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SUMMARY

In recent years, there has been significant progress in developing computers and machines
that can think like humans. This field of study is known as Continual Learning.

One of the essential characteristics of human-like thinking is the capacity to recall past events
and acquire new knowledge without forgetting what was formerly learned. This last aspect
is crucial since one of the most significant challenges with continual learning is Catastrophic
Forgetting. The process of learning new things can cause the model to forget the past, which is a
significant issue that needs to be addressed. Various solutions exist for multi-task environments,
including Vocabulary-Aware Label Generation (VAG). The VAG model will be improved using
a multi-label approach with more instances for each dataset and mixing different techniques to
avoid Catastrophic Forgetting, thereby increasing accuracy.

The initial attempts to improve the VAG involved modifying the class labels in the used
datasets (BANKING77 and CLINC150, both public and used by the original VAG model too),
but this did not yield positive results. Eventually, better results were achieved by adding labels
supporting each sentence, rather than modifying them. This resulted in having more than one
label for each input sentence and led to improved accuracy compared to the original VAG. A
new and improved sentence transformer will be used to increase accuracy further. Finally, a
combination of the VAG and the Elastic-Weight Combination (EWC) will be demonstrated,

resulting in the best accuracy presented in this project.

ix



CHAPTER 1

INTRODUCTION

Machine learning nowadays has witnessed remarkable advancements, driven by the relentless
pursuit of more intelligent and adaptable algorithms. Specifically, neural networks, inspired by
the parallel processing and interconnection of neurons in the human brain, have catalyzed
transformative successes in artificial intelligence. These computational models, consisting of
layers of interconnected nodes, excel at learning intricate patterns and relationships from vast
datasets. Across diverse fields, neural networks have revolutionized problem-solving capabilities.

In the domain of Natural Language Processing (NLP), neural networks have emerged as in-
dispensable tools, reshaping the landscape of human-computer interaction. Leveraging sophis-
ticated algorithms, neural networks enable machines to comprehend, generate, and manipulate
human language with unprecedented accuracy and nuance. Through tasks such as sentiment
analysis, machine translation, and text summarization, they navigate the complexities of lan-

guage, unlocking insights and applications previously unimaginable.

1.1 Continual Learning

One key area of focus within this domain is continual learning (6), a paradigm that addresses
the fundamental challenge of learning and adapting to new information over time. Continual
learning stands as a crucial pillar in the quest to develop machine learning systems that can

effectively navigate dynamic and evolving environments.



Continual Learning is a field of study in machine learning and Natural Language Processing
that faces the challenge of Catastrophic Forgetting (CF) (7), a phenomenon where a model
trained on one task forgets how to perform previously learned tasks when trained on new data.
To tackle this challenge, a pre-trained language model (PLM) is often utilized, plus different
techniques developed in the last years to allow the model to learn and adapt to new tasks
without forgetting previous ones.

There are two distinct types of learning in Continual Learning: Task-Incremental Learning
(TIL) and Class-Incremental Learning (CIL) (8). In TIL, tasks are presented sequentially, and
the entire dataset can be classified based on the knowledge of the task-ID. However, CIL is
considered the most challenging category, as the information on the task ID is not given during
the inference.

The VAG model (5) works on CIL, reducing vocabulary size and increasing dataset using
augmentation. One of its main areas of interest is classification. The goal is to train the model
so that, during inference, it can accurately classify each sentence with the correct label.

To improve a model’s accuracy, adding one or more summary sentences to the training sets
used as labels is possible. These sentences can be used to support the original label in cases
where there is uncertainty about the correct label during inference. This procedure can be
achieved using more instances of the same model but working with different labels for each
class.

Moreover, the accuracy can be further increased if more techniques are mixed together, plus

some sentence transformers can be used to capture the semantic meaning of the input text.



1.2 Background

To enable the VAG model to accommodate Class Incremental Learning, it relies on a pre-
trained model: BART (Bidirectional and Auto-Regressive Transformers)(4), an extension of
the transformer architecture, is adept at both bidirectional and auto-regressive tasks, making
it versatile for a wide range of natural language processing applications. The BART model
will be better explained in the next sections. During training, the VAG model fine-tunes the
pre-trained BART model with different tasks, trying to avoid Catastrophic Forgetting.

This section will show the notions and techniques used for the VAG improvements.

1.2.1 Neural Networks

Neural networks are models that take inspiration from the human brain (they are similar
to the idea of neurons). They are composed of interconnected nodes arranged in layers, with
each layer processing input data using specific operations. Neural networks can learn complex
patterns and relationships within data, which is why they are valuable and intensively exploited
for various machine-learning tasks, such as regression and classification.

There are three main components of neural networks: input layers, hidden layers, and output
layers. The input layer receives the initial data or features to be processed by the network. Each
neuron in the input layer represents an individual input data feature. The hidden layer performs
complex computations by applying weighted transformations to the input data. Finally, the
output layer is used to retrieve the final results obtained by using the neural network. An
example of the neural network is given by Figure 1. The input layer is the first layer, and it is

connected to the hidden layer, which in turn is connected to the final output layer. Typically,



Input Layer Hidden Layer Output Layer

Figure 1: Schematic example of a neural network divided in its main parts, (1)

the hidden layer is composed of more than one layer. Both the case presented in the image and
the one which will be used by the VAG model are a fully connected neural network, meaning
each node is connected with all the nodes of the next layer.

Each layer [ has a weight matrix W and bias vector b. The output A' is calculated as:

W= fWiRtt 1o, (1.1)

where f is a pre-defined activation function and A'~! is the output of the previous layer. There

are different types of activation functions, shown in Figure 2. They are utilized to convert the



linear output provided by the network into a non-linear result. This enables a neural network

to represent more intricate functions.

