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Abstract: Incremental learning, an essential facet of artificial intelligence (Al), involves the dynamic
acquisition and integration of knowledge from new data or tasks while preserving information from prior
experiences. Overcoming catastrophic forgetting and effectively adapting to evolving environments are
central challenges in incremental learning [1], [10]. This survey paper comprehensively explores the latest
advancements, methodologies, and challenges in incremental learning. We delve into various techniques,
ranging from regularization methods and rehearsal strategies to neural network modifications and transfer
learning. Through an in-depth analysis, we aim to elucidate the intricate landscape of incremental learning
and provide insights to inspire future research and development in this rapidly evolving field.

Index Terms - Incremental Learning, Catastrophic Forgetting, Regularization, Rehearsal Techniques, Neural
Network Modification, Transfer Learning, Experience Replay, Generative Replay, Elastic Weight
Consolidation (EWC), Synaptic Intelligence (S1), Knowledge Distillation, Fine-Tuning, Data Augmentation,
Generative Adversarial Networks (GANSs), Variational Autoencoders (VAEs), Multi-Task Learning,
Progressive Neural Networks (PNN), Meta-Learning, Challenges, Advancements.

1. INTRODUCTION

Incremental learning, also known as continual learning or lifelong learning, is an approach in artificial
intelligence (Al) and machine learning where a model learns and adapts to new data continuously over time.
Instead of training a model from scratch every time new data becomes available, incremental learning allows
the model to update its knowledge and parameters incrementally, incorporating new information while
retaining previously learned knowledge [2], [5], [6].

The main goal of incremental learning is to enable Al models to efficiently adapt to changing or evolving
data distributions, concepts, or tasks without losing the knowledge gained from previous experiences [5]. This
is particularly important in scenarios where the model needs to handle a stream of data or adapt to new tasks
without sacrificing performance on previous tasks.

2. CHALLENGES IN INCREMENTAL LEARNING

Incremental learning in Al is a challenging research area, and it comes with several notable issues and
challenges. Addressing these issues is crucial to ensure that Al models can effectively learn and adapt to new
information while retaining previously acquired knowledge. Below are the details of the few notable issues of
the incremental learning.
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2.1.  Catastrophic Forgetting

Catastrophic forgetting, also known as catastrophic interference, is a phenomenon that occurs in incremental
learning when a machine learning model, originally trained to perform a set of tasks, significantly and abruptly
forgets or loses its ability to accurately perform one or more of those tasks after being trained on new, unrelated
tasks. Essentially, the model forgets previously learned information or representations when learning new
tasks, leading to a catastrophic decline in performance on the old tasks.

This forgetting happens because as the model is exposed to new data or tasks, it needs to update its internal
parameters to learn the new task. However, in the process of updating, the model may unintentionally modify
the parameters associated with earlier learned tasks, effectively overwriting the existing representations.

The catastrophic forgetting phenomenon is particularly common in neural networks and other machine
learning models with a fixed capacity or limited resources. When the model attempts to optimize its parameters
to perform well on the new task, the parameters associated with the old task are adjusted, often leading to a
deterioration in performance on the previous task. Catastrophic forgetting is a significant issue in incremental
learning that needs to be mitigated.

2.2.  Stability-Plasticity Dilemma
In order to understand stability-plasticity dilemma we need to explain the terms stability and plasticity.

Stability: The term stability refers to the ability of a learning system to retain previously learned information
without being significantly influenced or disrupted by new data or experiences. A stable system ensures that
important and well-established knowledge remains intact and is not easily forgotten or overwritten by new
information.

Plasticity: The term plasticity refers to the ability of a learning system to adapt and learn from new information,
experiences, or data. A highly plastic system can quickly incorporate and adjust to new information, enabling
it to learn and adapt to changing environments or tasks [3], [4].

The stability-plasticity dilemma arises from the inherent tension between these two aspects:

Overemphasizing Stability: If a system prioritizes stability too much, it may become resistant to learning new
information, making it difficult to adapt to new tasks or environments. This results.in a rigid system that is
unable to effectively update its knowledge base with new experiences.

Overemphasizing Plasticity: On the other hand, if a system prioritizes plasticity excessively, it may forget or
overwrite previously learned information too quickly, resulting in a system that is unstable and unable to retain
important knowledge.

Finding the right balance between stability and plasticity is crucial for achieving efficient and effective
lifelong learning in artificial intelligence systems.

2.3.  Concept Drift

Concept drift in incremental learning refers to the phenomenon where the statistical properties or the
underlying structure of the target variable (the concept) change over time. In other words, the relationships
between the input features and the target output may change, making the model's learned knowledge become
outdated or less accurate as new data is encountered.

