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Abstract

In recent years, generative artificial intelligence (GAI) has achieved significant success, enabling individuals to
create texts, images, videos, and even computer codes, while providing insights that may not be accessible through
traditional tools. To foster future research, this paper presents a concise overview of the current and historical trends
of GAI over the past 70 years. The successes are categorized into four groups: (i) Generative systems can be rule-
based, operating according to specific rules and instructions, or model- based, generating outputs by applying
models to input data. (ii) Generative algorithms are those that create new content using statistical or graphical
models. (iii) Deep generative methodologies employ deep neural networks to learn how to generate new content
from data. (iv) Trained foundation models, which are trained on large datasets, can generate a variety of images.
The paper also discusses successful applications of generative systems and identifies open challenges arising from
unresolved issues. Furthermore, this paper outlines potential research areas to better realize and exploit GAI
technologies.

Keywords: artificial intelligence, foundation model, generative method.

I. Introduction
Generative Artificial Intelligence (GAI) is a type of artificial intelligence algorithm and model that can generate novel
content, such as text, images, videos, and problem- solving strategies, with the creativity and flexibility of humans. The
last few years have seen GAI experience an unprecedented progress. It is worth noting that the Al application ChatGPT [1]
is able to converse with humans in more than 80 languages and can execute a variety of tasks that require a text-based
answer. It also has the ability to create visual, audio and multimedia content. This incredible advancement is due to the
evolution of artificial intelligence that has taken over 50 years to achieve. Such milestones as Deep Learning, Transformer
architecture, and foundation models have been established. This article is a historical analysis of GAI in terms of its
systematic review. The area is modern GAI made possible by programmable computing systems. The development of GAI
is divided into four big stages, which show the great technological progress.

(1) Rule-based generative systems: Early history Rule-based systems were first developed in the 1950s, and had the
ability to produce content autonomously. Such systems were based on predetermined rules that were designed by
human professionals. At this stage, the expert systems were successful in domain specific tasks but their scalability
and flexibility was limited.

(2) Generative algorithms based on models: Generative algorithms using statistical and mathematical models were
subsequently developed by researchers. This phase increased GAI in fields like machine learning, neural networks,
computer graphics, and computer vision. Applications such as computer animation and procedural content generation
turned out to be more dependable and started to take over manual human activities.

(3) Deep generative techniques: As the amount of computational resources and data increases, deep neural networks
[2], [3] have been shown to perform better at content generation [4]. Generative models like autoregressive models [5]
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and diffusion models [6] became potent and influential methods of generating high- quality outputs. Also, the methods
of deep learning greatly contributed to the development of computer graphics and visual synthesis [7], which allowed
creating realistic and scalable content in various fields. Recent developments in deep learning have greatly enhanced
the ability and upscaling of generative models in open environments. These models have now the ability to work in
various fields, process unstructured data, and produce high-fidel results with minimal human involvement. Deep
generative systems have been found to be applicable to the real world due to the integration of big data and high-
performance computing, which has allowed strong generalization and flexibility.
(4) Foundation models:

A recent breakthrough in GAI is the emergence of generative pre-trained transformers (GPTs) [8]-[10], a well- known
type of foundation model. Transformer-based models are models that operate on large datasets and use massive deep
learning methods. Their parameter and training data scalability results in the unprecedented performance
improvements such as the high-quality content generation, natural human-like interaction and task generalization.
Subsequently, foundation models have emerged as the engine of the current content generation systems, such as
ChatGPT. This rapid growth of GAI has changed content/services production so that it is now possible to create
multimedia information and also more structured outputs which include plans, source code and even biological
sequences. Implementation of the GAI technologies has been extended to various sectors especially after foundation
models have been successful. Generative approaches have been used in traditional industries like manufacturing, in
new arenas like autonomous driving [11] and in the highly technical science of molecular design [12]. The
development of GAI technologies over time (Fig. 1) demonstrates several milestones, such as Generative Adversarial
Networks (GANSs), diffusion models (DDPM), Neural Radiance Fields (NeRF), and 3D Gaussian representations.
These advancements underscore the accelerated rate of development of generative methods between theoretical
framework and practical, scalable solutions.

