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What is a Genome?

An organism’s complete set of genetic instructions
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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

SAFARI .




Genome Analysis in Real Life
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Solving the Puzzle

5
Reference / * .

of

genome / g .
Reads :

https://www.pacb.com/smrt-science/smrt-sequencing/hifi-reads-for-highly-accurate-long-read-sequencing/
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https://www.pacb.com/smrt-science/smrt-sequencing/hifi-reads-for-highly-accurate-long-read-sequencing/

Several Genome Analysis Pipelines

j

Genome Analysis

I

Species: * Kraken2

* E.Coli * Metalign

® Human * MiCoP

* Yeast

® Zebra Fish

. i Taxonomy
®  Fruit Fly

‘ Profiling

Sketching/
. . De novo Assembler (Long Reads):
Indexing \ * Canu
® Miniasm (uses Minimap2)

De novo Assembler (Short Reads):
® ABYySS
® SPAdes (small genomes)

Mapping

Basecalling [ 2 m) Read ’ Read Mapper: “
i * BWA-MEM2
Correction A )
optional .« NGMLLR

Sequencing Technology: Coverage: Read Corrector: * Bowtie2 Assembly Polisher:
* Jllumina * Llow 2x-30x * HALC * Apollo
e ONT * Moderate 30x - 100x ¢ LSC * Racon
*  PacBio (HiFi) * High >250x : Hercules Variant «  Pilon
LoRDEC . * Quiver (PB reads)
Species: Read Length: * LoRMA Calllng * Arrow (PB reads, Not
* E Coli *  Short 100bp - 250bp *  Proovread published yet)
*  Human *  Long 200bp — 2Mbp * ColorMap Variant Caller: . b *  NanoPolish (ONP
®* Yeast (>200bp) e LuMPY Freebayes reads)
. . u ® DELLY
L] -
: i;leitéorea Fish HiFi 10K-20Kbp * VariationHunter o pjatypus
o FruitFly * GATK ® SAMtools

* TaRDiS ® Genome STRiP
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How Large 1s a Genome?

Hoétel El Mouradi Africa, Tunis ~3.2 billion genomic bases

SAFARI
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Sequencing Technologies

Oxford Nanopore
(ONT)

... and more! All produce data with different properties.

SAFARI i



Sequencing 1n Action

Chemistry type:

gy =
\" 7
\
;
/

MinION

Portable DNA/RNA sequencing for anyone

R10.4.1 v
Pack size:

Select ... v

1 Flow cell $900.00

12 Flow cells

-
» '

$900.00 each

SpotON
$9,480.00 'J

$790.00 each

SAFARI
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Technology Dictates Algorithm Complexity

Short Reads (lllumina)

Sequencing Basecalling Quality Control u Read Mapping Variant Calling
Library preparation: 6.5 hours
Sequencing: 68.2 Gb/hour 104.4 Gb/hour 1339.2 Gb/hour 0.2 Gb/hour 1.2 Gb/hour

Ultra-long Reads (ONT)

Sequencing Basecalling Quality Control n Read Mapping Variant Calling
Library preparation: 24 hours
Sequencing: 4.1 Gb/hour 0.833 Gb/hour 3420 Gb/hour 1.7 Gb/hour 0.044 Gb/hour

Accurate Long Reads (PacBio)

Sequencing Basecalling Quality Control n Read Mapping Variant Calling
Library preparation: 24 hours
Sequencing: 5.3 Gb/hour 8.3 Gb/hour 1081 Gb/hour 1.4 Gb/hour 1.1 Gb/hour

Alser+, Going From Molecules to Genomic Variations to Scientific Discovery:
Intelligent Algorithms and Architectures for Intelligent Genome Analysis, arXiv 2022

SAFARI 13



https://arxiv.org/abs/2205.07957

Petabase-scale Viral Discovery

» Building and Profiling 3,500 genomic assemblies needs
28,000 virtual AWS CPUs.

Human - 682 Novel
Mouse - 378
Mammal - 1,705 REOWD
Vertebrate 1,151 ﬁ
Invertebrate 6,654 L% "'
Fungus 1,370 ? 8
Plant - 11,001 el )
Prokaryote 688 ‘\5’ i g
Metagenome - 18,584 & oy 1
Virome 4| 7,559 : 9 ,,é- 10
Environmental 93,622 11 é)(())o
M | WGS - 9 & o1,
AR %6 . . ©10,000
0o 1 2 0 5,000 10,000 15,000 Origin of RARP*
Petabases Unique sOTUs BioSamples
b searched
150,000 4
100,000 ) u
0 7w —— == = — —
2010 2015 2020
SRA growth rate (added per month)
Nucleotide
-
S ATGCATCAGGAATAGAC. . .
RA bowtie2 Coronavirus Vertebrate Anti-Microbial
Genomes + Viral Genomes Resistence Genes
3.8m

Fragments

An opensseience virdl discovery platform

_

https://serratus.io/

Edgar+, "Petabase-scale sequence alignment catalyses viral discovery"”, Nature 2022

SAFARI
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https://www.nature.com/articles/s41586-021-04332-2
https://serratus.io/

