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Lol L] Abstract

This work presents the first dedicated system-on-chip (SoC) that supports full data analysis
workflow for next-generation sequencing (NGS) data analysis. The SoC implements four
major steps: preprocessing, short-read mapping, haplotype calling, and variant calling. This
work achieves comparable precision as the software solutions by adopting the sBWT and
Genome Analysis ToolKit Haplotype Caller (GATK-HC) algorithms. The multitask sorting
engine (MTSE) and the dynamic programming processing engine (DPPE) are proposed for
essential computing tasks for NGS data analysis. An Synopsys ARC processor is integrated
to facilitate 10 interfaces, including DDR3 and SD card protocols. Fabricated in a TSMC
28nm technology, the chip area is 12mm?. It dissipates 975mW at a clock frequency of
400MHz from a 0.9V supply. The SoC can complete full analysis for whole human genome in
37 minutes. Compared to an optimized GPU solution, this work is 66x faster, and achieves
more than 15,000x and 3,000x higher in energy and area efficiency. The prototype system
demonstrates the analysis in real-time for on-site DNA sequencing.

Demonstration Video:
https://www.youtube.com/playlist?list=PLmOH1AD1FScj4c7tWiOUaTKENqgCjrmvCT
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L] Next-Generation Sequencing (NGS)

¢

Global Market Insights

NEXT GENERATION SEQUENCING MARKET

2018 2019 2020 2021 2022 2023 2024 2025
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$4.1 BN CAGR (2019-25): 20.4% >$15 BN

ARAC.market share (2018): 20.2% : CAGR (2019-25)

. i . / Consumables segment: 21%
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e U Research application: 20.5%

Europe market CAGR

NA industry valile (2019:25): 19.7% Targeted sequencing segment: >19%

(2018): >$1 BN g lon semi-conductor sequencing sector:
: >23%

 NGS
— Growing market value (>$15 BN by 2025)

— Extensive applications: non-invasive
prenatal test, quick virus test, cancer
screening, targeted medicine,
biotechnology research
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NGS Data Analysis

Length of DNA sequence: 3 billion (base pair)
Amount of short reads: hundreds of millions
Raw data to be processed: up to TB

Analysis time: 3 days (optimized GPU)

Technical Breakthrough

First dedicated SoC for entire NGS data
analysis workflow

Fast NGS data analysis

— 3 days (GPU) = 40 mins (this work)
Low power dissipation: < 1W

GUI for real-time status monitoring
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NGS Data Analysis Workflow

Human DNA Strands

Short-Read
ACGT é 8? g Happing
_|||_ lc";ﬂl‘,ﬂ\ $ 1(1) Sequenced Short Read (*.fastq)
Seed: ISSEE e
3x10° base-pairs
[ATclc[T]cTA]
Preprocessin
e P g ) Exact Match for Seeds

Reference DNA

CIA|T|G|A|S

$: termination

Suffixes Sorted
l Lexicographically

sBWT:
k-ordered FM-index

-

min L

[HEEE] o
(S]] £
HlllE=]]
B R R RE

3
X

.

EEEEE
SEIEIEIE S
SEIEEE S
SEIEEE

H

.

National Taiwan University

\_

L OCC F SA L OoCC

gl
)

v
/]
<>

-
-
-
-

.}
'l
-

OCC Query SA Query Flow

¥

Seed Extension for Alignment
L

[AlC]c]T][C]A]

Short-Read Candidates & Locations

L L —
Global

4

ifal> i Mapped
Alignment : [ |12 1 Short Read

\ ! & Location

J

Haplotype
Calling

O )

de Bruijn Graph Construction

L Haplotype Assembly )

* Variant
( Calling

Direction Matrix
Reference

AlT

)

SW-
Algotihm

|
Variant

' [AIC]A]T
[A[-TAIT]

¥

Viterbi Decoding with Pair-HMM

A

4
R

A

Haplotype

o|d|>»|>

R
R
A
\

4.///,0

Most-Likely Sequence and

\_ Variation Probability (*.vcf) )

Yi-Chung Wu et al.

NGS Data Analysis Steps
— Preprocessing

— Short-Read Mapping

— Haplotype Calling

— Variant Calling

Low Memory Requirement
— sBWT Algorithm

High Precision

— Genome Analysis Toolkit
Haplotype Caller (GATK HC)

Standard File Format
— Input: Raw Sequenced Data
— Output: Discovered Variants
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System Architecture and Designh Optimization
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NGS Data Analysis Accelerator
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— Cascaded and parallel architecture for low
latency data movement

— Hardware sharing for area reduction

« Dynamic Programming Processing Engine
— Support global, semi-global, local alignment
— Area reduction: 1-dimentinal PE array
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Multitask Sorting Engine (MTSE)

« Supporting Functions
— Preprocessing: grouping, sorting
— Haplotype Calling: de Bruijn graph, assembly

« Key Features

— Cascaded parallel architecture

— 1-cycle latency

— Self-defined data format
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MMY  Dynamic Programming Processing Engine (DPPE)
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MEX  Chip Implementation and Performance Comparison
Core Area 3.63 x 2.63 mm? NVIDIA This Work
Gate Count 19.5 M GK110B [2] [3]
Core Vg 0.9V Technology 28nm 28nm
Embedded SRAM 448 KB Chip Area [mm°] o01 12
Chromosome 10 1 2 mins Clock Freq. [MHZ] 705 400
- . |
AF%?#S'S _ Power [W] 235 0.975
Uil gl £ 1l External Memory 12GB Gpors 1GB ppr3
Precision” 99.6% Analysis Time [s] 4687 71 sox 4
*vermﬁd with PrecisionFDA Truth benchmark [1] Energy Efficiency _ _
« > 9.1 x 107 1.4 x 102
128KB SRAM Bank PrecisionFDA [taSk(S)/J] >15,000X ']‘
Area Efficiency 5 3
[task(s)/s/mmZ] 3:8x10 1.2x10 >3,000x
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[1] https://precision.fda.gov/challenges

[2] S. Ren et al, “GPU-Accelerated GATK Haplotype Caller with Load-Balanced
Multi-Process Optimization,” IEEE Int. Conf. Bioinformatics Bioengineering, 2017.

[3] Y.-C. Wu et al., “A Fully Integrated Genetic Variant Discovery SoC for Next-

Generation Sequencing,” ISSCC, 2020.
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bLLL System Demonstration

< Summary

€ SHORT-READ MAPPING @@

ERIEIRIRIIRIIEIIRIEE - First dedicated SoC for entire NGS data
[ s Hlllll“' H-ill} analysis workflow

« Optimized hardware architecture
g — Multitask sorting engine

— Dynamic programming processing engine
« SoC integration in 28nm CMOS

— ARC processor, NGS data analysis accelerator,
DRAM controller, PLL

— <1W power consumption at 400MHz
) PaSNTS Y-T-] ° Orders of magnitude improvement over GPU

[_II::I'-iII-IIIII-I_bIII-IIIII-lIIII-IIIII-lIIII-II] — Processing time: 66x faster
— Energy efficiency: >15,000x higher

[hullnlhu (IR ~ Area efficiency: >3000x higher

Active Region: 2,381,507

Prototype Board

National Taiwan University Yi-Chung Wu et al. 90f9



	投影片編號 1
	投影片編號 2
	投影片編號 3
	投影片編號 4
	投影片編號 5
	投影片編號 6
	投影片編號 7
	投影片編號 8
	投影片編號 9

