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Agenda for Lecture 2

n What is Genome Analysis?

n What is Intelligent Genome Analysis?

n How we Analyze Genome?
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Agenda for Today

n What is Read Mapping?

n What Makes Read Mapper Slow?

n Algorithmic & Hardware Acceleration 
q Seed Filtering Technique
q Pre-alignment Filtering Technique
q Read Alignment Acceleration
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Read Mapping
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Reference genomeReads
“text format”

DNA Sample
“chemical format”

Subject genome
“text format”

Map reads to a known reference genome with some 
minor differences allowed



Solving the Puzzle

6
https://www.pacb.com/smrt-science/smrt-sequencing/hifi-reads-for-highly-accurate-long-read-sequencing/

Reads

Reference 
genome

.FASTA file .FASTQ file

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


Cracking the 1st Human Genome Sequence
n 1990-2003: The Human Genome Project (HGP) provides a 

complete and accurate sequence of all DNA base pairs that make 
up the human genome and finds 20,000 to 25,000 human genes.

7

13 years

3.2 x109 

bases

>3x109 $



Three Decades & Yet to be Complete!
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200 million 
new bases

https://www.biorxiv.org/content/10.1101/2021.05.26.445798v1

27 May 2021

https://www.biorxiv.org/content/10.1101/2021.05.26.445798v1


Obtaining the Human Reference Genome
n GRCh38.p13
n Description: Genome Reference Consortium Human Build 38 

patch release 13 (GRCh38.p13)
n Organism name: Homo sapiens (human)
n Date: 2019/02/28
n 3,099,706,404 bases
n Compressed .fna file (964.9 MB)
n https://www.ncbi.nlm.nih.gov/assembly/GCF_000001405.39

9

>NC_000001.11 Homo sapiens chromosome 1, GRCh38.p13 Primary Assembly 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
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NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
….

https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606&lvl=3&lin=f&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/assembly/GCF_000001405.39


How Long is DNA?

10

Phi X174 virus

5.386 Killo bp

E. coli O157:H7

5.44 Million bp

Homo Sapiens

3.2 Billion bp

Onion, Allium Cepa

16 Billion bp

Paris Japonica

149 Billion bp



Obtaining .FASTQ Files
n https://www.ncbi.nlm.nih.gov/sra/ERR240727
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https://www.ncbi.nlm.nih.gov/sra/ERR240727
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Let’s learn
how to map a read



Read Mapping: A Brute Force Algorithm

13

Very expensive! 
O(m2kn)

Reference

Read

m: read length
k: no. of reads
n: reference genome length



Read Mapping in 111 pages! 
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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]

In-depth analysis of 107 read mappers (1988-2020)

https://arxiv.org/abs/2003.00110
https://github.com/Mangul-Lab-USC/review_technology_dictates_algorithms


Feedback From Our Community!

15https://twitter.com/mealser/status/1435223377644503040

https://twitter.com/mealser/status/1435223377644503040
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Mapping a read is 
similar to querying
the yellow pages!



Similar to Searching Yellow Pages!

17

n Step 1: Get the page number from the book’s 
index using a small portion of the name (e.g., 1st 
letter).

n Step 2: Retrieve the page(s).

n Step 3: Match the full name & get the phone 
number.



Matching Each Read with Reference Genome

18

.FASTA file:

.FASTQ file:



Step 1: Indexing the Reference Genome

19

?



Popular Indexing Technique 

20

Hashing is the most popular 
indexing technique for 

read mapping since 1988

Alser+, "Technology dictates algorithms: Recent developments in read alignment", 
Genome Biology, 2021

https://arxiv.org/abs/2003.00110


Step 1: Indexing the Reference Genome

21

Index the first 
seed at location 1

Seed=k-mer
(string of length k)



Genome Index Properties
n The index is built only once for each reference.

n Seeds can be overlapping, non-overlapping, spaced, 
adjacent, non-adjacent, minimizers, compressed, …

22

Tool Version Index Size* Indexing 
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
*Human genome = 3.2 GB



Performance of Human Genome Indexing 
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Alser+, "Technology dictates algorithms: Recent developments in read alignment", 
Genome Biology, 2021

Mapper

https://arxiv.org/abs/2003.00110


Step 2: Query the Index Using Read Seeds
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Step 2: Query the Index Using Read Seeds
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Step 2: Query the Index Using Read Seeds
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We can query the Hash table with 
substrings from reads to quickly find a list 

of possible mapping locations



Step 3: Sequence Alignment (Verification)
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Step 3: Sequence Alignment (Verification)
n 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.