RelU Function Sigmoid Function
10 104

ReLU(x) = max(0, x) Sigmoid(x) =

Trer

0.8

0.6

0.4+

0.2

0.0

-100 -75 =50 -25 0.0 2.5 5.0 75 10.0 -100 -75 -50 -25 00 25 5.0 75 100

Tanh Function GeLU Function

GeLU(x) =0.5x(1 +tanh(yZx(1 +y/2x2))

-0.25
-0.50

-0.75

-1.00

-100 -75 -50 -25 0.0 2.5 5.0 75 10.0 -100 -75 -50 -25 00 25 5.0 75 100

Figure 2: Different types of activation functions.

In the VAG model, a neural network is also used to create the language model head. The
model is a fully connected neural network that predicts the next token for sentences.
In order to update the weights of the neural network, a loss function is always required.

First, the input data is predicted, and the loss function computes the discrepancy between



predicted and actual outputs. Then, the gradients of the loss function with respect to weights

are computed using back-propagation. Finally, the weights are updated using the next formula:

W« Wt — VLW, (1.2)

n is the learning rate, and nVL(W?') is the gradient of the loss function with respect to the
weights.
The VAG model uses the Cross-Entropy Function to measure the difference between the

predicted and actual probability distributions of target labels during training.

1.2.2 Natural Language Processing

Natural Language Processing (NLP) is a sub-field of artificial intelligence that aims to teach
computers how to comprehend, understand, and produce human language in a meaningful
and useful manner. NLP involves several tasks, such as text analysis, language translation,
sentiment analysis, and speech recognition. In the VAG model, NLP is primarily used for
classification, where different techniques and components are utilized to enable the computer
to ”"think” like a human.

The primary components involved in the VAG model are:

e Tokenization: breaking down text into smaller units, such as words or sub-words, to

facilitate further analysis.



e Word Embedding: in this method, the input sentence is mapped into a continuous vector
space, in order to capture the semantic and syntactical meaning of the phrase, and trying

to understand the relationship between all the words of the given sentence.

o Attention Mechanism: it allows models to selectively focus on different parts of the in-
put sequence. It will be described more clearly in one of the upcoming sub-sections,

Transformers.

1.2.3 Pre-Trained Language Model

A Pre-Trained Language Model (PLM) is a machine-learning model trained using huge
quantities of text data. The main goal of a PLMs is to understand and generate human-like
language; that’s why they are highly exploited in NLP tasks like translation, summarization,

extraction, and, just like the VAG model, classification.

Huge mole Task-specific
of text data dataset

Fine-tuned
Language Model

Pre-Trained
Language Model

Figure 3: Figure showing how does a generic Pre-Trained Language model works



Each PLM usually consists of two main parts: pre-training and fine-tuning, as shown in
Figure 3. In the pre-training phase, the language model is trained to predict the next word or
token in a text sequence, using the context from the words that come before it. This method
is typically known as self-supervised learning and allows the model to understand language
syntax, semantics, and context. Moreover, these pre-trained models often use complex neural
network structures like Transformers, which will be described in the next sections.

Fine-tuning involves training a model using a dataset specifically annotated for a particular
task. This process enables the model to identify patterns relevant to the task, significantly

boosting its performance.

1.2.4 Ensemble Methods

Ensemble methods (2) are advanced methods used in machine learning and deep learning
(Ensemble Deep Learning) based on combining multiple different models, usually with the same
architecture, to produce a better output.

The main idea is that using outputs of more than one model and then unifying them in a
unique result can lead to a better accuracy w.r.t a single model.

Figure 4 shows how all the ensemble methods work: given a common input, it is passed
through all the N models. Each network will produce an output o;; then, there are different
techniques to combine the outputs, and one of the most common and effective techniques is
averaging all the predictions. The obtained ensemble output é will be the final ensemble model

result.
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Figure 4: Figure showing the generic ensemble method technique, (2)

There are different types of ensemble methods, but they can be summed up in three different

categories:

e Bagging: it is used for reducing the variance of the model. For each sub-model, different
subsets of the training data are taken through bootstrap sampling, randomly selecting

from the dataset with replacement.

e Boosting: it sequentially combines several models. Each model’s goal is to correct the

”errors” made by the past model.

e Stacking: it trains different models, called base learners, and combines the output using

a meta-model, trained on the prediction of the base learners.
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The ensemble methods are pretty similar to the idea of Multi-Label VAG since different
models are used for generating a single output. However, the new model is not considered an
ensemble method since it doesn’t fall into any of the previous categories. In fact, as is shown
in the next chapters, the combination of the outputs done during the inference part is just a

summation of the final results.

1.2.5 CIL

A dataset is split into a specific number of tasks T', and each task ¢ has many classes or
labels. Given the input ¢ of the dataset: {z;,v;}, the class label y; belongs to a unique class,
such that if y; € t, and y; ¢ t/, where ¢t # t/. Each model learns all the tasks individually; then,

the test set is used to evaluate the accuracy without knowing the task ID.

1.2.6 Transformers

Transformers (3) is a type of neural network architecture that has revolutionized various
NLP tasks in recent years. These models are based on the concept of self-attention and do not
rely on recurrent or convolutional structures, making them highly parallelizable and efficient.
The transformer architecture consists of an encoder and decoder that use multi-head self-
attention and feedforward neural networks to process input sequences.

Given an embedded input I of size (S, d,,), that are respectively the length of the sequence

and the size of the embedding vector, it will be multiplied by three different weight matrices in
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order to produce @ (Query), K (Key) and V' (Value) matrices, with the same size as the input.

Each matrix is vertically separated into h parts. Given the attention formula:

Attention(Q, K, V) = soft (QKT> % (1.3)
ention(Q, K, V) = softmax )
Vi,

where dy, is the size of V, the multi-head attention is calculated as:
head; = Attention(QWZ, KW/, v} (1.4)

multihead(Q, K, V') = concat(heady, ..., heady, ) W©° (1.5)

During training, the input sequence is fed into the model, embedded, and used for generating
Q, K, and V. This technique helps the model to understand context and dependencies inside a
sentence and focusing on the relationship between the used words, capturing the meaning of the
phrase, making it a popular choice for tasks such as language translation, sentiment analysis,
and question-answering.

