Technology Dictates Algorithms:
Developments in Read Mapping

Mohammed Alser
YW @mealser

ISMB 2022

SAFARI ETH:zurich

SAFARI Researc h Group



Mohammed Alser

= Lecturer and Senior Researcher, SAFARI Research Group, ETH Zurich,
since Sept. 2018.

= PhD from Bilkent University (Turkey) 2018, worked at UCLA, TU Dresden, and
PETRONAS.

= Received the IEEE Turkey Doctoral Dissertation Award and a number of
international prestigious awards.

. y https://twitter.com/mealser

= My main research is in bioinformatics, computational genomics,
metagenomics, and computer architecture.

= I am especially excited about building new data structures, algorithms,
and architectures that make intelligent genome analysis a reality.
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How to Analyze a Genome?

NO

machine gives the complete
sequence of genome as output

>CCTCCTCAGTGCCACCCAGCCCACTGGCAGCTCCCAAACAGGCTCTTATTAAAACACCCTGTTCCCTGCCCCTTGGAGTGAGGTGTCAAG
GACCTAAACTAAAAAAAAAAAAAGAAAAAGAAAAGAAAAAGAATTTAAAATTTAAGTAATTCTTTGAAAAAAACTAATTTCTAAGCTTCTT
CATGTCAAGGACCTAATGTGCTAAACAGCACTTTTTTGACCATTATTTTGGATCTGAAAGAAATCAAGAATAAATGAAGGACTTGATACATTG
GAAGAGGAGAGTCAAGGACCTACAGAAAAAAAAAAAAAAGAAAAAGAAAAGAAAAAGAATTTAAAATTTAAGTAATTCTTTGAAAAAA
ACTAATTTCTAAGCTTCTTCATGTCAAGGACCTAATGTCTGTGTTGCAGGTCTTCTTGCATTTCCCTGTCAAAAGAAAAAGAATTTAAAATTT
AAGTAATTCTTTGAAAAAAACTAATTTCTAAGCTTCTTCATGTCAAGGACCTAATGTCAGGCCAAGAGTTGCAAAAAAAAAAAAAGAAAAA
GAAAAGAAAAAGAATTTAAAATTTAAGTAATTCTTTGAAAAAAACTAATTTCTAAGCTTCTTCATGTCAAGGACCTAATGTAGCCAGAATGG
TTGTGGGATGGGAGCCTCTGTGGACCGACCAGGTAGCTCTCTTTTCCACACTGTAGTCTCAAAGCTTCTTCATGTGGTTTCTCTGAGTGAAA
AAAAAAAAAAGAAAAAGAAAAGAAAAAGAATTTAAAATTTAAGTAATTCTTTGAAAAAAACTAATTTCTAAGCTTTTTCATGTCAAGGACC
TAATGTAGCTATACTGAACGTTATCTAGGGGAAAGATTGAAGGGGAGCTCTAAGGTCAACACACCACCACTTCCCAGAAAGCTTCTTCA
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Genome Analysis

>CCT¢
GACC
CATGT
GAAC
ACTA
AAGT,
GAAA

TTGTCZ 2

NO

machine can read the
entire content of a genome

Why?l

CAAG
TCTT
_ATTG
AAAA
ATTT
AAAA
ATGG

LISUSUSEZNGAAA

AAAAAAAAAAGAAAAAGAAAAGAAAAAGAATTTAAAATTTAAGTAATTCTTTG AAAAAAACTAATTTCTAAG CTTTTTCATGTCAAGGACC
TAATGTAGCTATACTGAACGTTATCTAGGGGAAAGATTGAAGGGGAGCTCTAAGGTCAACACACCACCACTTCCCAGAAAGCTTCTTCA......

SAFARI



Intelligent Genome Analysis

‘\\ °
a I‘}(lv > g-bio > arXiv:2205.07957

Quantitative Biology > Genomics

[Submitted on 16 May 2022]

Going From Molecules to Genomic Variations to
Scientific Discovery: Intelligent Algorithms and
Architectures for Intelligent Genome Analysis

Mohammed Alser, Joel Lindegger, Can Firtina, Nour Almadhoun, Haiyu Mao
Gagandeep Singh, Juan Gomez-Luna, Onur Mutlu

https://arxiv.org/abs/2205.07957
SAFARI >
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High- Throughput Sequencers

Oxford
Nanopore
PromethlON

Pacific
Biosciences
Sequel Il

lllumina MiSeq

_

g
| Oxford Nanopore MinION
Oxford
Nanopore
I—

SmidgION
lllumina NovaSeq 6000

Pacific Biosciences RS Il
.. and more! All produce data W|th dlfferent properties.
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Genome Sequencer 1s a Chopper

Regardless the sequencing machine,

reads still lack information a

hout their order and location

(which part of genome t

.....

ney are originated from)

