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1. Executive Summary

This report charts the extraordinary expansion of global computing power, measured in the
aggregate theoretical Floating-Point Operations per Second (FLOPs) of hardware sold
annually, from 1984 to 2024, with projections to 2044. The analysis documents a
multi-trillion-fold increase in FLOPs capacity entering the market each year. This growth
trajectory has been marked by distinct architectural eras: initial dominance by mainframes
and minicomputers, followed by the personal computer (PC) revolution largely driven by the
x86 architecture, the subsequent mobile transformation powered by ARM, and the current
period of hyper-exponential growth fueled by Graphics Processing Units (GPUs) and
specialized accelerators optimized for Artificial Intelligence (Al).

Total annual FLOPs sold grew from an estimated level below one PetaFLOPS (1015 FLOPs) in
1984 to the YottaFLOPS (1024 FLOPs) scale by 2024. Key architectural transitions are clearly
visible in the data. Mainframes and minicomputers provided the bulk of floating-point
capability in 1984. By 1994, the sheer volume of PCs, overwhelmingly based on the x86
architecture, made them the dominant source of newly sold FLOPs, despite lower per-unit
performance compared to workstations. The year 2004 witnessed the rise of powerful
discrete GPUs for gaming, which began to contribute significantly to total FLOPs, alongside
the continued growth of x86 PCs and the nascent mobile market powered by ARM. By 2014,
the massive unit volumes of ARM-based smartphones and tablets made them a major
contributor to aggregate client-side FLOPs, while discrete GPUs solidified their lead as the
primary source of floating-point performance entering the market. The current 2024
landscape is fundamentally reshaped by Al; data center GPUs and other Al accelerators now
contribute the vast majority (>90%) of total FLOPs sold, often leveraging lower-precision
formats (e.g., FP16, BF16, FP8) which yield significantly higher FLOPs counts than traditional
FP32/FP64 measures used for CPUs and client GPUs.

Looking ahead, projections indicate continued strong growth through 2034, primarily driven
by sustained investment in Al training and inference infrastructure. Architectural
diversification is expected to continue, with ARM challenging x86 in servers and PCs, and
RISC-V gaining traction as an open standard alternative. However, substantial headwinds
exist. The immense power consumption of large-scale Al compute poses a significant
challenge, alongside the escalating costs of semiconductor manufacturing and geopolitical
uncertainties surrounding supply chains. These factors make the 2044 outlook highly
speculative, suggesting that while growth will likely continue, its rate may moderate unless
significant breakthroughs in energy efficiency or new computing paradigms emerge.



2. Introduction

This report analyzes the historical trajectory and future prospects of global computing power
deployment, quantified through the metric of Floating-Point Operations per Second (FLOPs).
FLOPs measure the number of calculations involving decimal numbers (floating-point
arithmetic) that a processor can perform each second.! This metric is particularly relevant for
performance assessment in computationally intensive fields such as scientific simulation,
engineering, financial modeling, graphics rendering, and, increasingly, artificial intelligence.’
The core metric used in this analysis is the estimated aggregate theoretical peak FLOPs
capacity of complete computing hardware systems (e.g., mainframes, servers, PCs, mobile
devices) and key accelerator components (primarily GPUs) sold globally within specific
calendar years. This "FLOPs Sold" metric reflects the rate at which new computational
capability enters the market. It is distinct from the utilized FLOPs (which depends on software
and workload) and the total installed base of computing capacity (which represents
cumulative sales minus retirements, often estimated over a multi-year hardware lifespan *).
For consistency across diverse architectures and historical periods, this report primarily
references theoretical peak single-precision (FP32) or double-precision (FP64) FLOPs,
depending on the architecture's typical use case and data availability. However, the recent
explosion in Al-driven compute necessitates acknowledging the performance of specialized
accelerators (GPUs, TPUs, NPUs) in lower-precision formats like FP16, BF16, and FP8.° These
formats offer significantly higher throughput (FLOPs) for Al workloads compared to
FP32/FP64, and their contribution is explicitly noted in the analysis for 2024 and beyond, as
they represent the dominant share of FLOPs sold today.

Tracking the annual volume of FLOPs sold is significant for several reasons. It serves as a
proxy for the rate of technological advancement in computing hardware.” It underpins the
feasibility of increasingly complex applications, from weather modeling to drug discovery to
large language models. Furthermore, the sheer scale of deployed FLOPs has profound
implications for global energy consumption, data center infrastructure development, and the
economics of the semiconductor industry.

This report examines the FLOPs sold landscape over six distinct points in time: 1984, 1994,
2004, 2014, and 2024, followed by projections for 2034 and 2044. For each period, the
analysis breaks down the total FLOPs contribution by dominant computing architectures,
tracing the evolution from the mainframe and minicomputer era through the rise of the PC
(Intel x86 and competitors), the mobile revolution (ARM), and the current ascendancy of
parallel processors (GPUs) and Al accelerators. The report begins by detailing the
methodology and inherent challenges in such long-range estimation, followed by a
chronological analysis of each decade, and concludes with future projections and strategic
insights.

3. Methodology and Challenges

Estimating the total FLOPs sold globally across decades requires a multi-step approach



fraught with challenges, necessitating approximations and careful consideration of data
limitations.

Estimation Approach:

The core methodology involves:

1.

Identifying Dominant Compute Categories: For each target year, identifying the
primary categories of computing devices contributing significantly to the market (e.g.,
1984: Mainframes, Minicomputers, Personal Computers; 2024: Servers, PCs,
Smartphones, Tablets, Data Center Accelerators).

Identifying Key Architectures/Models: Within each category, identifying the most
prevalent processor architectures or specific high-impact models (e.g., IBM 308X
mainframes, DEC VAX minicomputers, Intel x86 CPU generations, ARM Cortex series,
Nvidia/AMD GPU architectures).

Estimating FLOPs-per-Unit: Determining a representative theoretical peak FLOPs
value for each key architecture/model in a given year. This relies on a hierarchy of
sources:

o Direct manufacturer specifications or benchmark data (e.g., Linpack ", SPEC *°,
Whetstone “°).

o Theoretical calculations based on architecture details (cores, clock speed,
operations per cycle).*®

o Academic studies providing historical performance estimates (e.g., Nordhaus
MSOPS °, McCallum MIPS/SPEC data *).

o Conversions from other metrics like MIPS (Millions of Instructions Per Second)
when direct FLOPs data is unavailable, particularly for older systems (discussed
below).

Gathering Unit Sales Data: Compiling annual global unit shipment data for each major
category and, where possible, by architecture or key vendor. This relies heavily on
market research firms (e.g., IDC, Gartner, Jon Peddie Research, Mercury Research) and
historical industry reports.®

Calculating Total FLOPs: For each category/architecture, multiply the estimated units
sold by the estimated average FLOPs-per-unit. Sum these values across all segments to
arrive at the total estimated FLOPs sold for the year.

Challenges and Approximations:
Several significant challenges necessitate approximations throughout this analysis:

Data Scarcity and Consistency: Comprehensive, globally consistent data for both unit
sales and FLOPs performance is often unavailable, particularly for earlier decades,
niche architectures, or specific component types like early GPUs.? Market research data
from different firms can also vary due to differing methodologies.'® This requires
careful source selection, cross-referencing, estimation based on related data points
(e.g., revenue, regional data), and interpolation or extrapolation where direct data is
missing. Historical academic studies ° provide valuable benchmarks but may use
metrics (like MSOPS) that require further interpretation. Finding specific historical
market reviews from publications like Datamation or Byte for the target years proved



difficult.>’

e MIPS to FLOPs Conversion: A major challenge, especially for the 1984 analysis, is
converting MIPS ratings (commonly reported for older mainframes and minicomputers)
to FLOPs.? There is no universal conversion factor, as the ratio depends heavily on the
specific architecture, instruction mix of the benchmark used to derive MIPS, and the
efficiency of floating-point execution units. Based on available data for VAX systems *°,
a ratio of roughly 3.5-4 MWIPS (Millions of Whetstone Instructions Per Second, often
used for minis) per MFLOPS (Millions of Floating-Point Operations per Second,
double-precision) appears reasonable for that architecture. For IBM mainframes of the
era, the relationship is less clear; a conservative ratio is assumed, acknowledging this
significant uncertainty. Nordhaus suggests MSOPS is roughly equivalent to MIPS *°, but
the MSOPS-to-FLOPS relationship is also not precise.’

e Theoretical vs. Measured FLOPs: This report uses theoretical peak FLOPs ratings
where possible for consistency. It is crucial to understand that actual achieved
performance in real-world applications is typically a small fraction (often less than 10%)
of this peak value.*® Factors like memory bandwidth limitations, cache misses,
instruction dependencies, thermal throttling, and the specific instruction mix
dramatically reduce sustained performance.?

e Floating-Point Precision: The definition of a "FLOP" depends on the precision of the
numbers being calculated (e.g., 64-bit double-precision/FPé4, 32-bit
single-precision/FP32, 16-bit half-precision/FP16 or BFloat16, 8-bit FP8). While CPUs
traditionally focused on FP64 and FP32, modern Al accelerators achieve significantly
higher FLOPs counts by operating on lower-precision formats.® This report attempts to
specify the precision basis (primarily FP32/SP or FP64/DP for historical systems and
CPUs/client GPUs, shifting to mixed/lower precision for Al accelerators in 2024 and
beyond) but comparisons across eras and architectures must account for these
differences.

e Defining "Sold": The data often reflects system shipments (PCs, servers). However,
especially for GPUs, component sales are a significant factor. This analysis primarily
uses system-level sales data where available but incorporates discrete GPU component
shipment data in later years as a necessary proxy for the FLOPs contribution from that
segment. This introduces some ambiguity, as not all discrete GPUs sold end up in new
systems within the same year.

e Architectural Complexity: Grouping diverse hardware into broad categories like "x86
PC" or "ARM Mobile" involves simplification. Performance within these categories varies
widely based on specific models, clock speeds, and configurations (e.g., presence of a
math coprocessor in early PCs '""). Weighted averages based on estimated market mix
are used, introducing further approximation.