Population-Scale Microbiome Profiling
_ W

1

S A FA R | https://blog.wego.com/7-crowded-places-and-events-that-you-will-love/ 15


https://blog.wego.com/7-crowded-places-and-events-that-you-will-love/

CAMI Consortium

F. Meyer, A. Fritz, Z.L. Deng, D. Koslicki, A. Gurevich, G. Robertson, Mohammed
Alser, and others

“Critical Assessment of Metagenome Interpretation - the second round of
challenges”, Nature Methods, 2022

[Source Code]

nature methods ANALYSIS

https://doi.org/10.1038/541592-022-01431-4

Analysis | Open Access | Published: 08 April 2022

Critical Assessment of Metagenome Interpretation:
the second round of challenges

Fernando Meyer, Adrian Fritz, ... Alice Carolyn McHardy + Show authors

Nature Methods 19, 429-440 (2022) | Cite this article

7302 Accesses | 79 Altmetric | Metrics
SAFARI 16



https://www.biorxiv.org/content/10.1101/2021.07.12.451567v1.abstract
https://github.com/CAMI-challenge/second_challenge_evaluation

Clty—Scale Microbiome Profiling

i Swab(3 mln) 2. Annotate 3. GPS- tag/tlmestamp

........

Rochele

Staten .

Zx« e klan: @

C D E

Extract DNA (n=1'457 Samples) Viruses Archaea Plasmids

; Ambiguous___0.032% 0.003% 0.001%
: : . 4.184% SNy e
[llumina and Qiagen Library Prep | Eukaryota

t 0.771%

HiSeq2500 125x125 Sequences

¥

‘ Quality Trim (Q20)

L

MegaBLAST-LCA alignment
1

MetaPhlAN classification Afshinnekoo+, "Geospatial Resolution of Human and
Bacterial Diversity with City-Scale Metagenomics"”, Cell
Figure 1. The Metagenomfe of New York City SystemS 20 1 5

4

(A) The five boroughs of NYC include (1) Manhattan (green)
(B) The collection from the 466 subway stations of NYC across the 24 subway lines involved three main steps: (1) collection with Copan Elution swabs, (2) data

S A ‘ entry into the database, and (3) uploading of the data. An image is shown of the current collection database, taken from http://pathomap.giscloud.com. 7
(C) Workflow for sample DNA extraction, library preparation, sequencing, quality trimming of the FASTQ files, and alignment with MegaBLAST and MetaPhlAn to

disrern taxa nresant



https://www.cell.com/cell-systems/pdfExtended/S2405-4712(15)00002-2

Population-Scale Microbiome Profiling

Login  Register S

PDF O *
ARTICLE | ONLINE NOW &) =

PDF [9 MB]  Figures /4 Save

A global metagenomic map of urban microbiomes and
antimicrobial resistance

David Danko ® - Daniela Bezdan © « Evan E. Afshin = ... Sibo Zhu « Christopher E. Mason 2 % &

The International MetaSUB Consortium « Show all authors « Show footnotes

mwfl ) 60 Cities
m_
4,728 Samples
Published: May 26, 2021 = DOI: https://doi.org/10.1016/j.cell.2021.05.002

sy s
A — Extracted Graph-based multi-sample —— Q : jg__q 8 Trillion bases

k-mers sequence index

; ACGATCG
= .7 >readl CGATCGC 22°54'30"s

il ACGATCACA GATCACA >0 -0 -0 -0 -0-0 00 'O\-’O -7 43 11T >queryl

bz Sraad o [ —\ e B s CGATCG. . . 2 5
comemen | 7 o - i 31 Core Taxa (5% 3°) Drug Resistance
R ~ _ TCGAAGCGG camnac \ \ ST e LN >query2 g
\ioaw ) / “o—»o%-»(% S TTATAC. . .
o —————\ canrca T fe00-21w
B~ 7, / >readl GATCGAA
/ ),/ CGATCGAAT L
© _ >read2 - = i : 748 Bacteria Regional Signatures

GGTGCTGAT iR
. >read3 CAAGCAT
51°30'26™8 ~_ CAAGCATGC AAGCATG
\ 00°07'39"W } AGCATGC
o § 500 838,532
10,928 Viruses
() ccanmar CRISPR Arrays
.7 >readl CGATATT
i CCGATATTC GATATTC
>read2 - o
CGTTGTACC TTGTACC
>read3 AACAGAA
35°41'00"N ~ .. AACAGAATA ACAGAAT
139°41'00"E CAGAATA
( = \ CCCGTAT
d1 CCGTATA
ZEEZMM CGTATAA Query City Score Metadata
TTCCTTA
meoan | > === CGATCG... ¢ 100 line 1, bench, 2018/6/21-10:15am
Sreaid i CGATCG. . . ° 96 line B, kiosk, 2018/6/21-2:27pm
onet R CGATCTATG GATCTAT CGATCG. . . ° 95 line 2, kiosk, 2018/6/21-11:49am
\ 5°110407w - / ATCTATG TTATAC. .. Y 93 line h, bench, 2018/6/21-5:18pm
1

Danko+, "A global metagenomic map of urban microbiomes and antimicrobial resistance", Cell, 2021