Billions of Short Reads
ATATATACGTACTAGTACG

AGTACGTACG
ATACGTACTAGTACG

G ACGTA

ACGTACTAGTACG
AGTACGTACG
ACGTACTAAAGTACG
[ TACGTACTAGTACG
AAAACGTA

GTACTAGTACG

GGGAGTACGTACG

SAFARI



Types of Genomic Reads

o

100%
But still very
expensive!
o
o
=
O
<
80%
0 Read Length (kb) 50

Wenger+, "Accurate circular consensus long-read sequencing improves variant
detection and assembly of a human genome", Nature Biotechnology, 2019

https://labs.wsu.edu/genomicscore/illumina-sequencing/ 8
SAFARI https://pacbio.gs.washington.edu/
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Solving the Puzzle

.FASTA file .FASTQ file

Y
Reference / * .

of

genome / o .
Reads :

https://www.pacb.com/smrt-science/smrt-sequencing/hifi-reads-for-highly-accurate-long-read-sequencing/
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Read Mapping in 111 pages!
In-depth analysis of 107 read mappers (1988-2020)

Mohammed Alser, Jeremy Rotman, Dhrithi Deshpande, Kodi Taraszka, Huwenbo
Shi, Pelin Icer Baykal, Harry Taegyun Yang, Victor Xue, Sergey Knyazev, Benjamin D.
Singer, Brunilda Balliu, David Koslicki, Pavel Skums, Alex Zelikovsky,

Can Alkan, Onur Mutlu, Serghei Mangul

"Technology dictates algorithms: Recent developments in read alignment”

Genome Biology, 2021

[Source code]

Alser et al. Genome Biology (2021) 22:249

https://doi.org/10.1186/513059-021-02443-7 G enome B | 0O | Ogy

Technology dictates algorithms: recent ")
developments in read alignment

updates
Mohammed Alser'*", Jeremy Rotman®", Dhrithi Deshpande®, Kodi Taraszka®, Huwenbo Shi®’, Pelin Icer Baykal®,
Harry Taegyun Yang*®, Victor Xue”, Sergey Knyazev®, Benjamin D. Singer'®'"'? Brunilda Balliu',
David Koslicki'*'>'®, Pavel Skums®, Alex Zelikovsky®'”, Can Alkan®'®, Onur Mutlu'**" and Serghei Mangul®""
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https://arxiv.org/abs/2003.00110
https://github.com/Mangul-Lab-USC/review_technology_dictates_algorithms

Matching Fach Read with Reference Genome

.FASTA file:

>NG 008679.1:5001-38170 Homo sapiens paired box 6 (PAX6)

ACCCT ITCATTGACATTTAAACTCTGGGGCAGG TG 2AACGCGGCTGTCAGATCT
GCCACTTCCCCTGCCGAGCGGCGGTGAGAAGTGTGGGAACCGGCGCTGCCAGGCTCACCTGCCTCCCCGC
CCTCCGCTCCCAGGTAACCGCC( CCCCGGCCCGGCTCGGGGCCCGCGGGGCCTCTCCGCTG
CCAGCGACTGCTGTCCCCAAATCAAAGCCCGCCCCAAGTGGCCCCGGGGCTTGATTTTTGCTTTTARAAAG
GAGGCATACAAAGATGGAAGCGAGTTACTGAGGGAGGGATAGGAAGGGGGGTGGAGGAGGGACTTGTCTT
TC{CCGAGTGT_:AAAAGTAGCAJ crcCTA I CCAGTCCEGCCCT
GAGCTGGGAGTAGGGGGCGGGAGTCTGCTGCTGCTGTCTGCTARAAGCCACTCGCGACCGCGARAAATGCA
GGAGGTGGGGACGCACTTTGCATCCAGACCTCCTCTGCATCGCAGTTC. .CGCTTGGGAAAG
TcCGTACCCGCGCCTIE 2 2GACACCCTGCCGCGGGTCGGGCGAGGTGCAGCAGAAGTTTCCC
GCGGTTGCAAAGTGCAGATGGCTGGACCGCAACAAAGTCTAGAGATGGGGTTCGTTTCTCAGAAAGACGC

.FASTQ file:

@HWI-EAS209 0006 FC706VJ:5:58:5894:21141#ATCACG/1
T2 TAAATCT! TTAGATNIGGEEEE N NNNNNNNTAG
+

efcfffffcfeefffcffffffddf feed]' ] Ba ~ [YBBBBBBBBBBRTT
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Step 1: Indexing the Reference Genome

I-_f__-

reference genome

SAFARI
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Popular Indexing Technique

Hashing is the most popular
indexing technique for
read mapping since 1988

Alser+, "Technology dictates algorithms: Recent developments in read alignment”,
Genome Biology, 2021
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https://arxiv.org/abs/2003.00110

Step 1: Indexing the Reference Genome

\ reference genome
\
‘\ Seed=k-mer
\ .
“ee e . 1] 9 ] 16 | 30

Index the first
seed at location 1

2 7 60

5 12

4 10 18 32

6 | 14
*.

seed location at the
reference genome

o
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Genome Index Properties

The index is built only once for each reference.