Despite these challenges, this methodology provides a framework for estimating the scale
and architectural trends of global computing power deployment over the past four decades
and into the future. All figures presented should be understood as estimates subject to the
limitations described.



4. 1984: The Mainframe/Minicomputer Era with PC
Seeds

Market Context:

In 1984, the global computing landscape was characterized by the dominance of large-scale
systems in enterprise and research environments. Mainframes, primarily from IBM, and
minicomputers from vendors like Digital Equipment Corporation (DEC), Data General, and HP,
represented the bulk of installed computing power and market value.52 However, the personal
computer revolution was gaining momentum. While 8-bit home computers like the
Commodore 64 and Apple Il series enjoyed widespread popularity 53, the 16-bit IBM PC, XT,
and the newly introduced PC/AT, based on Intel's x86 architecture, were rapidly establishing a
standard in the business sector.175 Apple also made a significant impact with the launch of
the Macintosh, featuring a graphical user interface and Motorola's 68000 processor.176
Notably, 1984 marked the first year that the revenue from desktop computer sales surpassed
that of mainframes, signaling a major market shift.67

Unit Sales Estimates:

e Mainframes: Approximately 10,700 units were sold globally, with a market value
exceeding $10 billion.? IBM's 308X series was a key product line."®

e Minicomputers: Global sales reached roughly 47,820 units, with a market value
comparable to mainframes, around $10.5 billion.>? DEC's VAX line, particularly the
VAX-11/780, was highly influential.*?

e Personal Computers (PCs): This category is more complex due to the distinction
between business PCs and home computers. Data suggests ~2.2 million "micros"
(primarily business-oriented PCs) were sold with a value of ~$7.9 billion.5? However, total
personal computer sales including home computers were significantly higher. The Apple
Il line sold approximately 1 million units %3, the Commodore 64 sold between 2 and 2.5
million units ', and the new Macintosh sold around 250,000 to 370,000 units by
year-end.®* IBM PC, XT, AT, and PCjr sales, along with compatibles, likely accounted for
another 2-3 million units."”® Summing these major platforms suggests a total 1984
personal computer market size of approximately 6 to 7 million units. This analysis uses
an estimate of 6.5 million total PC units sold.

FLOPs per Unit Estimates:

Estimating FLOPs for 1984 hardware requires careful interpretation of available metrics, often
MIPS or benchmark results, and acknowledging the optional nature of floating-point hardware
in PCs.

e Mainframes (IBM 3081K): Rated at ~7 MIPS."® Direct FLOPs ratings are scarce. The
architecture supported double-precision floating-point.’® Converting MIPS to MFLOPS
for this architecture is highly uncertain.'’ Assuming a ratio where floating-point
operations constitute a fraction of total instructions, a rough estimate might be 3-5
MFLOPS (DP).



Minicomputers (DEC VAX-11/780 with FPA): Widely considered a 1 MIPS machine *?, it
achieved ~1.02 MWIPS on the Whetstone benchmark.*? More direct estimates place its
double-precision floating-point performance at approximately 0.25 MFLOPS.* This
value is used as representative for high-end minicomputers with FPAs.

PCs (Intel 8088/8086/80286): The base CPUs (8088/86) lacked hardware
floating-point capabilities. Performance relied on software emulation, likely delivering
only 1-2 KFLOPS."? The optional Intel 8087 coprocessor provided ~0.05 MFLOPS (SP).'"
The IBM PC/AT with an 80286 and the newer 80287 coprocessor achieved roughly
0.009 MFLOPS (DP) according to one source '8, though estimates based on relative
performance suggest potentially higher single-precision capability, perhaps ~0.1
MFLOPS (SP)."? Crucially, the adoption rate of these expensive coprocessors was low,
likely in the 10-15% range for systems sold in 1984, primarily in business or technical
configurations.® Therefore, the average FLOPs per Intel-architecture PC sold was very
low, estimated here at a weighted average of 0.008 MFLOPS (SP).

PCs (Motorola 68000 - e.g., Macintosh): The 68000 CPU also lacked native
floating-point instructions. Software emulation was similarly slow (~1-2 KFLOPS).2%* The
Motorola 68881 FPU was announced in 1984 %%, offering ~0.16 MFLOPS (SP) at 16MHz,
but its integration into systems sold within 1984 was likely minimal. The average FLOPs
per Motorola-based PC is estimated at 0.001 MFLOPS (SP).

PCs (MOS 6502 - e.g., Apple Il, C64): These 8-bit processors had negligible
floating-point capability, relying entirely on very slow software emulation.'”® Average
FLOPs per unit is estimated at <<0.001 MFLOPS (SP), effectively zero for aggregate
calculations.

Total FLOPs Calculation (Approximate):

Mainframes: 10,700 units * 4 MFLOPS/unit = 4.3 x 100 FLOPs (0.043 TFLOPS)
Minicomputers: 47,820 units * 0.25 MFLOPS/unit = 1.2 x 100 FLOPs (0.012 TFLOPS)
PCs (Intel Arch): ~2.5M units * 0.008 MFLOPS/unit = 2.0 x 100 FLOPs (0.020 TFLOPS)
PCs (Motorola Arch): ~0.3M units * 0.001 MFLOPS/unit = 3.0 x 10”8 FLOPs (0.0003
TFLOPS)

PCs (MOS Arch): ~3.7M units * 0.0001 MFLOPS/unit = 3.7 x 10°8 FLOPs (0.0004
TFLOPS)

Total Estimated FLOPs Sold in 1984: = 0.076 TFLOPS (or 76 GFLOPS)

Architectural Breakdown:

Based on the calculations above, mainframes contributed the largest share of total FLOPs
sold (~57%), followed by Intel-architecture PCs (~26%), and then minicomputers (~16%). The
contributions from Motorola and MOS-based PCs were negligible in terms of floating-point
capability in 1984.

Table 1: Estimated 1984 FLOPs Sold by Architecture

Architecture Est. Units Sold  [Est. Avg. Est. Total FLOPs (% of Total FLOPs
Category FLOPs/Unit (GFLOPS)

(MFLOPS, SP/DP

Mix)




Mainframes (e.g., 10,700 ~4.0 (DP) ~42.8 ~56.6%
IBM 308X)
Minicomputers 47,820 ~0.25 (DP) ~12.0 ~15.8%
(e.g., VAX)
PC - Intel Arch ~2,500,000 ~0.008 (SP, ~20.0 ~26.4%
(808x/286) weighted avg w/

FPU)
PC - Motorola ~300,000 ~0.001 (SP, ~0.3 ~0.4%
Arch (68000) software)
PC - MOS Arch ~3,700,000 ~0.0001 (SP, ~0.4 ~0.5%
(6502) software)
PC - Other Minimal Negligible Negligible ~0.3%
Total ~6,560,000 N/A ~75.5 100.0%

(Note: All figures are estimates based on available data and stated assumptions, particularly
regarding MIPS-to-FLOPS conversion and FPU attach rates. DP = Double Precision, SP =
Single Precision.)

Analysis and Implications:

The 1984 data reveals a computing landscape in transition. While mainframes still delivered
the highest per-system floating-point performance and contributed the majority of total
FLOPs sold, the burgeoning PC market was already significant in terms of aggregate
computational capacity entering the market. Despite the vastly lower FLOPs capability per
individual PC compared to a mainframe or minicomputer (MFLOPS vs KFLOPS or less), the
sheer volume of PC sales meant their collective contribution was substantial, already
surpassing the total FLOPs from the minicomputer segment. This highlights the disruptive
potential of volume economics; mass-market computing, even at lower individual performance
levels, could rapidly increase the total available computational power.

