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Abstract 
Self-supervised learning (SSL) has emerged as a prominent paradigm within the field of machine 

learning, presenting a unique approach to training models in the absence of labeled data. This review 

paper delves into the theoretical underpinnings of self-supervised learning, offering a comprehensive 

survey of diverse methods and their applications. The primary objective is to provide a holistic 

understanding of the evolving landscape of SSL, exploring the theoretical frameworks that drive its 

effectiveness and versatility. 

The survey begins by elucidating the fundamental principles that distinguish SSL from traditional 

supervised learning paradigms. It discusses the key concepts of pretext tasks, where the model is trained 

to predict certain aspects of the input data, and subsequent downstream tasks, which leverage the learned 

representations for specific applications. Various theoretical perspectives are explored, ranging from 

information theory to cognitive science, shedding light on the underlying mechanisms that enable self-

supervised models to learn meaningful representations. 

A critical analysis of prominent SSL methods follows, categorizing them based on the nature of pretext 

tasks, such as contrastive learning, generative modeling, and predictive learning. Each category is 

scrutinized in terms of theoretical motivations, algorithmic implementations, and empirical successes. 

The survey extends its focus to real-world applications across domains such as computer vision, natural 

language processing, and audio signal processing, illustrating the adaptability and efficacy of SSL 

methodologies. 

Furthermore, the paper addresses challenges and open questions within the realm of SSL, paving the way 

for future research directions. It emphasizes the need for a unified theoretical framework to guide the 

development of novel SSL methods and foster a deeper understanding of the learning dynamics involved. 

 

Keywords: Self-supervised learning, theoretical perspectives, survey, machine learning, pretext tasks, 

downstream tasks, contrastive learning 

 

Introduction 

The realm of machine learning has witnessed significant advancements in recent years, with 

self-supervised learning emerging as a prominent paradigm that transcends traditional 

supervised and unsupervised learning approaches. This review paper delves into the theoretical 

underpinnings of self-supervised learning, presenting a comprehensive survey of methods and 

applications that have propelled this innovative field forward. 

Self-supervised learning represents a paradigm shift in machine learning, challenging the 

conventional reliance on labeled datasets for training. Unlike supervised learning, where 

models learn from explicitly labeled examples, and unsupervised learning, which seeks to find 

patterns in unlabeled data, self-supervised learning leverages inherent structures within the 

data itself to generate supervisory signals. This novel approach holds the promise of 

overcoming data labeling challenges, making it particularly appealing in scenarios where 

annotated datasets are scarce or expensive to obtain. 

The theoretical foundations of self-supervised learning draw inspiration from diverse 

disciplines, including computer vision, natural language processing, and reinforcement 

learning. By capitalizing on the intrinsic information present in raw data, self-supervised 

models aim to autonomously uncover relevant features and representations, obviating the need 

for extensive labeled datasets. The survey encompasses a comprehensive exploration of the 

underlying theories that form the bedrock of self-supervised learning, shedding light on the 

key principles and methodologies that enable models to learn effectively from the data itself. 

The diverse set of methods within self-supervised learning is a testament to its versatility  
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across domains. From contrastive learning and generative 

modeling to pretext tasks and auxiliary learning, this review 

paper navigates the rich landscape of techniques employed in 

self-supervised learning. Each method is scrutinized for its 

theoretical underpinnings, strengths, and potential limitations, 

providing readers with a nuanced understanding of the 

evolving methodologies within this dynamic field. 

Beyond methodological considerations, the survey places a 

significant emphasis on real-world applications where self-

supervised learning has demonstrated its efficacy. Whether 

applied in computer vision tasks such as image recognition 

and object detection, natural language processing tasks like 

language understanding and sentiment analysis, or even 

extending to broader domains like healthcare and autonomous 

systems, self-supervised learning has showcased its 

adaptability and potential for transformative impact. 

In essence, this review paper serves as a roadmap through the 

theoretical landscapes and practical applications of self-

supervised learning. By synthesizing insights from diverse 

theoretical perspectives and surveying an extensive array of 

methodologies and applications, it aims to provide a 

comprehensive resource for researchers, practitioners, and 

enthusiasts keen on unraveling the intricacies of self-

supervised learning in the pursuit of building more robust and 

adaptable machine learning systems. 