SAFARI 18



https://www.cell.com/cell/fulltext/S0092-8674(21)00585-7

Personalized Medicine in UK

“From 2019, all seriously ill children in uk
will be offered WhOl€ genome sequencing

as part of their care”

NHS |

National Institute for
Health Research

SAFARI
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Challenging Environment in Outer Space

S L/

S A FA R l https://spaceref.com/space-stations/nasa-space-station-on-orbit-status-6-
august-2020-working-in-the-kibo-laboratory/


https://spaceref.com/space-stations/nasa-space-station-on-orbit-status-6-august-2020-working-in-the-kibo-laboratory/

We need intelligent algorithms
and intelligent architectures
that handle data well

SAFARI



Fostering Omics Research

National
Genome Map Genomics
Centers

Genomics Genomics
Startups & Education &
Companies Experts

Genome

Banks

SAFARI



Interdisciplinary Education

SAFARI
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Genomics 1n Palestinian Universities

s Only 812 (7%) out of 10,481 Scopus-indexed research papers
are genomics/bioinformatics related.

'

= Genomics/Bioinfomatics = Others

s Omics is NOT Biology

Cu o daals (B sl siSisn Jlue sbal o
ey Aol i 2 gl L sl

Documents

100
75
50
25

0
© > Q 9 ™ o > o
Q Q' N N N N N QP
PP S S RS MNP MRS SR
Year

WWW.SCOpuSs.com

© e Q a9 >
) ) \) Q Q
N NI S SIS

i sal) Anala 8 Al cLaY)
) yaY) dralall 8 4 gl L o) i) 5 o LaY)
Zlaall daala & Lis ol 035 sll 5 £ LAY

SAFARI
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Toolkits

Processing
N
memory

Software

data
structures

SAFARI 3



Sotftware & Hardware Optimizations

Multiplying Two 4096-by-4096 Matrices _ -
for i in xrange(4096): [1 2 3 ] 7 8 [58 ]
X

for j ir.1 xrange(4096): 4 5 6 9 10| =
for k in xrange(4096):
C[i][J] += A[1][k] * B[k][]] P 12

Implementation Running time (s) Absolute speedup

Python 25,552.48 1x

Java 2,372.68 11x

C 542.67 47X

Parallel loops 69.80 366x

Parallel divide and conquer 3.80 6,727x

plus vectorization 1.10 23,224x

plus AVX intrinsics 0.41 62,806x

Leiserson+, "There’s plenty of room at the Top: What will drive
computer performance after Moore’s law?", Science, 2020

SAFARI 31



https://science.sciencemag.org/content/368/6495/eaam9744

FASTQ Parsing

Program
fgcnt_rs2_needletail.rs
facnt_c1_kseq.c
facnt_cr1_klib.cr
fgent_nim1_klib.nim
fqent_jl1_klib.jl
facnt_js1_k8.js
fgcnt_gol.go
faent_lual_klib.lua
facnt_py2_rfq.py

facnt_py2_rfq.py

Language  tgzip (S)  tpiain (S)
Rust 9.3 0.8
C 9.7 1.4
Crystal 9.7 1.5
Nim 10.5 2.3
Julia 1.2 2.9
Javascript 17.5 9.4
Go 19.1 2.8
LuaJIT 28.6 27.2
PyPy 28.9 14.6
Python 42.7 19.1

Comments

needletail; fasta/4-line fastq
multi-line fasta/fastq

kseq.h port

kseq.h port

kseq.h port

kseq.h port

4-line only

partial kseq.h port

partial kseq.h port

partial kseq.h port

SAFARI

https://github.com/Ih3/biofast

32


https://github.com/lh3/biofast

Spanning The Full Computing Stack

Technology

Opportunity

Examples

Leiserson+, "There’s plenty of room at the Top: What will drive

computer performance after Moore’s law?", Science, 2020

engineering

Removing software bloat

Tailoring software to
hardware features

New problem domains
New machine models

The Top
01010011 01100011
01101001 01100101 @
01101110 01100011
01100101 00000000
Software Algorithms Hardware architecture
Software performance New algorithms Hardware streamlining

Processor simplification
Domain specialization

Data

Problem

Algorithm

Program/Language

Runtime System
(VM, OS, MM)

ISA (Architecture)

The Bottom

for example, semiconductor technology

Microarchitecture

Logic

Devices

Electrons

Richard Feynman, "There's Plenty of Room at the Bottom: An Invitation
to Enter a New Field of Physics”, a lecture given at Caltech, 1959.

SA F A Rl Image source: https://science.sciencemag.org/content/368/6495/eaam9744
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https://www.youtube.com/watch?v=4eRCygdW--c
https://science.sciencemag.org/content/368/6495/eaam9744
https://science.sciencemag.org/content/368/6495/eaam9744

Moving Forward ...

