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Brief Self Introduction

A Can Firtina

¢ Senior Ph.D. student in the SAFARI Research Group
and a lecturer at ETH Zurich

A Research interests: Bioinformatics & Computer Architecture
Realtime genome analysis

Similarity search in a large space of genomic data
Hardware-Algorithm co-design to accelerate genome analysis
Genome editing

Error correction

O 0 0 0O 0

A Get to know our group and our research
¢ Group website: https://safari.ethz.ch/
¢ Contact me: canfirtina@gmail.com
¢ Website: https://cfirtina.com
¢ Twitter (aka X):  https:// twitter.com /FirtinaC
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ProfessoMutlu

Onur Mutlu

¢ Full Professor @ ETH Zurich ITET (INFK), since September 2015
¢ Strecker Professor @ Carnegie Mellon University ECE/CS, 2009016, 2016-¢é

¢ PhD from UT-Austin, worked at Google, VMware, Microsoft Research, Intel, AMD
c

c

c

https://people.inf.ethz.ch/omutlu/
omutlu@gmail.com (Best way to reach)
https://people.inf.ethz.ch/omutlu/projects.htm

Research and Teaching in:

Computer architecture, computer systems, hardware security, bioinformatics
Memory and storage systems

Hardware security, safety, predictability

Fault tolerance

Hardware/software cooperation

Architectures for bioinformatics, health, medicine

é

O 0 0 0 0 0 0
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Four Key Current Directions at SAFARI

Fundamentally Secure/Reliable/SafeArchitectures

Fundamentally Energy-Efficient Architectures
¢ Memory-centric (Data-centric) Architectures

Fundamentally Low-Latency and Predictable Architectures

Algorithms & Architectures for Al/ML, Genomics, Medicine
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Agenda for Today

Cutting-edge in Accelerating Genome Analysis

Enabling Scalable Realtime Genome Analysis

Graph & ML Acceleration for Genomics

Conclusion
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Big Data Is Everywhere

£ v

Astronomy Twitter (now X)
25 zetta-bytes/year 0.5-15 billion tweets/year

\J

YouTube Genomics
500-900 million hours/year 1 zetta-bases/year

SAFARI  Big data: astronomical or genomical?0 PLoSbiology, 2015.



https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.1002195

We need to gain insights
and observations
much more efficiently
than ever before
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Problems with Data Analysis Today

Special-Purpose Machine General-Purpose Machine
for Data Generation for Data Analysis

FAST SLOW

Slow and inefficient processing capability
Large amounts of data movement
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Data Movement Dominates Performance

A 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

Single memory request consumes >160x-800x more
energy compared to performing an addition operation

T Boroumandet al ., @AGoogle Workloads for Consumer Devices: Mitigating Data M
"Kestoret al ., fAQuantifying the Energy Cost of Data Movement in Scientific
“ Pandiyanand Wu, AQuantifying the energy cost of data movement f or emerging
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We need intelligent algorithms
and intelligent architectures
that handle data well
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Pushing Towards New Architectures
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Pushing Towards New Architectures

FPGASs

Modern systems

guencing
Machine

Persistent Memory/Storage

RERSTITIa sty

(Gé neral F§Gp:ubse) GPUs
SAFARI https://nanoporetech.com/products/smidgion
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AlgorithmArch-Device CeDesign is Critical

Computer Architecture SW/HW Interface
(expanded view)
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Accelerating Genome Analysis 2023]

Onur Mutlu and Can Firtina,

" Accelerating Genome Analysis via Algorithm -Architecture Co -Design "
Invited Special Session Paper in Proceedings of the60th Design Automation
Conference (DAC), San Francisco, CA, USA, July 2023.

[Related Invited Paper]

[arXiv version]

[Slides (pptx) (pdf) ]

[Talk Video at DAC 2023 (38 minutes, including Q&A)

Accelerating Genome Analysis
via Algorithm-Architecture Co-Design

Onur Mutlu Can Firtina
ETH Ziirich

SAFARI nttps:/lieeexplore.ieee.org/document/10247887 14



https://people.inf.ethz.ch/omutlu/pub/onur-Technion-AcceleratingGenomeAnalysis-Jan-26-2021-final.pptx
https://people.inf.ethz.ch/omutlu/pub/AcceleratingGenomeAnalysis_dac23.pdf
https://people.inf.ethz.ch/omutlu/pub/onur-Technion-AcceleratingGenomeAnalysis-Jan-26-2021-final.pptx
https://www.dac.com/
https://www.dac.com/
https://ieeexplore.ieee.org/document/10247887
https://arxiv.org/pdf/2305.00492.pdf
https://people.inf.ethz.ch/omutlu/pub/onur-DAC2023-SpecialSession-AcceleratingGenomeAnalysis-July-11-2023.pptx
https://people.inf.ethz.ch/omutlu/pub/onur-DAC2023-SpecialSession-AcceleratingGenomeAnalysis-July-11-2023.pdf
https://www.youtube.com/watch?v=osg9su2FDr8
https://ieeexplore.ieee.org/document/10247887

Enabling New Directions In
Genome Analysis
via New Algorithms

SAFARI
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New Frontiers: Raw Signal Analysis 23]

A CanFirtina, Nika Mansouri Ghiasi Joel Lindegger, Gagandeep Singh,
Meryem Banu Cavlak Haiyu Mao, and Onur Mutlu,
"RawHash: Enabling Fast and Accurate Real -Time Analysis
of Raw Nanopore Signals for Large Genomes"
Proceedings of the 31st Annual Conference on Intelligent Systems for Molecular Biology
(ISMB ) and the 22nd European Conference on Computational Biology (ECCB), Jul 2023
[Bioinformatics Journal version]
[Slides (pptx) (pdf)]
[Talk Video at ISMB/ECCB 202B (19 minutes)
[RawHash Source Codg

Bioinformatics, 2023, 39, i297-i307
https://doi.org/10.1093/bioinformatics/btad272

ISMB/ECCB 2023

OXFORD

RawHash: enabling fast and accurate real-time analysis of
raw nanopore signals for large genomes

Can Firtina ® "*, Nika Mansouri Ghiasi ® ', Joel Lindegger @ ', Gagandeep Singh ® *,
Meryem Banu Cavlak ® 1, Haiyu Mao ® 7, Onur Mutlu ® "*

'Department of Information Technology and Electrical Engineering, ETH Zurich, 8092 Zurich, Switzerland

*Corresponding author. Department of Information Technology and Electrical Engineering, ETH Zurich, Gloriastrasse 35, 8092 Zurich, Switzerland.
E-mail: fitinac@ethz.ch (C.F.), omutlu@ethz.ch (0.M.)