Concept drift can occur due to various reasons:

Environmental Changes: Changes in the environment generating the data, such as shifts in user preferences,
market dynamics, or technological advancements, can lead to concept drift. For instance, consumer behaviour
in e-commerce may change with trends or economic shifts.
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Data Source Changes: If the data source itself changes, such as a sensor being recalibrated, or data being
collected from a different source, it can introduce concept drift. This is common in applications like sensor
networks or medical monitoring.

Sudden Events: Unforeseen events, such as a sudden market crash or a pandemic, can drastically alter the
relationships between features and the target variable, causing abrupt concept drift.

Gradual Evolution: The concept might evolve gradually over time due to a slow change in user preferences,
seasonality, or other long-term trends. An example could be changing preferences in fashion.

Concept drift is a critical challenge in real-world applications of machine learning, especially in scenarios
where data is dynamic and subject to change. Addressing concept drift ensures that models remain accurate
and relevant in continuously evolving environments.

2.4.  Limited Memory and Computational Resources

This issue refers to the challenges and limitations associated with processing and storing a large volume of
data and knowledge over time in a resource-constrained environment. Real-world applications often have
constraints on memory and computational resources.

Limited Memory: In many real-world scenarios, especially in resource-constrained devices or systems, there
is a finite amount of memory available to store data and model parameters. Over time, as the system learns
from new tasks or experiences, the memory can become saturated, making it difficult to retain all the
information from past tasks.

Computational Resources: Incremental learning often requires significant computational resources, including
processing power and time, to adapt to new tasks, update model parameters, and manage the continuous influx
of data. As the number of tasks and data instances grows, the computational demands increase accordingly. In
resource-constrained settings, these computational demands can become a bottleneck, affecting the efficiency
and speed of the learning process.

2.5. Data Imbalance

Data imbalance, in the context of incremental learning, refers to a situation where the distribution of classes
or categories in the dataset is highly skewed, meaning that one or a few classes have significantly more
instances (data points) compared to others. This can cause the learning model to be biased towards the majority
class, leading to suboptimal performance on minority classes. In the context of incremental learning, this
imbalance can change over time as new data is acquired, making it challenging to maintain model performance
across all classes.

For example, consider a medical diagnosis application where there are many more examples of healthy
patients (majority class) compared to patients with a rare disease (minority class). If new data introduces more
instances of the rare disease, the class distribution changes, and the model must adapt to this shift.

The data imbalance issue present significant challenges in incremental learning.
2.6.  Generalization and Transferability

The generalization and transferability issue in incremental learning pertains to the ability of a model to
generalize well on new tasks or unseen data and transfer its learned knowledge effectively from previously
learned tasks to new, related tasks. These issues are essential in ensuring that a model can learn, retain
knowledge, and adapt to novel tasks or data distributions, especially in an incremental learning setting.

Generalization: Generalization refers to how well a model can accurately predict or classify unseen or new
data that it hasn't been explicitly trained on. In incremental learning, it is important that the model can
generalize well to new data associated with the same or similar tasks. However, as the model learns new tasks
incrementally, there is a risk of overfitting to the specific characteristics of the training data for the most recent
task, potentially leading to a decrease in generalization performance on past or future tasks.
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Transferability: Transferability, in the context of incremental learning, refers to the ability of a model to
transfer knowledge or information gained from learning one task to another, related task. Effective
transferability implies that the knowledge learned from earlier tasks can positively influence the model's
performance on new, related tasks. However, the presence of catastrophic forgetting or interference can hinder
the transferability of knowledge, making it challenging to efficiently apply previously learned information to
aid in the learning of new tasks.

2.7. Evaluation Metrics

The evaluation metrics issue in incremental learning pertains to the challenges associated with selecting
appropriate metrics to evaluate the performance of a model as it learns and adapts incrementally to new tasks
or data over time. Traditional evaluation metrics may not effectively capture the model's performance in such
dynamic, evolving scenarios, making it essential to carefully choose or adapt evaluation criteria to suit the
incremental learning context.

Below are the key aspects of the evaluation metrics issue in incremental learning:

Changing Task/Objective: In incremental learning, the tasks or objectives may change over time as new tasks
are introduced. Traditional evaluation metrics may not be directly applicable or meaningful for all tasks,
making it challenging to have consistent evaluation criteria across different tasks.

Task Heterogeneity: As tasks may be heterogeneous in nature, each task might require a specific set of
evaluation metrics that align with its unique characteristics and goals. Choosing appropriate metrics becomes
crucial to accurately reflect the model's performance for each task.

Performance on Previous Tasks: Evaluating the model's performance on previously learned tasks is critical
in incremental learning. However, conventional evaluation metrics may overlook the model's ability to
maintain good performance on older tasks while learning new tasks, leading to an incomplete assessment of its
capabilities.

Trade-offs and Balancing: Evaluating a model's performance in incremental learning often involves trade-
offs between optimizing for new tasks and maintaining performance on old tasks. The evaluation metrics need
to strike a balance to reflect both aspects adequately.