SAFARI
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Switzerland (2019)...1t is Never Too Late

The Swiss genomics landscape

O Universities Core Facilities

O Universities Core Facilities ETH . iic ossse O Universities Core Facilities
UNIVERSITE ) € ‘E University of
@ DE GENEVE University of Geneva O University hospitals | 5 Zurich™ y University of Zirich
Basel Univer5| =
MMAI == University of Lausanne ;;I | gg;é?r51tatsspltal ospita N m . Swiss Federal Institute
OV UnivartaF da tacinns Ziirich of Technology Zurich

EPFL  rarcy Gsams

O University hospitals

O University hospitals

UsSz Snital Ziren  Zirich University

Hospital (USZ)
Geneva University
Hospitals (HUG)
= Lausanne University
U; Hospital (CHUV)
O Centers and platforms O Universities Core Facilities
= health u = !va:nsné DE FRIBOURG Univers“y of
2030 Health 2030 Genome Center UNIVERSITAT FREIBURG  Fribourg
Genome center .

b UNIVERSITAT University of
SBP Swiss Biobanking Platform BERN Bern

O University hospitals

mINSELSPITAL Bern University
v Hospital (Insel)

HOMTAL

SAFARI N . L 32
https://indico.psi.ch/event/11205/sessions/5999/attachments/18937/29914/GC_infra_virtualization_20210520.pdf



Saudi Genome (2013)

\nagaull pgisall T fﬁm LLlL:JrID w m: I P ." . I a.o UH

SAUDI GENOME '..E._'.?.T"'

o HAl (pad

? 50.000

duilygll Wlpoill Lo pdio

3000
1230

SAFAR/| https://shgp.kacst.edu.sa/project.html 36



https://shgp.kacst.edu.sa/project.html

Qatar Genome Program (2013)

L LN p/”/

“ \
L P lnz;/ o
\ \\ “ ,'//',l

pgi i) b o .
Planning For
QATAR GENOME | The Health Of
Our Future
Member of Qatar Foundation

SAFARI https://www.gatargenome.org.ga/ar 37


https://www.qatargenome.org.qa/ar

The Emirati Genome Program (2021)

Q
Oapiiun «pgiaxdl 2wliy»
paw ) «DNA» diac Ugnlo o>

EMIRATI
GENOME

Aljlodl pginallaolip

aljloyl dlga ikigal dnadall aanll dile tly elaipl eyl il gap o Ladhil

ol pginall aolip ajaa Lili pginall Jlao 4 jlailig dgaull jayns algall ailan clujlg
.Gaainll aujell aljloyl dlgy 4 lacgi go Gy pall aadil jwdll dwhaill aaa jyjeil

sxaoll o .paibleal) duuzdl wlyahll (] Byl 5 o 2oyl

SAFARI| https://emiratigenomeprogram.ae 38



https://emiratigenomeprogram.ae/

Tunisia Can Do It Too ...

SAFARI



Revisiting The Full Computing Stack

Technology

Opportunity

Examples

Leiserson+, "There’s plenty of room at the Top: What will drive

computer performance after Moore’s law?", Science, 2020

engineering

Removing software bloat

Tailoring software to
hardware features

New problem domains
New machine models

The Top
01010011 01100011
01101001 01100101 @
01101110 01100011
01100101 00000000
Software Algorithms Hardware architecture
Software performance New algorithms Hardware streamlining

Processor simplification
Domain specialization

Data

Problem

Algorithm

Program/Language

Runtime System
(VM, OS, MM)

ISA (Architecture)

The Bottom

for example, semiconductor technology

Microarchitecture

Logic

Devices

Electrons

Richard Feynman, "There's Plenty of Room at the Bottom: An Invitation
to Enter a New Field of Physics”, a lecture given at Caltech, 1959.

SA F A Rl Image source: https://science.sciencemag.org/content/368/6495/eaam9744
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https://www.youtube.com/watch?v=4eRCygdW--c
https://science.sciencemag.org/content/368/6495/eaam9744
https://science.sciencemag.org/content/368/6495/eaam9744

Plenty of Room at the Top

Data Representation

SAFARI



Sparsitied Genomics

https://arxiv.org/abs/2211.08157
d I‘Xiv > ¢s > arXiv:i2211.08157

Search...

Computer Science > Data Structures and Algorithms

[Submitted on 15 Nov 2022]

Taming Large-Scale Genomic Analyses via Sparsified Genomics
Mohammed Alser, Julien Eudine, Onur Mutlu

Searching for similar genomic sequences is an essential and fundamental step in biomedical research and an overwhelming
majority of genomic analyses. State-of-the-art computational methods performing such comparisons fail to cope with the
exponential growth of genomic sequencing data. We introduce the concept of sparsified genomics where we systematically
exclude a large number of bases from genomic sequences and enable much faster and more memory-efficient processing
of the sparsified, shorter genomic sequences, while providing similar or even higher accuracy compared to processing non-
sparsified sequences. Sparsified genomics provides significant benefits to many genomic analyses and has broad
applicability. We show that sparsifying genomic sequences greatly accelerates the state-of-the-art read mapper
(minimap?2) by 1.54-8.8x using real lllumina, HiFi, and ONT reads, while providing a higher number of mapped reads and
more detected small and structural variations. Sparsifying genomic sequences makes containment search through very
large genomes and very large databases 72.7-75.88x faster and 723.3x more storage-efficient than searching through
non-sparsified genomic sequences (with CMash and KMC3). Sparsifying genomic sequences enables robust microbiome
discovery by providing 54.15-61.88x faster and 720x more storage-efficient taxonomic profiling of metagenomic samples
over the state-of-art tool (Metalign). We design and open-source a framework called Genome-on-Diet as an example tool
for sparsified genomics, which can be freely downloaded from this https URL.