This paper will discuss the exemplary generative methods in the following sections, discusses their advantages and
disadvantages and examines successful examples in the wide variety of disciplines. In addition, it addresses open
research issues and provides a description of the possible future directions of the sphere of generative artificial
intelligence.
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Figure_1: Timeline of the development of GAI methods and applications.

RULE-BASED GENERATIVE SYSTEMS

Automatic generation of data can be traced back to the 1950s when the symbolic artificial intelligence developed. In this
initial stage, which is conceptually represented in Fig. 2(a), scientists created rule-based systems by formalizing human
knowledge in computational systems. These systems were based on clearly defined logical rules to do generative tasks.
Typically, such programs [13] consisted of two main components: a generation engine and an interpreter. The generation
engine has the task of generating data based on specified logical and symbolic operations. It is constructed on a knowledge
base which comprises of rules and facts. The pairs of rules that human experts develop include antecedents and consequents
in the shape of condition-action pairs [14]. Such rules are symbolically coded and inbuilt into the system via programming.
Nonetheless, these rules tend to be task-oriented and do not possess the ability to generalize. Therefore, subsequent works
[15] extended systems based on rules to deal with other applications like dialogue systems, machine translation, and
automated reasoning.

Besides rules, facts, which reflect structured information about propositions [13], properties [14] and relationships among
entities [16] are also part of the knowledge base. The generation engine considers the rules one by one when an input signal
that carries factual information is given. When a rule matching is found, the system creates the new facts by executing a
matching rule. The generation cycle is complete as this process of reasoning is repeated until a set of predetermined
termination conditions are met. Even though the first artificial intelligence was based on rule-based generative systems,
such systems are limited by scalability and adaptability because they require hand-written rules. However, they still have
value to learn about the historical development of generative artificial intelligence and the shift to more sophisticated
learning-based methods.
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Interpreter and Applications of Rule- Based Generative Systems

The interpreter of rule-based generative programs is an important element in enhancing transparency and explainability. It
helps humans to reason the logic behind the functions carried out by the generation engine. In particular, the interpreter
converts the underlying rules and actions to human readable explanations [17]. This is done by translating the logical form
of rules into descriptive forms that will enable users to easily understand how decisions are arrived at. It is important to
note that the interpreter itself can be executed through rule-based mechanisms, but these rules are different than the ones
implemented in the process of generation. In consequence, generative systems that are based on rules are commonly
described as white-box models, in which the reasoning process can be completely explained. This transparency helps in
debugging, verification as well as changing the system even when the generation process gets complicated. Generative
tasks Generative tasks were commonly used between the 1950s and 1990s using expert systems based on user-written rules
and knowledge bases. Such systems worked well especially in areas where specialized knowledge was needed. Early
chatbots, machine translation systems and speech synthesis systems are prominent applications. ELIZA, which was
designed by Joseph Weizenbaum in 1966, is one of the first examples of a rule-based chatbot. ELIZA was a simulation of
a psychotherapist that used pattern matching and response generation to respond to user inputs according to a set of rules.
Its success was due to the fact that it was working within a limited conversational space, where rule-based methods could
convincingly simulate human interaction. Later research [18] expanded the capabilities of chatbots to imitate other roles,
including patients with psychological disorders. These systems however had no understanding of the context and were
confined to tasks that were small in definition. It was also in this period that machine translation systems were proposed
with the first being proposed in the late 1950s. Such systems featured elaborate linguistic and grammatical regulations, as
well as the structured bodies of knowledge with language-specific information. Gradually, the rule-based translation
systems were further advanced with the help of the contributions of computational linguists and domain experts. One
remarkable instance is SYSTRAN [19], launched in 1968, that was still used during decades in the web-based translation
services.

Likewise, the initial speech synthesis systems were designed in the rule-based way. The model suggested by Gunnar Fant
and others in the 1960s [20] used linguistic and phonetic rules to recreate speech production and relate phonetic units.
Though the speech synthesized had a mechanical sound and was not really fluent, it was understandable and could be used
in practice, including assistive technologies and automatic announcements.