 

Self supervised learning 

Self-supervised learning represents a groundbreaking 

paradigm in machine learning that diverges from traditional 

supervised and unsupervised approaches. In this innovative 

approach, models are designed to learn representations from 

the inherent structures within the data itself, eliminating the 

conventional reliance on labeled datasets for training. This 

review aims to provide a comprehensive understanding of the 

theoretical foundations, methodologies, and applications that 

characterize the dynamic landscape of self-supervised 

learning. 

At its core, self-supervised learning addresses a critical 

challenge in machine learning — the scarcity and expense of 

labeled data. While supervised learning hinges on explicit 

labels to guide the learning process and unsupervised learning 

seeks patterns in unlabeled data, self-supervised learning 

harnesses the data's intrinsic information to generate its own 

supervisory signals. By doing so, this approach opens new 

avenues for training models in scenarios where acquiring 

large annotated datasets is impractical or cost-prohibitive. 

The theoretical underpinnings of self-supervised learning 

draw inspiration from various disciplines, reflecting a diverse 

array of methodologies tailored to specific domains. Unlike 

traditional supervised learning, which assumes access to 

labeled data, self-supervised learning employs a range of 

techniques to create proxy or pretext tasks from the unlabeled 

data itself. These pretext tasks serve as a form of self-

generated supervision, enabling the model to learn meaningful 

representations without explicit human-provided labels. 

The survey navigates through a myriad of self-supervised 

learning methods, shedding light on their theoretical 

motivations and practical implications. Contrastive learning, a 

prevalent technique, involves training the model to bring 

similar instances closer in the representation space while 

pushing dissimilar instances apart. Generative modeling, 

exemplified by methods like Generative Adversarial 

Networks (GANs) and Variational Autoencoders (VAEs), 

frames self-supervised learning as a generative task, where 

the model learns to recreate the input data. 

Pretext tasks, another category within self-supervised 

learning, involve creating auxiliary tasks from the original 

data. For instance, in natural language processing, sentences 

can be split into two parts, and the model is tasked with 

predicting one part from the other. The survey explores these 

diverse methodologies, providing insights into their 

theoretical motivations, strengths, and potential challenges. 

Beyond theoretical considerations, the review delves into real-

world applications where self-supervised learning has 

demonstrated its versatility. In computer vision, self-

supervised models excel at tasks such as image recognition, 

object detection, and semantic segmentation. In natural 

language processing, these models prove effective in language 

understanding, sentiment analysis, and even machine 

translation. Furthermore, the survey extends its exploration 

into broader domains, including healthcare and autonomous 

systems, showcasing the adaptability of self-supervised 

learning across various applications. 

In conclusion, this review serves as a comprehensive guide to 

the evolving landscape of self-supervised learning. By 

elucidating the theoretical foundations, exploring a diverse 

range of methodologies, and highlighting applications across 

domains, it provides a valuable resource for researchers, 

practitioners, and enthusiasts eager to grasp the intricacies of 

this transformative approach. As self-supervised learning 

continues to reshape the machine learning landscape, this 

survey aims to foster a deeper understanding and inspire 

further advancements in this dynamic field. 

 

Related Work 

Computer Vision (CV) 

In the realm of Computer Vision (CV), Sharma et al. 

introduced a fully convolutional volumetric Autoencoder 

(AE) for unsupervised deep embeddings learning of object 

shapes. Self-Supervised Learning (SSL) has been extensively 

applied to diverse facets of image processing and CV, 

including but not limited to image inpainting, human parsing, 

scene deocclusion, semantic image segmentation, monocular 

vision, person re-identification (re-ID), visual odometry, 

scene flow estimation, knowledge distillation, optical flow 

prediction, vision-language navigation (VLN), physiological 

signal estimation, image denoising, object detection, super-

resolution, voxel prediction from 2D images, ego-motion, and 

mask prediction. These applications underscore the broad 

impact and relevance of SSL in the realm of image processing 

and CV. 

 

SSL Models for Videos 

SSL has garnered widespread usage across various 

applications within the domain of video processing, including 

video representation learning and video retrieval. Wang et al. 

utilized a vast collection of unlabeled web videos for learning 

visual representations, employing visual tracking as a self-

supervised signal. Srivastava et al. proposed a composite self-

supervised model integrating a long short-term memory 

(LSTM) AE and an LSTM-based future prediction model, 

serving the dual purpose of input reconstruction and future 

prediction. 

 

Temporal Information in Videos 

Various forms of temporal information in videos have been 

explored, including frame order, video playback direction, 

video playback speed, and future prediction information. 
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Studies have investigated the significance of frame order, 

odd-one-out learning, temporally shuffled frames, and 

temporally shuffled clips. Additionally, temporal direction 

analysis and video playback speed prediction have been 

addressed as self-supervision signals for video representation 

learning. 