SAFARI 42


https://arxiv.org/abs/2211.08157

Minimizing Workload

ACCCTAACCCTAACCCTAACCCTAACCCTAA

Exact Match

ACCCTAACCCTAACCCTAACCCTAACCCTAA

SAFARI
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Minimizing Workload

ACCCTAACCCTAACCCTAACCCTAACCCTAA
ACTACTACTACTACTA

Still Exact Match

ACCCTAACCCTAACCCTAACCCTAACCCTAA
ACTACTACTACTACTA

SAFARI
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Minimizing Workload Is Challenging

ACCCTAACCCTAACCCTAACCCTAACCCTAA
ACTACTACTACTACTA

ACTACTAC No Match ®

__CCCTAACCCTAACCCTAACCCTAACCCTAA

_ccacCccAcCCcCAcCCACCA >
ccacCccacCdCcC

SAFARI +



Great Benetits by Manipulating Data

Taming Large-Scale Genomic Analyses via Sparsified Genomics

Obtaining | Typical Genomics><

Genomic Data

Y -

Building and storing Loading huge indexes & data
huge indexes Storage > Memory - CPU

Genomic Analyses

Sparsified Genomics\/

Smaller,

sparsified

=R BB N

Loading only genomic data Sparsified Genomic Analyses

Genomic databases
or/and sequencing

- y &

o

SAFARI
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Great Benetits by Manipulating Data

s Genome-on-Diet is 1.54-8.8x faster and 2x more peak-
memory-efficient compared to minimap2 for performing
read mapping.

s Genome-on-Diet is 72.7-75.9x faster and 723.3x more
storage-efficient than KMC3 combined with CMash, for
performing containment search.

s Genome-on-Diet is 54.2-61.9x faster and 720x more
storage-efficient than Metalign, for performing taxonomic
profiling of metagenomic samples.

SAFARI 47



Plenty of Room at the Top

Efficient Algorithms

SAFARI



Efticient Algorithm for Pre-alignment Filtering

Mohammed Alser, Taha Shahroodi, Juan-Gomez Luna, Can Alkan, and Onur Mutluy,
"SneakySnake: A Fast and Accurate Universal Genome Pre-Alighment Filter
for CPUs, GPUs, and FPGAs"

Bioinformatics, 2020.

[Source Code]

[Online link at Bioinformatics Journal]

Bioinformatics ISCB?

INTERNATIONAL SOCIETY FOR
COMPUTATIONAL BIOLOGY

SneakySnake: a fast and accurate universal genome pre-
alignment filter for CPUs, GPUs and FPGAs

Mohammed Alser ™, Taha Shahroodi, Juan Gomez-Luna, Can Alkan ™, Onur Mutlu =

Bioinformatics, btaal015, https://doi.org/10.1093/bioinformatics/btaal015
Published: 26 December2020 Article history v

SAFARI +


https://people.inf.ethz.ch/omutlu/pub/SneakySnake_UniversalGenomePrealignmentFilter_bioinformatics20.pdf
http://bioinformatics.oxfordjournals.org/
https://github.com/CMU-SAFARI/SneakySnake
https://doi.org/10.1093/bioinformatics/btaa1015

Metalign

Nathan LaPierre, Mohammed Alser, Eleazar Eskin, David Koslicki, Serghei Mangul
“Metalign: efficient alignment-based metagenomic profiling via containment min hash”
Genome Biology, September 2020.

[Talk Video (7 minutes) at ISMB 2020]

[Source code]

Genome Biology =

Home About Articles Submission Guidelines

Software | Open Access | Published: 10 September 2020

Metalign: efficient alignment-based metagenomic
profiling via containment min hash

Nathan LaPierre &, Mohammed Alser, Eleazar Eskin, David Koslicki & & Serghei Mangul

Genome Biology 21, Article number: 242 (2020) | Cite this article

SAFARI >


https://genomebiology.biomedcentral.com/articles/10.1186/s13059-020-02159-0
https://www.youtube.com/watch?v=dh3RHrkbaZA
https://github.com/nlapier2/Metalign

CAMI Consortium

F. Meyer, A. Fritz, Z.L. Deng, D. Koslicki, A. Gurevich, G. Robertson, Mohammed
Alser, and others

“Critical Assessment of Metagenome Interpretation - the second round of
challenges”, Nature Methods, 2022

[Source Code]

nature methods ANALYSIS

https://doi.org/10.1038/541592-022-01431-4

Analysis | Open Access | Published: 08 April 2022

Critical Assessment of Metagenome Interpretation:
the second round of challenges

Fernando Meyer, Adrian Fritz, ... Alice Carolyn McHardy + Show authors

Nature Methods 19, 429-440 (2022) | Cite this article
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MiCoP

Nathan LaPierre, Serghei Mangul, Mohammed Alser, Igor Mandric, Nicholas C. Wu,
David Koslicki & Eleazar Eskin

“MiCoP: microbial community profiling method for detecting viral and fungal organisms
in metagenomic samples’

BMC Genomics, June 2019.