However, the utility of these PC FLOPs for demanding scientific and engineering tasks was
severely limited. The reliance on expensive, optional floating-point coprocessors like the Intel
8087 " or slow software emulation ' created a significant bottleneck. This practical limitation
meant that minicomputers and mainframes, with their integrated and more powerful
floating-point capabilities, remained the platforms of choice for computationally intensive
applications, despite the growing volume of PCs being sold.

Furthermore, the PC market itself was architecturally diverse. While IBM's adoption of Intel's
x86 architecture was proving strategically significant 2°¢, platforms based on Motorola's
68000 (Macintosh) and MOS Technology's 6502 (Apple I, Commodore 64) commanded
enormous unit sales.>® The slightly higher potential FLOPs contribution from the Intel segment,
due to the availability of the 8087/287 FPU, offered a glimpse into the future x86 dominance in
performance-sensitive PC applications, even as other architectures held larger shares of the
overall personal computer market in 1984.



5.1994: The x86 PC Era and Early GPU Seeds

Market Context:

A decade later, the computing landscape had transformed dramatically. The PC,
predominantly based on the Intel x86 architecture and its compatibles (like AMD), running
Microsoft Windows, had become the dominant computing platform globally.209 Mainframes
continued to serve enterprise needs but represented a shrinking fraction of new compute
capacity sold annually.68 The minicomputer market had largely given way to powerful RISC
(Reduced Instruction Set Computing)-based workstations from vendors like Sun Microsystems
(SPARC), DEC (Alpha), Silicon Graphics (MIPS), and HP (PA-RISC), which catered to
high-performance technical and scientific computing. Apple had transitioned its Macintosh
line from Motorola 68k to the PowerPC architecture, developed in partnership with IBM and
Motorola.84 Concurrently, graphics accelerators (early GPUs) were becoming standard
components in PCs, primarily focused on improving 2D Windows performance and enabling
early 3D gaming, though their contribution to general-purpose FLOPs was still minimal
compared to CPUs.214

Unit Sales Estimates:

e Personal Computers (PCs): Global shipments reached approximately 47.9 million
units.>* The market was led by Compaq (10.0%), Apple (8.3%), and IBM (8.2%).>* The
vast majority used x86 processors. Apple's sales included the newly launched Power
Macintosh models; estimates suggest around 1 million PowerPC Macs may have shipped
by the end of 1994.84

e Servers and Workstations: Precise combined unit data is scarce. The Unix workstation
market was substantial, with Sun Microsystems being a major player.” Mainframe unit
shipments were likely below 10,000 units.®? The overall server market revenue was
estimated at $141 million by IDC for a specific segment, which seems low for the total
market &; total units were likely in the low millions (e.g., 1-2 million).

e Graphics Processing Units (GPUs): Virtually all PCs shipped included some form of
graphics capability, either integrated onto the motherboard or via an add-in card. Key
vendors for graphics chips included S3, ATI, Cirrus Logic, and Tseng Labs.?" Nvidia
existed but had not yet released its breakthrough products.??° Estimating the attach
rate of discrete GPUs (separate add-in cards, typically more powerful than integrated
solutions) is difficult for this period, but it was likely lower than today, perhaps in the
30-40% range, suggesting around 15-20 million discrete units sold.

FLOPs per Unit Estimates:
Performance benchmarks like Linpack and SPEC became more common in this era, providing
better (though still imperfect) FLOPs estimates.

e Servers/Mainframes (e.g., IBM ES/9000): A 6-processor ES/9000-720 system
achieved 0.54 GFLOPS (DP) on Linpack.™ A single processor's performance would be
roughly 0.1 GFLOPS (DP).

e Workstations (e.g., Sun SPARCstation 10/41, DEC Alpha 3000): A SPARCstation



10/41 (SuperSPARC @ 40MHz) achieved ~8 MFLOPS (DP) on C Linpack.” A DEC Alpha
3000/700 (225MHz Alpha 21064A) achieved a SPECfp95 rating of 230.6.%° Converting
SPECfp ratios to MFLOPS is complex and benchmark-dependent %, but suggests
performance potentially in the 50-100 MFLOPS (DP) range for high-end Alphas. A
reasonable average for RISC workstations sold in 1994 might be 20-40 MFLOPS (DP).
PCs (Intel 486DX2-66): Linpack results indicate performance around 2.6 MFLOPS
(DP)."

PCs (Intel Pentium 60/66 MHz): Early Pentiums offered a significant floating-point
improvement over the 486. SPECfp92 results were around 55-64.%° Linpack results vary,
but native code benchmarks suggest performance in the range of 10-20 MFLOPS
(DP).2° We estimate an average of 15 MFLOPS (DP) for Pentiums sold in 1994.

PCs (AMD 486 Clones): Performance was generally comparable to Intel's 486 chips at
similar clock speeds.?*

PCs (PowerPC 601 @ 60-80MHz): Used in early Power Macs. Estimates range from
~10 MFLOPS ' to potentially higher based on SPECfp92 scores (~80-90 %), suggesting
maybe 20-30 MFLOPS (DP) capability. We estimate an average of 25 MFLOPS (DP).
GPUs (e.g., S3 Trio64, ATl Maché4): These were primarily 2D accelerators with limited,
fixed-function 3D capabilities. Their general-purpose floating-point performance was
negligible compared to contemporary CPUs.?"* They did not contribute meaningfully to
the total FLOPs sold in the context of this analysis.

Total FLOPs Calculation (Approximate):

Servers/Mainframes/Workstations: ~1.5M units * ~30 MFLOPS/unit (DP, weighted avg) =
4.5 x 10M3 FLOPs (0.045 PFLOPS)

PCs (x86): ~47M units * ~6 MFLOPS/unit (DP, weighted avg 486/Pentium) = 2.8 x 10*14
FLOPs (0.28 PFLOPS)

PCs (PowerPC): ~1M units * ~25 MFLOPS/unit (DP) = 2.5 x 103 FLOPs (0.025 PFLOPS)
GPUs: (Negligible contribution to total DP FLOPs)

Total Estimated FLOPs Sold in 1994: = 0.35 PFLOPS (or 350 TFLOPS)

Architectural Breakdown:

Server/Workstation: Dominated by RISC architectures (SPARC, Alpha, MIPS, PA-RISC)
in terms of new FLOPs sold, with legacy mainframes contributing less. ~0.045 PFLOPS
total.

PC-x86: Intel held a dominant market share, estimated around 80% 2°°, with AMD and
other clone makers (like Cyrix) holding the rest.?"" Intel contributed ~0.22 PFLOPS,
AMD/Compatibles ~0.06 PFLOPS.

PC-PowerPC: Primarily Apple Macintosh. ~0.025 PFLOPS.

GPU: Split among various vendors (S3, ATI, etc.). Negligible FLOPs contribution.

Table 2: Estimated 1994 FLOPs Sold by Architecture

Architecture Est. Units Sold  [Est. Avg. Est. Total FLOPs (% of Total FLOPs
Category FLOPs/Unit (TFLOPS)

(MFLOPS, DP)




Server/Mainframe/|~1,500,000 ~30 ~45 ~12.9%
Workstation

(RISC/Other)

PC - x86 Intel ~37,600,000 ~6 ~226 ~64.6%
(486/Pentium)

PC - x86 ~9,400,000 ~6 ~56 ~16.0%
AMD/Compatible

(486)

PC - PowerPC ~1,000,000 ~25 ~25 ~7.1%
(PPC 601)

GPU (All Types) [~48,000,000+  [Negligible Negligible ~0.0%
Total ~49,500,000 N/A ~352 100.0%

(Note: All figures are estimates based on available data and stated assumptions. DP = Double
Precision. GPU FLOPs considered negligible for general-purpose computation this year.)
Analysis and Implications:

The 1994 data underscores the consolidation of the computing market around the PC,
specifically the x86 architecture. The sheer volume of PC sales meant that even with lower
per-unit FLOPs compared to high-end workstations, the aggregate floating-point capacity
deployed via PCs dwarfed that of all other segments combined. This demonstrates the
powerful effect of market standardization and volume manufacturing in driving the overall
availability of computational resources, even if individual system performance varied widely.
Within the dominant x86 segment, the competitive dynamic between Intel and AMD was
crucial.?®? While Intel held the lion's share of the market, AMD's presence as a viable
alternative spurred innovation and likely contributed to faster performance improvements and
price reductions across the board. This competition accelerated the FLOPs-per-dollar trend
for mainstream computing, further solidifying the PC's central role.

Although GPUs in 1994 were primarily focused on rendering pixels rather than performing
general-purpose floating-point calculations, their architectural foundation based on parallel
processing units was established.?™* The ~48 million PCs sold represented a massive potential
installed base for future parallel computing capabilities. While their FLOPs contribution was
negligible in 1994, this year marks the quiet beginning of a hardware category that would
eventually dominate the FLOPs landscape. The development of graphics APIs like OpenG
also laid groundwork for future programmability.