SAFARI 16


https://academic.oup.com/bioinformatics/article/39/Supplement_1/i297/7210440
https://academic.oup.com/bioinformatics/article/39/Supplement_1/i297/7210440
https://www.iscb.org/ismbeccb2023-programme/proceedings
https://www.iscb.org/ismbeccb2023-programme/proceedings
https://academic.oup.com/bioinformatics/article/39/Supplement_1/i297/7210440
https://people.inf.ethz.ch/omutlu/pub/RawHash_ismb-eccb23-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/RawHash_ismb-eccb23-talk.pdf
https://www.youtube.com/watch?v=ti0M6TvRkTs
https://github.com/CMU-SAFARI/RawHash

RealTime Raw Signal Analysignform. '24]

A CanFirtina, Melina Soysal Joél Lindegger, and Onur Mutlu,
"RawHash2: Mapping Raw Nanopore Signals Using
Hash -Based Seeding and Adaptive Quantization"
Bioinformatics, 30 July 2024.
[Online link at Bioinformatics Journal]
[arXiv version]
[RawHash Talk Vided (19 minutes)
[RawHash2 Source Codg

Bioinformatics, 2024, 40(8), btae478
https://doi.org/10.1093/bicinformatics/btae478
Advance Access Publication Date: 30 July 2024

Applications Note OXFORD

Sequence analysis

RawHash2: mapping raw nanopore signals using

hash-based seeding and adaptive quantization
Can Firtina ®'*, Melina Soysal ®’, Joél Lindegger @', Onur Mutlu ®-*

'Department of Information Technology and Electrical Engineering, ETH Zurich, Zurich 8092, Switzerland

*Corresponding authors. Department of Information Technology and Electrical Engineering, ETH Zurich, Zurich 8092, Switzerland.
E-mail: fitinac@ethz.ch (C.F.); omutlu@ethz.ch (0.M.)
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https://arxiv.org/pdf/2309.05771.pdf
https://arxiv.org/pdf/2309.05771.pdf
https://doi.org/10.1093/bioinformatics/btae478
https://arxiv.org/abs/2309.05771
https://www.youtube.com/watch?v=ti0M6TvRkTs
https://github.com/CMU-SAFARI/RawHash

New Directions: Assembling Raw Signals

Can Firtina, Maximilian Mordig, Harun Mustafa, Sayan Goswami, Nika MansouriGhiasi
Stefano Mercogliano, Joél Lindegger, Yan Zhu, Andre Kahles, and OnurMutlu,
"Rawsamble: Overlapping and Assembling Raw Nanopore Signals

using a Hash -based Seeding Mechanism"

Presented at ISMB (HITSeq) Montreal, QC, Canaada,Jul. 2024.

[Slides (pptx) (pdf)]

[Rawsamble Source Codé

Rawsamble: Overlapping and Assembling Raw Nanopore Signals
using a Hash-based Seeding Mechanism

Can Firtina! Maximilian Mordig!? Harun Mustafal-** Sayan Goswami' Nika Mansouri Ghiasi'
Stefano Mercogliano! Joél Lindegger! Yan Zhu! Andre Kahles!:** Onur Mutlu!
LETH Zurich 2 Max Planck Institute for Intelligent Systems
3University Hospital Zurich 4 Swiss Institute of Bioinformatics
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https://www.iscb.org/ismb2024/programme-schedule/scientific-programme/hitseq
https://people.ee.ethz.ch/~firtinac/pub/rawsamble-firtina-2024-ismb.pptx
https://people.ee.ethz.ch/~firtinac/pub/rawsamble-firtina-2024-ismb.pdf
https://github.com/CMU-SAFARI/RawHash

New Directions: Quickly Aligning Raw Signé

Joel Lindegger, Can Firtina, Nika Mansouri Ghiasi Mohammad Sadrosadati
Mohammed Alser, and Onur Mutlu,

"RawAlign: Accurate, Fast, and Scalable Raw Nanopore Signal Mappin
via Combining Seeding and Alignment"

Preprint on arXiv , October 2023.

[arXiv version]

[RawAlign Source Codé¢

RawAlign: Accurate, Fast, and Scalable Raw Nanopore Signal
Mapping via Combining Seeding and Alignment

Joél Lindegger® Can Firtina® Nika Mansouri Ghiasi®
Mohammad Sadrosadati® Mohammed Alser® Onur Mutlu®
SETH Ziirich
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https://arxiv.org/pdf/2310.05037.pdf
https://arxiv.org/pdf/2310.05037.pdf
https://arxiv.org/abs/2310.05037
https://github.com/CMU-SAFARI/RawAlign

Genome Similarity ldentificati®ArRcAB 23]

A CanFirtina, Jisung Park, Mohammed Alser, Jeremie S. Kim, Damla Senol Cali,
Taha Shahroodi Nika Mansouri Ghiasi Gagandeep Singh, KonstantinosKanellopoulos
Can Alkan, and Onur Mutlu,

"BLEND: A Fast, Memory -Efficient, and Accurate Mechanism
to Find Fuzzy Seed Matches in Genome Analysis"

NAR Genomics and Bioinformatics __, March 2023.

[Online link at NAR Genomics and Bioinformatics Journd|
[arXiv preprint]

[biorXiv preprint]

[Talk Video at RECOMB 202B (23 minutes)

[BLEND Source CodE

JOURNAL ARTICLE
BLEND: a fast, memory-efficient and accurate
mechanism to find fuzzy seed matches in genome
analysis 3

Can Firtina ™, Jisung Park, Mohammed Alser, Jeremie S Kim, Damla Senol Cali,

HNAR

Taha Shahroodi, Nika Mansouri Ghiasi, Gagandeep Singh, Konstantinos Kanellopoulos,

Volume 5, Issue 1 Can Alkan, Onur Mutlu &=

March 2023
NAR Genomics and Bioinformatics, Volume 5, Issue 1, March 2023, lqad004,

SAFARI 20


https://academic.oup.com/nargab/article/5/1/lqad004/6993940
https://academic.oup.com/nargab/article/5/1/lqad004/6993940
https://academic.oup.com/nargab
https://academic.oup.com/nargab/article/5/1/lqad004/6993940
https://arxiv.org/abs/2112.08687
https://doi.org/10.1101/2022.11.23.517691
https://www.youtube.com/watch?v=k9NzGwaF_mE
https://github.com/CMU-SAFARI/BLEND

Mitigating Useless Computationss 6 2 4 |

Jeremie S. Kim*, Can Firtina*, Meryem Banu Cavlak Damla Senol Cali,
Nastaran Hajinazar, Mohammed Alser, Can Alkan, and Onur Mutlu,
"AirLift: A Fast and Comprehensive Technique

for Remapping Alignments between Reference Genomes"

IEEE/ACM TCBPBAugust 2024.

[Online Link at IEEE/ACM TCBB Journdl

[arXiv preprint]

Presented at the 21st Asia Pacific Bioinformatics Conference APBC), Changsha, China,

April 2023.