[Source code]

K BMC Part of Springer Nature

BMC Genomics

Research | Open Access | Published: 06 June 2019

MiCoP: microbial community profiling method for
detecting viral and fungal organisms in
metagenomic samples

Nathan LaPierre, Serghei Mangul &4, Mohammed Alser, Igor Mandric, Nicholas C. Wu, David Koslicki
& Eleazar Eskin

BMC Genomics 20, Article number: 423 (2019) | Cite this article
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Atrlift

Jeremie S. Kim, Can Firtina, Meryem Banu Cavlak, Damla Senol Cali,
Mohammed Alser, Nastaran Hajinazar, Can Alkan, Onur Mutlu
“AirLift: A Fast and Comprehensive Technique for Remapping Alignments between

Reference Genomes”
arXiv 2022
GitHub: https://github.com/CMU-SAFARI/AirLift

= I‘XJ_V > g-bio > arXiv:1912.08735

Quantitative Biology > Genomics

[Submitted on 18 Dec 2019 (v1), last revised 12 Aug 2022 (this version, v3)]

AirLift: A Fast and Comprehensive Technique for
Remapping Alignments between Reference Genomes

Jeremie S. Kim, Can Firtina, Meryem Banu Cavlak, Damla Senol Cali, Mohammed Alser,
Nastaran Hajinazar, Can Alkan, Onur Mutlu
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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
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Technology dictates algorithms: recent ")
developments in read alignment

updates
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Intelligent Genome Analysis

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

“From Molecules to Genomic Variations: Intelligent Algorithms and Architectures for
Intelligent Genome Analysis”

Computational and Structural Biotechnology Journal, 2022
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From molecules to genomic variations: Accelerating genome analysis via M)
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Mohammed Alser *, Joel Lindegger, Can Firtina, Nour Almadhoun, Haiyu Mao, Gagandeep Singh,
Juan Gomez-Luna, Onur Mutlu *

ETH Zurich, Gloriastrasse 35, 8092 Ziirich, Switzerland
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Accelerating Read Mapping

Mohammed Alser, Zilal 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.
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Jeremie Kim, ETH Zurich and Carnegie Mellon University
Saugata Ghose, University of lllinois at Urbana-Champaign and Carnegie Mellon University
Past Issues Can Alkan, Bilkent University
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Improving Omics Usability & Reproducibility

Mohammed Alser, Sharon Waymost, Ram Ayyala, Brendan Lawlor, Richard J. Abdill,
Neha Rajkumar, Nathan LaPierre, Jaqueline Brito, Andre M. Ribeiro-dos-Santos, Can
Firtina, Nour Almadhoun, Varuni Sarwal, Eleazar Eskin, Qiyang Hu, Derek Strong,
Byoung-Do (BD)Kim, Malak S. Abedalthagafi, Onur Mutlu, Serghei Mangul
“Packaging, containerization, and virtualization of computational omics methods:
Advances, challenges, and opportunities”

arXiv 2022

Packaging, containerization, and virtualization of computational omics methods:
Advances, challenges, and opportunities

Mohammed Alser’, Sharon Waymost?, Ram Ayyala®*, Brendan Lawlor>, Richard J. Abdill°,

Neha Rajkumar’, Nathan LaPierre?, Jaqueline Brito®, André M. Ribeiro-dos-Santos®, Can Firtina®,
Nour Almadhoun?, Varuni Sarwal?, Eleazar Eskin®>*'°, Qiyang Hu"', Derek Strong?,

Byoung-Do (BD) Kim*?, Malak S. Abedalthagafi******", Onur Mutlu®’, Serghei Mangul*’
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Plenty of Room at the Bottom

Efficient HW/SW Co-design
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Data Movement Dominates Performance

s 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
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Near-memory Sequence Alignment
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SeGraM [ISCA 2022]

Specialized Pre-alignment Filtering
Accelerators (GPU, FPGA)
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MAGNET [AACBB'18]

GenASM [MICRO 2020] \
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RUBICON (2022)

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

“A Framework for Designing Efficient Deep Learning-Based Genomic Basecallers”,
arXiv 2022

A Framework for Designing Efficient
Deep Learning-Based Genomic Basecallers

Gagandeep Singh® Mohammed Alser*®  Alireza Khodamoradi*’
Kristof Denolf®  Can Firtina® Meryem Banu Cavlak®
Henk Corporaal® Onur Mutlu®

?ETH Zirich *AMD “Eindhoven University of Technology

@ QABAS O SkipClip © Pruning O Training © Basecalling
RUBICON Framework

Figure 1: Overview of RUBICON framework.
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GenStore (ASPLOS 2022)