6.2004: The Era of Multi-Core, Mobile, and Maturing
GPUs

Market Context:
By 2004, the computing landscape had diversified significantly. PCs remained central,
characterized by intense competition between Intel's Pentium 4 (with Hyper-Threading) and
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early dual-core concepts, and AMD's Athlon 64 and Opteron processors, which introduced
64-bit extensions to the x86 architecture.93 The server market was heavily dominated by x86
architectures, although RISC systems (like IBM POWER, Sun SPARC) and Intel's Itanium
architecture held specialized high-end niches.232 The most dramatic growth occurred in
mobile computing; smartphones, though still nascent by today's standards, and Personal
Digital Assistants (PDAs) were rapidly proliferating, powered almost universally by ARM-based
processors.95 Concurrently, GPUs had evolved into highly parallel processors, essential for
the rapidly growing PC gaming market and beginning to attract attention for
high-performance computing (HPC) tasks (early GPGPU). Key players were Nvidia with its
GeForce 6 series and ATI (soon to be acquired by AMD) with its Radeon X800 series.101

Unit Sales Estimates:

e Personal Computers (PCs): Global shipments were robust, estimated between 175
million (IDC forecast June '04 '°%) and 187 million units (Gartner forecast Feb '04 '°%).
Final IDC numbers put the year at 177.5 million units." Dell and HP were the leading
vendors.”

e Servers: Worldwide shipments reached 6.3 million units, with x86 servers comprising
the vast majority (e.g., 1.6 million x86 servers shipped in Q4 alone).®’ RISC/Itanium
systems represented a small fraction of unit volume.?*

e Smartphones: Estimates vary, but Strategy Analytics placed 2004 sales at 17.5 million
units." Canalys data suggests higher numbers, possibly closer to 30-40 million based
on quarterly figures." Gartner reported ~674 million total mobile phones sold, but didn't
break out smartphones specifically in the cited snippet.” We use an estimate of 30
million smartphones. Nokia was the leader, with Symbian OS dominant.”® ARM
architecture was universal.

e PDAs: Shipments were around 12.3 million units globally.”® PalmOne (using Palm OS)
and HP (using Windows CE/Mobile) were major players. ARM architecture was universal.

e Discrete GPUs: Estimating the attach rate for discrete GPUs in PCs is challenging.
Reports from later years suggest rates around 32-36%."°° Applying a ~35% attach rate
to the ~177.5M PCs suggests approximately 62 million discrete GPUs were sold for PCs.
Nvidia and ATl were the primary competitors, with market shares fluctuating quarterly
but roughly comparable over the year."' Integrated graphics, primarily from Intel,
equipped the remaining ~115 million PCs.

FLOPs per Unit Estimates:
Performance increased significantly compared to 1994, with multi-GHz clock speeds and
architectural enhancements like SSE extensions in x86.

e Servers (Intel Xeon “Nocona" 3.6 GHz): Linpack benchmarks show ~1.8 GFLOPS
(DP).2® Theoretical peak SP performance using SSE2/SSE3 would be higher, perhaps
~25-30 GFLOPS SP (1 core * 3.6 GHz * 2 pipes * 4 SP ops/pipe).

e Servers (AMD Opteron "SledgeHammer" 2.4 GHz): Theoretical peak performance
~9.6 GFLOPS SP (1 core * 2.4 GHz * 2 pipes * 2 SP ops/pipe). Linpack performance likely
lower, perhaps 1-2 GFLOPS DP." We estimate an average server CPU (mix of Intel/AMD,



dual-socket common) at ~40 GFLOPS SP.

PCs (Intel Pentium 4 "Prescott” 3.0 GHz): Theoretical peak ~24 GFLOPS SP (1 core *
3.0 GHz * 2 pipes * 4 SP ops/pipe with HT). Real-world benchmarks suggest lower
effective performance.??’

PCs (AMD Athlon 64 "Newcastle" 3200+ 2.2 GHz): Theoretical peak ~8.8 GFLOPS SP
(1 core * 2.2 GHz * 2 pipes * 2 SP ops/pipe).?*’ We estimate an average PC CPU sold in
2004 at ~15 GFLOPS SP (weighted average across Intel/AMD models).

Mobile (ARM9/ARM11 based): Early ARM cores with VFP (Vector Floating-Point)
extensions, like ARM11, offered performance around 1.3-2 MFLOPS/MHz (SP).2*® With
typical clock speeds of a few hundred MHz (e.g., up to 400 MHz), peak performance
was likely below 1 GFLOPS SP. We estimate an average of 0.2 GFLOPS SP across all
smartphones and PDAs sold.

GPUs (Nvidia GeForce 6800 Ultra): Reported performance varies. One source cites
45 GFLOPS SP 2%¢, while theoretical calculations based on shader count and clock
speed could suggest over 100 GFLOPS SP.2*'

GPUs (ATl Radeon X800 XT): One source cites 182 GFLOPS SP %*°, while others
suggest theoretical peaks over 100 GFLOPS SP.%*® We estimate a weighted average
across all discrete GPUs sold (high-end, mid-range, low-end) at ~60 GFLOPS SP.
Integrated GPUs (e.g., Intel Extreme Graphics): Performance significantly lower than
discrete GPUs, likely in the single-digit GFLOPS SP range. We estimate an average of 2
GFLOPS SP.

Total FLOPs Calculation (Approximate):

Servers (x86): ~6.0M units * 40 GFLOPS SP/unit = 2.4 x 10*7 FLOPs (0.24 PFLOPS)
Servers (RISC/Itanium/Other): ~0.3M units * ~50 GFLOPS SP/unit = 1.5 x 10*6 FLOPs
(0.015 PFLOPS)

PCs (x86 CPU): ~177.5M units * 15 GFLOPS SP/unit = 2.66 x 108 FLOPs (2.66 EFLOPS)
Mobile (ARM - Smartphone + PDA): ~42.3M units * 0.2 GFLOPS SP/unit ~ 8.5 x 10*5
FLOPs (0.008 EFLOPS) (negligible)

Discrete GPUs: ~62M units * 60 GFLOPS SP/unit = 3.72 x 10*8 FLOPs (3.72 EFLOPS)
Integrated GPUs: ~115.5M units * 2 GFLOPS SP/unit = 2.3 x 107 FLOPs (0.23 PFLOPS)
Total Estimated FLOPs Sold in 2004: = 6.87 EFLOPS (ExaFLOPS = 1018)

Architectural Breakdown:

Server-x86: Intel held ~82% CPU market share %, suggesting ~0.20 PFLOPS from Intel
servers and ~0.04 PFLOPS from AMD servers.

Server-Other: Mix of RISC (IBM POWER, Sun SPARC) and Itanium. ~0.015 PFLOPS.
PC-x86: Intel share ~82%, AMD ~16%.°® Intel CPUs ~2.18 EFLOPS, AMD CPUs ~0.43
EFLOPS.

Mobile-ARM: ARM architecture universal. ~0.008 EFLOPS.

GPU-Nvidia Discrete: Share ~46-50%.'2 ~1.7-1.8 EFLOPS.

GPU-ATI/AMD Discrete: Share ~50-51%."°% ~1.8-1.9 EFLOPS.
GPU-Integrated/Other: Primarily Intel. ~0.23 EFLOPS.

Table 3: Estimated 2004 FLOPs Sold by Architecture



Architecture Est. Units Sold  [Est. Avg. Est. Total FLOPs |% of Total FLOPs
Category FLOPs/Unit (PFLOPS)

(GFLOPS, SP)
Server - x86 Intel |~4,900,000 ~40 ~196 ~2.9%
Server - x86 AMD [|~1,100,000 ~40 ~44 ~0.6%
Server - ~300,000 ~50 ~15 ~0.2%
RISC/Itanium/Othe
.
PC - x86 Intel CPU[~145,500,000 ~15 ~2183 ~31.8%
PC - x86 AMD ~28,400,000 ~15 ~426 ~6.2%
CPU
Mobile - ARM ~42,300,000 ~0.2 ~8 ~0.1%
CPU/SoC
GPU - Nvidia ~30,000,000 ~60 ~1800 ~26.2%
Discrete
GPU - ATI/AMD  |~32,000,000 ~60 ~1920 ~28.0%
Discrete
GPU - ~115,500,000 ~2 ~231 ~3.4%
Integrated/Other
Total ~400,000,000 |N/A ~6823 100.0%

(Note: All figures are estimates based on available data and stated assumptions. SP = Single
Precision. Mobile FLOPs are highly approximate. Total units exceed sum of PC/Server/Mobile
due to double-counting GPUs in PCs.)

