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Background: DNA Sequencing

« Bioinformatics
- computers + biological data (NIH)

* more narrowly...
- analysis of biomolecules

* their make-up, structure, and function
» proteins, DNA, RNA, etc.

« “Applications”
- Food safety
- Plant health
- Animal health [
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Background: DNA Sequencing Pipeline

1. DNA Isolation é 4 '
2. DNA fragmentation 7 ﬂ
=N A = N~ T 2
3. DNA (chemical) anﬁiﬁcation wet lab N J Bgie
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sequencing |
machines

4. DNA-to-signal transduction
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5. Basecalling

ACCTGTCGT GCAAAAATC TCAAAACGG CAAATGCGC ACGGACGGT
ACATAA AGTGCAACC CCAATTTAC CTAGATTAC CCTTGA

TCTAGT GC TCTCCCGAG CTG

6. Alignmen

7. Sortin_g, 8. De-duplication,
9. Local align, 10. Quality score adjustment

11. Variant calling
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3" Gen. Nanopore DNA Sequencing

« Miniaturization led by nanopore technology

* Alittle review:
* nanopore: small hole ~ 2 nanometers
« immerse in conductive fluid
« apply DC voltage > get DC current

time

Idc T
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3" Gen. Nanopore DNA Sequencing

« Miniaturization led by nanopore technology

 Alittle review:

« As DNA goes through, DC current is modulated
« Modulations proportional to DNA bases going through pore
« Convert modulation to bases: BASECALLING

time

>

C TCACUCGATOC

Nanopore Basecalling
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obile DNA Sequencing Market Trends

Under development

\tO"e"“
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/ [© Oxford Nanopore Tech]

Ubiquitous
= sequencing
[© Oxiorg Nanore Tech] vision
0.1 kg
5W
$1,000

~0.13 genomes/hr

220 kg

1,500 W
$1,000,000

~10 genomes/hr

\\\\\\\\
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Acceleration of HMM Basecalling:

Background
 Ideally: 4 levels mapped to A,C,G, or T

» Really: More than one base in pore at a time
- k = 3-6 bases
- k-mer
* 3-mer

e 4-mer
* 5-mer
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Acceleration of HMM Basecalling:
Background

« Basecallers need... » Transition model

m step

m stay
m skip

 ...Anodel of how signal is
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Acceleration of HMM Basecalling:
Test Setup

basecaller.cpp

‘|_u_|_|_|_||:(_3rie 2.0 Enﬁr‘\t

B \Virtex-7 FPGA

12-core Intel Xeon E5-2620 = X

||||| Xilinx VC707 Evaluation board
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Acceleration of HMM Basecalling:
3-mer Architecture

Host CPU
’ User Application

Algorithm 1 HMM Baseca]]ing A]gonthm / (Basecaller’s main C-program)

RIFFA Driver RIFFA Library

——

I: Initialize (on FPGA): .
2. QO(]) «— 6) (1‘0) V ] = {0 3} Main Memory
3 Jterate (0’1 FPGA) Memory Controller
4: for i+ 1, N-1& V] do PCle Controller
50 au(jf)  €(2:) maxXpew(y)[@a-1(v)7T (v, J)]
6: [Bi(j) « argmax, ., [:—1(¥)7(v, j)] . ‘xl f
; 2':13.;:;8 (on FPGA): 64-statesTrellis PCle Connector
9% Th_1 4 arg max, [an —1(7)] ‘ 5i(j>77T7V—1f
10: a,\_1<—4‘\ 1&:3
11: Traceback (on CPU): — N R;ﬁf;ﬁ;ﬁp
12 fori+ N —1to1do \\
13: w1 6" (ﬂ't‘) TracebaCk =— M Proposed
14 a1+ m;_1 &3 Ao oo
15: end for _
Virtex-7 FPGA




Acceleration of HMM Basecalling:
3-mer Architecture

from CPU Memory BC to CPU Memory
r--—-»m—mTmTms"="=-"==-=== |
| |
|
Rx_Vid
T —t—p Controller
|
|
! }En TPt vid
: HMM
Parameters

| Memory |— In7(v,J) >
| A ,LL] —In Ej (ZL‘Z'>()