Seeds can be overlapping, non-overlapping, spaced,
adjacent, non-adjacent, minimizers, compressed, ...

Tool Version Index Size Ind_e xing
Time
mrFAST 2.2.5 16.5 GB 20.00 min
minimap2 0.12.7 7.2 GB 3.33 min
BWA-MEM 0.7.17 4.7 GB 49.96 min

SAFARI

*Human genome = 3.2 GB
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Performance of Human Genome Indexing

60 .
v 50 — g .
= E o 30
24 o §
O 30 2 20 ' '
E S
gl o
a 1 = 10
O

0 — TR —

Hashing BWT-FM Other Suffix Hashing -BWT-FM . Other Suffix
Indexing algorithm Indexing algorithm

Mapper

RMAP
Bowtie
BWA
GSNAP
SMALT
LAST
SNAP
Bowtie2
Subread
HISATZ2
minimap2

Alser+, "Technology dictates algorithms: Recent developments in read alignment”,

Genome Biology, 2021

SAFARI
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Step 2: Query the Index Using Read Seeds

seeds

. .
- ' -~
L4 -
E L -
- .
. .
o .
- e
A' ‘

read 1: ccTAGIATAIRERCTATACET T

read 2. TATcT}acdiackacT Ak cc

read 3: ceqreThTAEN AcT ARG T

SAFARI 17



Step 2: Query the Index Using Read Seeds

,Se?dS\ ________ /seed location list \
V PP e KRR E
A A
- 2 7 | 60
read 1: ccTAGIATAIRERCTATACET T -
[ e[ 3 [5 12
read 2. TATTcTfacdTAckAcT Ak cc B> < [0]n6]
_J-—» 6 14,5\
read 3: GCC@T seed location at the

reference genome /

X ¢ « X
1 9 |16 | 30

seed from location list from index data structure

read 1 X v x
2 7 60

X 4 7
> 3|5 [ 12|
.- 3

reference genome

SAFARI
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Step 2: Query the Index Using Read Seeds
Seeds seed Iocatlon st )
L .

’’’’’’ 1 16 | 30

We can query the Hash table with
substrings from reads to quickly find a list
of possible mapping locations

seed location at the
reference genome J

reac

read 3: Gccd €

X v « X
> 1 [ 9| 16 ] 30 |
seed from location list from index data structure
read 1 X 7 x
2 7 60
X «
> 3| 5 [ 12|

reference genome

SAFARI 19



Pre-alignment Filtering

read 1: ccTAcaTAffghcTadiACETT

x P x 1 xx ] «x
ref1: ceraclcTAfRgpATcdiACEAT
¥

refé‘rence segment that spans
locations (5, 7, and 9)

SAFARI
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Step 3: Sequence Alignment (Verttication)

CGTTAGTCTA
oloJoflolololofo|lo|o]fo
Cclo|2|2]2|2]2|2]2|2|2]2
Clo|2]3|3[3]|3|3|3|4/4]d4
Tlo|2|3|5]5|5|5|5]|5]|6]6
T o233 |s|2|7|7]|7|7|7]|7
Alo|3 3579999 9]9
Glo|2[4 s |79 ufr|mn||n
Tlo|2]4 6|79 f13{3[13]13
Alo|2]4 6|79 |1n|13]14]14]15
T o204 6|89 |11]|13]14]16]16

.bam/.sam file contains
necessary alignment
information (e.g., type,
location, and number of
each edit)

SAFARI
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Step 3: Sequence Alignment (Verttication)

Edit distance is defined as the minimum number of edits

(i.e. insertions, deletions, or substitutions) needed to make
the read exactly match the reference segment.

organization x operation organization x translation
Ref oIIrganization Ref organiz.ation
Read ation Read tr-an-s.ation
Ref oIIrganization Ref organ.ization
Read oIIr-a----tion Read tr-anII-ation

Edit distance = 7

Ref organization
match )
deletion Read tr-anslation

~ insertion Edit distance = 4

mismatch

SAFARI 22



Popular Algorithms for Sequence Alignment

Smith-Waterman remains
the most popular algorithm
since 1988

Hamming distance is

the second most popular technique
since 2008

Alser+, "Technology dictates algorithms: Recent developments in read alignment”,
SA FARI Genome BiOIOgy, 2021 23
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Indexing & Sequence Alignment Algorithms

26.2%

Smith-
Waterman

Hamming
Distance

Heuristic

Multiple
Methods

Combination of algorithms utilized by read alignment tools. Sankey plot displaying
the flow of surveyed tools using each indexing technique and pairwise alignment.

