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Domain-Specific Accelerators

With the slowdown of Moore’s law and end of Dennard scaling,
hardware specialization is necessary to improve performance and energy

efficiency of computing systems

Modern SoCs have dozens of
domain-specific accelerators
Graphics
Machine Learning
Image Processing

| Video Coding
| A13 System-on-Chip (SoC) . Cryptography
:8.5 billion transistors in 7 nm| Wireless ...

Image source: https://www.anandtech.com/show/14892/the-apple-iphone-11-pro-and-max-review/2



https://www.anandtech.com/show/14892/the-apple-iphone-11-pro-and-max-review/2

Domain-Specific Accelerators

With the slowdown of Moore’s law and end of Dennard scaling,
hardware specialization is necessary to improve performance and energy
efficiency of computing systems

Modern SoCs have dozens of
domain-specific accelerators

However, designing, verifying and
deploying such systems with accelerators
has a large engineering cost

:': ‘A13 System-on-Chip (SoC)
:8.5 billion transistors in 7 nm|

Image source: https://www.anandtech.com/show/14892/the-apple-iphone-11-pro-and-max-review/2



https://www.anandtech.com/show/14892/the-apple-iphone-11-pro-and-max-review/2

Software Cost » Verification Cost > Design Cost

$580M
$542.2M
- Validation
)
Prototype
S $435M i yp
o
A=
4 Software
0O ¢$200M il L)
g | Physical
- sica
§ $174.4M ._ y
145M L
b : $106.3M = Verification
$70.3M i
$51.3M N
saasm  STTM - Architecture
yEE—— : — = E r - , ﬁ-IP Qualification

65nm 40nm 28nm 22nm'16nm 10nm 7nm 5nm

Image source: https://www.researchgate.net/figure/Chip-Design-and-Manufacturing-Cost-under-Different-Process-Nodes-Data-Source-from-
IBS figl 340843129



https://www.researchgate.net/figure/Chip-Design-and-Manufacturing-Cost-under-Different-Process-Nodes-Data-Source-from-IBS_fig1_340843129
https://www.researchgate.net/figure/Chip-Design-and-Manufacturing-Cost-under-Different-Process-Nodes-Data-Source-from-IBS_fig1_340843129

Existing Approach to Accelerator Design

e The most common approach to create accelerators is a
waterfall approach
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Existing Approach to Accelerator Design

e The most common approach to create accelerators is a
waterfall approach
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Challenges to Adopting Hardware
Specialization at Scale

o Prohibitive cost of design and verification of accelerator-based
systems

o Lack of a structured approach for evolving the software stack
as the underlying hardware becomes more specialized

o No general methodology for specializing hardware to domains,
rather than a few benchmarks



Waterfall Approach -> Agile Approach

e Agile approaches are very common in SW development --- we create
tools to adapt them to hardware/compiler co-design

e Incrementally update the hardware accelerator and software to map to it
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Requirements for the Agile Approach

1. Accelerator must be configurable
* So we can map new or modified applications to
it (although with lower efficiency)
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2. Hardware and compiler
must evolve together
* Any change in hardware

must propagate to compiler
automatically



CGRAs as Accelerator Templates

memory units, and word-level interconnect
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CGRAs as Accelerator Templates

e Is programmable enough to accommodate application evolution
o Allows specialization and exploiting parallelism and locality ---
characteristics that make an accelerator efficient
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CGRAs as Accelerator Templates

e By tuning the amount of configurability in CGRA PEs, MEMs and the
interconnect, we can create more specialized (closer to ASICs) or more
general-purpose accelerators (closer to FPGAS)
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provides a standard accelerator template for a compiler to target



Compiler from Halide Applications to CGRAs
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Automatically Generate HW and Compiler
Collateral from a Single Source of Truth
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Automatically Generate HW and Compiler
Collateral from a Single Source of Truth
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Automatic Rewrite Rule Generation with SMT
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Automatically Generate HW and Compiler
Collateral from a Single Source of Truth
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Accelerators Designed Using AHA Flow

CPU + SRAMs
Global Buffer

Amber SoC ny oC Opal SoC

TSMC 16 GF 12 Intel 16
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processing e.g. image processing + Energy-efficient memories + Higher performance on
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Off-Chip | DRAM | DRAM Ctrl

Amber: CGRA SoC Designed with Agile Approach
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Amber: CGRA SoC Designed with Agile Approach

e Amber achieves 160-1200x, 678-3902x, 498-988x, 12-152x, and 20-
107x better EDP vs. Cortex A57, 1-core and 12-core Xeon CPUs, GPU,
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Improving Performance for Dense Applications

Formal Specifications for Accelerator Components
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APEX: Application-Driven PE Exploration

- - - . . = Melchert et al.,
Application Domain Driven PE Architecture Creation ASPLOS 2023
Application : :
Maximal Ordered List
Dataflo_w —> Sul:?g_raph » Independent — of Frequent — Subgr_aph |, Merged
Graph in Mining Set Analysis Subgraphs Merging PE Graph
CorelR
Camera Pipeline l { l l

CONST) (UMIN ADD ) (CONST, C/B CIB C/B
(_ADD ) [REG| |[REG] |[REG]
\4 \4 \4
ADD

¥ ¥
Harris e Ya ¥b LS
AbD) (ADD) (ConsT)((sLt) (‘stt) (CAND » (ADD ) » ? A‘D‘.a ) a a ALU
gggg"' L C c ac .
(ADD) (AND) ]

CONST 5) ¥ AL WA
Unsharp 9 m L LUT
[a) 4 050D ' Z=2X 5%
\8 28°g2'§°§EEEcE../

,
My ) e | COND -« -
(D) : (AND ) '




Extending the CGRA to Sparse Applications

Formal Specifications for Accelerator Components
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Extending the CGRA to Sparse Applications

Example Sparse Application Example SAM Graph
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Extending the CGRA to Sparse Applications

Formal Specifications for Accelerator Components
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Onyx: CGRA with Dense and Sparse Acceleration

e Onyx achieves up to 85% lower EDP versus Amber on dense applications
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Onyx: CGRA with Dense and Sparse Acceleration

e Onyx achieves up to 565x EDP improvement over CPU sparse libraries

Energy Delay Product (pJes/frame)
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AHA Summary

e Demonstrated an agile hardware-software co-design methodology,
using three key insights
o Thinking about accelerators as specialized CGRAs provides a standard
accelerator template for a compiler to target
o Using a combination of new specification languages and formal methods,
we can automatically generate the accelerator hardware and its compiler
from a single source of truth
o This enables creating higher-level design-space exploration frameworks for
application domain-driven optimization of accelerator
e Used to create multiple end-to-end chip demonstrations, with

significant reuse in both the hardware and the software toolchain
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