The architecture of the transformer is illustrated in Figure 5, depicting all the components
within it.

The input is initially tokenized (split into small parts, such as words or groups of characters)
and then transformed into a high-dimensional vector. Additionally, positional encoding is also
considered to provide information about the position of each token in the sequence. Next,

the encoder processes the input, which utilizes the previously described Multi-Head Attention
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Figure 5: Complete architecture of the transformer model, (3)
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mechanism. A residual connection is implemented between the input and the Multi-Head
Output, followed by normalization to conclude the first part of the encoding process. The
latter part of the encoder involves a feed-forward neural network, which is characterized by
two linear transformations, using a ReLU function. This is followed by applying a residual
connection and normalization once again. The encoder, as shown in the figure, is cycled N
times.

The resulting output is then passed to the decoder, which is composed of layers made by
Multi-Head attention, residual connection, and normalization, similar to the first part of the
encoder. The first layer is used by the target sequence and shifted to the right so that it doesn’t
see the current token that should be predicted. The output of the first layer and the output
of the encoder are then used for the second and third layers, where the Key K and the value
V are from the encoder, and the query Q is from the target sequence. These three layers are
repeated N times as well, and the output is passed to a linear connection and a softmax in
order to produce the new token, which will be added to the output embedding.

This process is applied until a special ending token (like < EOS >, End Of Sequence) is

produced.

1.2.7 BART model

BART (Bidirectional and Auto-Regressive Transformers)(4) is a sequence-to-sequence pre-
training model based on the Transformer architecture, using six or twelve layers in the encoder-
decoder, but instead of the ReLu function, it uses a GeLu function. It combines elements from

both BERT (Bidirectional Encoder Representations from Transformers)(9) and GPT (Gener-
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ative Pre-trained Transformer)(10) in order to capture bidirectional context information from
the input text while generating coherent and contextually relevant output sequences.

For the pre-training model, BART is trained through the process of corrupting texts and
subsequently optimizing a loss function for their reconstruction, and different types of transfor-
mations were used: Token Masking, Token Deletion, Text Infilling, Sentence Permutation, and
Document Rotation.

Fine-tuning the BART model could be useful for several different tasks, such as text gener-
ation, translation, and comprehension.

The BART encoder processes the input sentence bidirectionally, while the decoder generates

the output sequence in an autoregressive way.

ABCDE
b4 K4S

Bidirectional |::> Autoregressive
Encoder _ Decoder

-

FFEff FF 11
A _B _E

\J

<s>ABCD

Figure 6: BART model, (4)

A graphical representation of the BART model is given in Figure 6.
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Using the author’s words (4), “a document has been corrupted by replacing spans of text with
mask symbols. The corrupted document (left) is encoded with a bidirectional model, and then
the likelihood of the original document (right) is calculated with an autoregressive decoder”.

During fine-tuning, an uncorrupted input is given both to the Encoder and Decoder.



CHAPTER 2

PREVIOUS WORKS

2.1 VAG

The VAG model is designed specifically for classification in CIL systems, utilizing various
techniques. During the training process, a pre-trained language model, denoted by M, is fine-
tuned using a specific training set, where each sentence is labeled. The model will generate an
output used to calculate the loss, which is then used to fine-tune the model. To predict the
best class of each sentence, a pool of all the seen labels, labeled as P, is maintained. When the
input sentence is given, label yg¢,, is generated, and during the inference phase cosine-similarity

is used to determine the best class:

Ypred = argmax(cos(embed(y), embed(ygen)))- (2.1)
yeP

The original embed function is the sentence transformer: paraphrase-MiniLM-L6-v2 (11).

The VAG model has a distinctive feature known as the VAG Loss. This is due to the
fact that a large number of tokens in the vocabulary are not actually used. To mitigate the
negative impact of catastrophic forgetting, the VAG model masks the unused tokens. The token

probability, given the embedded input z and the previously generated tokens Y7.;_1, is:

16
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exp(EyL fo4.. (2, Y1:i-1))
Zwelx G.CCp(EZ;fgdec (27 Yl:i—l)) ’

P(yilz, Y1:i-1) = (2.2)

E,, is the word embedding of w, while v is the vocabulary. Using a smaller v provides a better
accuracy of the model.

The VAG model applies Label-based Pseudo Replay to prevent catastrophic forgetting. This
involves augmenting the dataset with additional data related to past tasks and using them to
improve accuracy of each task.

VAG achieved higher accuracy than other techniques in different datasets and correctly

classified labels. The project aims to improve performance starting from this model.

VAG Loss

-| calendar update
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(CICRNOI0), ay b
Activated Vocabulary E
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-| ingredient substitution
Task 1

4 change language
Task 1

Add my dentist appointment m

to th lendar.
o the calendat Growing Label Pool P

i Training Sample Label K

i i

3 Add my dentist appointment to the calendar. calendar update i Task ¢

! q - 9 ) [ Augment
| There is no need to confirm my reservation.  cancel reservation ! Samples Label

' aee ' ¢!

' o i

| change translation language. change language 3 Label

1‘ improve credit rating score. improve credit score | Replay

Figure 7: Figure showing an overview of the original VAG model (5)
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Figure 7 shows how the VAG model is trained given a task ¢. The probability of the
next token is modified by masking the vocabulary and label-based pseudo-replay is applied for

augmenting the dataset.

2.2 EWC

Elastic Weight Consolidation (EWC) (12) is another technique used in machine learning
to overcome the problem of catastrophic forgetting. EWC helps the neural network to retain
important knowledge from previous tasks while learning new ones. This is obtained by cal-
culating the relevance of each weight in the neural network for a given task and constraining
future learning to avoid changing those important weights too much. EWC addresses this by
introducing a penalty term to the loss function during training. This penalty term encourages
the network weights to stay close to the values learned during previous tasks.