Rule-based generative systems have limitations, although the initial success. One of the biggest struggles is dealing with
situations which are not covered by the prior rules. In practice, it is not viable to foresee and code all the possible scenarios,
resulting in a lack of robustness and flexibility. Moreover, the complexity of the system correspondingly increases the
amount of required rules, so system design, maintenance, and updates become more and more resource-consuming. These
constraints eventually spurred a shift to data-driven and learning-based generative methods.

Generative Algorithm Model-Based

To overcome the limitations that are inherent in rule-based methods, researchers considered generative algorithms based
on mathematical and statistical principles. This paradigm has become the default in generative artificial intelligence (GAI)
as shown in Fig. 2(b) conceptually. Here we discuss model- based methods, especially methods by statistical machine
learning and neural computation, as they are of considerable importance to contemporary GAI

A. Statistical Machine Learning Models

Statistical machine learning is concerned with the development of algorithms that do not rely on a set of explicitly defined
rules but learn patterns directly based on data. These models can be generally classified into discriminative and generative
models [21]. Unlike discriminative models, which predict outputs based on the inputs provided, generative models learn
the underlying data distribution and produce new samples by inferring or sampling. Generative modeling has grown to be
explicit and implicit since the 1960s. Explicit modeling methods presume the characterization of the data distribution
directly. The most notable of these is the probabilistic graphical models [22], in which nodes are random variables and
edges are probabilistic relationships. Such models are based on generating data as an inference problem on partially
observed variables. The likelihood-based methods, including the expectation—-maximization (EM) algorithm, are
commonly used to optimize these models [23].

An important assumption made in most probabilistic models is the Markov property [24] which assumes that future states
are only dependent on the present state. Hidden Markov Model (HMM) [25] is a continuation of this idea, but it adds latent
variables that control observable data. This framework has been widely used in sequential data generation. Markov random
fields and Bayesian networks [29] have been further developed and are effective to model dependencies between various
variables and generate structured data.

Another type of explicit generative models is autoregressive models [5], although they are more useful with sequential
data. These models produce data elements sequentially, conditioned by already generated data elements. It was used early
on in speech and language modeling in the 1980s [30], and then in neural autoregressive models in the 1990s [31].
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More recently, scales of autoregressive models to large neural architectures have been developed, starting with the
Transformer architecture [8], and are the basis of more recent neural systems, including GPT models [9]. Implicit
generative modeling methods have become of interest as well. An example is the normalizing flows [32], which converts
simple probability distributions into complex probability distributions by way of invertible mappings. Diffusion-based
models are based on non-equilibrium thermodynamics and can be seen as a stochastic process model of data generation
[6]. This was formalized subsequently in probabilistic models [33]-[35] and grouped together in the form of differential
equations [36]. Never fully exploited, their successors, probabilistic diffusion models [37], [38] and flow- matching
methods [39], took a central role in the current generative Al.

B. Generative Models Based on Neural Networks

Another major branch of model-based generative algorithms is based on artificial neural networks. Artificial neurons have
their roots in early research of biological neural systems [40], and their mathematical basis in linear regression models
[41], [42]. Neural networks can be used to generate data because they can model complex data distributions by using
nonlinear activation functions. A number of neural network designs have been designed to facilitate generative modelling.
Some of the earliest neural networks were the feed-forward neural networks [44], which are largely popular because of
their simplicity. CNNs [45] are specifically efficient in image-related tasks whereas Recurrent Neural Network (RNNs)
allow modelling the sequential data. RNNs have their theoretical basis in the models of statistical mechanics that were
suggested by Wilhelm Lenz [47] and Ernst Ising [48].

The more advanced architecture like the Amari-Hopfield network [50], [51] was capable of associative memory, which
enabled storage and retrieval of patterns. Later, Long Short-Term Memory (LSTM) networks [52] enabled the capability
to capture long-range connections between sequential data, greatly boosting text and speech generation.

Neural generative modeling is further expanded into energy-based models. These are models that take the form of an energy
function on data configurations, with lower energy implying higher probability. One well-known such model is the
Restricted Boltzmann Machine (RBM) [55], which learns hierarchical data representations with a two-layer architecture.

C. Generative Model training and Inference

Modern neural generative models heavily depend on the backpropagation algorithm. Backpropagation, first described by
Seppo Linnainmaa [56] and popularised by Paul Werbos [57], is an efficient approach to computing gradients based on the
chain rule. It has been the commonly used technique to optimize neural networks since the 1980s [58], [59].

