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ABSTRACT

Neural networks have progressed from a loose analogy of biological computation into the dominant
computational paradigm underlying modern artificial intelligence. This review synthesizes the
trajectory of neural network research from early threshold-logic models and the perceptron through
the deep learning era, with attention to the architectural families that define current practice:
convolutional networks for spatially structured data, recurrent and gated architectures for sequential
data, attention-based transformer models that now anchor most large-scale systems, graph neural
networks for relational data, and generative architectures for synthesis tasks. The review examines
the optimization and regularization machinery that makes deep networks trainable at scale, surveys
applications spanning computer vision, natural language processing, scientific discovery, and
engineering domains, and discusses persistent challenges around data efficiency, interpretability,
robustness, and computational cost. It concludes by outlining emerging directions — efficient and
edge-deployable architectures, neuro-symbolic and physics-informed integration, self-supervised and
foundation-model pretraining, and federated and privacy-preserving training — that are likely to
shape the next phase of neural network research.

Keywords: Neural Networks, Deep Learning, Convolutional Neural Networks, Recurrent Neural
Networks, Transformers, Graph Neural Networks, Machine Learning.

INTRODUCTION learning era. Section 3 describes the principal

Artificial neural networks are computational
systems composed of interconnected
processing units, loosely inspired by the
organization of biological neurons, that learn to
approximate functions directly from data rather
than from explicitly programmed rules. Over
the past decade, this class of model has moved
from a specialized subfield of machine learning
to the default architecture for problems
involving perception, sequence modelling, and
increasingly, reasoning and generation. The
shift has been driven by three converging
factors: the availability of large labelled and
unlabelled datasets, the growth of parallel
computing hardware capable of training
networks with billions of parameters, and a
series of architectural and algorithmic
innovations — including backpropagation-
based training, convolutional weight sharing,
gated recurrent units, and self-attention — that
made deeper and more expressive networks
both trainable and useful.

This review is organized to give a structured
account of the field for readers who require
both historical grounding and a current view of
the landscape. Section 2 traces the conceptual
development of neural networks from early
threshold-logic models to the modern deep

architectural families in use today. Section 4
addresses the training methodology —
optimization, regularization, and the practical
considerations that determine whether a
network generalizes. Section 5 surveys
applications across vision, language, scientific,
and engineering domains. Section 6 discusses
persistent challenges, including interpretability,
data dependency, robustness, and
computational cost. Section 7 outlines
emerging directions, and Section 8 concludes.

Historical Development

The conceptual origin of neural computation is
usually traced to the McCulloch—Pitts threshold
neuron, a  simplified binary  model
demonstrating that networks of such units
could, in principle, compute logical functions.
Rosenblatt's perceptron extended this into a
trainable linear classifier with a defined learning
rule, generating early enthusiasm that was
tempered when Minsky and Papert
demonstrated the perceptron's inability to
represent non-linearly separable functions such
as XOR, a limitation that contributed to a
prolonged reduction in neural network research
funding and attention often referred to as the
first "AI winter."

4428| International Journal of Pharmacy Research & Technology | July — Dec 2026 | Vol 16 | Issue 2


mailto:mayurbhoyar@ieee.org

Mayur Ramkrushna Bhoyar et al / Neural Networks: Foundations, Architectures, Applications, and
Emerging Directions

Interest revived in the 1980s with the
popularization of the  backpropagation
algorithm for training multi-layer networks,
which showed that the XOR-type limitations of
single-layer perceptrons could be overcome by
networks with hidden layers trained via
gradient descent through the chain rule. This
period also produced the theoretical foundation
for convolutional weight sharing, applied by
LeCun and colleagues to handwritten digit
recognition, and recurrent architectures for
sequence data, later refined into the long short-
term memory (LSTM) unit to address the
vanishing-gradient problem that limited earlier
recurrent networks on long sequences.