[Slides (pptx) (pdf)]

[Talk Video at BIO-Arch 2023 Workshop] (22 minutes)
[AirLift Source Codd

AirLift: A Fast and Comprehensive Technique

for Remapping Alignments between Reference Genomes

Jeremie S. Kim!-" Can Firtinal:¥ Meryem Banu Cavlak! Damla Senol Cali?
Nastaran Hajinazar!:> Mohammed Alser! Can Alkan* Onur Mutlu'-2-4

VETH Zurich 2 Carnegie Mellon University 3Simon Fraser University 4 Bilkent University

SAFARI *Equal contribution
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https://people.inf.ethz.ch/omutlu/pub/AirLift_genome-remapper_arxiv21.pdf
https://people.inf.ethz.ch/omutlu/pub/AirLift_genome-remapper_arxiv21.pdf
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=8857
https://doi.org/10.1109/TCBB.2024.3433378
https://arxiv.org/abs/1912.08735
http://bioinformatics.csu.edu.cn/APBC2023/
https://people.ee.ethz.ch/~firtinac/pub/airlift-firtina-2023_04_16-apbc.pptx
https://people.ee.ethz.ch/~firtinac/pub/airlift-firtina-2023_04_16-apbc.pdf
https://www.youtube.com/watch?v=nJKJK15t5YM
https://github.com/CMU-SAFARI/AirLift

Mitigating Useless Computatigi@nform. '24]

A Jeremie S. Kim, Can Firtina, Meryem Banu Cavlak Damla Senol Cali,
Can Alkan, Onur Mutlu,
"FastRemap: A Tool for Quickly Remapping Reads
between Genome Assemblies"
Bioinformatics _, 1 October 2022.
[Online link at Bioinformatics Journal]
[arXiv preprint]
[FastRemap Source Codg

Bioinformatics, 38(19), 2022, 46334635
https://doi.org/10.1093/bioinformatics/btac554
Advance Access Publication Date: 17 August 2022
Applications Note OXFORD

Genome analysis
FastRemap: a tool for quickly remapping reads between
genome assemblies

Jeremie S. Kim ® "*, Can Firtina ©® ', Meryem Banu Cavlak', Damla Senol Cali ©® 2,
Can Alkan ® 3 and Onur Mutlu ® '3

'Department of Computer Engineering, ETH Zurich, D-ITET, Zurich 8006, Switzerland, 2Department of Computer Engineering, Bionano
Genomics, San Diego, CA 92121, USA and *Department of Computer Engineering, Bilkent University, Ankara 06800, Turkey
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https://arxiv.org/pdf/2201.06255.pdf
https://arxiv.org/pdf/2201.06255.pdf
http://bioinformatics.oxfordjournals.org/
https://doi.org/10.1093/bioinformatics/btac554
https://arxiv.org/abs/2201.06255
https://github.com/cmu-safari/fastremap

Utilizing Machine Learning In
Genome Analysis

via New Algorithms and
Architectures
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Translating Raw Signals using Mk n o me B

A Gagandeep Singh, MohammedAlser, Kristof Denolf, Can Firtina,
Alireza Khodamoradi, Meryem Banu Cavlak Henk Corporaaland Onur Mutlu,
"RUBICON: A Framework for Designing Efficient Deep Learning -Based
Genomic Basecallers"
Genome Biology February 2024.
[arXiv version]
[Journal Article]
[RUBICON Source Code

Method | Open access | Published: 16 February 2024

RUBICON: a framework for designing efficient deep
learning-based genomic basecallers

Gagandeep Singh, Mohammed Alser, Kristof Denolf, Can Firtina &, Alireza Khodamoradi, Meryem Banu
Cavlak, Henk Corporaal & Onur Mutlu &

Genome Biology 25, Article number: 49 (2024) | Cite this article
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https://arxiv.org/pdf/2211.03079
https://arxiv.org/pdf/2211.03079
https://www.nature.com/nprot/
https://arxiv.org/abs/2211.03079
https://genomebiology.biomedcentral.com/articles/10.1186/s13059-024-03181-2
https://github.com/CMU-SAFARI/Rubicon

Eliminating Useless Raw Signal Translation

M. Banu Cavlak Gagandeep Singh, MohammedAlser, Can Firtina, Joel Lindegger,
Mohammad Sadrosadati Nika Mansouri Ghiasi Can Alkan, and Onur Mutlu,

"TargetCall: Eliminating the Wasted Computation in Basecalling via Pre -

Basecalling Filtering"
Proceedings of the 21st Asia Pacific Bioinfornmatics Conference(APBC), Changsha, China,

April 2023.

[arxiv.org Version]

[Talk Video at BIO-Arch 2023 Workshop]
[TargetCall Source Codé¢

TargetCall: Eliminating the Wasted Computation in Basecalling
via Pre-Basecalling Filtering

Meryem Banu Cavlak! Gagandeep Singh! Mohammed Alser! Can Firtina' Joél Lindegger!
Mohammad Sadrosadati! Nika Mansouri Ghiasi! Can Alkan? Onur Mutlu!
LETH Ziirich 2Bilkent University
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https://arxiv.org/pdf/2212.04953.pdf
https://arxiv.org/pdf/2212.04953.pdf
http://bioinformatics.csu.edu.cn/APBC2023/
https://arxiv.org/abs/2212.04953
https://www.youtube.com/watch?v=2rCsb4-nLmg&t=21973s
https://github.com/cmu-safari/targetcall

Error Correction using Mkioinform. '20]

A Can Firtina, Jeremie S. Kim, Mohammed Alser, Damla Senol Cali, A. Ercument Cicek
Can Alkan, and Onur Mutlu,
"Apollo: A Sequencing _-Technology -Independent, Scalable, and Accurate

Assembly Polishing Algorithm"
Bioinformatics __, June 2020.

[Source Codd
[Online link at Bioinformatics Journal]

Apollo: a sequencing-technology-independent,

scalable and accurate assembly polishing algorithm
@

Can Firtina, Jeremie S Kim, Mohammed Alser, Damla Senol Cali, A Ercument Cicek,
Can Alkan X, Onur Mutlu X

Bioinformatics, Volume 36, Issue 12, 15 June 2020, Pages 3669-3679,
https://doi.org/10.1093/bioinformatics/btaal79
Published: 13 March 2020 Article history v
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https://people.inf.ethz.ch/omutlu/pub/apollo-technology-independent-genome-assembly-polishing_bioinformatics20.pdf
https://people.inf.ethz.ch/omutlu/pub/apollo-technology-independent-genome-assembly-polishing_bioinformatics20.pdf
http://bioinformatics.oxfordjournals.org/
https://github.com/CMU-SAFARI/Apollo
https://doi.org/10.1093/bioinformatics/btaa179

Accelerating ML & Genome Graphso '24]

A CanFirtina, Kamlesh Pillai, Gurpreet S. Kalsi,Bharathwaj Suresh, Damla Senol Cali,
Jeremie S. Kim, Taha Shahroodi, Meryem Banu Cavlak Joel Lindegger, Mohammed Alser,
Juan Gomez Luna, SreenivasSubramoney and Onur Mutlu,

"ApHMM: Accelerating Profile Hidden Markov Models for Fast and Energy -
efficient Genome Analysis"

ACM Transactions on Architecture and Code Optimizationf TACO), February 2024.
[ACM Digital Library versior]

[arXiv version]

Presented at the 19th HIPEAC ConferenceMunich, Germany, January 2024.