Given the task-specific loss function Lp(f), the current value of the i-th weight in the
network 6;, the value of the i-th weight after training on the previous task(s) 927“ the estimated
variance of the i-th weight, the Fisher information matrix F;, the new loss is calculated as:

A £ 2
L£(0) = Lp(0) + SFi(6: — 04) (2.3)
This technique will be used to support the multi-label VAG model, combining the two techniques

to achieve better performance.
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2.3 LAMOL

LAMOL (LAnguage MOdeling for Lifelong Language Learning) (13) introduces a novel
approach to Continual Learning and combines language modeling (LM) and question answer-
ing (QA) tasks into a single model, and it basically generates pseudo-old samples to prevent
catastrophic forgetting.

The QA tasks uses the context and tries to generate a correct answer, LM tasks try to
predict the next word or token given the previous words or tokens. It introduces a mechanism
to generate pseudo-old samples. This strategy involves creating samples that emulate the
data distribution of previously encountered tasks before initiating training on a new task. By
employing top-k sampling, the model constructs these pseudo samples, representing past tasks
(T'1,T2,...) up to the current task T%. This preemptive measure ensures that the model retains
knowledge from previous tasks while adapting to new ones. The new loss function generated

by the LAMOL is:

Lrorar = LQA + ALMm. (2'4)

Lqa is the loss obtained by the question-answering task, while Ly, is obtained by the language
modeling task.

This framework is typically used for TIL systems but can be adapted for CIL systems.
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2.4 PAGeR

PAGER (Prompt Augmented Generative Replay via Supervised Contrastive Learning) (14)
addresses the challenge of Continual Learning fine-tuning a model based on different techniques.
PAGER follows a process of joint fine-tuning for Lifelong Intent Detection (LID) and Labelled
Utterance Generation (LUG) tasks. This involves using a mix of labeled and pseudo-labeled
data and generating pseudo-labeled utterances for old intents based on stored prompts. Addi-
tionally, knowledge distillation transfers knowledge from the previous model to the current one.
The primary goal is to minimize the overall loss by combining all of the previously mentioned

techniques:

Lrorar, = MLip + A2Lkp + A3Lr + M Lscr, (2.5)

where Lip is the Lifelong Intent Detection Loss, Ly is the Labelled Utterance Generation loss,

Lxkp is the Knowledge Distillation loss, and Lgct is the Supervised Contrastive Training loss.

2.5 ACM

The Adaptive Compositional Modules (ACM) (15) are other types of modules used in
Continual Learning, based on the Adapter (16), another technique able to add modules for the
next tasks. The ACM is based on two different stages: the Decision Stage and the Training
Stage. The first stage is used to understand whether a new model should be added or is sufficient
to modify an old one. This is made by considering all the outputs of the modules, and, using

this information, a new possible module is added. For the Training Stage, pseudo-experience
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replay is used to avoid CF. The old modules are fine-tuned, and the new models are trained

from scratch.



CHAPTER 3

FIRST EXPERIMENTS AND ATTEMPTS

Several unsuccessful or insufficient trials were conducted before arriving at the final tech-
niques explained earlier, which will be described here.

These experiments will not be included in the next chapter (VAG Improvements) because
the accuracy was not sufficiently good to define them as an improvement, but it’s important
to describe them in order to understand the work that has been done and to arouse possible

future works for the lecturers.

3.1 New single labels for VAG

The initial experiment involved replacing the original labels of the Clinc150 and Banking77
datasets with the summaries generated from the training sentences. The summaries of varying
lengths, similar to the multi-label VAG, were used, but a single label did not provide accurate
results. The original labels are effective in describing each sentence using a limited number of

vocabulary tokens, making it challenging to improve the VAG with only one instance.

3.2 Key-words instead of labels

An experiment was conducted in this project to use keywords instead of labels for each class.
The aim was to ask a GPT to extract these keywords from the training dataset. Different lengths

of labels were tried, but the result did not meet expectations. One of the main reasons for the
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poor accuracy could be related to the sentence transformer, as it may not correctly capture the

meaning of a phrase given some words without syntax and context.

3.3 Jaccard similarity for inference

One experiment that aimed to improve the VAG model with a single label involved in-
troducing a new Jaccard similarity measure instead of using cosine similarity for inference.
The Jaccard similarity measures the similarity between two sets by dividing the size of their
intersection by the size of their union. It ranges from 0 (no overlap) to 1 (identical sets).

It was unnecessary to use a sentence transformer; the sentences were processed directly.
However, this change had a negative outcome, since the sentence transformer plays a crucial

role for the outcome of the model.

3.4 Labels sharing the LM-head.

In this case, the idea of more labels for each sentence in the dataset is already introduced,
and just like the multi-label VAG which will be shown in the next chapter, one or more labels
of each class are generated using a GPT, but using a single instance of the model.

The very first idea of the multi-label VAG was to use the same LM-head for each label,
such that they share the same neural network architecture. When calculating the multiple
losses, they were used to update the weights of one single LM-head. The results were not
satisfactory when using the same size of the neural network head with the same number of
layers and parameters. This could be because the different losses work on the same weights but

in a negative way overlapping the previous updates.



CHAPTER 4

VAG IMPROVEMENTS

Several studies are presented that showcase different techniques and approaches aimed at
enhancing the final accuracy of the VAG model. Three main experiments are highlighted, each

interconnected as they progressively improve upon the previous one:

1. The initial approach involves integrating a multi-label dataset, given more than one set of
labels for each class, with additional instances of the BART model. Each model will handle
a different set of labels. This step expands the dataset and introduces more complexity
to the learning process. Initially, a single label for each sentence will be added, working
with a total of two labels for each sentence and then two instances of the model. Then,

three total labels will be used, showing a more stable result than the previous one.