Analysis and Implications:

The 2004 data reveals a pivotal moment where the sheer computational power delivered by
discrete GPUs began to overshadow that of CPUs. Multiplying the average estimated FLOPs
per discrete GPU (~60 GFLOPS SP) by the estimated units sold (~62 million) yields a total of
~3.7 EFLOPS. In contrast, the total FLOPs from all PC CPUs sold (~177.5 million units * ~15
GFLOPS SP/unit) amounts to ~2.7 EFLOPS. This signifies a fundamental shift: for the first time,
the aggregate theoretical floating-point performance entering the market via discrete
graphics cards exceeded the aggregate performance from the CPUs powering the vast
majority of personal computers. This transition was primarily driven by the insatiable demands
of 3D gaming, which pushed GPU vendors like Nvidia and ATl to develop highly parallel
architectures capable of massive floating-point throughput.

Simultaneously, the mobile revolution, powered by ARM architecture, was establishing a
colossal volume base.?® While the individual FLOPs capability of smartphones and PDAs in
2004 was minimal (estimated <1 GFLOPS SP per device), the sale of tens of millions of units
laid the foundation for ARM's future dominance in mobile and its eventual expansion into
other computing segments. The focus on power efficiency inherent in ARM's design
philosophy proved crucial for battery-powered devices and would later become increasingly



important across all computing domains.

Although GPUs were becoming the primary source of raw FLOPs, their application was still
largely confined to graphics rendering. However, the programmability of GPUs was increasing
(e.g., supporting DirectX 9.0 Shader Model 3.0 ?*°), and researchers were beginning to
explore their use for general-purpose computation (GPGPU) in scientific domains.?™ This
nascent trend, leveraging the massive parallel floating-point power initially developed for
gaming, set the stage for the later Al revolution, which would become heavily reliant on
GPU-based acceleration. The server market, while critical for infrastructure, contributed a
relatively small percentage of the total new FLOPs sold compared to the client market (PCs
and GPUs combined), highlighting the scale difference driven by consumer electronics
volumes.

7. 2014: The Mobile, Cloud, and Early Al Era

Market Context:

By 2014, the computing landscape was characterized by the ubiquity of mobile devices and
the rise of cloud computing. Smartphone shipments, dominated by Apple's iOS and Google's
Android operating systems running on ARM-based processors, vastly outnumbered PC
shipments.123 Tablets, also primarily ARM-based, had carved out a significant market
segment.125 The traditional PC market, while still substantial, faced pressure from these
mobile form factors and experienced slower growth, though x86 architectures from Intel and
AMD remained dominant.121 Cloud computing had become mainstream, fueling demand for
large-scale data centers filled primarily with x86 servers.119 In the high-performance
computing (HPC) and gaming segments, GPUs had become indispensable. Nvidia (Maxwell
architecture) and AMD (GCN architecture) offered GPUs with TFLOPS-level performance, and
their use in data centers for scientific computing and the early stages of the deep learning Al
boom was accelerating.127

Unit Sales Estimates:

e Personal Computers (PCs): Global shipments were around 308-315 million units,
showing stabilization after earlier declines."' Lenovo, HP, and Dell were the top vendors.

e Servers: Worldwide shipments reached approximately 9.2 million units, with x86 servers
constituting the vast majority."’

e Smartphones: Global shipments surged to approximately 1.3 billion units.”> Samsung
and Apple led in market share, but competition from Chinese vendors like Huawei,
Lenovo, and Xiaomi was intensifying. ARM architecture was universal in this segment.

e Tablets: Shipments totaled around 230 million units worldwide.'”® Apple's iPad
maintained leadership, followed by Samsung and others, predominantly using ARM
SoCs.

e Discrete GPUs: The attach rate for discrete GPUs in PCs hovered around 32-34%."
Based on ~310M PCs, this suggests roughly 100-105 million discrete GPUs were sold for
client systems. Nvidia held a commanding market share lead over AMD, approximately
68% to 31%."* Integrated graphics (mostly Intel, some AMD APUs) equipped the
remaining PCs. Data center GPU sales, while growing rapidly in importance for HPC/AI,



represented a much smaller unit volume compared to client GPUs at this time.

FLOPs per Unit Estimates:
Performance continued to climb, driven by multi-core CPUs, wider vector units (AVX2/FMA3 in
x86), and increasingly powerful GPUs.

Servers (Intel Xeon E5 v3 "Haswell-EP"): These processors featured up to 18 cores
and AVX2/FMAZ3 instructions, enabling 16 double-precision (DP) or 32 single-precision
(SP) FLOPs per core per cycle.®' A mid-range 12-core chip at ~2.5 GHz could
theoretically peak around 1.2 TFLOPS (DP) or 2.4 TFLOPS (SP) per CPU. A typical
dual-socket server might average ~3-4 TFLOPS (SP).

Servers (AMD Opteron 6300 "Piledriver"): Based on an older architecture with FMA4
support (8 DP or 16 SP FLOPs/cycle per module/2 cores).?®® A 16-core (8-module) chip
at ~3.0 GHz might peak around 0.4 TFLOPS (DP) or 0.8 TFLOPS (SP) per CPU. Average
server performance significantly lower than contemporary Intel Xeons, perhaps ~1
TFLOPS (SP) for a dual-socket system.

PCs (Intel Core i7 "Haswell" - e.g., i7-4790K): With 4 cores, AVX2/FMA3, and turbo
speeds up to 4.4 GHz, peak theoretical performance reached ~0.56 TFLOPS (DP) or ~1.1
TFLOPS (SP).%° Average performance across the ~310M PCs sold (including lower-end
Core i3/i5, Pentiums, Celerons) would be much lower, estimated at ~0.2 TFLOPS (SP).
PCs (AMD "Piledriver” / "Steamroller” - e.g., FX-8350): Peak performance lower than
Intel counterparts due to architecture.?®” Estimated average across AMD-based PCs
~0.1 TFLOPS (SP).

Mobile (High-end ARM SoCs - e.g., Apple A8, Qualcomm Snapdragon 805):
Integrated GPUs became the main FLOPs contributor. Apple A8's PowerVR GX6450 GPU
was estimated around 136 GFLOPS (SP).*° Qualcomm Adreno 420 in Snapdragon 805
likely offered comparable or slightly higher performance, perhaps ~200-300 GFLOPS
(SP).%° Average performance across the ~1.5 billion smartphones and tablets sold
(including many lower-end devices) is estimated at ~0.1 TFLOPS (SP).

GPUs (Nvidia GeForce GTX 980 "Maxwell"): Offered peak performance around 5
TFLOPS (SP).%?

GPUs (AMD Radeon R9 290X “"GCN"): Offered peak performance around 5.6 TFLOPS
(SP).%* The weighted average across all ~100M discrete client GPUs sold (including
mid-range and low-end cards) is estimated at ~2.5 TFLOPS (SP).

Integrated GPUs (Intel HD Graphics, AMD APUs): Performance varied but
significantly lower than discrete GPUs, perhaps averaging ~0.05 TFLOPS (SP).

Total FLOPs Calculation (Approximate):

Servers (x86): ~9.0M units * ~3.5 TFLOPS SP/unit (weighted avg Intel/AMD) = 3.15 x 109
FLOPs (31.5 EFLOPS)

Servers (Other - POWER, SPARC): ~0.2M units * ~1.0 TFLOPS SP/unit = 2.0 x 10™M7
FLOPs (0.2 EFLOPS)

PCs (x86 CPU): ~310M units * ~0.18 TFLOPS SP/unit (weighted avg Intel/AMD) = 5.6 x
10™9 FLOPs (56 EFLOPS)

Mobile (ARM - Smartphone + Tablet): ~1.53B units * ~0.1 TFLOPS SP/unit = 1.53 x 1020



FLOPs (153 EFLOPS)
e Discrete GPUs (Client + early Data Center): ~105M units * ~2.5 TFLOPS SP/unit = 2.63 x
10720 FLOPs (263 EFLOPS)
e Integrated GPUs: ~205M PCs/Servers * ~0.05 TFLOPS SP/unit = 1.0 x 10*19 FLOPs (10

EFLOPS)

e Total Estimated FLOPs Sold in 2014: = 514 EFLOPS
Architectural Breakdown:
e Server-x86: Intel dominated market share (~98%+). Intel ~31 EFLOPS, AMD ~0.5

EFLOPS.

Server-Other: Primarily IBM POWER. ~0.2 EFLOPS.
PC-x86: Intel share ~89%, AMD ~11%."" Intel CPUs ~50 EFLOPS, AMD CPUs ~6 EFLOPS.
Mobile/Client-ARM: ARM architecture universal.®’ ~153 EFLOPS.

e GPU-Nvidia Discrete: ~68% unit share.”* ~179 EFLOPS.
e GPU-AMD Discrete: ~31% unit share."®* ~81 EFLOPS.
e GPU-Integrated/Other: Primarily Intel HD Graphics, AMD APUs. ~10 EFLOPS.