[Slides (pptx) (pdf)]

[Talk Video HIPEAC 202%(35 minutes)

[ApHMM Source Codg

RESEARCH-ARTICLE | OPEN ACCESS | @ (® Xino f

ApHMM: Accelerating Profile Hidden Markov Models for Fast and Energy-
efficient Genome Analysis

Authors: Can Firtina, Kamlesh Pillai, Gurpreet S. Kalsi, Bharathwaj Suresh, Damla Senol Cali Jeremie S. Kim
Taha Shahroodi, Meryem Banu Cavlak, JOél Lindegger, Mohammed Alser, Juan Gomez Luna, Sreenivas Subramoney,
Onur Mutlu  (Less) Authors Info & Claims

ACM Transactions on Architecture and Code Optimization, Volume 21, Issue 1 < Article No.: 19, Pages 1 - 29
https://doi.org/10.1145/3632950
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https://arxiv.org/pdf/2207.09765
https://arxiv.org/pdf/2207.09765
http://taco.acm.org/
https://dl.acm.org/doi/10.1145/3632950
https://arxiv.org/abs/2207.09765
https://www.hipeac.net/2024/munich/
https://people.ee.ethz.ch/~firtinac/pub/aphmm-firtina-2024-hipeac.pptx
https://people.ee.ethz.ch/~firtinac/pub/aphmm-firtina-2024-hipeac.pdf
https://youtu.be/a8RFca-jXPk
https://github.com/CMU-SAFARI/ApHMM-GPU

ML-based Genome Analysis via Rligko '22]

Haiyu Mao, Mohammed Alser, Mohammad Sadrosadati Can Firtina, Akanksha Baranwal,
Damla Senol Cali, Aditya Manglik, Nour Almadhoun Alserr, and Onur Mutlu,

"GenPIP: In -Memory Acceleration of Genome Analysis via Tight Integration of
Basecalling and Read Mapping"

Proceedings of the 55th International Symposium on Microarchitecture (MICRO ),
Chicago, IL, USA, October 2022.

[Slides (pptx) (pdf)]

[Longer Lecture Slides (pptx) (pdf)]

[Lecture Video (25 minutes)]

[arXiv version]

GenPIP: In-Memory Acceleration of Genome Analysis
via Tight Integration of Basecalling and Read Mapping

Haiyu Mao! Mohammed Alser' Mohammad Sadrosadati* Can Firtina! Akanksha Baranwal®
Damla Senol Cali? Aditya Manglik® Nour Almadhoun Alserr! Onur Mutlu!
\ETH Ziirich 2Bionano Genomics
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https://arxiv.org/pdf/2209.08600.pdf
https://arxiv.org/pdf/2209.08600.pdf
http://www.microarch.org/micro55/
https://people.inf.ethz.ch/omutlu/pub/GenPIP_micro22-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/GenPIP_micro22-talk.pdf
https://people.inf.ethz.ch/omutlu/pub/GenPIP_comparch22-lecture-slides.pptx
https://people.inf.ethz.ch/omutlu/pub/GenPIP_comparch22-lecture-slides.pdf
https://youtu.be/PWWBtrL60dQ?t=8290
https://arxiv.org/abs/2209.08600

Raw Signal Translation using Rilsko 23]

Taha Shahroodi Gagandeep Singh, Mahdi Zahedi,Haiyu Mao, Joel Lindegger,
Can Firtina, Stephan Wong, Onur Mutlu, and Said Hamdioui,

" Swordfish: A Framework for Evaluating Deep Neural Network -based
Basecalling using Computation -In -Memory with Non _-1deal Memristors

Proceedings of the 56th International Symposium on Microarchitecture (MICRQO), Toronto,
ON, Canada, November 2023.

[Slides (pptx) (pdf)]
[arXiv version]

Swordfish: A Framework for Evaluating
Deep Neural Network-based Basecalling
using Computation-In-Memory with Non-ldeal Memristors

Taha Shahroodi’ Gagandeep Singh?® Mahdi Zahedi’ Haiyu Mao® Joel Lindegger’ Can Firtina®
Stephan Wong!  Onur Mutlu®>  Said Hamdioui®

ITU Delft 2AMD Research 3ETH Ziirich
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https://arxiv.org/pdf/2310.04366.pdf
https://arxiv.org/pdf/2310.04366.pdf
https://people.inf.ethz.ch/omutlu/pub/Swordfish_micro23-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/Swordfish_micro23-talk.pdf
https://arxiv.org/abs/2310.04366

Fast, Accurate, & Efficient
Genome Analysis
via Algorithm -Architecture
co-design

SAFARI
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Accelerating String Matchjagro '20]

Damla Senol Cali, Gurpreet S. Kalsi, Zulal BingolCan Firtina, Lavanya Subramanian,
Jeremie S. Kim, Rachata Ausavarungnirun, Mohammed Alser, Juan Gometuna,
Amirali Boroumand, Anant Nori, Allison Scibisz, Sreenivas Subramoney, Can Alkan,
Saugata Ghose, andOnur Mutlu,

"GenASM: A High -Performance., Low -Power Approximate String Matching
Acceleration Framework for Genome Sequence Analysis"

Proceedings of the 53rd Intemational Symposium on Microarchitecture (MICRQO ), Virtual,
October 2020.

[Lightning Talk Video (1.5 minutes)]

[Lightning Talk Slides (pptx) (pdf)]

[Talk Video (18 minutes)]

[Slides (pptx) (pdf)]

GenASM: A High-Performance, Low-Power
Approximate String Matching Acceleration Framework
for Genome Sequence Analysis

Damla Senol Cali* Gurpreet S. Kalsi®  Ziilal Bingsl¥ Can Firtina® Lavanya Subramanian® Jeremie S. Kim®1
Rachata Ausavarungnirun® Mohammed Alser® Juan Gomez-Luna®  Amirali Boroumand' Anant Nori™
Allison Scibisz| ~ Sreenivas Subramoney™ Can AlkanV Saugata Ghose*T  Onur Mutlu®T
T Carnegie Mellon University ™ Processor Architecture Research Lab, Intel Labs Y Bilkent University ~ ©ETH Ziirich
YFacebook  ©King Mongkut’s University of Technology North Bangkok — * University of Illinois at Urbana—Champaign
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https://people.inf.ethz.ch/omutlu/pub/GenASM-approximate-string-matching-framework-for-genome-analysis_micro20.pdf
https://people.inf.ethz.ch/omutlu/pub/GenASM-approximate-string-matching-framework-for-genome-analysis_micro20.pdf
http://www.microarch.org/micro53/
https://www.youtube.com/watch?v=nJs3RRnvk_k
https://people.inf.ethz.ch/omutlu/pub/GenASM-approximate-string-matching-framework-for-genome-analysis_micro20-lightning-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/GenASM-approximate-string-matching-framework-for-genome-analysis_micro20-lightning-talk.pdf
https://www.youtube.com/watch?v=srQVqPJFqjo
https://people.inf.ethz.ch/omutlu/pub/GenASM-approximate-string-matching-framework-for-genome-analysis_micro20-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/GenASM-approximate-string-matching-framework-for-genome-analysis_micro20-talk.pdf

Accelerating Genome Grapbsa 2022]

Damla Senol Cali, Konstantinos Kanellopoulos Joel Lindegger, Zulal Bingol,

Gurpreet S. Kalsi, Ziyi Zuo, Can Firtina, Meryem Banu Cavlak Jeremie Kim,

Nika MansouriGhiasj Gagandeep Singh, Juan GomezLuna, Nour Almadhoun Alserr,
Mohammed Alser, Sreenivas Subramoney, Can Alkan, Saugata Ghose, and Onur Mutlu,
"SeGraM: A Universal Hardware Accelerator for Genomic Seguence -to -Graph
and Sequence -to-Seguence Mapping"

Proceedings of the 49th International Symposium on Computer Architecture (ISCA), New
York, June 2022.