The modern deep learning era is generally
dated to the early 2010s, catalysed by the
combination of large labelled datasets such as
ImageNet, general-purpose GPU computing,
and architectural refinements. The AlexNet
convolutional network's decisive win in the
2012 ImageNet competition is widely regarded
as the inflection point that redirected
mainstream computer vision toward deep
learning. Subsequent architectural advances —
very deep networks enabled by residual
connections, batch normalization, and, from
2017 onward, the transformer architecture built
entirely on self-attention — extended these
gains to natural language processing and,
eventually, to a broad range of modalities
including protein structure prediction and
multimodal generation.

Principal Architectural Families
Feedforward and Fully Connected Networks
The multilayer perceptron (MLP) remains the
conceptual base case: a sequence of fully
connected layers, each applying a linear
transformation followed by a non-linear
activation function such as the rectified linear
unit (ReLU), sigmoid, or hyperbolic tangent.
MLPs are universal function approximators in
the sense that a sufficiently wide single hidden
layer can approximate any continuous function
on a compact domain, though in practice
deeper and narrower networks tend to
generalize better and train more efficiently than
shallow, wide ones. MLPs continue to serve as
building blocks — feature projection layers,
classification  heads, and feed-forward
sublayers within transformer blocks — even
where the dominant architecture is
convolutional, recurrent, or attention-based.

Convolutional Neural Networks

Convolutional neural networks (CNNs) exploit
the spatial structure of image, audio-
spectrogram, and other grid-like data through
local receptive fields, weight sharing across
spatial positions, and hierarchical pooling.
These properties give CNNs a strong inductive
bias toward translation invariance and
dramatically fewer parameters than a fully
connected network operating on the same
input, which historically made them both more
data-efficient and more trainable for vision
tasks. Architectural progress in this family —
deeper networks made trainable through
residual (skip) connections, more efficient
computation through depthwise-separable
convolutions,  and multi-scale  feature
aggregation — has produced models that
remain  competitive  with, and often
complementary to, attention-based vision
architectures. CNNs continue to underpin the
majority of production computer vision
systems, including object detection, semantic
segmentation, and medical image analysis
pipelines, owing to their favourable accuracy-
to-compute ratio at moderate scale.

Recurrent and Gated Architectures
Recurrent neural networks (RNNs) process
sequential data by maintaining a hidden state
updated at each time step, in principle allowing
information from arbitrarily far back in a
sequence to influence later predictions. In
practice, vanilla RNNs suffer from vanishing and
exploding gradients over long sequences, which
the LSTM and the more computationally
economical gated recurrent unit (GRU) address
through gating mechanisms that regulate
information flow and preserve gradients over
longer horizons. These architectures dominated
sequence modelling — machine translation,
speech recognition, time-series forecasting —
for roughly a decade before being substantially
displaced in large-scale applications by
attention-based models, though they remain
relevant in resource-constrained or strictly
causal streaming settings where their
computational and memory profile is
advantageous.

Attention and Transformer Architectures

The transformer architecture replaced
recurrence with self-attention, allowing every
position in a sequence to directly attend to
every other position in parallel rather than
propagating information step by step. This
removed the sequential computation bottleneck
of RNNs, enabling much larger models to be
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trained efficiently on parallel hardware, and
produced representations that captured long-
range  dependencies more effectively.
Transformers rapidly became the default
architecture for natural language processing,
underpinning pretrained language models that
are fine-tuned or prompted for downstream
tasks, and have since been adapted to
computer vision (vision transformers), audio,
and multimodal settings that jointly process
text, images, and other modalities within a
shared attention mechanism. The scalability of
transformers — performance improving in a
broadly predictable way with data, parameters,
and compute, a relationship formalized in
neural scaling laws — has made them the
architectural basis for contemporary foundation
models.

Graph Neural Networks

Graph neural networks (GNNs) extend deep
learning to data with explicit relational structure
— molecules, social networks, knowledge
graphs, and physical interaction systems — by
learning representations through iterative
message passing between connected nodes.
Graph convolutional networks and their
attention-based variants aggregate information
from a node's neighbourhood, allowing the
network to learn representations that respect
the graph topology rather than requiring data
to be reshaped into a grid or sequence. GNNs
have become particularly important in
computational chemistry and drug discovery,
where molecules are naturally represented as
graphs of atoms and bonds, as well as in
recommendation systems  and traffic
forecasting, where entities are inherently
relational.