 

Motions of Objects in Videos 

SSL methods focusing on motions in videos have been 

explored, such as dynamic motion filters for enhancing 

motion representations and SSL with videos (CoCLR) bearing 

similarities to SimCLR. 

 

Multi-Modality Data in Videos 

The interconnected nature of auditory and visual components 

in videos has been leveraged for SSL. Korbar et al. employed 

a self-supervised temporal synchronization approach for 

comprehensive models in both video and audio analysis. 

Studies have also explored joint video and audio modalities 

and tri-modal approaches involving vision, audio, and 

language in videos. 

 

Spatial-Temporal Coherence of Objects in Videos 

SSL algorithms have been developed to enhance spatial-

temporal coherence in videos. Wang et al. introduced a self-

supervised algorithm for learning visual correspondence in 

unlabeled videos using cycle consistency in time. Extensions 

of this work have been explored for pixel-level tracking, 

depth map consistency, and the "video cloze procedure 

(VCP)" for spatial-temporal representations. 

 

Universal Sequential SSL Models for Image Processing 

and CV 

Contrastive predictive coding (CPC), initially applied to 

sequential data like speech and text, has found applicability to 

images. Inspired by GPT in NLP, iGPT investigates whether 

similar models can effectively learn representations for 

images. iGPT explores autoregressive prediction and a 

denoising objective, similar to BERT. ViT, adopting a 

transformer architecture for vision tasks, has demonstrated 

outstanding performance in image classification tasks and 

extended to various vision-related applications. 

 

Natural Language Processing (NLP) 

In the realm of Natural Language Processing (NLP), 

pioneering SSL works on word embeddings include 

continuous bag-of-words and continuous skip-gram models. 

SSL methods like BERT and GPT have found widespread 

application in NLP. SSL has also been applied to other 

sequential data, including sound data. 

 

Other Fields 

Within the medical field, SSL has proven effective for tasks 

such as medical image segmentation and 3D medical image 

analysis. In the remote sensing domain, SSL applications 

leverage the abundance of large-scale unlabeled data. For 

instance, SeCo uses seasonal changes in Remote Sensing (RS) 

images for contrastive learning, while RVSA employs a 

rotated varied-size window attention mechanism pre-trained 

with the generative SSL method MAE on the MillionAID 

dataset. 

 

Methodology Review 

The exploration of theoretical perspectives on Self-Supervised 

Learning (SSL) involves a comprehensive review of diverse 

methodologies employed in Computer Vision (CV), videos, 

Natural Language Processing (NLP), and other fields. This 

section dissects the methodological landscape, shedding light 

on the key approaches that have shaped the understanding and 

evolution of SSL. 

 

Computer Vision (CV) 

In the realm of CV, Sharma et al. introduced a fully 

convolutional volumetric Autoencoder (AE) for unsupervised 

deep embeddings learning of object shapes. SSL, applied 

extensively in image processing and CV, encompasses a 

myriad of tasks, including image inpainting, human parsing, 

scene deocclusion, semantic image segmentation, and more. 

Notable methods include contrastive learning, generative 

modeling, and predictive learning, each contributing to the 

broad impact and relevance of SSL in the CV domain. 

 

SSL Models for Videos 

SSL has been harnessed in video processing, where Wang et 

al. utilized unlabeled web videos for learning visual 

representations, leveraging visual tracking as a self-

supervised signal. Srivastava et al. proposed a composite 

model integrating a long short-term memory (LSTM) AE and 

an LSTM-based future prediction model, providing a dual-

purpose framework for input reconstruction and future 

prediction. 

 

Temporal Information in Videos 

Temporal dynamics in videos have been exploited as self-

supervision signals, including the order of frames, video 

playback direction, and video playback speed. Studies by 

Misra et al., Fernando et al., Lee et al., and Xu et al. delve 

into the importance of frame order, odd-one-out learning, 

temporally shuffled frames, and temporally shuffled clips, 

respectively, for effective SSL in video representation 

learning. 

 

Motions of Objects in Videos 

SSL methodologies focusing on motions in videos, such as 

dynamic motion filters and CoCLR, contribute to enhancing 

motion representations, particularly for applications like 

human action recognition. 

 

Multi-Modality Data in Videos 

The interconnected nature of auditory and visual components 

in videos has led to SSL approaches leveraging joint video 

and audio modalities. Explored a tri-modal approach 

involving vision, audio, and language, while Sermanet et al. 

proposed a self-supervised technique for learning 

representations and robotic behaviors from unlabeled videos 

capturing various viewpoints. 

