to control the flow of information
in, retained, and out. LSTMs can more effectively retain information over long sequences, making
them widely used in various NLP tasks. Their mathematical expression includes:

ft = o(Wg - [he—q,X¢] + bp) 3

it = o(W; - [he—1, X¢] + by) 4)

oy = 6(Ws - [he_1, %] + by) ®)

¢; = fi * ce_q + i * tanh(W,. - [h_q, X¢] + be) (6)
h; = o; * tanh(c;) (7)

Where f; represents the forget gate, controlling the discarding of information;f,, i;, o; represent

the activation functions of the forget gate, input gate, and output gate,respectively; W; and by are
learning parameters ;o is the sigmoid function; c, and h, are the cell state and output, respectively.
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The structure of LSTM is shown in the following figure 2:
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Figure 2: LSTM Structure

The key to LSTM is that it produces not only the hidden layer output but also the cell state.
Information flows horizontally above, undergoing simple linear interactions, allowing the
information stream to remain unchanged. At the same time, "gates" are added to remove or add
information to the cell state. These traits are very suitable for the temporal features of natural language
processing tasks.

The Transformer model, on the other hand, processes sequences through the self-attention
mechanism (Self-Attention), breaking free from the constraints of traditional RNN structures, greatly
improving training efficiency and model performance. The Transformer model has been a major
breakthrough in the NLP field in recent years. Unlike RNNs and LSTMs, it is entirely based on the
attention mechanism, eliminating the need for sequential operations, allowing the model to process
data in parallel, thus significantly improving training efficiency. Transformers consist of encoders
and decoders, each part containing multiple attention heads, capable of processing multiple positions
in the sequence simultaneously, enabling the model to better understand the relationships between
contexts. The core of Transformers is the self-attention mechanism, whose calculation formula is:

T
Attention(Q, K, V) = softmax (%) Vv (8)
Where Q, K, V represent the query, key, and value, respectively, and dy is the dimension of the
key. These models and architectures form the core of modern NLP systems, widely used in language
translation, sentiment analysis, text generation, and other tasks. Each model has its advantages and
limitations, but together they have driven the development and application of NLP technology.

3.4 Successful Cases and Application Examples

1) Machine Translation: Google's neural machine translation system (GNMT) significantly
improved translation quality by utilizing a deep learning architecture, approaching the fluency and
accuracy of human-level translation. The GNMT system adopts a sequence-to-sequence framework,
combined with multiple layers of Long Short-Term Memory networks (LSTM), capable of processing
entire sentences rather than individual words, thereby providing more natural and accurate translation
results.

2) Sentiment Analysis: Sentiment analysis is another successful application of deep learning in the
NLP field. For example, Amazon's customer review analysis uses deep learning models to identify
and categorize users' emotions and opinions. This technology enables businesses to extract valuable
customer feedback from vast amounts of text data, thereby improving products and services.

3) Speech Recognition: Intelligent assistants like Siri and Google Assistant utilize deep learning
technology for efficient speech recognition, capable of understanding and responding to user voice
commands. By employing deep neural networks, these systems continuously learn and adapt to users'

112



speech patterns, accents, and language usage, thus providing more accurate recognition services.
4. Model Optimization Techniques
4.1 Parameter Adjustment and Model Optimization

4.1.1 Parameter Adjustment

Parameter adjustment, also known as hyperparameter optimization, involves searching for the
optimal model parameters within a predefined parameter space. This includes two main methods:
Grid Search and Random Search.

Grid Search is an exhaustive method that finds the best parameters by traversing all possible
combinations. For example, considering possible values for the learning rate () such as {0.01, 0.001,
0.0001} and batch sizes such as {64, 128, 256}, grid search will explore all possible combinations to
find the optimal settings. In contrast, Random Search selects parameters randomly within the
parameter space, which allows exploring more combinations in the same amount of timel®l,

The goal of hyperparameter optimization is to minimize the loss function on the validation set,
typically represented as:

L(8; Dval) = = Tiepvar Ly, f(x;;6)) (©)

where L is the loss function, 0 represents the model parameters, Dval is the validation dataset, y i
are the labels, and f(x_1;0) is the model's prediction.

