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Abstract Graphics Processing Units (GPUs) represent one of the most consequential technological metamorphoses in modern
computing history. Originally conceived to accelerate polygon rendering for consumer gaming, GPUs have evolved
into the dominant computational substrate powering artificial intelligence, scientific simulation, and large-scale data
analytics. This paper traces the architectural, economic, and industrial trajectory of GPUs from their origins as gaming
accelerators to their current role as the backbone of global Al infrastructure. We examine pivotal design decisions—
including unified shader architectures, CUDA, and tensor cores—that enabled GPUs to transcend their original
purpose. We also analyze supply chain dynamics, market concentration, and geopolitical implications. Our findings
indicate that the GPU's ascendancy in Al was structurally enabled by a deep alignment between neural network
computational patterns and the massively parallel execution model developed for real-time graphics rendering.

1. Introduction
In 1999, NVIDIA introduced the GeForce 256, marketed as the world's first Graphics Processing Unit—a chip
designed to offload geometry transformation and lighting calculations from the CPU to dedicated silicon. No
analyst could have forecast that this device category would, within two decades, become the most strategically
critical semiconductor class in the global technology economy.

The contemporary GPU occupies a position of extraordinary influence. Training frontier Al systems requires
thousands to tens of thousands of GPUs operating in coordinated clusters for weeks. Cloud providers have
committed hundreds of billions of dollars to GPU infrastructure. NVIDIA reached a market capitalization
exceeding three trillion USD in 2024.
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1.1 The Parallel Processing Hypothesis

The GPU's ascendancy in artificial intelligence was structurally enabled by a profound alignment between neural
network computational patterns and the massively parallel execution model developed for real-time 3D
graphics. Rendering a complex scene requires similar mathematical operations—matrix multiplications, dot
products—across millions of pixels simultaneously. Training a deep neural network requires an almost identical
class of operations across billions of parameters in parallel. The mathematical operations are structurally
isomorphic.

Early experiments at Stanford and the University of Toronto demonstrated GPU training speedups of 10—70% over
CPUs. The publication of AlexNet in 2012—trained on consumer NVIDIA GTX 580 cards—served as the
transformative public demonstration. Within 18 months, nearly every major Al research institution had reoriented
its computational strategy around GPU clusters.

NVIDIA Data Center GPU Performance (FP16)
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Fig. 1: FP16 TFLOPS across NVIDIA data center GPU generations (2017-2025). Red bar indicates estimated/projected Blackwell performance.

2. Technical History of GPU Architecture

2.1 Fixed-Function Pipelines (1990-2001)

The earliest dedicated graphics hardware operated through fixed-function pipelines implementing a predetermined
sequence of rendering operations in dedicated hardware stages. The 3dfx Voodoo series exemplified this approach.
These chips remained entirely inflexible—their logic was hard-coded at fabrication, rendering them incapable of
executing arbitrary programs.

2.2 Programmable Shaders (2001-2006)

Programmable shaders replaced fixed-function stages with small, user-writable programs on the NVIDIA
GeForce 3 and ATI Radeon 8500 in 2001. Researchers recognized that shader processors could execute arbitrary
numerical computations on data organized as texture maps, establishing the

precedent for GPU as a programmable processor.

2.3 Unified Shader Architecture (2006-2010)

NVIDIA's G80 architecture (GeForce 8800 GTX, 2006) introduced a unified pool of shader processors capable of
executing both vertex and pixel shader programs. Simultaneously, NVIDIA released the CUDA programming
model, allowing developers to write general-purpose programs using a C-like language. The G80's ~520 GFLOPS
represented roughly 10x improvement over contemporary CPUs on parallelizable workloads.

ISSN : 2581-7175 ©IJSRED: All Rights are Reserved Page 2430



International Journal of Scientific Research and Engineering Development-— Volume 9 Issue 2, Mar-Apr 2026
Available at www.ijsred.com

2.4 AI-Optimized Architectures (2017—Present)

The Volta architecture (Tesla V100, 2017) introduced Tensor Cores—dedicated hardware units for matrix
multiply-accumulate operations achieving 125 TFLOPS on mixed-precision, ~8x conventional CUDA cores. The
H100 added Transformer Engine for attention mechanisms. The Blackwell B200 targets ~4,500 FP16 TFLOPS at
up to 1,000W TDP.

AT Fit

1990s | GeForce 256 Hardware T&L; None
2001 GeForce 3 Prog. Shaders Very Low
2006 |GF 8800 GTX CUDA Launch = Moderate
2017+  V100/H100 Tensor Cores Very High
Table 1: GPU Architectural Generations and Al Suitability

3. CUDA and the Software Ecosystem

Hardware innovation alone cannot account for GPU dominance in Al. The CUDA software platform created an
ecosystem of such depth that it functions as a powerful competitive moat—a structural advantage that persists
independently of any specific hardware generation.

The 2014 release of cuDNN provided highly optimized implementations of neural network operations. The major
frameworks—TensorFlow, PyTorch, MXNet—rapidly integrated cuDNN as their default GPU backend. By 2024,
the CUDA developer community numbered in the millions globally. AMD's ROCm platform remains substantially
behind CUDA in both performance optimization and ecosystem depth.
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4. Market Dynamics & Competitive Landscape

. Al Accelerator Market Share (2024
41 NVIDIA's Market Dominance AMD ( )

NVIDIA commands 70-95% of Al training Saogla AL —T88
accelerator market share. Data center revenue grew -~ %
from ~$3.8B (FY2021) to ~$47.5B (FY2024).
H100 spot prices reached $40,000-$70,000 during
peak 2023 demand. The company's market

capitalization exceeded $3 trillion in 2024.