Incremental learning is an active area of research in Al, Researchers and practitioners are actively working
to develop strategies and algorithms that mitigate these issues and advance the field of incremental learning,
aiming for models that can continually learn, adapt, and improve their performance over time.

3. METHODS TO MITIGATE CHALLENGES

Addressing the challenges which we discussed above demands a strategic and nuanced approach, one that
involves considering the unique intricacies of incremental learning and implementing methods that facilitate
seamless adaptation and growth without disrupting existing knowledge structures. This survey explores few
of the effective strategies to mitigate these challenges and optimize the process of incremental learning,
ensuring a harmonious integration of new knowledge while preserving the foundation of prior learning.

3.1. Rehearsal Techniques

Rehearsal techniques involve storing and utilizing past experiences (data or feature representations) during
training on new tasks. By replaying or reusing these experiences alongside new data, the model can retain
knowledge and prevent catastrophic forgetting.

Experience Replay: Experience Replay involves storing a subset of data or feature representations from
previous tasks in a replay buffer. During training on a new task, a mini-batch of samples is drawn from this
buffer and combined with the current task's data. The model is then trained on this mixed dataset, effectively
reliving past experiences alongside learning the new task. By continuously exposing the model to older
experiences, it can retain knowledge and generalize better to both old and new tasks. Experience Replay
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mitigates catastrophic forgetting by periodically reintroducing past experiences, ensuring the model retains
knowledge from earlier tasks.

Generative Replay: Generative Replay utilizes generative models like GANs or VAESs to create synthetic
data samples resembling those from past experiences. These synthetic samples are mixed with real data from
the current task, forming a combined dataset for training. The synthetic data allows the model to learn from
past experiences even when the original data is no longer available. Generative Replay addresses catastrophic
forgetting by providing a way to include past experiences in the training process, even when the original data
Is not accessible [8].

3.2. Regularization

Regularization methods impose additional constraints or penalties on the model's parameters during
training to prevent drastic changes that might lead to catastrophic forgetting. The objective is to ensure that
the important parameters associated with previous tasks are preserved while the model adapts to new tasks.

Elastic Weight Consolidation (EWC): EWC introduces a regularization term into the loss function during
training for a new task. This term is based on the importance of each parameter, which is computed using the
Fisher Information Matrix. Parameters that were crucial for previous tasks have higher importance values.
The regularization term penalizes significant changes in these important parameters, preventing the model
from deviating too far from its original configuration in those dimensions. EWC helps retain knowledge by
ensuring that the model does not make large changes to the weights associated with previous tasks [7]. It
strikes a balance between learning new tasks and maintaining the previously learned knowledge.

Synaptic Intelligence (SI): Sl also introduces a regularization term based on the importance of parameters,
similar to EWC. However, it estimates parameter importance differently by measuring the change in the loss
with respect to each parameter during training on previous tasks. Parameters that had a higher impact on the
loss are considered more important and are penalized to retain their values. The regularization term constrains
the updates to these important parameters, reducing the risk of catastrophic forgetting [9]. SI is more
computationally efficient than EWC and provides a way to estimate parameter importance without storing
information about previous tasks. It achieves a similar objective of preserving knowledge from earlier tasks.

3.3.  Knowledge Distillation

Knowledge distillation is a technique used to transfer knowledge from a larger, more complex model
(referred to as the "teacher™) to a smaller, simpler model (referred to as the "student™). The aim is to improve
the performance and generalization of the student model by leveraging the knowledge and insights gained by
the teacher model.

Below is a step-by-step explanation of how knowledge distillation works:

1. Teacher Model Training: Train a larger, more complex model (the teacher) on the task of interest using
a standard supervised learning approach. The teacher model achieves high performance and learns
complex relationships in the data.

2. Soft Targets Generation: For each example in the training dataset, obtain the teacher model's predictions,
usually in the form of probabilities or softened outputs (e.g., softmax probabilities over classes) [10].
These softened outputs are referred to as "soft targets."

3. Student Model Training: Train a smaller, simpler model (the student) on the same task using the original
training dataset. In addition to using the true labels (hard targets) for training, use the soft targets
generated by the teacher model.

4. Loss Function Design: Define a loss function that guides the student model to mimic the teacher's
behaviour. Commonly used loss functions include the Kullback-Leibler divergence or Mean Squared
Error (MSE) between the soft targets produced by the teacher and the student's predictions.

5. Combined Loss Minimization: Minimize a combined loss that consists of both the traditional cross-
entropy loss (using hard targets) and the knowledge distillation loss (based on soft targets). The weights
on these losses are often adjusted using a hyperparameter (e.g., temperature) to balance the influence of
each component.
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LC= o * CE(SP,TL) + 8 * DL(SP,ST)

Where,
LC: Loss_combined
CE: CrossEntropy
SP: Student_predictions
TL: True_labels
ST: Soft_targets
a and S are hyperparameters controlling the relative importance of the two components.

