
Computer System Design Lab 1

David Andrews
Rm 527 JBHT

dandrews@uark.edu
CSCE University of Arkansas

Introduction to Domain Specific Accelerators

mailto:Dandrews@eecs.ukans.edu


Computer System Design Lab 2

Introduction - Framing the shift and key statistics
Dennard Scaling - Why CPUs had a free lunch for  30 years, and why 
it ended
The three walls - power, memory bandwidth,  and instruction-level 
parallelism
Dark silicon - why we can build transistors we can’t afford to run
The GPU case study - from pixels to petaflops, and why it maps to AI
Hyperscaler silicon - Google TPUs, Apple Neural Engine, Amazon 
Trainium
The economics - why specialization is a business imperative, not just 
physics
 Summary - key takeaways and where the field is heading

We have crossed the Rubicon
or why do we need domain specific accelerators ?
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Why CPUs reigned for 30 years ?
From the early 1970s through the mid-2000s, the semiconductor industry 
lived by two compounding laws that made every new processor generation 
better than the last — for free !.
Moore's Law (1965)
— Transistor count doubles roughly every two years
— Driven by photolithography shrinks
— Empirical observation, not a law of physics
— Still loosely holds, but slower and at higher cost
Dennard Scaling (1974)
— Shrinking transistors also reduced voltage and power
— Power density stayed constant as transistors shrank
— Meant faster + smaller + cooler, all simultaneously
— Collapsed around 2005–2007
While Dennard Scaling held, software developers got a "free lunch" — just 
wait for next year's chip and your existing code would run faster, without 

any changes.

Dennard Scaling and the Free Lunch
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Herb Sutter's 2005 article "The Free Lunch Is Over" announced the end 
of this era and signaled that software developers could no longer rely on 
hardware improvements alone. 
http://www.gotw.ca/publications/concurrency-ddj.htm

1974 -> Dennard Scaling formalized
Robert Dennard's paper shows voltage, current, and power all scale with 
transistor geometry.

2004 -> Intel cancels Tejas / Prescott burns
The Pentium 4 hits the power wall. Intel pivots to multicore instead of 
higher clock speeds.

2005 -> Dennard Scaling effectively ends
Leakage current at small nodes means shrinking transistors no longer 
reduces power density.

Dennard Scaling and the Free Lunch
A Timeline
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Three Physical Walls Halted the CPU
Power, memory bandwidth, and instruction-level parallelism

From Claude !!
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Dark Silicon and Specialization
Why we can build transistors we cannot afford to power

From Claude !!
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The GPU: From Pixels to Petaflops
How a graphics chip became the backbone of AI

From Claude !!
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Google TPUs, Amazon Trainium, Apple Neural Engine
Hyperscalars build their own silicon

From Claude !!

By early 2010’s hyperscalars realized that even the GPU – itself a domain accelerator 
– still too general for their specific workloads.   The response: build custom silicon 
optimized for one company’s exact models and infrastructure.

Each hyperscaler has a dominant workload (transformer inference, image recognition, 
signal processing) with known data types, known model sizes, and known batch shapes. 
Designing a chip around those specifics yields enormous efficiency gains.



Computer System Design Lab 9

The Economic and Ecosystem of Specialization
Why it’s not just physics – it’s business!

From Claude !!

Physical necessity explains why specialization became possible. Economics 
explains why it became inevitable. Three forces converged in the 2010s to make 
DSA investment rational at scale.
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The Architecture of the AI Age
What we’ve learned and where it leads
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General Purpose Technology Cycle

-Moore’s Law (transistor scaling) enabled a Unique Virtuous 
Cycle (VC) which built our Information Technology Economy
-General Purpose Processors: faster, more functionality

N. Thompson, S. Spanuth,“The Decline of Computers as a General Purpose Technology” CACM March 2021
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General Purpose Technology Cycle