Table 4: Estimated 2014 FLOPs Sold by Architecture

Architecture Est. Units Sold  [Est. Avg. Est. Total FLOPs |% of Total FLOPs
Category FLOPs/Unit (EFLOPS)

(TFLOPS, SP)
Server - x86 Intel (~8,800,000 ~3.5 ~30.8 ~6.0%
Server - x86 AMD (~200,000 ~1.0 ~0.2 ~0.0%
Server - Other ~200,000 ~1.0 ~0.2 ~0.0%
(POWER, etc.)
PC - x86 Intel CPU|~276,000,000  [~0.18 ~49.7 ~9.7%
PC - x86 AMD ~34,000,000 ~0.1 ~3.4 ~0.7%
CPU
Mobile - ARM ~1,530,000,000 [~0.1 ~153.0 ~29.8%
CPU/SoC
GPU - Nvidia ~71,000,000 ~2.5 ~177.5 ~34.5%
Discrete
GPU - AMD ~32,000,000 ~2.5 ~80.0 ~15.6%
Discrete
GPU - ~207,000,000 [~0.05 ~10.4 ~2.0%
Integrated/Other
Total ~2,160,000,000 [N/A ~505.2 100.0%

(Note: All figures are estimates based on available data and stated assumptions. SP = Single
Precision. Server/PC CPU FLOPs represent CPU contribution only. Mobile SoC FLOPs
dominated by integrated GPU. Total units exceed sum of PC/Server/Mobile/Tablet due to
double-counting GPUs.)
Analysis and Implications:




The 2014 data shows a compute landscape dominated by client devices in terms of both unit
volume and aggregate FLOPs. The sheer scale of the smartphone and tablet market, powered
almost exclusively by ARM SoCs with increasingly capable integrated GPUs, meant that mobile
devices likely contributed the largest single chunk of client-side FLOPs sold globally,
potentially surpassing the contribution from PC CPUs.99 This underscores the massive shift in
computing towards mobile platforms during this period.

However, discrete GPUs maintained their position as the primary source of peak floating-point
performance entering the market overall. The combined FLOPs from Nvidia and AMD discrete
GPUs (~260 EFLOPS) significantly exceeded the total estimated FLOPs from all CPUs
combined (Servers ~31 EFLOPS + PCs ~53 EFLOPS + Mobile ~153 EFLOPS = 237 EFLOPS). This
reflects the continued divergence between highly parallel processors optimized for graphics
(and increasingly, HPC/early Al) and general-purpose CPUs. Nvidia solidified its market share
lead over AMD in the discrete GPU segment during this period.™*

While data centers were becoming increasingly critical infrastructure, housing powerful
multi-core x86 servers *, their contribution to the total annual volume of FLOPs sold
remained relatively small compared to the client market (PCs, mobile devices, and client
GPUs). A server CPU, while powerful individually, was vastly outnumbered by the processors
shipping in consumer devices. This highlights that the bulk of deployed computational power,
measured by theoretical peak FLOPs, resided at the edge and in consumer hands, even as the
strategic importance of centralized cloud computing grew. This period set the stage for the
next major shift, where the computational demands of Al would dramatically elevate the
importance and FLOPs contribution of data center hardware.

8. 2024: The Al Accelerator Revolution

Market Context:

The year 2024 is defined by the transformative impact of Artificial Intelligence, particularly
generative Al. This has led to an unprecedented surge in demand for specialized compute
hardware, primarily in data centers. GPUs and other Al accelerators, such as Google's TPUs
and custom ASICs developed by hyperscalers, have become the dominant drivers of
computational power growth, commanding massive investments.149 Nvidia, with its
H100/H200 "Hopper" and newly announced "Blackwell" architectures, holds a commanding
position in this lucrative market, with AMD's Instinct MI30O series providing the main
competition.5 This Al boom has dramatically increased server market revenues, even if unit
growth is more modest, due to the high average selling price (ASP) of Al-optimized servers.88
In the traditional server and PC CPU markets, Intel (with Emerald Rapids Xeons and Core Ultra
client CPUs) and AMD (with EPYC Genoa/Turin server CPUs and Ryzen client CPUs) continue
to compete fiercely within the x86 architecture.' However, ARM-based processors are
making significant inroads. Cloud providers like AWS (Graviton) and Google are deploying
custom ARM server chips, Nvidia offers its Grace CPU Superchip, and companies like Ampere
Computing focus solely on ARM servers.” In the PC space, Apple's M-series silicon (ARM)
continues its success, and Qualcomm's Snapdragon X Elite/Plus chips are powering a new
wave of Windows-on-ARM laptops, challenging x86's historical dominance.?’” Furthermore,



the open-standard RISC-V architecture is gaining momentum, particularly in embedded
systems and loT, with aspirations to enter the PC and server markets.??

The PC and smartphone markets, after pandemic-driven highs, experienced significant
declines in 2023 but showed signs of stabilization and recovery in 2024.%° Client GPUs, such
as Nvidia's RTX 40/50 series and AMD's Radeon RX 7000/9000 series, continue to offer
substantial performance for gaming and content creation, though unit shipments remain
below peak levels seen in previous cycles."’ The concept of the "Al PC," incorporating
dedicated Neural Processing Units (NPUs), is also emerging.®’

Unit Sales Estimates (2024):

e Personal Computers (PCs): Global shipments estimated around 263 million units,
showing slight growth over 2023."° Lenovo, HP, and Dell remain the top vendors.

e Servers: Unit shipments likely around 12-14 million, but revenue growth is far more
significant due to high-value Al servers.®® x86 still leads in volume, but ARM server
shipments are growing, particularly among hyperscalers.™’

e Smartphones: Global shipments estimated around 1.24 billion units, showing modest
growth.™* Apple and Samsung lead, with strong growth from Transsion and Xiaomi. ARM
architecture is universal.

e Data Center GPUs/Al Accelerators: Unit numbers are difficult to pinpoint precisely, as
sales are often reported in revenue terms. However, given Nvidia's dominance "¢ and
the massive scale of deployments (e.g., hundreds of thousands of H100s by single
companies '), total unit shipments of high-end accelerators are likely in the range of
3-5 million units, with a much higher ASP than client GPUs or CPUs.

e Discrete Client GPUs: Shipments estimated around 35 million units for the year.'*’
Nvidia dominates market share (~88-90%), with AMD holding most of the remainder.”*

FLOPs per Unit Estimates (Note Varying Precisions):
The FLOPs landscape in 2024 is dominated by Al accelerators operating at lower precisions.

e Data Center GPUs (Nvidia H100 SXM): Peak theoretical performance is staggering:
~67 TFLOPS (FP64 Tensor Core), ~989 TFLOPS (TF32 Tensor Core), ~1979 TFLOPS (FP16
Tensor Core), and ~3958 TFLOPS (FP8 Tensor Core).°

e Data Center GPUs (AMD Instinct MI300X): Peak theoretical performance: ~123
TFLOPS (FP64/FP32 Vector), ~980 TFLOPS (BF16), ~1961 TFLOPS (FP8).” Measured
performance using optimized matrix multiplication (MAF) suggests achievable rates
closer to ~654 TFLOPS (FP16), ~708 TFLOPS (BF16), and ~1273 TFLOPS (FP8).8 For
aggregation, using an average "effective Al FLOPs" value around 1500 TFLOPS (1.5
PFLOPS) per high-end accelerator seems plausible, acknowledging this blends different
precisions.

e Servers (Intel Xeon "Emerald Rapids"): Peak theoretical performance per CPU around
10-20 TFLOPS (SP) using AVX-512.27

e Servers (AMD EPYC "Genoa"): Peak theoretical performance per CPU around 7-11
TFLOPS (SP) using AVX-512.2"° Average server CPU performance (mix of Intel/AMD,
various core counts) estimated at ~15 TFLOPS (SP).



e Servers (ARM - e.g., Ampere, Nvidia Grace): Performance varies, but likely lower
peak FLOPs per core than x86, compensated by core count and efficiency. Estimated
average ~5 TFLOPS (SP) per chip.

e PCs (High-end x86 - Core Ultra, Ryzen 7/9): Peak performance around 1-3 TFLOPS
(SP). Average across all PCs sold estimated at ~0.5 TFLOPS (SP).

e PCs (ARM - Snapdragon X Elite, Apple M3): Integrated GPU performance is
significant. Snapdragon X Elite Adreno GPU peaks at ~4.6 TFLOPS (SP).2”* Apple M3
Max 40-core GPU estimated ~15-20 TFLOPS (SP)? (Extrapolating from M1's 2.6 TFLOPS
2y Average across ARM PCs estimated at ~3 TFLOPS (SP).

e Mobile (High-end ARM SoCs): Integrated GPUs offer ~1-3 TFLOPS (SP). Average
across all smartphones sold estimated at ~0.8 TFLOPS (SP).

e Client GPUs (Nvidia RTX 4090): Peak performance ~83 TFLOPS (SP).%¢

e Client GPUs (AMD RX 7900 XTX): Peak performance ~61 TFLOPS (SP).% Weighted
average across all ~35M discrete client GPUs sold estimated at ~40 TFLOPS (SP).

e Integrated GPUs (PC/Server): Performance increasing but still far below discrete.
Estimated average ~0.1 TFLOPS (SP).