[Slides (pptx) (pdf)]

[arXiv version]

[SeGraM Source Code and Datasefs

[Talk Video (22 minutes)]

SeGraM: A Universal Hardware Accelerator for
Genomic Sequence-to-Graph and Sequence-to-Sequence Mapping

Damla Senol Cali' Konstantinos Kanellopoulos* Joél Lindegger® Ziilal Bingsl®
Gurpreet S. Kalsi* Ziyi Zuo® Can Firtina? Meryem Banu Cavlak? Jeremie Kim?
Nika Mansouri Ghiasi* Gagandeep Singh? Juan Gémez-Luna’? Nour Almadhoun Alserr?
Mohammed Alser® Sreenivas Subramoney? Can Alkan® Saugata Ghose® Onur Mutlu?

IBionano Genomics 2ETH Ziirich 3Bilkent University ~ “Intel Labs
>Carnegie Mellon University =~ ®University of Illinois Urbana-Champaign
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https://people.inf.ethz.ch/omutlu/pub/SeGraM_genomic-sequence-mapping-universal-accelerator_isca22.pdf
https://people.inf.ethz.ch/omutlu/pub/SeGraM_genomic-sequence-mapping-universal-accelerator_isca22.pdf
http://iscaconf.org/isca2022/
https://people.inf.ethz.ch/omutlu/pub/SeGraM_genomic-sequence-mapping-universal-accelerator_isca22-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/SeGraM_genomic-sequence-mapping-universal-accelerator_isca22-talk.pdf
https://arxiv.org/pdf/2205.05883.pdf
https://github.com/CMU-SAFARI/SeGraM
https://www.youtube.com/watch?v=gyjqYoyDP9s%22

In-Storage Genome FilteripgpPLOS 2022]

Nika MansouriGhiasi Jisung Park, Harun Mustafa, Jeremie Kim, Ataberk Olgun,

Arvid Gollwitzer, Damla Senol Cali, Can Firtina, Haiyu Mao, Nour Almadhoun Alserr,
Rachata Ausavarungnirun, Nandita Vijaykumar, Mohammed Alser, and Onur Mutlu,
"GenStore: A High -Performance and Energy -Efficient In _-Storage Computing
System for Genome Sequence Analysis"

Proceedings of the 27th International Conrerence on Architectural Support for
Programming Languages and Operating Systems(ASPLOS), Virtual, February-March
2022.

[Lightning Talk Slides (pptx) (pdf)]

[Lightning Talk Video (90 seconds)]

GenStore: A High-Performance In-Storage Processing System
for Genome Sequence Analysis

Nika Mansouri Ghiasi' Jisung Park! Harun Mustafa! Jeremie Kim' Ataberk Olgun!
Arvid Gollwitzer! Damla Senol Cali? Can Firtina! Haiyu Mao' Nour Almadhoun Alserr!
Rachata Ausavarungnirun® Nandita Vijaykumar?* Mohammed Alser! Onur Mutlu!

1ETH Ziirich “Bionano Genomics *KMUTNB *University of Toronto
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https://people.inf.ethz.ch/omutlu/pub/GenStore_asplos22-arxiv.pdf
https://people.inf.ethz.ch/omutlu/pub/GenStore_asplos22-arxiv.pdf
https://asplos-conference.org/
https://asplos-conference.org/
https://people.inf.ethz.ch/omutlu/pub/GenStore_asplos22-lightning-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/GenStore_asplos22-lightning-talk.pdf
https://www.youtube.com/watch?v=Vi1af8KY0g8

In-Storage MetagenomjiGEA 2024]

A Nika Mansouri Ghiasi Mohammad Sadrosadati Harun Mustafa, Arvid Gollwitzer,
Can Firtina, Julien Eudine, Haiyu Mao, Joel Lindegger, Meryem Banu Cavlak
Mohammed Alser, Jisung Park, and Onur Mutlu,

"MeqlS: High -Performance and Low -Cost Metagenomic Analysis with In -
Storage Processing”

Proceedings of the 51st Annual International Symposium on Computer
Architecture (ISCA ), Buenos Aires, Argentina, July 2024.

[Slides (pptx) (pdf)]

[arXiv version]

MeglS: High-Performance, Energy-Efficient, and Low-Cost
Metagenomic Analysis with In-Storage Processing

Nika Mansouri Ghiasi' Mohammad Sadrosadati’® Harun Mustafa! Arvid Gollwitzer!
Can Firtina! Julien Eudine! Haiyu Mao' Joél Lindegger! Meryem Banu Cavlak’
Mohammed Alser' Jisung Park? Onur Mutlu?

'ETH Ziirich 2POSTECH
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https://arxiv.org/pdf/2406.19113
https://arxiv.org/pdf/2406.19113
https://iscaconf.org/isca2024/
https://iscaconf.org/isca2024/
https://safari.ethz.ch/wp-content/uploads/MegIS-ISCA24-V6.pptx
https://safari.ethz.ch/wp-content/uploads/MegIS-ISCA24-V6.pdf
https://arxiv.org/abs/2406.19113

Accelerating Genome Analysis 2023]

Onur Mutlu and Can Firtina,

" Accelerating Genome Analysis via Algorithm -Architecture Co -Design "
Invited Special Session Paper in Proceedings of the60th Design Automation
Conference (DAC), San Francisco, CA, USA, July 2023.

[Related Invited Paper]

[arXiv version]

[Slides (pptx) (pdf) ]

[Talk Video at DAC 2023 (38 minutes, including Q&A)

Accelerating Genome Analysis
via Algorithm-Architecture Co-Design

Onur Mutlu Can Firtina
ETH Ziirich
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https://people.inf.ethz.ch/omutlu/pub/onur-Technion-AcceleratingGenomeAnalysis-Jan-26-2021-final.pptx
https://people.inf.ethz.ch/omutlu/pub/AcceleratingGenomeAnalysis_dac23.pdf
https://people.inf.ethz.ch/omutlu/pub/onur-Technion-AcceleratingGenomeAnalysis-Jan-26-2021-final.pptx
https://www.dac.com/
https://www.dac.com/
https://ieeexplore.ieee.org/document/10247887
https://arxiv.org/pdf/2305.00492.pdf
https://people.inf.ethz.ch/omutlu/pub/onur-DAC2023-SpecialSession-AcceleratingGenomeAnalysis-July-11-2023.pptx
https://people.inf.ethz.ch/omutlu/pub/onur-DAC2023-SpecialSession-AcceleratingGenomeAnalysis-July-11-2023.pdf
https://www.youtube.com/watch?v=osg9su2FDr8
https://ieeexplore.ieee.org/document/10247887

Genomic Sequence AnalysWhy?
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Genomic Sequence Analystsow?

