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FPGA Architecture Through A DL Lens



Accelerator Market Trends

Data Center Accelerator Market
Size, by Processor, 2020 - 2030 (USD Billion)
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I The FPGA accelerators are expected to grow steadily over the forecast

|
period.
lGand View Research, 0000 000000 00001000000 OO00O0 00000 00000 O 000000 00000000 000000 00 000000000 00001 0000 00001 00000, 2024.

[Online]. Available: https://www.grandviewresearch.com/industry-analysis/data- center-accelerator-market-report.
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Comparison between FPGA and Other Platforms

GPUs ASICs FPGAs
Generality Turing-complete Specific domain | Any custom HW
Architecture Many cores / threads | Suits target domain Spatial
HW Specialization | [ cddampath& | b g ibiliy | Reconfigurable
memory subsystem
Power Consumption High power Most efficient Moderate
NRE Cost Off-the-shelf Very high Off-the-shelf

I FPGAs occupy an intermediate position on the spectrum of efficiency
versus programmability, striking a unique balance in DL acceleration



FPGA Architecture Overview

Early Modern heterogeneous
FPGA architecture FPGA architecture

L cB osp [BRAM [ atglfkrscustom

I Blocks and their strength for DL 4



Strength: Flexible Precision & Efficient Computing Implementation

I CLB

Most numerous
Can program to realize hardware of any bit width

¥ Use lowest precision that meets accuracy for each network / layer
Programmable routing: directly wire data from one unit to another
Programmable logic: perform only necessary operation

Mem[100] += 42 * Mem[101]




Strength: Hard Blocks & Low Latency Memory

DSP
Blocks Blocks

Source: Vaughn Betz's slides of the tutorial on Deep Learning-Optimized FPGA Architectures
at MICRO 2022

I Hard block
DSP: designed to speed up multiply-accumulate (MAC) operations
I Massive bandwidth BRAM
Pb/s of on-chip bandwidth (in a large chip) T little or no batching
GPUs batch inputs to amortize weight re-loading ¥ latency increase



How to Make FPGA Architecture More Suitable for DL Acceleration?

I Existing FPGA architectures are not designed specifically for DL
workloads

Early Modern heterogeneous ~ FPGA architecture that is more
FPGA architecture FPGA architecture suitable for DL acceleration

Other custom
blocks 7
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Previous Work on Improving FPGA
Architectures




Manually Improving Existing Blocks

I CLB I adding adders and shadow multipliers?.

I DSP ¥ optimizing for low-precision multiplications3.

I BRAM I integrating in-memory compute capabilities®.
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A. Boutros 01 [T, “Math doesn’t have to be hard: Logic block architectures to enhance low-precision multiply-accumulate on fpgas,” in
,,,,,,, 00, 2019, pp. 94-103.

3A. Boutros 00 OI, “Embracing diversity: Enhanced dsp blocks for low-precision deep learning on fpgas,” in [l , 2018, pp. 35-357.
4A. Arora [0 07, “Comefa: Deploying compute-in-memory on fpgas for deep learning acceleration,” (L OO0, vol. 16, no. 3, pp. 1-34,

2023.



Mannually Adding New Blocks

I The Xilinx Versal architecture® and Intel Stratix 10 NX FPGA®
I Tensor Slices’
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SB. Gaide 00 07, “Xilinx adaptive compute acceleration platform: Versaltm architecture,” in OI000 0000, 2019, pp. 84-93.
6M4 Langhammer 00 O, “Stratix 10 nx architecture and applications,” in D00 0000, 2021, pp. 57-67.

7A. Arora [0 07, “Tensor slices: Fpga building blocks for the deep learning era,” OO D000, vol. 15, no. 4, pp. 1-34, 2022.



Mannually Optimizing FPGA Global Architecture? Too Vast Design Space!

Type Parameter Description
[ number of BLEs per CLB
_ [ number of LUT inputs
Logic Block [ number of CLB inputs
Ooioom sparse crossbar flexibility
PE array Oomoo size of the PE array
RAM Oooo size of the BRAM
Routing s [116 routing wire segment ratio
O0oooo layout strategy
Layout il whether fill empty grids with CLB
oo aspect ratio of the layout
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Mannually Optimizing FPGA Global Architecture? Too Vast Design Space!

4.6 Dataset designs
Manual design with arrays
x  Adjusted manual design with arrays

Geometric mean true Pareto front

Delay (ns)
(99 b ha b
o0 o o IS
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34

Area (-107 MWTA)
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Challenges

Designing a competitive FPGA architecture is challenging
I Require navigating a vast design space to achieve an optimal balance
between metrics
Manual design is inefficient for exploring large design spaces

I A suitable automatic framework with design space exploration (DSE)
algorithm is essential

12



FPGA Architecture Exploration
Framework Overview




FPGA Architecture Evaluation and Exploration

FPGA architecture
description file #1

Benchmarks

FPGA architecture
description file #2

v

v

CAD Tool (VTR)

|

Metric #1
(timing, area, etc)

v

]4— Compare —P[

Metric #2
(timing, area, etc)

|
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