Total FLOPs Calculation (Approximate - Dominated by Lower Precision Al FLOPs):

e Data Center Accelerators: ~4M units * 1500 TFLOPS/unit (Mixed Al Precision) = 6 x
10724 FLOPs (6 YFLOPS)

e Servers (CPUs): ~13M units * ~14 TFLOPS SP/unit (weighted x86/ARM) = 1.8 x 10*20
FLOPs (0.18 ZFLOPS)

e PCs (CPU +iGPU): ~263M units * ~0.6 TFLOPS SP/unit (weighted x86/ARM + iGPU) = 1.6
x 10*20 FLOPs (0.16 ZFLOPS)

e Mobile (ARM SoC): ~1.24B units * ~0.8 TFLOPS SP/unit = 9.9 x 10*20 FLOPs (0.99

ZFLOPS)

e Discrete Client GPUs: ~35M units * ~40 TFLOPS SP/unit = 1.4 x 1021 FLOPs (1.4
ZFLOPS)

e Integrated GPUs (Standalone estimate): ~228M PCs * ~0.1 TFLOPS SP/unit =~ 2.3 x 10*9
FLOPs (0.02 ZFLOPS)

e Total Estimated FLOPs Sold in 2024: =~ 8.75 YFLOPS (YottaFLOPS = 1024)

(Note: This total is overwhelmingly dominated by the lower-precision FLOPs from Al
accelerators. The contribution from traditional CPU/Client GPU FLOPs measured in SP/DP is
several orders of magnitude smaller, likely in the range of 2-3 ZFLOPS total.)

Architectural Breakdown (Focus on FLOPs Drivers):

e Data Center Accelerator: Nvidia holds ~90%-+ effective market share.”® Nvidia ~5.4
YFLOPS, AMD/Other ~0.6 YFLOPS (primarily lower precision Al FLOPs).

e Data Center CPU: x86 still holds majority revenue/unit share, but ARM's share is
growing rapidly (~15-20% units).™" FLOPs contribution (~0.18 ZFLOPS SP) is negligible
compared to accelerators.

e Client CPU/SoC: x86 dominates PCs (~75-80% share '), ARM dominates mobile
and is growing in PCs via Apple/Qualcomm.?®! Total FLOPs contribution (~1.15 ZFLOPS
SP) is minor compared to accelerators.



e Client GPU: Nvidia dominates discrete share (~88-90%)."** Total FLOPs contribution
(~1.4 ZFLOPS SP) is minor compared to accelerators.
Table 5: Estimated 2024 FLOPs Sold by Dominant Architecture Categories

Architecture Est. Units Sold  [Est. Avg. Est. Total FLOPs (% of Total FLOPs
Category (Millions) FLOPs/Unit (YFLOPS)

(TFLOPS, Mixed

Precision)
Data Center ~3.6 ~1500 (Al Mix) ~5.40 ~61.7%
Accelerator -
Nvidia
Data Center ~0.4 ~1500 (Al Mix) ~0.60 ~6.9%
Accelerator -
AMD/Other
Mobile SoC (ARM) (~1240 ~0.8 (SP) ~0.99 ~11.3%
Discrete Client ~35 ~40 (SP) ~1.40 ~16.0%
GPU (All)
PC CPU/SoC (x86 [~263 ~0.6 (SP) ~0.16 ~1.8%
+ ARM)
Server CPU (x86 + [~13 ~14 (SP) ~0.18 ~2.1%
ARM)
Integrated Client |[~228 ~0.1 (SP) ~0.02 ~0.2%
GPU (non-SoC)
Total ~1780 N/A ~8.75 100.0%

(Note: All figures are highly estimated. Al Accelerator FLOPs dominate and are based on
mixed/lower precision (FP16/FP8/TF32). Other categories primarily estimated using SP (FP32).
Total units count overlaps categories.)

Analysis and Implications:

The 2024 data unequivocally demonstrates a paradigm shift in computing, driven by the
demands of Al. The overwhelming majority (estimated >90% if considering only accelerator
FLOPs vs all others combined, or ~69% based on the table above which includes mobile/client
GPU SP FLOPs) of theoretical FLOPs sold now originate from specialized data center
accelerators, primarily GPUs optimized for Al training and inference. This marks a fundamental
change from previous eras where general-purpose CPUs in PCs or mobile devices contributed
the largest share of aggregate FLOPs. The use of lower-precision number formats (FP16,
BF16, FP8) in these accelerators is key to achieving the YottaFLOPS-scale throughput figures
reported 5, making direct comparison with traditional FP32/FP64 CPU FLOPs misleading
without careful qualification.

This shift has led to extreme market concentration. Nvidia's dominance in the Al accelerator
space (~90% share) means it controls the vast majority of the new computational capacity
being deployed globally.” This gives Nvidia significant pricing power and strategic influence,



although competition from AMD's Instinct line and custom silicon efforts by major cloud
providers (like Google TPUs, AWS Trainium/Inferentia) is intensifying.’

While overshadowed in the total FLOPs count by Al accelerators, significant architectural
diversification is occurring in the CPU market. ARM-based processors are mounting a serious
challenge to x86's long-held dominance in both servers (driven by hyperscaler adoption for
efficiency and custom designs ") and PCs (led by Apple's M-series and Qualcomm's
Snapdragon X series for Windows 2%"). Concurrently, the open-source RISC-V architecture is
gaining traction, offering a royalty-free, customizable alternative that is attractive for
specialized applications and potentially future mainstream adoption.?®? This suggests a future
compute landscape that is far more heterogeneous than the largely x86-centric world of
2004 and 2014.

9. Looking Ahead: Projections for 2034 and 2044

Methodology:

Projecting computing FLOPs sold ten and twenty years into the future is inherently
speculative. This forecast relies on extrapolating recent trends, particularly the growth rates
observed in Al compute demand and semiconductor industry forecasts, tempered by
qualitative assessments of potential drivers and constraints identified by industry experts and
market analysts. Compound Annual Growth Rates (CAGRs) are used where available, but the
immense uncertainty, especially for 2044, must be emphasized.

Growth Drivers:

e Artificial Intelligence: The demand for computation for both training increasingly large
Al models and deploying them for inference across myriad applications is expected to
remain the primary driver of FLOPs growth.?*® While current growth rates in training
compute (doubling every 5-6 months ?™") are likely unsustainable long-term 2%, the
overall demand for Al-related FLOPs is projected to grow substantially, potentially at
CAGRs of 20-35% or higher through the next decade.?® The shift towards more
complex reasoning and agentic Al systems could further fuel inference compute
demand.?*®

e Architectural Specialization and Heterogeneity: The trend towards specialized
processors (GPUs, TPUs, NPUs, potentially quantum co-processors) tailored for specific
workloads (Al, graphics, scientific simulation) will likely continue.?®' This allows for
greater efficiency (FLOPS/Watt) compared to general-purpose CPUs. The co-existence
of multiple CPU architectures (x86, ARM, RISC-V) catering to different market segments
(performance, efficiency, customization, cost) will likely persist and intensify.2®'

e Edge Computing: Processing data closer to its source for applications like autonomous
vehicles, loT analytics, and real-time control systems will drive demand for compute
power outside traditional data centers. Global spending on edge computing is forecast
to grow at nearly 14% CAGR, reaching $380 billion by 2028.%°"

e Continued Semiconductor Advancement: While Dennard scaling has ended and
Moore's Law is slowing for monolithic chips, advancements in materials, transistor



designs (like Gate-All-Around FETs), and especially advanced packaging techniques
(chiplets, heterogeneous integration) continue to enable performance and density
improvements.?*’

Potential Constraints:

Power Consumption: This is arguably the most significant constraint. Data centers
already consume a substantial fraction of global electricity, and Al workloads are
particularly power-hungry.?® Projections suggest Al power demand could exceed the
current consumption of entire countries by 2030.%" Sustaining exponential FLOPs
growth may require radical improvements in energy efficiency (FLOPS/Watt) or massive
investments in energy generation and infrastructure, potentially limiting deployment
scale.”’

Economic Factors: The cost of building leading-edge semiconductor fabs runs into the
tens of billions of dollars. The capital expenditure required for large-scale Al
supercomputers is also immense (e.g., hundreds of billions projected for future systems
212 Economic downturns, shifts in investment priorities (e.g., if Al monetization lags %7°),
or rising costs could dampen the growth rate.