Nika Mansouri Ghiasi, Jisung Park, Harun Mustafa, Jeremie Kim, Ataberk Olgun, Arvid
Gollwitzer, Damla Senol Cali, Can Firtina, Haiyu Mao, Nour Aimadhoun Alserr, Rachata
Ausavarungnirun, Nandita Vijaykumar, Mohammed Alser, Onur Mutlu
"GenStore: A High-Performance and Energy-Efficient In-Storage Computing System
for Genome Sequence Analysis",
ASPLOS 2022

GenStore: A High-Performance In-Storage Processing System

for Genome Sequence Analysis

Nika Mansouri Ghiasi Jisung Park Harun Mustafa Jeremie Kim
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GenPIP (MICRO 2022)

Haiyu Mao, Mohammed Alser, Mohammad Sadrosadati, Can Firtina, Akanksha
Baranwal, Damla Senol Cali, Aditya Manglik, Nour Almadhoun Alserr, Onur Mutlu
“GenPIP: In-Memory Acceleration of Genome Analysis via Tight Integration of
Basecalling and Read Mapping”

Proceedings of the 55rd International Symposium on Microarchitecture (MICRO),
2022.

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*

LETH Ziirich 2Bionano Genomics
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Innovations Require Change

m CP processes reads at the granularity of a chunk instead of the complete
read sequence, increasing parallelism and resource utilization by
overlapping the execution of different steps.

© Chunk1 Chunk2 Chunk3 Chunk4 Read Read
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GenPIP provides 41.6x and 8.4x speedup and 32.8x and 20.8x

energy reduction compared to CPU and GPU state-of-the-art
solutions.
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Chunk-based
Pipeline
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SeGraM (ISCA 2022)

Damla Senol Cali, Konstantinos Kanellopoulos, Joel Lindegger, Zulal Bingdl, Gurpreet
S. Kalsi, Ziyi Zuo, Can Firtina, Meryem Banu Cavlak, Jeremie Kim, Nika Mansouri
Ghiasi, Gagandeep Singh, Juan Gomez-Luna, Nour Almadhoun Alserr,

Mohammed Alser, Sreenivas Subramoney, Can Alkan, Saugata Ghose, Onur Mutlu
'‘SeGraM: A Universal Hardware Accelerator for Genomic Sequence-to-Graph and
Sequence-to-Sequence Mapping",

Proceedings of the International Symposium on Computer Architecture (ISCA 2022).

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

Damla Senol Cali'! Konstantinos Kanellopoulos? Joél Lindegger? Ziilal Bingél
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?
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Specialized Hardware for Pre-alignment Filtering

Mohammed Alser, Taha Shahroodi, Juan-Gomez Luna, Can Alkan, and Onur Mutlu,
"SneakySnake: A Fast and Accurate Universal Genome Pre-Alignment Filter
for CPUs, GPUs, and FPGAs"

Bioinformatics, 2020.

[Source Code]

[Online link at Bioinformatics Journal]

Bioinformatics ISCB?

INTERNATIONAL SOCIETY FOR
COMPUTATIONAL BIOLOGY

SneakySnake: a fast and accurate universal genome pre-
alignment filter for CPUs, GPUs and FPGAs

Mohammed Alser ™, Taha Shahroodi, Juan Gomez-Luna, Can Alkan ™, Onur Mutlu =

Bioinformatics, btaal015, https://doi.org/10.1093/bioinformatics/btaal015
Published: 26 December2020 Article history v
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GenStore (ASPLOS 2022)

Nika Mansouri Ghiasi, Jisung Park, Harun Mustafa, Jeremie Kim, Ataberk Olgun, Arvid
Gollwitzer, Damla Senol Cali, Can Firtina, Haiyu Mao, Nour Aimadhoun Alserr, Rachata
Ausavarungnirun, Nandita Vijaykumar, Mohammed Alser, Onur Mutlu
"GenStore: A High-Performance and Energy-Efficient In-Storage Computing System
for Genome Sequence Analysis",
ASPLOS 2022

GenStore: A High-Performance In-Storage Processing System

for Genome Sequence Analysis
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GateKeeper [Alser+, Bioinformatics 2017]

Mohammed Alser, Hasan Hassan, Hongyi Xin, Oguz Ergin, Onur Mutlu, and Can Alkan
"GateKeeper: A New Hardware Architecture for Accelerating Pre-Alignment in
DNA Short Read Mapping"

Bioinformatics, [published online, May 31], 2017.

[Source Code]

[Online link at Bioinformatics Journal]

Bioinformatics ISCB?

INTERNATIONAL SOCIETY FOR
COMPUTATIONAL BIOLOGY

Article Navigation

GateKeeper: a new hardware architecture for accelerating
pre-alignment in DNA short read mapping @

Mohammed Alser ™, Hasan Hassan, Hongyi Xin, Oguz Ergin, Onur Mutlu ™, Can Alkan

Bioinformatics, Volume 33, Issue 21, 01 November 2017, Pages 3355-3363,
https://doi.org/10.1093/bioinformatics/btx342
Published: 31 May 2017 Article history v
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http://bioinformatics.oxfordjournals.org/
https://github.com/BilkentCompGen/GateKeeper
https://academic.oup.com/bioinformatics/article-lookup/doi/10.1093/bioinformatics/btx342

MAGNET

Mohammed Alser, Onur Mutlu, and Can Alkan.