Generative models are used to make inferences by generating new data samples based on the learned distributions.
Nevertheless, precise inference is usually computationally infeasible [60], thus giving way to approximate inference
methods. There are two main methods that are commonly employed: Stochastic approximation: Markov Chain Monte
Carlo (MCMC) [61], [62] are methods that build up Markov chains whose stationary distribution is an approximation to
the target data distribution. Variational inference: This method estimates complicated distributions with the help of less
complicated parameterized distributions and optimizes them with metrics like the evidence lower bound (ELBO) [67], [68].

D. Discussion and Limitations

Model-based generative algorithms have much better generalization and flexibility than rule-based systems. They have
allowed significant improvements, including the development of statistical machine translation that overtook rule- based
systems in the 1980s, and came to dominate speech and language processing in the 1990s. Also, these methods have been
used in the visual data generation tasks e.g. texture synthesis and image fusion.

However, challenges remain. High dimensionality data presents computational complexity, commonly known as the curse
of dimensionality and constrains scalability in some real world applications. Nevertheless, the model- based approaches
provided the fundamental basis of the modern deep generative models and are still relevant in the evolution of advanced
GALI systems.

Graphics-Based Generative Models

Generative approaches to graphics concentrate on visual representation using physically based modeling and rendering.
These methods are based on the theory of vision developed by David Marr [69] that offers a computational structure to
reconstitute the shape and appearance of real world scenes. In this paradigm, the process of rendering, which involves
combining materials, textures, lighting and geometry to generate realistic visual outputs, is used to generate content. More
recent work [7], [70] has incorporated deep learning methods into graphics pipelines, thus applying graphics-based
methods to the field of generative artificial intelligence (GAI). Graphics-based methods are used to build three- dimensional
(3D) scenes with explicit or implicit representations. Geometric primitives, point clouds [71] and voxels [72] are
intuitive and interpretable, and have been popular in early work. Conversely, implicit representations represent scene
information using deep neural networks, and the continuous functions can be rendered at any resolution and viewpoint.
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The graphics-based model rendering techniques can be divided into two broad categories: rasterization and ray tracing.
Computationally efficient Rasterization methods [73] — [75] are a good fit where a real-time rendering is required, e.g. in
video games and interactive simulations. In contrast, more realistic images (with reflections, refractions, shadows) are
generated using the ray tracing methods [76] - [78], but at a much greater cost in terms of computation. These two
schemes are complementary and are commonly used jointly in contemporary rendering systems. Specialist computing
hardware has also led to significant progress in graphics-based generative models. In 1999, the first Graphics Processing
Unit (GPU) was introduced and transformed the way rendering worked as it allowed rasterization to be done in parallel.
The viability of using artificial neural networks on GPUs was later demonstrated by Oh Kyoung-Su and Jung Keechul [81],
which was an important milestone to modern GPUs-accelerated deep learning. The GAI systems have become
indispensable in terms of hardware components being used over the years. Also, standard graphics programming interfaces
like OpenGL [79] and Direct3D [80] have facilitated hardware- Independent development and simplified rendering
pipelines.

Generative methods using graphics have been widely used in computer animation and visual media. In 1958, the earliest
computer-generated movie was released and ushered in the use of generative graphics in media creation. The breakthrough
of the first fully computer- generated feature film Toy Story was a milestone in showing the commercial viability of the
graphics-based generation. These techniques have since become the key to industries like film making, video games and
virtual reality allowing highly realistic environments and advanced visual effects to be produced.

DEEP GENERATIVE METHODOLOGIES

The renaissance of Deep Learning [82],[83] has played a major role in significant progress in generative artificial
intelligence (GAI). Increasing the depth of neural networks around 2011 pioneering studies [2] confirmed that the deeper
the neural network, the better it was able to learn hierarchical data representations, performing almost or even better
than humans in classification tasks. This was also confirmed by later studies [3], [84], which made deep neural networks a
leader in artificial intelligence. Deep neural networks have since found widespread application in generative problems [4],
[85], and have shown impressive abilities in the modeling of complicated data distributions and the production of very
realistic results.