A High throughput sequencing machines
¢ Convert biological moleculesinto DNA characters for analysis

/

lo

Challenge 1: Origin locations of sequences are unknown
Challenge 2: Sequences may contain differences and errors(noise)

Challenge 3: Many sequences toanalyze
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A Genome Analysis Pipeline

DNA Library S : Raw
Molecule Preparation equencing Sequencing Data
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Recall: Challenges in Genome Analysis

Challenge 1. Origin locations of sequences are unknown

Challenge 2. Sequences may contain differences and errors(noise)

Challenge 3: Many sequences to analyze

SAFARI
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Pairwise Sequence Comparison Is Essentia

A Read mapping: Map many reads to a known
reference genome with some differences allowed

Reference genome

DNA, [tysiilly

SAFARI 40



Practical Read Mapping

Basecalled Denoised Raw
Sequencing Data Sequencing Data
|AAGCCTATATGEA| [-24, 03, 2.3, -14]
Indexing Seeding Chaining Alignment
[ ReferenceSeq. | [ HashTable | [ Read Seq. | [ Ref. Seq. | [ Ref. Seq. |
0x00|2 , 6 4 ,[+ _ ml , =
=+0x01[1, 10 1| (I S &
5 o 5 N =
& g S
OxFF|13,21 & o4
Hash| Positions | o X X Alignment
~ Seed Matches Matrix

Hash

SAFARI



Accurate, fast, and scalable
genome analysis Is critical
to make life -critical decisions

and improving the quality of life
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Agenda for Today

Cutting-edge in Accelerating Genome Analysis

Enabling Scalable Realtime Genome Analysis

Graph & ML Acceleration for Genomics

Conclusion

SAFARI
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¥ RawHash

Enabling Fast and Accurate Reallime Analysis
of Raw Nanopore Signals for Large Genomes

Can Firtina
Nika MansourGGhiasi  JoelLindeggel Gagandeep Sing
MeryemBanuCavlak HalyuMao Onur Mutlu

RawH ééh RawH as.hZ

SAFARI ETH:iirich



https://github.com/CMU-SAFARI/RawHash
https://academic.oup.com/bioinformatics/article/39/Supplement_1/i297/7210440
https://academic.oup.com/bioinformatics/article/40/8/btae478/7723993
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Different Raw Sequencing Data

lllumina Nanopore PacBio

74 I EARARN

[t

>
Electrical Signal

Soganseannnn
30-hour movie

Multiple images

% .BCL/.CBCL % .POD5 % .BAM

SAFARI

46



Nanopore Seguencing

Nanopore Sequencing:a widely used sequencing technology
A Can sequencelarge fragments  of nucleic acid molecules (> 2Mbp)
A Portable sequencing and real -time analysis
A Cost -effective

SAFARI 47



Nanopore Seguencing

Nanopore Sequencing Raw Signals
I

EQ

v O

Raw Signals: lonic current measurements generated at a certain throughput

(Real -Time) Analysis

—

(Real -Time) Analysis:  Signals can be analyzed while they are generated

Real -Time Decisions: Stopping sequencingearly based on realtime analysis

SAFARI 48



Benefits of RealTime Analysis

~/ Reducing latency by overlapping the sequencing and analysis steps

Time

Sequencing I Analysis

: . : : Reduced Latency :
Seguencing & RealTime Analysis “ >

v/ Reducing sequencing time and cost by stopping sequencing early

Completely Sequenced Read

, Reduced Sequencing Time (and Cost) :
Partially Sequenced Readj* :

Sequencing is stopped early with a real-time decision

SAFARI
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Challenges in Reallime Analysis

7 Rapid analysis to match the nanopore sequencer throughput

Timely decisions to stop sequencing as early as possible

@ Accurate analysis  from noisy raw signhal data

2

Power -efficient computation for scalability and portability

SAFARI 50
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Executive Summary

7

.

Problem: Reaktime analysis of nanopore raw signals is inaccurate and inefficient for
large genomes

g

\

Goal: Enablefast and accurate real-time analysis of raw nanopore signals

7

\

Key Contributions:
1) The first hash -based mechanism for mapping raw nanopore signals

2) The novel Sequence Until technique can accurately and dynamically stop
the entire sequencing of all reads at once If further sequencing is not necessary

7

\

Key Results: Across 3 use cases and 5 genomes of varying sizes

I 27 19 ,and4 Dbetter average throughput compared to the state -of-the-art works

I Most accurate raw signal mapper for all datasets
I Sequence Untilreduces the sequencing time and cost by 15

SAFARI
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Analyzing Raw Nanopore Signals

Traditional: Translating (basecalling ) ERecent Work: Directly analyzing

signals to basesbefore analysis

Basecalling

Raw Signal

Read Mapping

: signals without basecalling

Raw Signal Mapping

Raw Signal

Basecalledsequences are
less noisy than raw signals

Efficient analysis with better
scalability and portability

Many analysis tools use
basecalledsequences

Raw signals retain more
iInformation than just bases

7~

X Costly and power-hungry
computational requirements

A

SAFARI
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Enabling Analysis From Electrical Signal

AK many nucleotides (k-mers) sequenced at a time

AEvent: A segment of the raw signal
- Corresponds to a particular  k-mer

Event

. Raw Nanopore Signal Evlent:VaIIL:e :
L :
> [ 1
S ¢ een Wl e o B
— o > > . > culate »12.21 1 I
e E l Segment Normalize Means
@ = I 1 I
b I TN
5 Time e

AObservation: Event values generated after sequencing the
same k -mer are similar in value (not necessarily the same)
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The Problemo Mapping Raw Signals

Raw Signal

7 N

!

Small Reference Genome

Large Reference Genome (Human)

Fewer candidate regions
In small genomes

Substantially larger number of regions to
check per read as the genome size increases

Accurate mapping

Problem: Probabilistic mechanisms

N~

on many regions C Iinaccurate mapping

High throughput

SAFARI

Problem: Distance calculation
on many regions C reduced throughput
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The Problemo Mapping Raw Signals

-
Prior works are
Inaccurate or inefficient
for large genomes
\_

SAFARI



Goal

Enablefast and accurate real -time analysis
of raw nanopore signals for large genomes

SAFARI
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RawHash

The first hash -based search mechanism
to quickly and accurately map raw nanopore signals
to reference genomes

.