-Moore’s Law (transistor scaling) enabled a Unique Virtuous 
Cycle (VC) which built our Information Technology Economy
-General Purpose Processors: faster, more functionality -> 
enabled market expansion

N. Thompson, S. Spanuth,“The Decline of Computers as a General Purpose Technology” CACM March 2021
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General Purpose Technology Cycle

-Moore’s Law (transistor scaling) enabled a Unique Virtuous 
Cycle (VC) which built our Information Technology Economy
-General Purpose Processors: faster, more functionality -> 
enabled market expansion -> provided more finances

N. Thompson, S. Spanuth,“The Decline of Computers as a General Purpose Technology” CACM March 2021
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General Purpose Technology Cycle

-Moore’s Law (transistor scaling) enabled a Unique Virtuous 
Cycle (VC) which built our Information Technology Economy
-General Purpose Processors: faster, more functionality -> 
enabled market expansion -> provided more finances -> more 
technology advances

N. Thompson, S. Spanuth,“The Decline of Computers as a General Purpose Technology” CACM March 2021
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General Purpose Technology Cycle

-Moore’s Law (transistor scaling) enabled a Unique Virtuous 
Cycle (VC) which built our Information Technology Economy
-General Purpose Processors: faster, more functionality -> 
enabled market expansion -> provided more finances -> more 
technology advances -> faster, more functionality……. 

N. Thompson, S. Spanuth,“The Decline of Computers as a General Purpose Technology” CACM March 2021



Computer System Design Lab 16

General Purpose Technology Cycle

-Moore’s Law (transistor scaling) enabled a Unique Virtuous 
Cycle (VC) which built our Information Technology Economy
-General Purpose Processors: faster, more functionality -> 
enabled market expansion -> provided more finances -> more 
technology advances -> faster, more functionality……. 

N. Thompson, S. Spanuth,“The Decline of Computers as a General Purpose Technology” CACM March 2021
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General Purpose Technology Cycle

Moore’s Law Slows: Technology advances slow

N. Thompson, S. Spanuth,“The Decline of Computers as a General Purpose Technology” CACM March 2021
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General Purpose Technology Cycle

Moore’s Law Slows: Technology advances slow -> fewer 
new users adopt

N. Thompson, S. Spanuth,“The Decline of Computers as a General Purpose Technology” CACM March 2021
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General Purpose Technology Cycle

Moore’s Law Slows: Technology advances slow -> fewer 
new users adopt -> less money for innovation

N. Thompson, S. Spanuth,“The Decline of Computers as a General Purpose Technology” CACM March 2021



Computer System Design Lab 20

General Purpose Technology Cycle

Moore’s Law Slows: Technology advances slow -> fewer 
new users adopt -> less money for innovation -> technology 
advances slow more

N. Thompson, S. Spanuth,“The Decline of Computers as a General Purpose Technology” CACM March 2021
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General Purpose Technology Cycle

Moore’s Law Slows: Technology advances slow -> fewer 
new users adopt -> less money for innovation -> technology 
advances slow more -> …….

N. Thompson, S. Spanuth,“The Decline of Computers as a General Purpose Technology” CACM March 2021
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As Performance Improvements Slow…..

N. Thompson, S. Spanuth,“The Decline of Computers as a General Purpose Technology” CACM March 2021

What other factors have affected slowing of improvement?
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Peak Moore’s Law
48% Improvement/year
Sp = 

!!
!"	

= 100  => 83,000 

Sp = !!
!"	

= 2x => 1,000,000

2008-2013
8% Improvement/year
Sp = !!

!"	
= 100  => 15,000 

Sp = !!
!"	

= 2x    => 81,000

“That’s mathematics son! You can argue with 
me but you can argue with figures”
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Affects on Manufacturing

N. Thompson, S. Spanuth,“The Decline of Computers as a General Purpose Technology” CACM March 2021
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Moore’s Law for Fab Costs

N. Thompson, S. Spanuth,“The Decline of Computers as a General Purpose Technology” CACM March 2021
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What is a Domain Specific Architecture ?
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What is a Domain Specific Architecture ?