Software and Algorithmic Efficiency: Effectively utilizing hardware capable of
YottaFLOPS or ZettaFLOPS (1027) requires significant advances in parallel programming
models, algorithms, and software tools. Al model efficiency is also crucial; if models
become significantly more efficient, the demand for raw FLOPs might grow more slowly.
Geopolitics and Supply Chains: Increasing geopolitical tensions, trade restrictions
(especially concerning advanced semiconductors 2°°), and supply chain vulnerabilities
pose risks to the global manufacturing and deployment of cutting-edge compute
hardware.?™®

Physical Limits: While advanced packaging provides avenues for continued
performance scaling, fundamental physical limits related to heat dissipation,
interconnect bandwidth, and ultimately quantum effects will eventually constrain
computational density and speed.'®

2034 Projection:

Total FLOPs: Continued strong, double-digit CAGR (perhaps 20-30% average 2%
driven primarily by Al accelerator deployments seems plausible. This would place total
annual FLOPs sold in the range of 100-500 YFLOPS, potentially reaching the low
ZettaFLOPS scale (1027 FLOPs). The precision basis will remain mixed, dominated by
formats suitable for Al.

Architectural Mix:

o Al Accelerators (GPUs, ASICs, etc.): Will constitute the vast majority (>95%) of
total FLOPs sold. Nvidia is likely to remain dominant, but competition from AMD,
Intel, and custom silicon from hyperscalers will intensify.

o Server CPUs: ARM architectures are expected to gain significant share, potentially
exceeding 50% of the data center CPU market by the late 2020s or early 2030s,
driven by hyperscaler adoption and efficiency demands.™ x86 will likely retain a
substantial share, particularly in enterprise. RISC-V may start appearing in niche



server roles.?®? Overall CPU FLOPs contribution remains minor compared to
accelerators.

o Client CPUs/SoCs: A mix of x86 and ARM is expected in PCs.%" ARM will continue
to dominate smartphones and tablets. RISC-V may gain share in lower-end
mobile/loT and potentially PCs.?®* Aggregate FLOPs from client devices will be
significant due to volume but dwarfed by data center accelerators.

2044 Projection (Highly Speculative):

e Total FLOPs: Extrapolating another decade is fraught with uncertainty. Assuming
growth moderates significantly due to constraints (e.g., averaging 10-15% CAGR from
2034-2044), total FLOPs sold could reach the scale of 1-10 ZettaFLOPS (1027-1028
FLOPs). Reaching this scale likely depends heavily on breakthroughs in energy
efficiency and potentially new computing paradigms.

e Architectural Mix:

o Al/Specialized Accelerators: Will still dominate. The specific technologies may
evolve (e.g., more ASICs, potential integration of photonic or neuromorphic
elements, early quantum co-processors %").

o General-Purpose CPUs: The balance between x86, ARM, and RISC-V is difficult to
predict. If energy efficiency and customization become paramount, ARM and
RISC-V could marginalize x86 significantly.® However, the incumbency and
software ecosystem of x86 could ensure its persistence.

o New Paradigms: It's possible that fundamentally different computing approaches
(gquantum, optical, biological) could start contributing measurable FLOPs,
although widespread deployment by 2044 remains uncertain.'”®

Table 6: Projected 2034 & 2044 FLOPs Sold by Dominant Architecture Categories

Year Architecture Estimated Total |Projected CAGR [Key
Category FLOPs (Mixed Assumptions/Un
Precision) certainties
2034 Al Accelerators 100 - 500 20-30% Continued strong
(DC) YFLOPS (Low (2024-2034) Al investment,
ZFLOPS) advances in
accelerator
efficiency,
manageable

power constraints.
High uncertainty
in growth rate.

2034 General Purpose |Low ZFLOPS <15% (2024-2034)x86 vs ARM vs
CPUs (All) RISC-V share shift,
dwarfed by
accelerators.
2034 Client GPUs/SoCs [Low ZFLOPS <15% (2024-2034) Driven by

(Al mobile/PC volume,




dwarfed by
accelerators.

2034 Total

All

~100 - 500
YFLOPS+

~20-30%
(Overall)

Dominated by Al
accelerators;
overall rate
depends heavily
on Al demand
and efficiency
gains.

2044

Al Accelerators
(DC)

1-10 ZFLOPS

10-15%
(2034-2044)

Moderating Al
growth, significant
efficiency
breakthroughs,
potential new
accelerator types,
power/cost
constraints bite.

2044

General Purpose
CPUs (All)

Mid ZFLOPS?

<10%
(2034-2044)

Architectural
balance highly
uncertain
(x86/ARM/RISC-V).

2044

Client GPUs/SoCs
(Al

Mid ZFLOPS?

<10%
(2034-2044)

\Volume driven,
potential
integration with
new paradigms.

D044

New Paradigms
(Quantum etc.)

Highly Uncertain
(Low ZFLOPS?)

N/A

Dependent on
major
technological
breakthroughs.

2044 Total

All

~1-10 ZFLOPS+

~10-15%
(Overall)

Highly
speculative;
assumes
continued
innovation
overcomes major
power/cost/physi
cal constraints.

(Note: FLOPs figures are order-of-magnitude estimates, primarily reflecting lower-precision
Al compute. CAGR figures are illustrative averages over the period.)




10. Conclusion and Strategic Insights

The history of computing over the past four decades is, in large part, a story of the relentless
pursuit and deployment of floating-point computational power. From the sub-PetaFLOPS
scale of 1984, dominated by mainframes and minicomputers, the annual volume of theoretical
FLOPs sold globally has surged by an almost incomprehensible factor, reaching the
YottaFLOPS (1024) range in 2024. This exponential growth has been fueled by successive
architectural waves: the rise of the x86 PC which democratized computing and vastly
increased unit volumes; the mobile revolution driven by power-efficient ARM SoCs scaling to
billions of devices; and most recently, the explosion of parallel processing power delivered by
GPUs and specialized Al accelerators.
The current era represents a fundamental inflection point. Since roughly the mid-2010s, and
accelerating dramatically in the 2020s, the vast majority of new theoretical FLOPs entering
the market originate not from general-purpose CPUs, but from data center accelerators
designed specifically for Al workloads. Furthermore, these accelerators achieve their headline
performance figures often using lower-precision arithmetic (FP16, BF16, FP8), optimized for
the statistical nature of deep learning rather than the traditional FP32/FP64 precision used in
scientific computing and earlier benchmarks. This makes direct FLOPs comparisons across
eras and device classes complex, but underscores the degree to which Al has reshaped the
hardware landscape. Nvidia's current dominance in this critical Al accelerator segment gives it
unprecedented market influence.
While Al accelerators drive the headline FLOPs numbers, the underlying architectural
landscape is becoming more diverse. The long-standing duopoly of x86 in PCs and servers is
facing credible challenges. ARM's architecture, honed in the power-constrained mobile
market, is proving viable and efficient for laptops (Apple Silicon, Windows on ARM) and
increasingly for servers, particularly in large cloud deployments where power efficiency and
customization are key. The open-standard RISC-V architecture also presents a long-term
alternative, offering freedom from licensing fees and enabling greater customization, which is
attracting significant interest across various segments from embedded systems to potentially
HPC and data centers. The future of computing is likely to be increasingly heterogeneous,
with different architectures optimized for different tasks and market segments.
However, the continuation of exponential growth in FLOPs deployment faces significant
hurdles. The most pressing is energy consumption. The power required to operate large-scale
Al training clusters and data centers is substantial and growing rapidly, potentially straining
electricity grids and conflicting with climate goals.?®® Future progress will be heavily
dependent on improving energy efficiency (FLOPS per Watt). The immense capital cost of
building leading-edge semiconductor fabrication plants and deploying massive Al
infrastructure also presents economic challenges.?’® Geopolitical factors impacting
semiconductor supply chains add another layer of complexity and risk.2®
These trends carry significant strategic implications:

e Hardware Vendors: Success will require continuous innovation in both performance

and energy efficiency. Specialization for key workloads, particularly Al, is crucial.



Vendors must navigate a complex landscape with competing architectures (x86, ARM,
RISC-V) and the rise of custom silicon designed by large customers (hyperscalers).
Advanced packaging and heterogeneous integration will be key technology drivers.?*
Software Developers: The challenge lies in creating software that can effectively and
efficiently utilize massively parallel, heterogeneous hardware. Optimizing algorithms for
specific accelerators and leveraging lower-precision arithmetic where appropriate will
be critical for performance. Developing more compute-efficient Al models is also
essential.

Enterprises and Cloud Providers: Strategic decisions regarding infrastructure
investment are paramount. Balancing the performance benefits of cutting-edge
hardware (especially Al accelerators) against cost and power consumption is critical.
The choice between deploying proprietary hardware, utilizing cloud services, or
developing custom silicon will depend on scale, workload, and strategic goals.?”®
Policymakers: Governments face the challenge of fostering domestic semiconductor
capabilities amidst geopolitical competition, ensuring stable supply chains, managing
the energy demands of large-scale computing, and potentially regulating the
development and deployment of powerful Al systems.

In conclusion, the journey from KiloFLOPS to YottaFLOPS sold annually within four decades
represents one of the most profound technological transformations in history. While the
exponential trajectory faces undeniable physical and economic constraints, the demand for
computation, currently catalyzed by Al, shows few signs of abating. Future progress will likely
depend not just on raw FLOPs increases, but on achieving those gains with greater efficiency
and through increasingly diverse and specialized computing architectures.
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