Ti | Emission l
i Calculator [0:63] |
' ~Inaj, (v) ' N
: Memory Mapper | Ina;i(7) ar;; min : TN-1
| —1Ine;(zo) . SLECY (I |*
| _ (4 \ 4 |
| .| Buffer |, In a; () \_>4_Minimum :
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| Datapath | , '
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Basecalling speed [Mbases/sec]
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Acceleration of HMM Basecalling:
3-mer Results

IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS, VOL. 14, NO. 1, FEBRUARY 2020

and Sebastian Magierowski, Member, IEEE

, Member, IEEE,

FPGA-Accelerated 3rd Generation DNA Sequencing

Zhongpan Wu, Member, IEEE, Karim Hammad ““, Member, IEEE, Ebrahim Ghafar-Zadeh
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Acceleration of HMM Basecalling:
3-mer Results

--3%- Timp’s CPU basecaller [19]

—]> 4-bits/4-lanes accelerated-basecaller
—% 6-bits/4-lanes accelerated-basecaller
—-{- 8-bits/4-lanes accelerated-basecaller
Sil-= 10-bits/4-lanes accelerated-basecaller
—Q- 12-bits/4-lanes accelerated-basecaller
—p— 4-bits/8-lanes accelerated-basecaller
—— (6-bits/8-lanes accelerated-basecaller

s 1390 x the CPU

4 | —@— 8-bits/8-lanes accelerated-basecaller _ > *

—— 10-bits/8-lanes accelerated-basecaller _- : %
—@— 12-bits/8-lanes accelerated-basecaller -7 -7 -z @/ 1169 the CPY
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50 100 150 200 250
Clock frequency [MHz|

4-PCle Lanes 8-PCle Lanes
LUT FF DSP ED LUT FF DSP ED
4-bits  12% 6% 53% 147 12% 6% 53% 1.76
6-bits  14% 7% 55% 1.66 15% 7% 55% 1.95
8-bits 17% 8% 55% 1.72 18% 8% 55% 2.0
10-bits  20% 9% 57% 1.87 21% 9% S57% 2.05 XQ R |IT<E '

12-bits  23% 10% 59% 191 2% 1% 59% 2.15
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6-mer Results
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Acceleration of HMM Basecalling:
6-mer Results

Bit width LUT FF DSP BRAM
7-bits 19% 9% 23%  14%
8-bits 21% 10%  23% 714%
9-bits 23% 11% 23% 74%
10-bits 25% 12%  4.6%  14%
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Neural Network Basecalling

 Hidden Markov Model  Neural Network
(HMM) (NN)
« ~55GFLOP/s « ~ 200 GFLOP/s
« ~70% accuracy « ~90% accuracy
* Note: sequencers can run * Note: sequencers can run
1000X faster 1000X faster
« 55%x1000 =55 TFLOP/s « 200x1000 =200 TFLOP/s
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Neural Network Basecalling

[ Our developed NN baseca”er rawsignal,1co:tinuousfeature
D enCOder-deCOder Stru Ctu re 100 Bidirectional GRU, 200 outputs
. . v
« convert time series to context vector [__——— S
 convert context vector to labels SN —
 employ attention mechanism \ -
* context vector filter 200 GRU, 200 outputs

d ~350,000 parameters

1 90% accuracy

L competitive with much larger designs
* e.g. 2,000,000 parameter Chiron
« 3e-3 genomes/hour on GTX 1080 Dense, 5 clases
« 40X too slow for real-time T YORKJ |
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Future Embedded Basecalling
Solution

Xeon® E5-2620 v2

YORKJI
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Summary

« Mobile DNA sequencing is an evolving and
challenging market.

 FPGA acceleration demonstrated an attractive
performance for an HMM-based sequencer (~142X

faster than a 12 core Intel Xeon CPU @ 6W power
margin).

* Fully embedded ASIC solution would offer a great
potential for a market competition.
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Thank You

Questions?
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