A. Deep Network Architectures

The work on deep neural network architectures to model generative processes can be broadly divided into two directions:
the improvement of recurrent neural network (RNN)-based models and the developments that are fueled by attention
mechanisms.

Innovations in better RNN structures enabled the first advancements in sequence modeling. As an example, Felix Gers et
al. [86] proposed a type of recurrent networks that have forget gates to more effectively handle long-term dependencies.
This idea was developed into the concept of gated architectures like Gated Recurrent Unit (GRU) [87], which use update
and reset gates to control the flow of information. The extent to which the past information is retained is determined by the
update gate and the discarding of past information is determined by the reset gate. These architectures are computationally
efficient and suited to real-time generative applications, but have limitations in the ability to capture very long-range
dependencies.

One of the significant advancements in deep learning architecture is the introduction of the Transformer architecture
[88]. The input of data in transformers is in the form of tokens which are the basic units of data. In natural language
processing, tokens can be words, characters, or sub word units, and again, this is determined by the tokenization strategy
[89]91]. Models that use transformers enable working with multimodal data, such as text, images, and audio, which makes
them state-of-the-art in addressing a variety of generative tasks.

Transformers are based on two processes positional encoding and self-attention. Positional encoding provides sequence-
order information to input embeddings, and allows the model to learn the structure of sequential data. The self-attention
mechanism attaches the adaptive weights to various inputs enabling the model to put emphasis on the most important
information. This design allows transformers to successfully learn long- range dependencies which is a major strength
compared to the traditional RNN- based architectures. Moreover, transformers are very well-suited to parallel computation
in GPUs leading to effective training and inference.

Recent studies have generalized transformer structures to computer vision work. Vision transformers (ViTs) [90], [92]
split images into fixed-size patches and encode them into a sequence of tokens, thus harmonizing the processing
architecture of visual and textual data. Moreover, a few papers have worked on how to enhance the efficiency of
transformers, such as linearized attention models [93], [94], sparse attention models [95], and approximation models [96].

In addition to transformers, other architecture types have been inspired by attention mechanisms. As an example, graph
attention networks [97] are useful at modelling structured data like social networks and protein interaction graphs. Capsule
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Network [98] and State Space Model [99] are other emergent architectures that are intended to maintain hierarchical
relationships in data and scalable frameworks of long-sequence modelling, respectively.

Deep Generative Models

Deep generative models are a type of machine learning models that are based on deep neural networks to learn complex
data distributions and produce new samples. These models are based on different generative theories, and the most popular
ones are Generative Adversarial Network (GAN), Variational Autoencoder (VAE), and Diffusion Model.

A. Generative Adversarial Networks (GANs)

This has been the case with generative adversarial networks (GANs) [100], [101] as they are able to produce extremely
realistic data. GANs are comprised of two rival neural networks; a discriminator and a generator. The generator is supposed
to make synthetic samples, which are similar to real data whereas the discriminator tries to differentiate between the real
and the generated samples. This is modeled as a minimax game, with both networks playing improved to a Nash
equilibrium, the generated samples are then indistinguishable to real data.

GAN-based models [102]-[105] have some important benefits regarding controllability and high-quality synthesis. As
an example, StyleGAN [104] allows controlling images at the pixel level with semantics that are in fine-grained mode.
Moreover, GANs are computationally inexpensive to infer as opposed to conventional graphics-based algorithms.
Nonetheless, GANs are affected by a famous drawback mode collapse, the inability of the generator to produce all the
diversity of the data distribution. Training instability is a significant problem, in spite of a number of solutions [106] that
have been suggested to alleviate this problem, large-scale models are particularly a challenge.

Advantages of deep generative
models
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Figure 2: Deep Generative Methodologies

B. Variational Autoencoders (VAEs)

Another notable deep generative model that learns data distributions in a latent space is the variational autoencoder (VAE)
[107]. A VAE is made up of two primary parts: an encoder which converts the input data into a latent representation, and a
decoder which re-creates the data in terms of that latent space. The model, during training, minimizes reconstruction error but
constrained by the latent distribution to approximate a predefined prior distribution.