2. A new, more complex, and powerful sentence transformer will be tested, demonstrating
that employing a dataset with more articulate sentences as labels can enhance the fi-
nal accuracy. This improvement occurs because embedding the meaning of the phrase

becomes easier.

3. In the end, a combination of two techniques, VAG and EWC, will be demonstrated. These
two types of models are applied to a Two-Model dataset to calculate the final loss. This

process yields the best accuracy among all the methods reported here.
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4.1 Datasets

For all the studies, two distinct datasets were used to conduct comprehensive experiments
and evaluate the effectiveness of various techniques. These datasets played a crucial role in
our research, primarily focusing on the domain of text classification. In the classification task,
each sentence within the datasets is associated with a corresponding class label. The goal of
employing these datasets in our model is to accurately assign each sentence to the appropriate
category, thereby testing the efficacy of the proposed classification techniques.

Both of these datasets were originally used in the VAG experiments, making it possible to
compare the outcomes obtained from different proposed techniques.

The two datasets are: Banking77 (17) and Clincl50 (18).

e The Banking77 dataset comprises a collection of 7 distinct tasks, each task further divided

into 10 classes.

e The Clinc150 dataset includes a broader spectrum of 15 tasks, again with 10 classes each.

4.1.1 New labels for the dataset

Both Clinc150 and Banking77 datasets have been suitably modified by adding one or more
labels to ensure they have at least two. The newly added labels will include a brief class
summary with a specific maximum word limit. One of the main objectives of this project is to
investigate whether the label’s length can affect the model’s accuracy and, if so, how much. All

the experiments will be conducted using labels of four different lengths: 3, 5, 7, and 10 words.
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A generative Al language model based on GPT (10) (19) was used to generate new labels
for each class. The model was trained using some sentences from the training dataset and was
asked to summarize them with a given maximum length.

The quality of the summary is crucial for the model’s final outcome. Various types of
summaries have been attempted, such as only keyword usage, question generation, or generating
sentences similar to the original training dataset. The best solution is to make the summary
as simple as possible, avoiding synonyms or different words (generative Al models usually rely
on synonyms) in the training set since it will increase the number of words used from the

vocabulary.

4.2  Multi-Label VAG

The first experiment made to enhance the performance of the VAG model in Continual
Learning is to use the newly created multi-label datasets for a new complex VAG model with
more than one BART instance. This can be accomplished by fine-tuning more pre-trained
models using different losses and labels for each class. It will be shown how combining those
instances of the VAG model can increase the final accuracy. Figure 8 shows the idea of a Multi-
Label VAG with two instances. The figure and the meaning of the Multi-Label VAG will be
better described in the next subsection.

In the training process, the multi-label VAG behaves in a similar manner to the original
VAG. However, each instance of the model is fine-tuned, which results in the calculation of
one cross-entropy loss for every instance. Finally, these losses are used together to update the

weights of the model.
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During inference, given N the number of the used models and ygen,n the generated labels

by the model n, the Equation 2.1 will be obtained by:

Ypred = argmax Z (cos(embed(y), embed(ygen,n)))- (4.1)
yer neN

To predict the label for a given sentence, the cosine similarity is calculated between each
entry of the label pool of all previously seen labels and the label (ygenn) generated by the model
using the input sequence, similar to the original VAG. However, the prediction is now given by
the sum of the results of each instance, and the best label is found in the end.

The original VAG code (20) has been modified to allow the inclusion of new semantic labels.
For simplicity, let’s consider the VAG model with only two labels. Some methods and variables
have been duplicated, ensuring that different variables are used for each label. The process can
be extended for more than two labels; in fact, a VAG model with three labels will be shown

later. The description of the code is better analyzed in one of the next chapters.

4.2.1 Two-Label VAG

Initially, two labels were assigned for each class, and two instances of the BART model
were used, so N = 2. Each instance has its own label pool of classes, masked vocabulary, and
learning model head for all the tasks. Labels for different training sets of various sizes are used
to demonstrate how the accuracy is affected by the length of the class. The VAG model masks
unused vocabulary tokens; therefore, the accuracy during training is significantly influenced by

the size of the labels. However, the quality of each summary can affect this result.
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Generally, shorter summaries lead to better results. But if the summary is too short, it may

decrease the quality of the labels and accuracy due to the lack of context.

@ Two-Model VAG Loss

e

Model 1 f ‘\\ /,, T Model 2

LM-Head LM-Head Label Augmentation

A A

Decoder Decoder
* * Vocabulary Restriction
10000 @]

Encoder Encoder

Input sentence 4+ Label 1 + Label 2

Figure 8: General outlook of the Two-Model VAG during the training part.

Figure 8 illustrates how the Two-Model VAG works. The first model uses the input sentence
and the first label, while the second model uses the input sentence and the second label. Both
labels are also exploited for the original VAG techniques: Label Augmentation for increasing
the dataset and repeating the classes of the previous tasks and Vocabulary Restriction for

increasing the next-token probability, just like explained before.
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TABLE I: TABLES SHOWING THE ACCURACY USING THE TWO-MODELS VAG WITH
TWO DIFFERENT DATASETS

Banking 77

10 Words | 7 Words 5 Words 3 Words
Original Label | 0.361 0.317 0.437 0.369
Not Included
Original Label | 0.492 0.619 0.6025 0.408
Included

Clinc150

10 Words | 7 Words 5 Words 3 Words
Original Label | 0.51 0.593 0.647 0.606
Not Included
Original Label | 0.693 0.654 0.67 0.648
Included

Table I displays the variation in accuracy based on label length and whether one of the two
labels is the original one.

The original VAG model’s accuracy score is 0.55 for the BANKING77 dataset and 0.66 for
the CLINC150. If the original label is excluded from the dataset, the accuracy decreases, while
including it leads to a slight improvement. The second label is considered as a reference to
support the original label in choosing the right class and enhance the model’s accuracy.