"MAGNET: understanding and improving the accuracy of genome pre-alignment
filtering"

IPSI Transaction (2017).

[Source code]

MAGNET: Understanding and Improving
the Accuracy of
Genome Pre-Alignment Filtering
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Shouji (1) [Alser+, Bioinformatics 2019]

Mohammed Alser, Hasan Hassan, Akash Kumar, Onur Mutlu, and Can Alkan,
"Shouji: A Fast and Efficient Pre-Alignment Filter for Sequence Alighment"
Bioinformatics, [published online, March 28], 2019.

[Source Code]

[Online link at Bioinformatics Journal]

Bioinformatics, 2019, 1-9

doi: 10.1093/bioinformatics/btz234

Advance Access Publication Date: 28 March 2019
Original Paper

Sequence alignment

Shouiji: a fast and efficient pre-alignment filter
for sequence alignment

Mohammed Alser'%>*, Hasan Hassan', Akash Kumar?, Onur Mutlu'>"*
and Can Alkan®*

1Computer Science Department, ETH Ziirich, Ziirich 8092, Switzerland, 2Chair for Processor Design, Center For
Advancing Electronics Dresden, Institute of Computer Engineering, Technische Universitdt Dresden, 01062
Dresden, Germany and *Computer Engineering Department, Bilkent University, 06800 Ankara, Turkey
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In-Memory Sequence Analysis GRIM-Filter

m Jeremie S. Kim, Damla Senol Cali, Hongyi Xin, Donghyuk Lee, Saugata Ghose,
Mohammed Alser, Hasan Hassan, Oguz Ergin, Can Alkan, and Onur Mutlu,

"GRIM-Filter: Fast Seed Location Filtering in DNA Read Mapping Using

Processing-in-Memory Technologies"
to appear in BMC Genomics, 2018.

Proceedings of the 16th Asia Pacific Bioinformatics Conference (APBC),
Yokohama, Japan, January 2018.
arxiv.org Version (pdf)

BMC Genomics

Research | Open Access | Published: 09 May 2018

GRIM-Filter: Fast seed location filtering in DNA read
mapping using processing-in-memory technologies

Jeremie S. Kim &, Damla Senol Cali, Hongyi Xin, Donghyuk Lee, Saugata Ghose, Mohammed Alser,
Hasan Hassan, Oguz Ergin, Can Alkan &4 & Onur Mutlu

BMC Genomics 19, Article number: 89 (2018) | Cite this article
4340 Accesses \ 39 Citations | 9 Altmetric | Metrics
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Near-memory Pre-alignment Filtering

Gagandeep Singh, Mohammed Alser, Damla Senol Cali, Dionysios Diamantopoulos,
Juan Gomez-Luna, Henk Corporaal, Onur Mutlu,
“FPGA-Based Near-Memory Acceleration of Modern Data-Intensive

Applications"
IEEE Micro, 2021.

[Source Code]
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https://github.com/CMU-SAFARI/SneakySnake/tree/master/SneakySnake-HLS-HBM

GenASM Framework [MICRO 2020]

s Damla Senol Cali, Gurpreet S. Kalsi, Zulal Bingol, Can Firtina, Lavanya Subramanian, Jeremie S.
Kim, Rachata Ausavarungnirun, Mohammed Alser, Juan Gomez-Luna, Amirali Boroumand,
Anant Nori, Allison Scibisz, Sreenivas Subramoney, Can Alkan, Saugata Ghose, and Onur Mutlu,
"GenASM: A High-Performance, Low-Power Approximate String Matching
Acceleration Framework for Genome Sequence Analysis"

Proceedings of the 53rd International Symposium on Microarchitecture (MICRO), 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
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Demeter (HD Food Microbiome Profiling)

Taha Shahroodi, Mahdi Zahedi, Can Firtina, Mohammed Alser, Stephan Wong,
Onur Mutlu, Said Hamdioui

“Demeter: A Fast and Energy-Efficient Food Profiler using Hyperdimensional
Computing in Memory”

IEEE Access, 2022

| IEEE Access
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Computing in Memory
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AIM (PIM Sequence Alignment Framework)

Safaa Diab, Amir Nassereldine, Mohammed Alser, Juan Gomez-Luna,

Onur Mutlu, Izzat El Hajj

“A Framework for High-throughput Sequence Alignment using Real Processing-in-
Memory Systems”

arXiv, 2022

[Source code]
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Intelligent Genome Analysis

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

“From Molecules to Genomic Variations: Intelligent Algorithms and Architectures for
Intelligent Genome Analysis”

Computational and Structural Biotechnology Journal, 2022
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From molecules to genomic variations: Accelerating genome analysis via M)
intelligent algorithms and architectures e

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

How Large 1s a Genome?

4=

Livestream - Seminar in Computer Architecture - ETH Ziirich (Spring 2022)

Seminar in Computer Arch. - Lecture 5: Accelerating Genome Analysis (Spring 2022)
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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

Alignment Filter.
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Computer Architecture - Lecture 8: Intelligent Genome Analysis (ETH Ziirich, Fall 2020)

105


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

Preparing Students
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