VAE-based models [108], [109] are a complement to GANs that are more exhaustive of the data distribution. The latent
space can be sampled to generate various and hitherto unknown data points. But VAEs generally yield less sharp and
blurrier outputs than GAN-generated ones, as the results are obtained through a probabilistic reconstruction process.

C. Probabilistic Diffusion Models

The most recent advancement in generative modeling is probabilistic diffusion models [37], [38]. These models consider data
generation as a stochastic process with two steps: forward diffusion process and reverse denoising process. Noise in the
forward process is progressively injected into real data until it becomes indistinguishable to random noise. This is then reversed
using the model that is trained to remove noise to rebuild meaningful data.

The most recent studies have been working towards enhancing the performance of diffusion models by techniques like latent
diffusion [110], introduction of discriminative priors [111], and model distillation [112]. Diffusion models have shown
remarkable results in various generative tasks, especially in zero-shot environments, where they are capable of creating new
and very realistic images. Nevertheless, such models demand large computational power to be trained and inferred, and in
many cases, they surpass the needs of GAN-based ones.
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D. Applications and Impact

Deep generative models, being more efficient in high-dimensional data, have been substituting traditional methods of statistics
since the late 2010s. They have been able to produce unprecedented flexibility and realism due to their capability to utilize
large-scale datasets. In most instances, the content that is created by GAI has become unrecognizable to real world
information.

Transformer based generative models have also broadened the area of application, such as language translation, document
generation and code synthesis. Audio models, like Wave Net [113], have been shown to be able to produce highly realistic
speech and music. Also, programs like Face Swap [114] demonstrate the possibilities of deep generative models in
manipulating media, both generating and posing challenges and raising ethical issues.

Deep Generative Grammar of Graphics

The effective use of deep neural networks in three-dimensional (3D) perception and scene understanding has motivated the
desire to combine learning-based models with conventional rendering methods. But classical rendering pipelines are generally
not differentiable in terms of model parameters, so they cannot be optimized using gradient-based methods. To overcome this
limitation, recent studies have been devoted to differentiable rendering frameworks that allow end-to- end learning and
optimizing representations of 3D scenes directly. Differentiable rendering makes the gradient flow forward through the
rendering process, and neural networks to learn scene geometry, appearance, and lighting in one network. The most notable
one is the Neural Radiance Field (NeRF) [7], a framework of implicit neural representations of scenes. This method is based
on the concepts of ray tracing, in which the multi-layer perceptron is trained to approximate a continuous volumetric field
that characterizes the scene. Using volume rendering methods, NeRF approximates how light interacts with the scene,
allowing the generation of photorealistic images of arbitrary viewpoints.

Later research has tried to make neural rendering computationally efficient. An example is the sparse voxel representations
proposed by Guy Fridovich-Keil et al [115] to render images fast but with high visual quality. More recently, an
alternative has appeared, 3D Gaussian Splatting [116], which uses rasterization pipelines and neural point-based
representations, and is also efficient. This approach allows real-time execution whilst maintaining high-quality image
synthesis, and is especially applicable in interactive applications. Improved hardware has helped in the use of deep
generative learning in graphics as well. Realistic rendering has been made possible by recent advances in ray tracing
algorithms, made possible by the modern GPUs. These techniques enabled the production of very realistic digital avatars
in commercial movies during the 2010s. In addition, the visual integration has been facilitated by the hybrid rendering
methods where computer-generated imagery is integrated with a live-action footage. Super-sampling using deep learning
methods have also increased the efficiency of rendering as they allow real-time ray tracing at high resolutions, including
4K, on consumer- level GPUs. The developments have been instrumental in the creation of immersive technologies, such
as virtual reality (VR), augmented reality (AR), and mixed reality (MR). Consequently, the deep generative learning has
become a pillar of the creation of interactive and photorealistic digital environments.

FUTURE DIRECTIONS (with IEEE Citations)

Generative artificial intelligence (GAI) applications built upon foundation models have become the dominant paradigm in
recent years. However, these models inherit several vulnerabilities, and research on GAI safety continues to lag behind
rapid technological advancements. In this section, we outline critical challenges and promising future directions for the
development of safe, reliable, and scalable GAI systems.