SAFARI 24



The landscape of read a

a

100

Number of tools

100

Number of tools

SAFARI

Indexing Algorithms

Hashing
T BAT-FM
-]
Bowtie & BWA ;
3 Other Suffix
-
FASTA BWT-FM & Hashing
1988 1992 1996 2000 2004 2008 2012 2016 2020
Year of publication
s Hashing s Other Suffix
= BWT-FM = BWT-FM & Hashing
Pairwise alignment algorithm
Smith-Waterman
E
g Hamming Dstance
5
‘g’ Needleman-Wunsch
£
2 Other DP
L]
3
Z  Non-DP Heuristic
™
o
FASTA Multiple Method
1988 1992 1996 2000 2004 2008 2012 2016 2020

Year of publication

B Smith-Waterman
mmm Hamming Distance

. Needleman-Wunsch W Non-DP Heuristic
. Multiple Methods

Other DP

lignment 1988-202
b

Gapped BLAST
‘I’. o BLAST—»,
Bowtie2
Py .
Broeooe N
. e
\BWA
B "\
< STAR
!
0 500 1000 1500 200 2500 3000
Chtations per year
Gapped BLAST
"-’ ) . ‘,STAR X
& o .{Bowtie
B
BWA
\.\
PN BLASTN.
@
, Bowtie2
5' o .
0 500 1000 1500 2000 2500 3000

0



Performance of Read Mapping

a
80
2 60
=
e}
&
© 40
E
- 20
&
RMAP Bowtie BWA GSNAP SMALT LAST SNAP Bowtie2 Subread HISAT2 minimap2
2008 2009 2009 2010 2010 2011 2011 2012 2013 2019 2019
o Mappef

. <>

35
3 <4

Q 2
gzo
515 —_—
E +
10
*
5 ‘ _ .
—_— —_——
RMAP Bowtie BWA GSNAP  SMALT LAST SNAP Bowtie?2  Subread  HISAT2  minimap2
2008 2009 2009 2010 2010 2011 2011 2012 2013 2019 2019
Mapper

Alser+, "Technology dictates algorithms: Recent developments in read alignment",
SAFARI Genome Biology, 2021 26
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The Need for Speed

Did we realize the need for
faster genome analysis?

Mapper
Moore's Law ° RMAP
e Bowtie
60 ° BWA
—_ e GSNAP
v 50 . e SMALI
A LAST
ational Human Genome O ¢
m:e;earcthlnsﬁtutg _C 40 ® SNAP
R
genome.gov/sequencingcosts 0) 30 & BO\Nt|e2
E e Subread
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 fewei 20 ol HISAT2
E ® minimap2
O 10
0 8-t puton.
Before 2013 2013 and later

Year of publication

Alser+, "Technology dictates algorithms: Recent developments in read alignment",
SAFARI Genome Biology, 2021 27
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Analysis 1s Bottlenecked in Read Mapping!!

Human
genome

32 CPU hours
on a 48-core processor

Human whole
genomes
at 30x coverage

in about 2 days

Illumina NovaSeq 6000 ‘

Read Mapping = Others

71%

SA FARI Goyal+, "Ultra-fast next generation human genome sequencing data processing using DRAGENTM bio-IT 28
processor for precision medicine”, Open Journal of Genetics, 2017.



https://www.scirp.org/journal/paperinformation.aspx?paperid=74603

Lack of Spectalized Compute Capability

Specialized Machine General-Purpose Machine
for Sequencing for Analysis
FAST SLOW

SAFARI 29



Data Movement Dominates Performance

= Data movement dominates performance and is a major
system energy bottleneck (accounting for 40%-62%)

Data Movement

Sequencing Storage (SSD/HDD) Main Memory Microprocessor
Machine

* Boroumand et al., “"Google Workloads for Consumer Devices: Mitigating Data Movement Bottlenecks,” ASPLOS 2018
* Kestor et al., “Quantifying the Energy Cost of Data Movement in Scientific Applications,” IISWC 2013
* Pandiyan and Wu, “Quantifying the energy cost of data movement for emerging smart phone workloads on mobile platforms,” IISWC 2014

SAFARI 3




We need intelligent algorithms
and intelligent architectures
that handle data well

SAFARI



Our Contributions

Near-memory Sequence Alignment

GenASM [MICRO 2020]

Near-memory/In-memory

Pre-alignment Filtering

GRIM-Filter [BMC Genomics'18]

SneakySnake [IEEE Micro'21]

GenASM [MICRO 2020]

SeGraM [ISCA 2022]

Specialized Pre-alignment Filtering
Accelerators (GPU, FPGA)

GateKeeper [Bioinformatics'17]

MAGNET [AACBB'18]

Shouji [Bioinformatics'19]

GateKeeper-GPU [arXiv'21]

SneakySnake [Bioinformatics'20]

o . 32
Main Memory Microprocéssor



Near-memory Sequence Alignment

Our Contributions GenASM [MICRO 2020]
SeGraM [ISCA 2022]
Near-memory/In-memory ;
Pre-alignment Filtering Il Specialized Pre-alignment Filtering
| : Accelerators (GPU, FPGA)
e S
5 1

N —

¢ Improving performance and energy efficiency —

by 1-3 orders of magnitude —
P .
\\\‘
,

==

Sequencing Machine Storage (SSD/HDD) Main Memory Microproc%ssor



Feedback From Our Community!