6. Optimization: Optimize the combined loss using backpropagation and gradient descent (or its variants)
to update the parameters of the student model.

The intuition behind knowledge distillation is that the soft targets from the teacher model contain valuable
knowledge about the underlying relationships in the data, even beyond what is captured by the hard labels.
By incorporating this additional information during training, the student model can learn to generalize better
and achieve performance closer to the teacher model.

This technique is particularly useful when deploying models with limited computational resources (e.g.,
for edge devices) or when aiming for a more efficient and compact model without sacrificing performance.

3.4. Network Modification

Network modification involves altering the architecture or parameters of a neural network to accommodate
new tasks or data. This process allows the network to learn and adapt to new information while preserving
knowledge from previous tasks.

Fine-Tuning: Fine-tuning begins with a pre-trained model, which could be a neural network or any other
machine learning model. The model's parameters are adjusted, typically by reducing the learning rate, during
training on a new task. These slight parameter updates allow the model to adapt to the specifics of the new
task while retaining the knowledge learned from the initial pre-training.

Network Expansion: Network expansion involves the addition of new layers, nodes, or modules to the
existing neural network architecture. The new components are specifically designed to capture the
characteristics of the new task, while the previously learned layers remain relatively untouched. This
expansion provides the model with increased capacity to learn new concepts without significantly altering the
existing network.

Dynamic Network Architectures: Dynamic architectures enable the network to modify its structure to
incorporate new knowledge. This can involve adding new units, layers, or modules as the model learns. The
dynamic network architecture adapts to the task at hand, allowing for the seamless integration of new
information without necessitating extensive retraining.

3.5. Data Augmentation and Synthesis

Generative Adversarial Networks (GANs): GANs consist of two components: a generator and a
discriminator. The generator creates synthetic data samples, while the discriminator evaluates the authenticity
of these samples. During incremental learning, GANSs generate synthetic data similar to the training data from
previous tasks. This additional data augments the current training dataset, providing a broader range of
examples for the model to learn from.

Variational Autoencoders (VAES): VAEs are probabilistic generative models that learn a probabilistic
representation of the data. VAEs encode the data into a lower-dimensional space and decode it to generate
new data samples. During incremental learning, VAES generate synthetic data samples based on the
probabilistic model, creating additional training data to improve the model’s ability to generalize to new tasks.

3.6.  Transfer Learning:
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Multi-Task Learning: Multi-task learning involves training a single model on multiple related tasks
simultaneously. The shared features and parameters learned across tasks can aid in transferring knowledge
between tasks. The model learns to solve each task while simultaneously benefiting from the knowledge and
features acquired from other related tasks.

Progressive Neural Networks (PNN): PNN trains separate neural networks for each new task while retaining
connections to the previously learned networks. This allows for knowledge transfer between tasks. As new
tasks are encountered, new networks are progressively added to the architecture, and knowledge from
previous networks is preserved, avoiding catastrophic forgetting.

Meta-Learning Approaches: Meta-learning trains models to adapt quickly to new tasks by pre-training on
a variety of related tasks. The model learns a good initialization or adaptation strategy from the experiences
of different tasks. This enables the model to rapidly adapt to new tasks, leveraging prior learning experiences
and strategies.

These methods are crucial for addressing the challenges associated with incremental learning in Al,
ensuring that the model can adapt and learn efficiently from new data or tasks without forgetting previously
acquired knowledge.

4. APPLICATION OF INCREMENTAL LEARNING

Incremental learning, a dynamic approach in the field of machine learning, plays a crucial role in scenarios
where data evolves or streams over time. Unlike traditional batch learning methods, incremental learning
allows models to continuously update and enhance their knowledge by learning from new data instances
without retraining on the entire dataset. This adaptability is invaluable in a multitude of applications. From
personalizing recommendations in e-commerce and detecting evolving fraud patterns in financial transactions
to predicting traffic flow in smart cities and monitoring patient health in healthcare systems, incremental
learning enables real-time adjustments and improvements, making it a powerful tool for managing evolving
data and adapting to changing circumstances across various domains. Also, the role of advanced tools required
using ML and ESPs [11-93] are becoming important in recent applications, recognition and control.

5. CONCLUSION

In this survey we discussed about the incremental learning technique, challenges to its implementation in
real time scenarios, methods to overcome the challenges and its application in the industry. The ability of
incremental learning to continuously update and refine models based on incoming data, without the need for
retraining on the entire dataset, is a game-changer. As research-and technology progress, further advancements
in incremental learning techniques and their integration into various domains are anticipated, ultimately
contributing to more efficient, adaptive, and responsive Al systems that can keep pace with the evolving world
of data and user preferences.
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