A. Safety and Governance Challenges Value alignment:

A fundamental challenge in GAI is ensuring alignment with human values and intentions. Models must generate content
that is helpful, ethical, and resistant to misuse. Achieving this objective requires robust evaluation frameworks capable of
measuring alignment performance [161]. Current evaluation methods, largely based on statistical metrics, are insufficient
to capture nuanced human preferences. Therefore, future research must focus on developing comprehensive alignment
strategies and guidelines that reflect diverse societal values.

Source identification:

The increasing realism and manipulability of GAI-generated content raise concerns regarding authenticity and intellectual
property. It is essential to develop reliable mechanisms for tracing the origin of generated content. Techniques such as
digital watermarking and cryptographic signatures are promising solutions; however, embedding robust and tamper-
resistant identifiers without degrading usability remains a significant technical challenge.

Security regulations:

The rapid deployment of GAI technologies necessitates the establishment of regulatory frameworks to ensure ethical
development and usage. Organizations such as IEEE and ISO play a crucial role in defining standards for safe Al practices.
Developers must adhere to these guidelines, ensuring that their systems do not cause harm. Additionally, mechanisms for
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auditing, correcting, or retracting harmful models should be implemented, analogous to the peer-review and retraction
processes in scientific research.

B. Emerging Research Directions Unification of modalities:

Although recent advancements have enabled integration between text and image modalities, the fusion of multiple
modalities—including text, images, video, audio, and structured data—remains an open challenge. Future research must
address cross-modal alignment and interaction among heterogeneous systems [162], enabling seamless multimodal
reasoning and generation.

Deciphering GAI models:

Understanding the internal mechanisms of GAI systems is essential for transparency and trust. Current interpretability
approaches [163] provide heuristic insights but lack rigorous theoretical grounding. Integrating principles from physics-
inspired domains such as thermodynamics [38] and Electrodynamics [164] offers promising directions for improving model
interpretability. However, these approaches must be formalized within computational frameworks to ensure reliability and
reproducibility.

Learning from synthetic data:

The growing availability of synthetic data generated by GAI systems presents new opportunities for machine learning.
Such data can reduce labeling costs, augment existing datasets, and support knowledge transfer. While traditionally viewed
as interpolations of existing patterns, modern GAI systems can generate novel and meaningful data representations.
Consequently, synthetic data may become a dominant resource for training future Al systems.

Supervision beyond human capability:

Historically, generative models have relied on human-curated data and supervision. However, recent advancements in
reinforcement learning have demonstrated that models can achieve high-level reasoning capabilities without explicit human
supervision [165]. This raises the possibility of developing systems with superhuman performance through self-
improvement. As these capabilities evolve, it becomes critical to design new learning paradigms that ensure such systems
remain aligned with human interests and are subject to effective regulatory control.

CONCLUSION

This work has presented a comprehensive overview of the historical evolution and current advancements in generative
artificial intelligence (GAI). The methodologies were systematically categorized into four major paradigms: rule-based
generative systems, model- based generative algorithms, deep generative methodologies, and foundation models. Each
paradigm was analyzed in terms of its underlying principles, technological characteristics, and practical applications.
Rather than exhaustively reviewing all existing literature, this study emphasized representative approaches that illustrate
the fundamental ideas and developmental trends in GAI. The transition from symbolic rule-based systems to data-driven
and learning-based approaches highlights the progressive shift toward scalability, adaptability, and generalization. In
particular, the emergence of Deep Learning and Transformer architecture has enabled significant breakthroughs in
generative capabilities, culminating in the development of large-scale foundation models such as ChatGPT. These models
demonstrate remarkable performance across diverse domains, including text, image, audio, and multimodal content
generation. Despite these advancements, several challenges remain. Issues related to model interpretability, ethical
alignment, computational efficiency, and security continue to pose significant barriers to the safe and sustainable
deployment of GAI technologies. This work has highlighted these concerns and discussed emerging research directions
aimed at addressing them, including multimodal integration, explainability, and the use of synthetic data.In conclusion,
GAI represents a rapidly evolving field with transformative potential across numerous disciplines. The methodologies and
strategies discussed in this paper provide a foundation for future research and innovation. As the field progresses, continued
efforts in addressing its limitations and risks will be essential to ensure that GAI systems are developed and deployed in a
manner that benefits society as a whole.
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