“ ﬁ‘ ) James Ferguson

This is awesome! |'ve got my evening reading sorted.

@ Stéphane Le Crom
- 4

Very complete article on the evolution of read
alignment algorithms.

R

|.|d A Svetlana Gorokhova
'ng'

An impressive overview of read alignment methods
over the last three decades

S BContrerasMoreira
s

Buen hilo de repaso sobre la evolucidn de los algoritmos de alineamiento de
secuencias a medida que ha mejorado la tecnologia de secuenciacién

SAFARI https://twitter.com/mealser/status/1435223377644503040



https://twitter.com/mealser/status/1435223377644503040

Key Takeaway

Most speedup comes from
parallelism enabled by

novel architectures and algorithms

SAFARI
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Intelligent Genome Analysis

https://arxiv.org/abs/2205.07957

a I‘)(lv > q-bio > arXiv:2205.07957

Quantitative Biology > Genomics

[Submitted on 16 May 2022]

Going From Molecules to Genomic Variations to
Scientific Discovery: Intelligent Algorithms and
Architectures for Intelligent Genome Analysis

Mohammed Alser, Joel Lindegger, Can Firtina, Nour Almadhoun, Haiyu Mao,
Gagandeep Singh, Juan Gomez-Luna, Onur Mutlu
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Accelerating Genome Analysis

Mohammed Alser, Ziilal Bingdl, Damla Senol Cali, Jeremie Kim, Saugata Ghose,

Can Alkan, Onur Mutlu

“Accelerating Genome Analysis: A Primer on an Ongoing Journey”

IEEE Micro, August 2020.

Machine Learning for Systems
Mini-Theme: Biology and Systems Interactions.

9YIEEE

@S
Fux

4 »
Previous Next

i= Table of Contents

Past Issues

Home / Magazines / IEEE Micro / 2020.05

IEEE Micro

Accelerating Genome Analysis: A Primer on
an Ongoing Journey

Sept.-Oct. 2020, pp. 65-75, vol. 40
DOI Bookmark: 10.1109/MM.2020.3013728

Authors

Mohammed Alser, ETH Zirich

Zulal Bingol, Bilkent University

Damla Senol Cali, Carnegie Mellon University

Jeremie Kim, ETH Zurich and Carnegie Mellon University

Saugata Ghose, University of lllinois at Urbana—-Champaign and Carnegie Mellon University
Can Alkan, Bilkent University

Onur Mutlu, ETH Zurich, Carnegie Mellon University, and Bilkent University

SAFARI
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https://arxiv.org/pdf/2008.00961.pdf

Read Mapping in 111 pages!
In-depth analysis of 107 read mappers (1988-2020)

Mohammed Alser, Jeremy Rotman, Dhrithi Deshpande, Kodi Taraszka, Huwenbo
Shi, Pelin Icer Baykal, Harry Taegyun Yang, Victor Xue, Sergey Knyazev, Benjamin D.
Singer, Brunilda Balliu, David Koslicki, Pavel Skums, Alex Zelikovsky,

Can Alkan, Onur Mutlu, Serghei Mangul

"Technology dictates algorithms: Recent developments in read alignment”

Genome Biology, 2021

[Source code]

Alser et al. Genome Biology (2021) 22:249

https://doi.org/10.1186/513059-021-02443-7 G enome B | 0O | Ogy

Technology dictates algorithms: recent ")
developments in read alignment

updates
Mohammed Alser'*", Jeremy Rotman®", Dhrithi Deshpande®, Kodi Taraszka®, Huwenbo Shi®’, Pelin Icer Baykal®,
Harry Taegyun Yang*®, Victor Xue”, Sergey Knyazev®, Benjamin D. Singer'®'"'? Brunilda Balliu',
David Koslicki'*'>'®, Pavel Skums®, Alex Zelikovsky®'”, Can Alkan®'®, Onur Mutlu'**" and Serghei Mangul®""
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https://arxiv.org/abs/2003.00110
https://github.com/Mangul-Lab-USC/review_technology_dictates_algorithms

Learning Materials

https://www.youtube.com/c/OnurMutlul ectures/search?query=Mohammed%?20alser

SAFARI 3
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More on Accelerating Genome Analysis

Mohammed Alser,
"Accelerating Genome Analysis: A Primer on an Ongoing Journey"
Talk at RECOMB 2021, Virtual, August 30, 2021.
[Slides (pptx) (pdf)]

[Talk Video (27 minutes)]

[Related Invited Paper (at IEEE Micro, 2020)]

Our Contributions

Near-memory/In-memory Specialized Pre-alignment Filtering
Pre-alignment Filtering Accelerators (GPU, FPGA)

GRIM-Filter [BMC Genomics"18] | GateKeeper [Bioinformatics'17]

SneakySnake [IEEE Micro'21] MAGNET [AACBB'18]

GenASM [MICRO 2020] Shouji [Bioinformatics'19]

GateKeeper-GPU [arXiv'21]