Sequence Until can accurately and dynamically stop
the entire sequencing run at once
If further sequencing Is unnecessary

SAFARI
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RawHash

The first hash -based search mechanism
to quickly and accurately map raw nanopore signals
to reference genomes

-

SAFARI



RawHash o Key Idea

Key Observation: Identical nucleotides generate similar raw signals

Raw Signal #1 Raw Signal # 2
M- M-

v

Fast
Ox01 P[ Match ]4 0Ox01

Challenge #1: Generating the same hash value for similar enough signals

Challenge #2: Accurately finding asfew similar regions as possible

SAFARI 60



Solution for Challenge #: Quantization

ANoise: Slight differences in raw signals from identical k-mers
- Challenge: Generating the same hash value for similar enough  signals

AKey Idea: Quantize the event values to reduce noise
- Enables assigningidentical quantized values to similar event values

Normalized event values Quantized event values
from the same k -mer (in binary)
— —
-0.091 * Quantize *11]/1]0]0f1
-0.084 * Quantize *1]1]0]0]1
CTATTA
-0.09 * Quantize *1]1]0]0]1
-0.086 *_Quantize *11]1]0]0]1
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Solution for Challenge #2: Packing

AEach event usually represents a very small kmer (6 to 9 characters)
- Challenge: Short k-mers are likely to appear in many locations

AKey Idea: Createlonger k-mers from many consecutive events
AKey Benefit: Directly match hash values to quickly identify similarities

Consecutive Consecutive

k-mers events
_A _A
'd N\ 'd N\ \
CTATTA » -0.09  Quantize {1]1]olo]1]
TATTAC J—| 1.15 » Quantize —olo]1]1{o]
D~ D~ D~ > [ P?Ck
ATTACC . 1.11 »_Quantize *1010f11011)) [c]x]oJofx]o]o]z]2]o € ol1]o]o

L
Q
n
>

Hash value of S{ DT

consecutive event
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Real Time Mapping using RawHash

Indexing (Offline) Mapping (Real -time)
Reference Genome Raw Nanopore Signal

EGCTATTACCTTAATG|T Gé —
\ 4
Referenceto-Event Signatto-Event
Conversion Conversion
A\ 4 \ 4
Quantization Quantization
v v
Hashing Hashing
\ 4 Store Query \ 4
[ — 1o (oot

. J

\ 4

Matching Positions

Chaining &
Mapping

\ 4

IIIIIIIIIIII L]

: Read Until } No: Stop mapping

YUNUYD 1X8U 8] SS9201d :SOA

Continue
apping?

\_
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RawHash

The first hash -based search mechanism
to quickly and accurately map raw nanopore signals
to reference genomes

-
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RawHash

Sequence Until can accurately and dynamically stop
the entire sequencing run at once
If further sequencing Is unnecessary

.

SAFARI
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Key Contributions in RawHash?

s

A new adaptive quantization

to better fit the expected

nanopore signal pattern to achieve high accuracy

Improved chaining algorithm

with sensitive penalty scores

Weighted decision making

for more robust mapping

Frequency filter

and minimizer sketching

to reduce seed matches for faster and space-efficient mapping

.

S
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Evaluation Methodology

ATwo settings for RawHash2:
- RawHash2: All hash values without sampling
- RawHash2 -Minimizer: Minimizer sketching

ACompared to UNCALLED ,
Sigmap and RawHash

AUse cases for real-time genome analysis:
1. Read mapping
2. Relative abundance estimation
3. Contamination analysis

SAFARI 69



Evaluation Methodology

AEvaluation metrics:

- Throughput

(bases processed per second per CPU thread)

- Potential reduction in sequencing time and cost

- Accuracy

ABaseline: Mapping basecalled reads using minimap?2

A Precision, recall, and F1 scores

A Relative abundance estimation distance to ground truth

ADatasets:

SAFARI

Organism Reads (#) Bases (#) Genome Size
Read Mapping

D1 SARS-CoV-2 1,382,016 594M 29,903

D2 E. coli 353,317 2,365M 5M|

D3 Yeast 49989  380M 12M]

D4 Green Algae 29,933 609M 11 IMI
D5 Human HGO0O1 269,507 1,584M 3,117

Relative Abundance Estimation
D1-D5 2,084,762 5,531M 3,246M|
Contamination Analysis
D1 and D5 1,651,523 2,178M 29,903
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Throughput

AReal -time analysis requires  faster throughput than sequencer

- Throughput from a single pore: ~ 450 bp/sec (data generation speed)
MRawHash2 [ RawHash2-Minimizer [l RawHash [l UNCALLED B Sgmap

|
o
=)

1251.4x
1966.5x
1548.6x

Throughput (bp/ sec)

10t

SARS-CoV-2 E. coli Yeast Green Algae Human Contamination Relative
Abundance

RawHash2: 27 h19 ,and 4 better average throughput
compared to UNCALLED, Sigmap and RawHash , respectively

RawHash 2-Minimizer further improves the throughput

by 2.5 compared to RawHash 2

SAFARI 71



Average Sequenced Length

AFewer bases to sequenceC Less unnecessary sequencing

B RawHash?2 [ RawHash2-Minimizer [l RawHash [l UNCALLED [ Sgmap

3.8%

X
<
o

X
N
—

Avg. Sequenced Length

Green Algae Human Contamination Relative
Abundance

13)18Q SI JaMmo

RawHash2reduces sequencing time and cost

on average by 1.9 compared to UNCALLED andRawHash

RawHash2leads to sequencing the least amount of bases

for larger genomes

SAFARI [



Accuracy

ARead mapping, contamination, and relative abundance estimation
accuracy (baseline: basecalled mapping)

Dataset Metric RH2 RH2-Min. RH UNCALLED Sigmap
SARS-CoV-2 F1 0.9867 0.9691 0.9252 0.9725 0.7112
E. coli F1 0.9748 0.9631 0.9280 0.9731 0.9670
Yeast F1 0.9602 0.9472 0.9060 0.9407 0.9469
Green Algae F1 0.9351 0.9191 0.8114 0.8277 0.9350
Human F1 0.7599 0.6699 0.5574 0.3197 0.3269
Contamination  Precision 0.9595 0.9424 0.8702 0.9378 0.7856
Rel. Abundance Distance 0.2678 0.4243 0.4385 0.6812 0.5430

Best results are highlighted .