4.2 AMD, Intel, and Custom Silicon
AMD's Instinct MI300X offers 192 GB HBM3 vs. - {ve
80 GB in H100, with competitive benchmark

results and growing PyTorch support. Intel's Gaudi Fig. 2: Estimated Al accelerator market

A share by vendor (2024). NVIDIA
3 targets cost-effective inference. Hyperscalers commands ~80-90% of training

including  Google (TPU v5), Amazon accelerator segment.
(Trainium/Inferentia), and Meta (MTIA) are
developing custom silicon to reduce NVIDIA

dependence. -
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AMD ~5-10% Instinct MI300X

Tntel ~1-3% Gaudi 3 Ao S >s7se
Google ~3-5% TPU v5 H 20 40 60 80 100
Others <1% Wafer-Scale, etc. Est. 2025 Al CapEx (USD Billion)

Table 2: Estimated Al Accelerator Market Share
by Vendor, 2024

Fig. 3: Estimated hyperscaler Al
infrastructure capital expenditure for 2025.
Combined investment exceeds $245 billion.

5. GPU Deployment in Al Infrastructure

The four major cloud hyperscalers have
collectively invested hundreds of billions in GPU
infrastructure since 2020. Microsoft alone
disclosed

>$80B in capex commitments for FY2025 with Al
infrastructure as the primary driver. Meta plans
~350,000 H100-equivalent GPUs by end of 2024.
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Training frontier language models requires 10*-10’m
FLOPs. At 10,000 H100 GPUs at 50% utilization,
this translates to weeks-to-months of compute and
energy consumption comparable to thousands of
households annually. Inference, often overlooked,
represents a large and growing share of total GPU
consumption for consumer-facing Al products.

6. Geopolitical Dimensions

Beginning October 2022, the U.S. government
implemented sweeping export controls on high-
performance Al semiconductors. Initial restrictions
barred NVIDIA A100 and H100 exports to China.
Subsequent 2023 revisions tightened thresholds to
encompass modified A800/H800 products and
introduced a tiered geographic system.

China has responded with accelerated domestic
development. Huawei's Ascend 910B reportedly

approaches A100-level performance. The GPU supply
chain faces geographic concentration risk: TSMC
fabricates virtually all advanced GPUs, and SK
HBM3
TSMC's CoWoS packaging capacity has been a

Hynix/Samsung  dominate production.

persistent supply bottleneck.

GPU TDP Growth by Generation
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Fig. 4: GPU Thermal Design Power (TDP) growth
from V100 to Blackwell generation, showing near
3.3% increase over eight years.
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7. Energy & Sustainability

GPU TDP has risen from 300W (V100, 2017) to
~1,000W (Blackwell, 2025). A single DGX HI100
server draws ~10.2 kW; a full rack exceeds

100 kW. AI data centers have adopted liquid
cooling, immersion cooling, and rear-door heat

exchangers.
Est. Energy |COn (tonnes)
s

GPT-3 175B ~1,287 MWh ~552
PaLM 540B ~3,400 MWh ~1,400

LLaMA-3 70B ~700 MWh ~280
(70B)

Frontier ~1T+ 50,000+ MWh  ~20,000+

(2024)

Table 3: Estimated training energy and carbon
emissions for select AI models

8. Emerging Architectures

Photonic  computing  (Lightmatter, = Luminous
Computing) uses light for matrix multiplication,
offering speed and energy advantages but facing
precision and thermal sensitivity challenges.
Neuromorphic chips (Intel Loihi, IBM NorthPole)
achieve remarkable energy efficiency for sparse, event-
driven computation but do not map naturally to dense

transformer operations.

In-memory computing addresses the memory wall
bottleneck by performing computation within memory
arrays, reducing data movement for matrix-vector
multiplication—the dominant operation in transformer
inference. Analog implementations face precision and
reliability challenges from device variability.
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9. Future Outlook

NVIDIA's Blackwell architecture shifts to multi-
chip module design, combining two GPU dies to
achieve die sizes impractical on a single substrate.
HBM4 promises further bandwidth improvements
through

2.5D/3D integration. NVLink 5 and NVSwitch
enable tighter coupling for distributed training.

If the community concludes that pre-training scaling
no longer drives capability improvements, compute
demand patterns could shift significantly.
Multimodal models, scientific Al (protein folding,
materials discovery), and robotics may open new
compute frontiers. Regulatory attention in multiple
jurisdictions and hyperscaler custom silicon
programs may reshape the 2030 market structure

considerably.

Favoring GPU Challenging GPU

Software CUDA ecosystem JAX, ROCm
maturity
Performance = Tensor Core opt. Photonic rivals
Economics Network effects Custom silicon
Geopolitics Export controls Supply chain risk
Sustainability Efficiency/gen Power/water limits

Table 4: Key factors in GPU dominance
sustainability assessment

10. Conclusion

The GPU's transformation from gaming peripheral to
Al infrastructure cornerstone represents a case study
of extraordinary significance. Its dominance was not
accidental but structurally enabled by alignment
between graphics rendering and neural network
mathematics, consolidated by the CUDA software
ecosystem.

NVIDIA's competitive position rests on software
ecosystem depth—switching costs that hardware
advantages alone may be insufficient to overcome.
geographic
semiconductor manufacturing, escalating energy

Meanwhile, concentration in

demands, and geopolitical competition for Al
hardware represent systemic challenges requiring
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sustained policy and engineering attention.

The GPU's story is ultimately about the relationship
between hardware and algorithm—how algorithmic
demand reshapes hardware design, and how hardware
affordances shape the possibilities of software. As Al
continues to evolve, this relationship will remain
central to understanding the pace, direction, and
distribution of progress.
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