SneakySnake [Bioinformatics'20]

(t#) Premieres in 23 hours

Set reminder i i
October 5, 4:30 PM ﬁ - Main Memory Microprocessor

20

Accelerating Genome Analysis: A Primer on an Ongoing Journey - RECOMB 2021 talk by

SA FARI Mohammed Alser


https://www.youtube.com/watch?v=RzurItt3nNA
https://www.recomb2021.org/
https://www.youtube.com/redirect?event=video_description&redir_token=QUFFLUhqa0NLMXdWZWRKaUlhV3JEZlNaTHN0Ukp0WUctd3xBQ3Jtc0ttWGlJUEhQcDFIQ0VubjdwOGlrZnZSN1R3MGlHOUY5OTlCRmUtbFpLMkpaTXFlRFhCaENrdDRQd2E3LUJ2NTg1ekFrS01WRjlvYkxNU3VNUDV6TmhUdWliUTJpaHRjVkRmZWNzQjhjNVdjcE04a1RuWQ&q=https%3A%2F%2Fsafari.ethz.ch%2Fsafari_public_wp%2Fwp-content%2Fuploads%2FMohammedAlser-RECOMB2021-Highlights.pptx
https://www.youtube.com/redirect?event=video_description&redir_token=QUFFLUhqa0NLMXdWZWRKaUlhV3JEZlNaTHN0Ukp0WUctd3xBQ3Jtc0ttWGlJUEhQcDFIQ0VubjdwOGlrZnZSN1R3MGlHOUY5OTlCRmUtbFpLMkpaTXFlRFhCaENrdDRQd2E3LUJ2NTg1ekFrS01WRjlvYkxNU3VNUDV6TmhUdWliUTJpaHRjVkRmZWNzQjhjNVdjcE04a1RuWQ&q=https%3A%2F%2Fsafari.ethz.ch%2Fsafari_public_wp%2Fwp-content%2Fuploads%2FMohammedAlser-RECOMB2021-Highlights.pdf
https://www.youtube.com/watch?v=RzurItt3nNA
https://people.inf.ethz.ch/omutlu/pub/AcceleratingGenomeAnalysis_ieeemicro20.pdf

More on Intelligent Genome Analysis ...

Mohammed Alser,

"Computer Architecture - Lecture 10: Intelligent Genome Analysis"

ETH Zurich, Computer Architecture Course, Fall2021, Lecture 10, Virtual, 29 October 2021.
[Slides (pptx) (pdf)]

[Talk Video (3 hour 2 minutes, including Q&A)]

[Related Invited Paper (at IEEE Micro, 2020)]

Untangling Yarn Balls & DNA Sequencin!,g

Computer Architecture - Lecture 10: Intelligent Genome Analysis (Fall 2021)

412 views * Streamed live on Oct 29, 2021 19 0 A) SHARE =4 SAVE
SAFARI G Y “


https://www.youtube.com/watch?v=tm-IRYa14qs
https://safari.ethz.ch/architecture/fall2021/lib/exe/fetch.php?media=alser-comparch-fall2021-lecture10-intelligent-genome-analysis-afterlecture.pptx
https://safari.ethz.ch/architecture/fall2021/lib/exe/fetch.php?media=alser-comparch-fall2021-lecture10-intelligent-genome-analysis-afterlecture.pdf
https://www.youtube.com/watch?v=tm-IRYa14qs
https://people.inf.ethz.ch/omutlu/pub/AcceleratingGenomeAnalysis_ieeemicro20.pdf

More on Intelligent Genome Analysis ...

Mohammed Alser,

"Computer Architecture - Lecture 8: Intelligent Genome Analysis"
ETH Zurich, Computer Architecture Course, Lecture 8, Virtual, 15 October 2021.
[Slides (pptx) (pdf)]

[Talk Video (2 hour 54 minutes, including Q&A)]

[Related Invited Paper (at IEEE Micro, 2020)]

Our Solution: GateKeeper

FPGA-based
Alignment Filter.

x1012 N o\ x103

mappings g mappings

=)

E] High throughput DNA 3 Read Pre-Alignment Filtering = Read Alignment
q ing (HTS) technologi D Fast & Low False Positive Rate LZJ Slow & Zero False Positives

108

FrEY
P Pl o 20858/2:5418 - GateKeeper > oOm@m % (= 1] »

Q ETHZENTRUM
Computer Architecture - Lecture 8: Intelligent Genome Analysis (ETH Ziirich, Fall 2020)