Custom Datapaths
•Systolic arrays
•Tensor cores
•Cryptographic pipelines
•Bit-manipulation engines
•Fixed-function or 
semi-programmable units

Specialized Memory Systems
•Multi-banked SRAM
•Scratchpad memories
•Streaming buffers
•Reduced-precision formats (INT8, 
FP8, BF16)
•Locality-optimized dataflow
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What is a Domain?

Machine Learning
• Dense linear algebra
• Tensor operations
• Convolutions
• Activation functions

Video Processing
• Motion estimation
• Transform coding
• Entropy coding

Networking
• Packet Parsing
• Encryption
• Pattern Matching

A domain is a candidate for an accelerator when:
• The workload is high-volume
• Operations are predictable
• Algorithms are stable enough to harden into silicon
• Performance/power gains justify cost
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Example Domains

Machine Learning
• Dense linear algebra
• Tensor operations
• Convolutions
• Activation functions

Video Processing
• Motion estimation
• Transform coding
• Entropy coding

Networking
• Packet Parsing
• Encryption
• Pattern Matching

A domain is a candidate for an accelerator when:
• The workload is high-volume
• Operations are predictable
• Algorithms are stable enough to harden into silicon
• Performance/power gains justify cost
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Accompanied by a Domain Specific Language: 

Python, OpenCL,Pytorch, Tensorflow

Allows expression of the common types of 
parallelism within the domain
-AI domain dominated by Large Matrix Operations:  
  i.e., (SIMD) Data level Parallelism

DSL’s are good at what they are targeting but are
          not general purpose
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Accompanied by a Domain Specific Language: 

Instruction and Programming Models
•Domain-specific instruction sets
•Microcoded kernels
•Graph-level IRs (e.g., MLIR, XLA)
•Limited general programmability
•Often exposed through libraries rather than ISA
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What is a Domain Specific Architecture ?

Domain Specific Accelerators exploit four 
main techniques to get performance and 
efficiency:
1. Data Specialization:  Specialized ops on 

domain specific data types.  Can do in one 
cycle what may take tens of cycles on GP 
computer.

2. Exploit Parallelism: Match what is available 
in the application:  

1. Locality of reference is key
2. global memory references severely degrade performance
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What is a Domain Specific Architecture ?
3.  Local and Optimized Memory: Store highly 
used data structures in small high bandwidth 
memories close to processing units.
 Increase Energy Efficiency
 Decrease Processing Latency
4. Reduced Overhead: Specialized hardware 
and Languages decrease overhead of program 
interpretation and reduces #instructions. 
 GP Proc expends ~90% of energy on overhead: 
 <IF, ID, Data Supply, control> 
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How Important is Memory Design?

Area and Power of most accelerators dominated by Memory
 -Performance often memory limited
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Accelerator Costs

Op Energy Area
8-bit Add 10 fJ 4 um 2

Small (8 Kbyte)  SRAM Local 50 fJ/bit .013 um 2  per bit
Larger (100 MB) SRAM Local .7 pJ/bit
Global memory 4 pJ/bit
Local Comm (on Chip) 100fJ/bit-mm Linear Increase
Global Comm (off Chip) 10 pJ/bit

femto  = 10-15

pico     = 10-12
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The Big Three:
• Graphics Processing Units (GPUs)

• NVIDIA ~88%. (~98% of data center market)
• AMD ~12%
• Intel ~0%

• Field Programmable Gate Arrays (FPGAs)
• Xilinx -> AMD
• Altera -> Intel -> Altera (split being completed)

• Application-Specific Integrated Circuits 
(ASICs)
• Google: Tensor Processing Unit (TPU)
• Microsoft: Athena this year
• Amazon Web Services: 
• Some Interesting Startups: Cerebras, Groq
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Machine Learning!!