4.1.2 Model Tuning

Model tuning involves techniques such as regularization and adjusting the network architecture.
Regularization techniques, like L1 and L2 regularization, reduce model complexity and prevent
overfitting by adding a regularization term to the loss function. L1 regularization can lead to many
elements of the weight matrix being zero, facilitating feature selection, while L2 regularization makes
the weights smoother. The regularization terms can be represented as:

L1 Regularization:Lyeyw = Loriginal + AXL; |65 | (10)
L2 Regularization: Lyew = Loriginal + A X1, 6;° (11)

where Lgriginaiis the original loss function, A is the regularization strength, and 6; are the model
weights. Unlike L1 regularization, L2 regularization tends to distribute the weights rather than setting
them to zero.

Additionally, Dropout is another technique to prevent overfitting by randomly "dropping” a
portion of neurons (setting their outputs to zero) during training. This reduces complex co-adaptations,
enhancing the model's generalization ability. In each training step, each neuron has a probability p of
being retained, hence a 1—p probability of being dropped. This can be represented by the formula:
y=x*N(1,p), where x is the input layer, and N(1,p) is a random variable drawn from a Bernoulli
distribution. In practice, if the dropout probability for neurons is 0.5, then each neuron has a 50%
chance of not participating in each training iteration.

Cross-validation, especially k-fold cross-validation, is another method to reduce overfitting. It
involves dividing the data into k subsets, training the model on k-1 subsets, and testing it on the
remaining subset, this process is repeated k times.

In the field of natural language processing, an example of parameter adjustment and model
optimization is the research team from Stanford University optimizing the BERT model on the
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SQUAD (Stanford Question Answering Dataset). The team significantly improved the model's
performance through meticulous parameter adjustments, such as selecting the optimal learning rate,
batch size, and training epochs. Specifically, by adjusting the learning rate from the default 5e-5 to
3e-5 and increasing the training epochs from 3 to 4, the team successfully improved the BERT model's
F1 score on the SQUAD dataset from an original 88.5% to 90.5%. Additionally, by adopting a more
detailed batch size, from 32 to 18, the model's accuracy and generalization capability were further
enhanced.

4.2 Underfitting Treatment

Underfitting occurs when a model is too simple to capture the basic structure of the data. Below
are strategies for handling underfitting:

1) Increasing Model Complexity: By increasing the number of layers or the number of neurons
per layer in the network, the model's complexity can be increased, helping it learn more data features.
If the original model is a single-layer neural network, adding more hidden layers, such as moving
from one layer to two or three layers, typically increases the model's learning capacity.

2) Expanding Training Data: Sometimes underfitting is due to insufficient training data. Providing
more training data can help the model learn more features. If possible, collect more data or use data
augmentation techniques to increase the diversity of the training dataset.

3) Reducing Regularization: Overuse of regularization can make the model overly simple, leading
to underfitting. Reducing the regularization parameter A, for instance, from 0.1 to 0.01, can give the
model more "freedom" to fit the data.

4) Feature Engineering: Improving the model's input features can enhance the model's
performance. This might include adding new features, selecting features with higher relevance, or
transforming existing features. Researchers or data scientists can use feature selection methods such
as forward selection, backward elimination, or Recursive Feature Elimination (RFE) to identify and
retain the most important features.

By applying the above methods, overfitting and underfitting issues in NLP models can be
effectively resolved, improving the model's accuracy and generalization capability.

A specific case of underfitting treatment in natural language processing involves Netflix's
recommendation system. Originally, Netflix used a relatively simple linear model to predict user
ratings for movies. However, due to its simplicity, the model failed to capture the complex
relationship between user behavior and movie characteristics, resulting in underfitting. To address
this issue, Netflix shifted to more complex machine learning models, such as Matrix Factorization
techniques, which better capture the latent associations between users and movies. By increasing the
model's complexity, Netflix's recommendation system significantly improved in accuracy, ultimately
helping Netflix win the renowned Netflix Prize, aimed at enhancing the accuracy of movie
recommendations.

5. Conclusion

In the advancement of natural language processing (NLP), the introduction of deep learning marks
a significant shift, enabling models to process language data with unprecedented accuracy and
efficiency. By combining large-scale datasets and advanced algorithms, NLP technology has made
significant progress, especially in fields such as machine translation, sentiment analysis, and speech
recognition. Facing the challenges of overfitting and underfitting, adopting appropriate strategies
such as regularization, model complexity adjustment, and data augmentation can effectively enhance
the model's generalization ability. These advances not only promote the deepening of scientific
research, but also bring substantial changes to commercial applications and daily life. In the future,
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there is still enormous room for development in the field of NLP, and it is expected to continue to
make greater progress in understanding more complex language structures and improving the
naturalness of interactions.
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