SAFAR 42


https://www.youtube.com/watch?v=ygmQpdDTL7o
https://www.youtube.com/redirect?event=video_description&redir_token=QUFFLUhqbTBEWks1NUZ6cWVnbTVWdC1qRW0tY3paUkdjUXxBQ3Jtc0trd25qZHpmdC1nSGtkQnFjeWI1Wi1pTm5wQzBEbEdEZ05IaFdfRlN3U1h6QmxZUnNIR002cWthS0lWRkQwSU4xcVVtT2V0WkRRdkhrQUdlWExydTVyeHB4SXlERHZXODJGeWtiLTF2OXZCb2xkUWEwaw&q=https%3A%2F%2Fsafari.ethz.ch%2Farchitecture%2Ffall2020%2Flib%2Fexe%2Ffetch.php%3Fmedia%3Dalser-comparch-fall2020-lecture8-intelligent-genome-analysis-afterlecture.pptx
https://www.youtube.com/redirect?event=video_description&redir_token=QUFFLUhqbTBEWks1NUZ6cWVnbTVWdC1qRW0tY3paUkdjUXxBQ3Jtc0trd25qZHpmdC1nSGtkQnFjeWI1Wi1pTm5wQzBEbEdEZ05IaFdfRlN3U1h6QmxZUnNIR002cWthS0lWRkQwSU4xcVVtT2V0WkRRdkhrQUdlWExydTVyeHB4SXlERHZXODJGeWtiLTF2OXZCb2xkUWEwaw&q=https%3A%2F%2Fsafari.ethz.ch%2Farchitecture%2Ffall2020%2Flib%2Fexe%2Ffetch.php%3Fmedia%3Dalser-comparch-fall2020-lecture8-intelligent-genome-analysis-afterlecture.pdf
https://www.youtube.com/watch?v=ygmQpdDTL7o
https://people.inf.ethz.ch/omutlu/pub/AcceleratingGenomeAnalysis_ieeemicro20.pdf

More on Fast Genome Analysis ...

Onur Mutlu,

"Accelerating Genome Analysis: A Primer on an Ongoing Journey"
Invited Lecture at Technion, Virtual, 26 January 2021.

[Slides (pptx) (pdf)]

[Talk Video (1 hour 37 minutes, including Q&A)]

[Related Invited Paper (at IEEE Micro, 2020)]

Insight: Shifting a String Helps Similarity Search

7 matches 1 mismatch

A U

Onur Mutlu - Invited Lecture @Technion: Accelerating Genome Analysis: A Primer on an Ongoing Journey

566 views * Premiered Feb 6, 2021 |. 31 0 SHARE SAVE
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https://people.inf.ethz.ch/omutlu/pub/onur-Technion-AcceleratingGenomeAnalysis-Jan-26-2021-final.pptx
https://www.technion.ac.il/en/
https://people.inf.ethz.ch/omutlu/pub/onur-Technion-AcceleratingGenomeAnalysis-Jan-26-2021-final.pptx
https://people.inf.ethz.ch/omutlu/pub/onur-Technion-AcceleratingGenomeAnalysis-Jan-26-2021-final.pdf
https://www.youtube.com/watch?v=r7sn41lH-4A
https://people.inf.ethz.ch/omutlu/pub/AcceleratingGenomeAnalysis_ieeemicro20.pdf

Two P&S Genomics Courses

Mobile Genomics Course -
= Meeting 1: Course...

m Onur Mutlu Lectures

\
-

% AR e
T R

Understanding genetic variations Predicting the presence and relative
abundances of microbes in a sample

20 -2

Intelligent Genome Analysis
== Course - Meeting 1: Cours...

m Onur Mutlu Lectures

p PLAYALL

Livestream - P&S Genome
Sequencing on Mobile 3
Devices (Fall 2021)

9 videos * 75 views * Updated 5 days ago

-~ Mobile Genomics Course -
Meetlng 2: Introduction to...

Onur Mutlu Lectures

Mobile Genomics Course -

Mapping a read is . .
= g A e 4 similar to qlzerying Meeting 3: Read Mapping...

the yellow
pm Onur Mutlu Lectures

- 0 M tl obile Genomics i i =
@ nurviutu - suescriBED ‘A resumecmos  (IMOBIIEICSIONICCOUIES
= ——— Meeting 4: GateKeeper (Fal...

> Lectures > 5
W Ermatyg
Onur Mutlu Lectures

https://www.youtube.com/playlist?list=PL5Q2s0XY2Zi U2F8yrrNPDICjcM6CFQXv
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https://www.youtube.com/playlist?list=PL5Q2soXY2Zi_U2F8yrrNPD9CjcM6CFQXv

Course Materials

2021 Meetings/Schedule

Week Date
W1 5.10
Tue.
w2 20.10
Wed.
W3 27.10
Wed.
w4 3.1
Wed.
W5 10.11
Wed.
W6 17.11
Wed.
W7 24.11
Wed.