 

Spatial-Temporal Coherence of Objects in Videos 

SSL algorithms addressing spatial-temporal coherence in 

videos, such as the cycle consistency method and the "video 

cloze procedure (VCP)", contribute to the effective learning 

of rich spatial-temporal representations. 

 

Universal Sequential SSL Models for Image Processing 

and CV 

Universal SSL models, initially designed for sequential data 

like speech and text, have found applicability in image 

processing and CV. Contrastive predictive coding (CPC), 
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initially applied to sequential data, has been extended to 

images, while models like iGPT and ViT explore transformer 

architectures, achieving remarkable performance in image 

classification and various vision-related tasks. 

 

Natural Language Processing (NLP) 

In NLP, SSL methods like BERT and GPT have found 

widespread application. Pioneering SSL works on word 

embeddings, such as continuous bag-of-words and continuous 

skip-gram models, have paved the way for effective SSL in 

understanding and processing natural language. 

 

Other Fields 

SSL's efficacy extends to fields with limited labeled data, 

such as the medical field. SSL has been effectively employed 

for medical image segmentation and 3D medical image 

analysis. In the remote sensing domain, SSL leverages large-

scale unlabeled data, as demonstrated by SeCo and RVSA, 

showcasing the adaptability of SSL across diverse domains. 

 

Future Outlook 

As the landscape of Self-Supervised Learning (SSL) 

continues to evolve, several promising directions and 

challenges emerge, suggesting a vibrant future for the field. 

One notable avenue for exploration lies in the development of 

unified theoretical frameworks that can guide the creation of 

novel SSL methods. The synthesis of insights from 

information theory, cognitive science, and related disciplines 

is crucial for a deeper understanding of the learning dynamics 

inherent in SSL models. 

The integration of SSL methodologies into real-world 

applications is poised to witness unprecedented growth. The 

adaptability and efficacy of SSL in diverse domains, 

including computer vision, natural language processing, and 

medical imaging, forecast its pivotal role in addressing data 

scarcity challenges. Moreover, the potential expansion of SSL 

into emerging fields such as robotics, autonomous systems, 

and augmented reality presents exciting possibilities for the 

deployment of self-supervised models in complex, dynamic 

environments. 

While SSL has demonstrated remarkable success, challenges 

persist, necessitating further research. The exploration of 

more nuanced pretext tasks, the refinement of model 

architectures, and the establishment of benchmarks for 

comprehensive evaluation are critical tasks. Additionally, the 

ethical implications of SSL applications, such as bias 

mitigation and robustness against adversarial attacks, demand 

careful consideration to ensure responsible and equitable 

deployment. 

 

Conclusion 

In conclusion, the journey through the theoretical perspectives 

and methodological intricacies of Self-Supervised Learning 

(SSL) unveils a rich tapestry of innovation and potential. The 

field's foundation, rooted in diverse disciplines such as 

information theory and cognitive science, provides a robust 

theoretical framework for understanding the mechanisms 

underlying SSL's success. As evidenced by an extensive 

survey, SSL has transcended theoretical boundaries to impact 

a myriad of applications in computer vision, natural language 

processing, medical imaging, and beyond. 

The versatility of SSL methodologies in real-world scenarios 

is striking, offering a solution to the perennial challenge of 

data scarcity. The array of applications, ranging from image 

processing to video analysis, exemplifies the adaptability and 

efficacy of SSL across diverse domains. Notably, the 

expansion of SSL into novel fields, including robotics and 

augmented reality, promises to reshape the technological 

landscape. 

Looking forward, the future of SSL holds exciting prospects 

and challenges. The development of unified theoretical 

frameworks will guide the creation of sophisticated SSL 

models, fostering a deeper understanding of the learning 

dynamics involved. As SSL becomes increasingly integrated 

into practical applications, addressing challenges such as 

nuanced pretext tasks, model architecture refinement, and 

ethical considerations becomes imperative. 

In this evolving landscape, SSL stands at the forefront of 

machine learning paradigms, offering a pathway to leverage 

unlabeled data effectively. The interdisciplinary nature of SSL 

research ensures a holistic approach to future challenges, 

driving innovation, and contributing to the broader 

advancements in artificial intelligence. The journey through 

SSL's theoretical foundations and practical applications 

underscores its transformative potential, paving the way for a 

new era in self-supervised learning methodologies. 
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