Generative Architectures

Generative models learn to produce new
samples from a data distribution rather than
only to classify or regress. Variational
autoencoders (VAEs) learn a probabilistic latent
representation optimized jointly for
reconstruction and a regularized latent
structure; generative adversarial networks
(GANSs) pit a generator against a discriminator
in a minimax training process that has
historically produced sharp, realistic samples at
the cost of training stability; and diffusion
models, which learn to reverse a gradual
noising process, have more recently become
the dominant approach for high-fidelity image
and audio synthesis due to their more stable
training dynamics and strong sample quality.

These generative families underpin applications
ranging from image and audio synthesis to de
novo molecular design and data augmentation
for domains where labelled data is scarce.

TRAINING METHODOLOGY
Backpropagation and Optimization

Neural networks are trained by defining a
differentiable loss function that measures the
discrepancy between predicted and target
outputs, then adjusting network parameters to
reduce this loss via gradient descent, with
gradients computed efficiently through
backpropagation — a systematic application of
the chain rule that propagates error signals
from the output layer back through the
network. In practice, training relies on
stochastic or mini-batch gradient descent
together with adaptive optimizers such as
Adam, which maintain per-parameter learning-
rate adjustments based on running estimates of
gradient moments, generally accelerating
convergence relative to plain gradient descent,
particularly on the ill-conditioned, high-
dimensional loss surfaces typical of deep
networks.

Regularization and Generalization

Because deep networks are typically
overparameterized relative to the number of
training examples, controlling overfitting is
central to obtaining models that generalize to
unseen data. Common techniques include
dropout, which randomly deactivates units
during training to prevent co-adaptation of
features; weight decay, which penalizes large
parameter values; batch and layer
normalization, which stabilize the distribution of
layer activations during training and often allow
higher learning rates; and data augmentation,
which synthetically expands the effective
training set  through label-preserving
transformations. Early stopping, based on
monitoring performance on a held-out
validation set, remains a simple and widely
used complement to these methods.

Transfer Learning and Self-Supervised
Pretraining

Rather than training a network from randomly
initialized weights for every new task,
contemporary practice increasingly relies on
transfer learning: a network is first pretrained
on a large, often self-supervised objective —
predicting masked words in text, contrasting
augmented views of an image, or predicting the
next token in a sequence — and then fine-
tuned, or adapted with minimal additional
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training, on a smaller labelled dataset for the
target task. This paradigm has substantially
reduced the labelled-data requirements for
downstream applications and underlies the
practical deployment of large pretrained
language and vision models across domains
where task-specific labelled data is limited.

Applications

Computer Vision

CNN and vision-transformer architectures now
underpin image classification, object detection,
semantic and instance segmentation, and video
understanding systems deployed in domains
ranging from industrial quality inspection to
autonomous driving and medical imaging,
where deep networks trained on annotated
radiological or histopathological images have
demonstrated diagnostic performance
competitive with specialist clinicians on specific,
narrowly defined tasks.

Natural Language Processing
Transformer-based pretrained language
models have transformed natural language
processing, providing a common backbone for
machine translation, text summarization,
question answering, sentiment analysis, and
conversational systems. The same architectural
family, scaled substantially and pretrained on
broad text corpora, forms the basis of large
language models capable of few-shot task
adaptation through prompting rather than task-
specific retraining.

Scientific and Biomedical Applications
Neural networks have produced landmark
results in structural biology, most notably near-
experimental accuracy in protein structure
prediction from amino-acid sequence, and are
increasingly applied to drug—target interaction
prediction, molecular property prediction via
graph neural networks, and de novo molecular
design via generative models. In genomics and
multi-omics research, deep networks are used
to integrate heterogeneous biological data for
disease-target prioritization and biomarker
discovery.