Livestream

Youl [ Live

YoulllD Live

Youl [ Live

Yo @D Live

Youl [ Live

Meeting

M1: P&S Accelerating Genomics
Course Introduction & Project
Proposals

am (PDF) zxi (PPT)

Youl [l Video

M2: Introduction to Sequencing
am (PDF) zx (PPT)

M3: Read Mapping
am (PDF) @ (PPT)

M4: GateKeeper
am (PDF) @m (PPT)

M5: MAGNET & Shouji
am (PDF) zxi (PPT)

M6.1: SneakySnake
am (PDF) am (PPT)
W Video

M6.2: GRIM-Filter
am (PDF) & (PPT)
Youl [l Video

M7: GenASM
aml (PDF) am (PPT)
YoullTH Video

Learning
Materials

Assignments

Required Materials
Recommended
Materials

https://safari.ethz.ch/projects and_seminars/fall2021/doku.php?id=bioinformatics

SAFARI
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https://safari.ethz.ch/projects_and_seminars/fall2021/doku.php?id=bioinformatics

Detailed Lectures on Genome Analysis

Computer Architecture, Fall 2020, Lecture 3a
o Introduction to Genome Sequence Analysis (ETH Zirich, Fall 2020)

o https://www.youtube.com/watch?v=CrRb32v7S]c&list=PL5Q2s0XY2Zi9xidyIgBxUz7
XRPS-wisBN&index=5

Computer Architecture, Fall 2020, Lecture 8
o Intelligent Genome Analysis (ETH Zlrich, Fall 2020)

o https://www.youtube.com/watch?v=ygmQpdDTL70&list=PL5Q2s0XY2Zi9xidyIgBxU
z7xXRPS-wisBN&index=14

Computer Architecture, Fall 2020, Lecture 9a

o GenASM: Approx. String Matching Accelerator (ETH Zirich, Fall 2020)

o https://www.youtube.com/watch?v=XoLpzmN-
Pas&list=PL5Q2s0XY2Zi9xidylgBxUz7xRPS-wisBN&index=15

Accelerating Genomics Project Course, Fall 2020, Lecture 1

o Accelerating Genomics (ETH Zurich, Fall 2020)

o https://www.youtube.com/watch?v=rgjl8ZylL sAg&list=PL5Q2s0XY2Zi9E2bBVAgCqgL
gwiDRQDTyId
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https://www.youtube.com/watch?v=CrRb32v7SJc&list=PL5Q2soXY2Zi9xidyIgBxUz7xRPS-wisBN&index=5
https://www.youtube.com/watch?v=ygmQpdDTL7o&list=PL5Q2soXY2Zi9xidyIgBxUz7xRPS-wisBN&index=14
https://www.youtube.com/watch?v=gR7XR-Eepcg&list=PL5Q2soXY2Zi9xidyIgBxUz7xRPS-wisBN&index=10
https://www.youtube.com/watch?v=rgjl8ZyLsAg&list=PL5Q2soXY2Zi9E2bBVAgCqLgwiDRQDTyId
https://www.youtube.com/onurmutlulectures

Prior Research on Genome Analysis (1/2)

= Alser + "SneakySnake: A Fast and Accurate Universal Genome Pre-
Alignment Filter for CPUs, GPUs, and FPGAs." to appear in Bioinformatics,
2020.

= Senol Cali+, "GenASM: A High-Performance, Low-Power Approximate
String Matching Acceleration Framework for Genome Sequence Analysis",
MICRO 2020.

= Alser+, "Technology dictates algorithms: Recent developments in read
alignment”, to appear in Genome Biology, 2021.

= Kim+, "AirLift: A Fast and Comprehensive Technique for Translating
Alignments between Reference Genomes", arXiv, 2020

= Alser+, “"Accelerating Genome Analysis: A Primer on an Ongoing Journey”,
IEEE Micro, 2020.
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https://arxiv.org/pdf/1910.09020.pdf
https://arxiv.org/abs/2009.07692
https://arxiv.org/abs/2003.00110
https://arxiv.org/abs/1912.08735
https://arxiv.org/pdf/2008.00961.pdf

Prior Research on Genome Analysis (2/2)

Firtina+, “Apollo: a sequencing-technology-independent, scalable and
accurate assembly polishing algorithm”, Bioinformatics, 2019.

Alser+, “Shouiji: a fast and efficient pre-alignment filter for sequence
alignment”, Bioinformatics 20109.

Kim+, "GRIM-Filter: Fast Seed Location Filtering in DNA Read Mapping
Using Processing-in-Memory Technologies”, BMC Genomics, 2018.

Alser+, "GateKeeper: A New Hardware Architecture for Accelerating
Pre-Alignment in DNA Short Read Mapping”, Bioinformatics, 2017.

Alser+, "MAGNET: understanding and improving the accuracy of
genome pre-alignment filtering”, IPSI Transaction, 2017.
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https://academic.oup.com/bioinformatics/article-abstract/36/12/3669/5804978
https://doi.org/10.1093/bioinformatics/btz234
https://bmcgenomics.biomedcentral.com/articles/10.1186/s12864-018-4460-0
https://people.inf.ethz.ch/omutlu/pub/gatekeeper_FPGA-genome-prealignment-accelerator_bionformatics17.pdf
https://arxiv.org/pdf/1707.01631.pdf

Technology Dictates Algorithms:
Developments in Read Mapping

Mohammed Alser
YW @mealser

ISMB 2022

SAFARI ETH:zurich
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