The following experiment may lead us to some important considerations: when creating
summaries using the BART model, it’s important to avoid making them too short or too long.
If they’re too short, the model might generate overly simplistic sentences, which can add more

errors to the cosine similarity. On the other hand, if the summaries are too long, they can
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add too many tokens to the masked vocabulary, which can also cause issues in the model’s

performance.

4.2.2 Three-Label VAG

To assess whether increasing the number of models improves accuracy, a three-label VAG
model is introduced. This will help determine how adding more models impacts overall accuracy.

Table II shows how the accuracy varies using different label lengths, just like the model before.

TABLE II: TABLE SHOWING THE ACCURACY OF THE THREE-MODEL VAG, JUST
LIKE THE PREVIOUS CASE. THE ORIGINAL ACCURACY OF THE VAG MODEL IS
SHOWN TO DEMONSTRATE ITS IMPROVEMENTS.

Banking77

Original VAG | 10 Words | 7 Words | 5 Words | 3 Words
Original Label | —— 0.484 0.466 0.606 0.562
Not Included
Original Label | 0.549 0.578 0.572 0.575 0.575
Included

Clinc150

Original VAG | 10 Words | 7 Words | 5 Words | 3 Words
Original Label | —— 0.524 0.58 0.627 0.625
Not Included
Original Label | 0.657 0.665 0.666 0.684 0.666
Included

It is worth noting that the accuracy may be lower, in some cases, than the Two-Label
VAG; however, when the original label is included, it leads to a more consistent accuracy across

different label lengths.
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Figure 9: Graphs showing how the accuracy varies increasing the number of tasks for both
BANKING77 and CLINC150 datasets, comparing the original VAG accuracy with respect to
the Two-Label VAG and the Three-Label VAG.

The experiments were conducted using two or three labels per class. However, increasing the
number of labels could reveal whether accuracy improves due to higher precision or decreases
due to possible mispredictions. This experiment can be a possible future work, trying to
understand if and which is a good number of labels for each class.

Figure 9 shows the progress of the accuracy w.r.t. the classes. The Three-Model VAG
has better final accuracy, as shown by Table II too. The Two-Model and Three-Model VAG
curves are created by averaging the results of the sentences with 3, 5, 7, and 10 words. Just
like the original VAG has shown more room for improvement than the other CL. methods, the

Multi-Label VAG could even offer a wider opportunity for future research due to less forgetting.
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4.3 A new Sentence Transformer

A Sentence Transformer is a neural network architecture that transforms sentences into
vector representations, capturing their semantic meaning. As explained before, a sentence
transformer is used by the VAG model during the inference part. The label pool of all the
previously seen labels and all the outputs of the model are mapped using the transformer to
compare with the cosine similarity.

The sentence transformer used by the original VAG model during inference is paraphrase-
MiniLM-L6-v2, which converts each phrase into a 768-dimensional dense vector. Since in the
multi-label VAG, more complex sentences are used, a better embedding can be able to capture
more context with more detailed data, giving a better accuracy.

A new embedding, all—mpnet—base—v2 (link: https://huggingface.co/sentence-transformers/
all-MiniLM-L6-v2), has been introduced to demonstrate how the accuracy can be improved
with the use of a multi-label VAG. For the sake of simplicity, just the Two-Label VAG has been

employed, which is sufficient to demonstrate the improvement in accuracy on this dataset.

TABLE III: RESULTS OBTAINED USING THE NEW SENTENCE TRANSFORMER ” ALL-
MPNET-BASE”.

Original VAG + new | 10 7 Words | 5 Words | 3 Words
VAG transformer ‘Words
Banking77 | 0.552 0.534 0.553 0.615 0.6 0.561

Clinc150 0.657 0.661 0.706 0.67 0.686 0.664
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Figure 10: Graphs showing how the accuracy varies, increasing the number of tasks for both
BANKING77 and CLINC150 datasets, comparing the original VAG accuracy with respect to
the Two-Model VAG with a new sentence transformer.

Table III demonstrates that the new sentence transformer doesn’t improve the accuracy of
the original VAG model, instead, it decreases. However, the new sentence transformer improves
accuracy when paired with the Two-labels model (then with more complex phrases). This is
because the new sentences used as labels provide richer context compared to the simple keywords
used in the original model, and the new transformer provides richer quality than the first one
(source: https://www.sbert.net/docs/pretrained_models.html). Additionally, the next
chapter will show how the VAG+EWC model with the new sentence transformer achieves the
highest accuracy among the models compared.

Similar to the comparison shown in Figure 9, Figure 10 displays a comparison between the

VAG and the Two-Model VAG models that utilize the new sentence transformer. It focuses
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on the variation of the accuracy across multiple tasks, which again exhibits the new model’s
superiority.

4.4 VAG-EWC: two-model combination

An enhancement that can be implemented to improve the accuracy of the VAG model in-
volves integrating it with EWC. This combination aims to preserve the performance of older
tasks while still allowing for improvements on new tasks, thus striking a balance between re-
taining learned information and adapting to new data. In this scenario, the first instance of
the model uses the VAG-loss and label pseudo-replay; the second instance of the model exploits
the EWC technique. This is achieved through the use of a fisher buffer, which helps maintain
some good weight values.

For the sake of simplicity, a two-model VAG is shown, characterized by a dataset with the
original class label and a general summary sentence, to demonstrate the improvement over the
original VAG.

Figure 11 shows how the new VAG-EWC model works in broad outlines. Just like the Two-
Model VAG explained before (Figure 8), the input sentence and the two labels are respectively
passed to the two models during training, exploiting the Vocabulary Restriction and the Label
Augmentation. The second instance of the model uses the fisher matrix of the EWC technique
to maintain the best weights for the tasks unchanged. The new loss is then calculated, updating
the necessary weights.