Engineering and Industrial Applications

Beyond vision and language, neural networks
are applied to time-series forecasting in energy
and finance, predictive maintenance and fault
detection in industrial systems, control and
optimization in robotics, and surrogate
modelling for computationally expensive
physical simulations, where a trained network

can approximate simulation outputs at a
fraction of the original computational cost.

Challenges and Limitations

Interpretability

Deep networks are frequently characterized as
"black boxes": their predictions are difficult to
explain in terms a domain expert can directly
evaluate, which is a significant barrier in
regulated domains such as healthcare and
finance. Post hoc explanation methods —
including saliency maps, attention visualization,
and model-agnostic feature-attribution
techniques such as SHAP and LIME — partially
address this gap, but a general reconciliation of
the trade-off between model expressiveness
and interpretability remains an open research
problem.

Data Dependency and Bias

Neural network performance is strongly
dependent on the quantity, quality, and
representativeness of training data. Models
trained on biased or unrepresentative datasets
can reproduce or amplify that bias in their
predictions, and performance often degrades
when a model encounters data that differs
systematically from its training distribution, a
phenomenon of particular concern in high-
stakes applications such as clinical decision
support and criminal justice risk assessment.

Robustness and Adversarial Vulnerability
Deep networks can be sensitive to small, often
imperceptible input perturbations — adversarial
examples — that cause confident
misclassification, raising security concerns for
deployed systems in domains such as
autonomous driving and biometric
authentication. Robustness to distribution shift,
adversarial  manipulation, and  out-of-
distribution inputs remains an active area of
research, with defences including adversarial
training, certified robustness methods, and
input-transformation techniques offering partial
but not complete mitigation.

Computational and Environmental Cost
Training large neural networks, particularly
foundation-scale models, requires substantial
computational resources and energy, raising
both practical accessibility concerns for
resource-constrained research institutions and
broader environmental sustainability questions.
This has motivated growing attention to model
compression, efficient architecture design, and
reporting of training compute and energy costs
as standard practice in the field.
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MERGING DIRECTIONS
Efficient and
Architectures
Techniques such as network pruning,
quantization, knowledge distillation, and
architecture search for compact models are
increasingly important as neural networks are
deployed on resource-constrained edge devices
— smartphones, embedded sensors, and IoT
hardware — where cloud connectivity or large
compute budgets are unavailable.

Edge-Deployable

Neuro-Symbolic and Physics-Informed
Integration

A growing body of work seeks to combine the
pattern-recognition  strengths of neural
networks with symbolic reasoning or known
physical and mathematical constraints,
producing models that are both more data-
efficient and more consistent with domain
knowledge. Physics-informed neural networks,
which incorporate governing differential
equations directly into the training objective,
are a notable example in scientific and
engineering applications.

Federated and Privacy-Preserving Learning
Federated learning allows multiple institutions
or devices to collaboratively train a shared
model without centralizing raw data,
addressing privacy and data-governance
constraints that are particularly significant in
healthcare and finance. Combined with
differential privacy and secure aggregation
techniques, this direction offers a path toward
larger, more diverse effective training sets
without compromising data ownership.

Multimodal Foundation Models

Large pretrained models capable of jointly
processing text, images, audio, and other
modalities within a shared representation space
are increasingly used as general-purpose
backbones, reducing the need for task-specific
architectures and improving performance on
data-limited downstream tasks through transfer
learning. This trend is expected to continue
extending into scientific and industrial domains
where multimodal data — sensor readings,
images, and structured records — is common.

CONCLUSION

Neural networks have evolved from a narrow,
empirically fragile modelling approach into the
foundation of  contemporary artificial
intelligence, driven by the joint maturation of
architecture design, optimization methodology,
and computational infrastructure.

Convolutional, recurrent, attention-based,
graph, and generative architectures each
address distinct structural properties of data,
and their combination and continued
refinement account for most recent progress
across vision, language, and scientific
applications. Realizing the continued benefit of
these methods will depend less on incremental
accuracy gains within existing paradigms and
more on addressing interpretability,
robustness, data and computational efficiency,
and responsible deployment — challenges that
are likely to define the next phase of neural
network research as much as architectural
innovation itself.
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