RawHasI? provides the most accurate read mapping

RawHash2Minimizer provides an on -par accuracy with RawHash2

while improving the throughput substantially

SAFARI
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Conclusion

7

Key Contributions:

1) The first hash -based mechanism for mapping raw nanopore signals

2) The novel Sequence Until technique can accurately and dynamically stop

the entire sequencing of all reads at once if further sequencing is not necessary

\

s

Key Results: Across3 use cases and5 genomes of varying sizes

I 27 19 ,and 4 better average throughput compared to the state-of-the-art works
I Most accurate raw signal mapper for all datasets
I Sequence Untilreduces the sequencing time and cost by 15

7

Many opportunities for analyzing raw nanopore signals in real -time:
I Many hash-based sketching techniques  can now be used for raw signals

I Indexing is very cheap: Many future use cases with the on-the-fly index construction
I We should rethink the algorithms to perform downstream analysis fully using raw signals

\.
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¥ RawHash

Enabling Fast and Accurate Reallime Analysis
of Raw Nanopore Signals for Large Genomes

Can Firtina
Nika MansourGGhiasi  JoelLindeggel Gagandeep Sing
MeryemBanuCavlak HalyuMao Onur Mutlu

RawH ééh RawH as.hZ

SAFARI ETH:iirich



https://github.com/CMU-SAFARI/RawHash
https://academic.oup.com/bioinformatics/article/39/Supplement_1/i297/7210440
https://academic.oup.com/bioinformatics/article/40/8/btae478/7723993

Enabling Many New Directions
with Raw Signal Analysis




Genome Construction from Raw Signals

Can Firtina, Maximilian Mordig, Harun Mustafa, Sayan Goswami, Nika MansouriGhiasi
Stefano Mercogliano, Joél Lindegger, Yan Zhu, Andre Kahles, and OnurMutlu,
"Rawsamble: Overlapping and Assembling Raw Nanopore Signals

using a Hash -based Seeding Mechanism"

Presented at ISMB (HITSeq, Montreal, QC, Canaada,Jul. 2024.

[Slides (pptx) (pdf)]

[Rawsamble Source Codé

Rawsamble: Overlapping and Assembling Raw Nanopore Signals
using a Hash-based Seeding Mechanism

Can Firtina! Maximilian Mordig!? Harun Mustafal-** Sayan Goswami' Nika Mansouri Ghiasi'
Stefano Mercogliano! Joél Lindegger! Yan Zhu! Andre Kahles!:** Onur Mutlu!
LETH Zurich 2 Max Planck Institute for Intelligent Systems
3University Hospital Zurich 4 Swiss Institute of Bioinformatics
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https://www.iscb.org/ism%20%20b2024/programme-schedule/scientific-programme/hitseq
https://people.ee.ethz.ch/~firtinac/pub/rawsamble-firtina-2024-ismb.pptx
https://people.ee.ethz.ch/~firtinac/pub/rawsamble-firtina-2024-ismb.pdf
https://github.com/CMU-SAFARI/RawHash

Beyond Reference Mapping: Overlapping

Raw Signal #1 Raw Signal #5

Raw Signal #2 Raw Signal #3 Raw Signal #4

Rawsamble: Overlapping and Assembling Raw Nanopore Signals
using a Hash-based Seeding Mechanism

Can Firtina! Maximilian Mordig!? Harun Mustafa!>* Sayan Goswami! Nika Mansouri Ghiasi'
Stefano Mercogliano! Joél Lindegger! Yan Zhu! Andre Kahles!>* Onur Mutlu!
YETH Zurich 2 Max Planck Institute for Intelligent Systems
3University Hospital Zurich 4 Swiss Institute of Bioinformatics
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Genome Assembly from Raw Signal Overla

2,722,499 bps

Rawsamble: Overlapping and Assembling Raw Nanopore Signals
using a Hash-based Seeding Mechanism

Can Firtina! Maximilian Mordig!? Harun Mustafa!>* Sayan Goswami! Nika Mansouri Ghiasi'
Stefano Mercogliano! Joél Lindegger! Yan Zhu! Andre Kahles!>* Onur Mutlu!
YETH Zurich 2 Max Planck Institute for Intelligent Systems
3University Hospital Zurich 4 Swiss Institute of Bioinformatics
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Raw Signal Alignment Coupled with Mappin

Joel Lindegger, Can Firtina, Nika Mansouri Ghiasi Mohammad Sadrosadati
Mohammed Alser, and Onur Mutlu,

"RawAlign: Accurate, Fast, and Scalable Raw Nanopore Signal Mappin
via Combining Seeding and Alignment"

Preprint on arXiv , October 2023.

[arXiv version]

[RawAlign Source Codé¢

RawAlign: Accurate, Fast, and Scalable Raw Nanopore Signal
Mapping via Combining Seeding and Alignment

Joél Lindegger® Can Firtina® Nika Mansouri Ghiasi®
Mohammad Sadrosadati® Mohammed Alser® Onur Mutlu®
SETH Ziirich
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https://arxiv.org/pdf/2310.05037.pdf
https://arxiv.org/pdf/2310.05037.pdf
https://arxiv.org/abs/2310.05037
https://github.com/CMU-SAFARI/RawAlign

StoragéCentric Design for Raw Signal Analy

RawGAINS: A Heterogeneous Storage-Centric
Processing System for Raw Signal Genome Analysis

| o e e e e e e - I
l ] Sorter+ QA l l >
I I Core  H Flash Controller e D1 (Fasr) (Fash) = :
| : I | Chip ) | Chip ) Chip
I | (00 @ Sorting O©C J oC oc o I
I I Core  H Flash Controller | SOrter+ | (= (e —— |
Merger Flash Flash Flash
| g |
I I SSD Controller I | Chip ) | Chip Chip !
—_— _— 1 ____________
| =)
| [ PIM-enabled DRAM@ FULCRUM :
Hash Table Signatto-Event : Dynamic Programming
I @pLUTOQuery Conversion @ Filters (Chaining) I
~/
I ]
| RawGAINS !
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Opportunities for New Applications

Improving the basecalling accuracy
¢ Using the overlapping information

Full downstream analysis fully using raw nanopore signals

Cooperating the raw signal analysis and basecalled
sequence analysis together

Many, many more keeping the underlying hardware in mind
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Agenda for Today

Cutting-edge in Accelerating Genome Analysis

Enabling Scalable Realtime Genome Analysis

Graph & ML Acceleration for Genomics

Conclusion

SAFARI
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Executive Summary

Motivation: Graph structures such as profile Hidden Markov Models (pHMMS) are
commonly used to accurately analyze biological sequences

\

Problem: The parameters used in pHMMs are mainly trained and used with a
computationally intensive Baum -Welch algorithm , causing major performance and

energy overhead for many genomics workloads
.

Goal: Enable rapid, power-efficient, and flexible use of pHMMs for genomics workloads

7

ApHMM: the first flexible and hardware -software accelerator for pHMMs that can

1) Substantially reduce unnecessary data storage, data movement, and computations by
effectively co-designing hardware and software together

2) Provide a flexible design to support several genomics workloads that use pHMMs

p
Key Results: Our ASIC implementation compared to CPU, GPU, and FPGA baselines
across 3 workloads
I 15.55 x7260.03 x,1.83 x15.34 x,and 27.97 x better performance
I Upto2622.94 x reductionin energy consumption

\
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https://github.com/CMU-SAFARI/ApHMM-GPU

Outline

Background & Problem
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Graphs for Sequence Comparisons

AGraphs are commonly used  in sequence comparisons
- Can avoid redundant ~ comparisons and storage
- Providesrich information  on expected variations  between sequences

[ ] _ 5
~~—
] I~
. -
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