The Table IV shows how the final accuracy in the two datasets is better w.r.t. the original

VAG accuracy.
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Figure 11: General outlook of the Two-Model VAG during the training part.

Original 10 Words | 7 Words | 5 Words | 3 Words
VAG
Banking77 | 0.552 0.656 0.619 0.647 0.616
Clinc150 0.657 0.71 0.698 0.7 0.677
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TABLE IV: RESULTS OBTAINED USING THE VAG-EWC MODEL, THAT COMBINES
THE TWO TECHNIQUES.
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Figure 12: Graphs showing how the accuracy varies, increasing the number of tasks for both
BANKING77 and CLINC150 datasets, comparing the original VAG accuracy with respect to
the Two-Label VAG and the Three-Label VAG.

For completeness, Figure 12 shows the performance of the VAG-EWC w.r.t. the original

VAG. The improvement is much more evident here, especially in the BANKINGT77 dataset.



CHAPTER 5

IMPLEMENTATIONS

This chapter will focus on how the previously cited techniques are implemented, analyzing
the modified parts of the code.

As was announced before, the skeleton of the model is the code of the original VAG model
(20). It will be properly modified to accommodate the new techniques presented before.

The original VAG project comprises multiple files and lines of code, making it difficult to
upload added or modified code here. Providing a theoretical description of the changes and
implementations would be more appropriate. Many functions and parts of code are from the

original VAG, and they just need an adaptation for handling more than one label.

5.1 Reading the new dataset

First, the new label set should be integrated to be used during both the training and
inference part. The original dataset is composed of three parts: text (the input sentence), label
(the number corresponding to the class), and semantic label (the real phrase, since VAG uses
it). The only thing that should be added is one or more semantic labels, depending on the

number of labels that should be added, like this example of Three-Model VAG:
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1 data = {’train’: {’text’: [], ’semantic_labels’: [],’semantic_labels1’: [1, °’
semantic_labels2’: [], ’labels’: [I},

2 ’test’: {’text’: [], ’semantic_labels’: [],’semantic_labelsl’: []1, °’
semantic_labels2’: [], ’labels’: []},

3 *dev’: {’text’: [], ’semantic_labels’: [], ’semantic_labelsi’: [], °’
semantic_labels2’: [],’labels’: []1}}

Depending on how the new labels are added, the dataset should be filled with the new data
(more information on the new dataset can be found in the Appendices). Once the dataset and
corresponding label sets are correctly filled, new data must be added due to the label replay
(augmentation) technique. Given a class, augmentation will be applied for each label.

The original VAG uses a preprocess function for handling the tokenizer, padding, and map-
ping from labels to indices for the targets. This function can be adapted to accommodate more
labels. For initializing the test/training setup and vocabulary restriction, the code is multiplied
based on the number of labels for each class. The vocabulary is then masked based on all the
labels, including the new ones.

5.2 Training Part

The training part of the original VAG, which can be considered as the fine-tuning of a pre-
trained BART model, is divided into different nested files. The innermost class is the heart of
the model since it is the modified BART in which the LM-Head is contained. This class will be
duplicated for the Two-Models VAG, replicated for the Three-Model VAG, and so on. It is also
the least modified class. Here, a sanity check of the restricted vocabulary is made, and, as it

was said before, a vocabulary for each set of labels is given. Once the input sentence and label
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are provided, the "LM logits” are calculated. These are the model’s raw output values before
applying the softmax function. Finally, the loss is calculated based on the masked vocabulary.

The instance of the previous class is called and created by another outer class that can be
considered as a sort of wrapper, combining the possible multiple instances of the Multi-Vag
model and containing the information related to the masked vocabularies, one for each set of
labels, and some functionalities related to the label replay of the VAG and the fisher matrix for
the EWC. This class takes all the outputs of the Multi-Label VAG given by the personalized
BART models and packs them for the calling function in order to use the loss for updating the
weights. For the Multi-Label VAG, some parts of the code should be multiplied to handle each
vocabulary and augmented labels, while the instances of the class are easily extended like this:

| self.model = MyBartForConditionalGeneration.from_pretrained(args.
model_name_or_path, args=args)
2 self .model2 = MyBartForConditionalGeneration.from_pretrained(args.
model_name_or_path, args=args)
3 self .model3 = MyBartForConditionalGeneration.from_pretrained(args.
model_name_or_path, args=args)
In this case, for example, a Three-Model VAG is used, handling independently and separately
each instance.
The last part of the training structure is a function, calling the previous class and passing the
input (sentence and multi-labels) to calculate the output, like this example for the Three-Label

VAG:

I outputs, outputsl, outputs2 = model (x*inputs)



V]

40

Those outputs are then used for the loss (both original loss and the label replay loss, calculated
by the augmented labels), applying the backward propagation:

ori_loss = ori_loss = outputs.loss + outputs2.loss + outputs3.loss
label_replay_loss = outputs.label_replay_loss + outputs2.label_replay_loss +

outputs3.label_replay_loss

3 loss = loss + self.args.lamb * label_replay_loss

For the VAG-EWC model, the approach is the same as the Multi-Label VAG, but one of the

two instances of the model is modified to handle the fisher matrix.

5.3 Inference part

The inference stage is the final step, and the major modifications related to the Multi-Label
VAG (such as adding new instances, modeling, and sharing functions) have already been covered
since they are the same as the training stage. As mentioned earlier, during the original VAG
inference, the cosine similarity is used to identify the best label from all of the previously seen
labels while comparing it with a label generated by the input test sentence.

In order to generate multiple labels, the code must be adjusted such that each input sentence
can produce one label per model. For example, given a Three-Label Model, a prediction of the

new label is:
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# generating outputs

outputs = self.model.generate (input_ids)
outputsl = self.modell.generate(input_ids)
outputs2 = self.model2.generate(input_ids)

# decoding outputs

decoded_labels = self.tokenizer.batch_decode(outputs, skip_special_tokens=True)
decoded_labelsl = self.tokenizer.batch_decode(outputsl, skip_special_tokens=
True)

decoded_labels2 = self.tokenizer.batch_decode(outputsQ, skip_special_tokens=
True)

# using embedder

embeds_for_retrieving = torch.tensor(self.embedder.encode(decoded_labels))
embeds_for_retrievingl = torch.tensor(self.embedder.encode(decoded_labelsl))
embeds_for_retrieving2 = torch.tensor(self.embedder.encode(decoded_labels2))

# calculate cosine similarity

cosine_sim = sim_matrix(embeds_for_retrieving, self.label_pools)
cosine_siml = sim_matrix(embeds_for_retrievingl, self.label_poolsl)
cosine_sim2 = sim_matrix(embeds_for_retrieving2, self.label_pools2)

7 # summing cosine similarities

cosine_sim = cosine_sim + cosine_siml + cosine_sim2
# predict new 1label
predictions = cosine_sim.argmax(dim=1)

pred_label = self.label2idx.to(predictions.device) [predictions]

First of all, the outputs are generated given the input sentence and the different mod-

els. Then, it is decoded, obtaining the real phrase instead of numbers (tokens). A sentence
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transformer is used to encode the newly obtained labels, and finally, the cosine similarity is
calculated using a label pool formed by all the classes seen before. The final array is calculated

by summing all the similarities, and the best label is predicted.



CHAPTER 6

CONCLUSION

This thesis’s main objective is to contribute to the progress of Continual Learning. Our
focus was on the VAG algorithm, which employs a combination of techniques from machine
learning and NLP and leverages new methods developed specifically for the model.

First, we modified the two datasets used by the original VAG for classification by adding
more labels for each class. These new labels summarize the different training sets, enhancing
the dataset.

We experimented with varying sizes for the label summaries. The main objective of this
experiment was to demonstrate how the accuracy and effectiveness of the model are affected
by the number of words used for each label. This can be due to either the inadequate class
description or an excessive number of words used in the vocabulary.

The modified VAG model can now simultaneously handle multiple labels for each class,
increasing the number of instances and fine-tuning them. We tested a Two-Labels VAG and a
Three-Label VAG, both of which showed improved accuracy.

We also improved the Multi-Label VAG by changing the sentence transformer used. Finally,
we combined the VAG model and the EWC model, resulting in the best average result among
all the experiments.

The thesis presented multiple ideas, each suggesting avenues for future works. A first

possible future work is to modify the BART pre-trained model, especially the LM-head size,
43
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trying to increase it in order to use a single instance of the model while working with a bigger
neural network. Due to several constraints that required more time, similar work was attempted
without altering the size of the LM-Head as mentioned in Chapter 3’s First Experiment And
Attempts.

Different sentence transformers could be tested to improve the accuracy of the summaries’
meaning capture, and other methods than the cosine-similarity can be tried, like Euclidean or
Minkowski distance.

Finally, one of the major tasks for the future is to automate Multi-Label VAG. This can be
achieved by using an already fine-tuned generative Al model that can create labels from the
training set and directly improve the dataset.

This thesis sheds light on the intricate dynamics of Continuous Learning and Lifelong Learn-
ing and could open the way for different research opportunities in this fascinating field. It has
significantly heightened our interest and curiosity. We hope that the insights and findings pre-
sented herein will serve as a valuable resource and a source of inspiration for those looking to

contribute to and possibly achieve breakthroughs in the realm of Continuous Learning.
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APPENDIX

EXAMPLES OF THE NEW DATASETS

A short part of the two datasets, properly modified for the Multi-Label VAG, Banking77

and Clinc150, will be shown here. The format of the two dataset is preserved, only the labels

are modified.

A.1 Banking77 dataset format

H Input sentence

Labels H

I ordered a card but it has not arrived. Help
please!

card_arrival — Card delivery status: still pending
— Card delivery status tracking assistance

I think someone else is using my card. There are
transactions I didn’t make.

compromised_card — Unauthorized transactions;
suspect card fraud — Suspected unauthorized card
usage reported

Why did I get charged a fee when I tried to obtain
cash?

cash_withdrawal_charge — Fee charged for cash
withdrawal — Surprised by ATM withdrawal fees

The Banking77 dataset is available in a CSV file format, separated into two files (train and

text) and consisting of two columns - the input sentence and the original label.

For the Multi-Label VAG, the same format and number of rows and columns are used, but

the second column is extended to have more than one label. The labels are separated by a
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particular set of characters, which in this case is ”——", as shown in the table. The separated

labels are then used in the code as explained in the previous chapters.

A.2 Clincl150 dataset format

Data file:
{ ] val " : [
[ "in spanish, meet me tomorrow is said how",
"translate -- Seek language translations. -- Translation assistance
required." 1],
] 2

"train": [

[ "ai, show me online options to order more checks for my usbank account",
"order_checks -- Ordering additional checks -- Reordering
checkbooks" 1,
P
"test": [
[ "if i lose my job will my credit score go down",
"improve_credit_score -- Boost credit score strategies -- Improve
credit rating methods" 1,
]
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Labels file:

{

"improve_credit_score -- Boost credit score strategies -- Improve credit rating
methods": 1,

"translate -- Seek language translations. -- Translation assistance required.":
35,

"order_checks -- 0Ordering additional checks -- Reordering checkbooks": 105,

}

The Clincl150 dataset comes in two JSON files: one file includes all the data, and the other
file contains the labels. The dataset is divided into three sets: validation, training, and test.
Each set has various sentences assigned to different classes. Every array inside the sets is two-
dimensional, where the first dimension represents the input sentence, and the second one is the
label. Like Banking77, each array’s second dimension has more labels for each class, separated

by a special character set. This extension is done for the labels file too.
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