o - - r g a n i z a t i o n
o p e r - - - - - a t i o n

o - - r g a n i z a t i o n
o p e r - a - - - - t i o n

o r g a n i z a t i o n
t r - a n s l a t i o n

o r g a n - i z a t i o n
t r - a n s l - a t i o n

o r g a n i z - a t i o n
t r - a n - s l a t i o n

Ref
Read

Ref
Read

Ref
Read

Ref
Read

Ref
Read

organization x operation organization x translation

match
deletion
insertion
mismatch

30

Edit distance = 7

Edit distance = 4



Popular Algorithms for Sequence Alignment
Smith-Waterman remains 

the most popular algorithm 
since 1988

Hamming distance is 
the second most popular technique 

since 2008
31

Alser+, "Technology dictates algorithms: Recent developments in read alignment", 
Genome Biology, 2021

https://arxiv.org/abs/2003.00110


An Example of Hash Table Based Mappers

n + Guaranteed to find all mappings à very sensitive
n + Can tolerate up to e errors

32

https://github.com/BilkentCompGen/mrfast

Alkan+, "Personalized copy number and segmental duplication 
maps using next-generation sequencing”, Nature Genetics 2009.

https://github.com/BilkentCompGen/mrfast
http://www.nature.com/ng/journal/vaop/ncurrent/full/ng.437.html
http://www.nature.com/ng/journal/vaop/ncurrent/full/ng.437.html


Performance of Read Mapping
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Mapper

Mapper

Alser+, "Technology dictates algorithms: Recent developments in read alignment", 
Genome Biology, 2021

https://arxiv.org/abs/2003.00110


The Need for Speed

34

Mapper

Did we realize the need for 
faster genome analysis?

Alser+, "Technology dictates algorithms: Recent developments in read alignment", 
Genome Biology, 2021

https://arxiv.org/abs/2003.00110


Read Mapping
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Reference genomeReads
“text format”

DNA Sample
“chemical format”

Subject genome
“text format”

Map reads to a known reference genome with some 
minor differences allowed



Metagenomics Analysis
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Reference 
Database

Reads
“text format”

genetic material recovered 
directly from environmental 

samples

Reads from different unknown donors at sequencing 
time are mapped to many known reference genomes



Genomics vs. Metagenomics

38

Genomics

Metagenomics



More on Metagenomic Profiling: Metalign
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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]

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


Check Also CAMI II Paper
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”
bioRxiv, 2021
[Source Code]
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https://www.biorxiv.org/content/10.1101/2021.07.12.451567v1.abstract
https://github.com/CAMI-challenge/second_challenge_evaluation


Check Also MiCoP

41

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]

https://bmcgenomics.biomedcentral.com/articles/10.1186/s12864-019-5699-9
https://github.com/smangul1/MiCoP


Challenges in Read Mapping
n Need to find many mappings of each read

n Need to tolerate variances/sequencing errors in each read

n Need to map each read very fast (i.e., performance is 
important, life critical in some cases)

n Need to map reads to both forward and reverse strands

42https://www.bioinformaticsalgorithms.org/bioinformatics-chapter-1



Sequencing Technology:
• Illumina
• ONT
• PacBio (HiFi)

Species:
• E. Coli
• Human
• Yeast
• Zebra Fish
• Mice
• Fruit Fly

Read Corrector:
• HALC
• LSC
• Hercules
• LoRDEC
• LoRMA
• Proovread
• ColorMap

Reference 
Genomes

Species:
• E. Coli
• Human
• Yeast
• Zebra Fish
• Mice
• Fruit Fly

Read Mapper:
• BWA-MEM2
• Minimap2
• NGM-LR
• Bowtie2

De novo Assembler (Long Reads):
• Canu
• Miniasm (uses Minimap2)

De novo Assembler (Short Reads):
• ABySS
• SPAdes (small genomes)

Assembly Polisher:
• Apollo
• Racon
• Pilon
• Quiver (PB reads)
• Arrow (PB reads, Not 

published yet)
• NanoPolish (ONP 

reads)
Variant Caller:
• LuMPY
• VariationHunter
• GATK
• TaRDiS

Coverage:
• Low  2x - 30x
• Moderate 30x - 100x
• High >250x

Read Length:
• Short 100bp - 250bp
• Long 200bp – 2Mbp 

(>200bp)
• HiFi  10K-20Kbp

Read Set
Read 

Correction

Mapping

Assembly Polishing

Variant 
Calling

optional optional

Basecalling

• Freebayes
• DELLY
• Platypus
• SAMtools
• Genome STRiP

Taxonomy 
Profiling

• Kraken2
• Metalign
• MiCoP

Several Genome Analysis Pipelines

Sketching/
Indexing



Revisiting the Puzzle

44
https://www.pacb.com/smrt-science/smrt-sequencing/hifi-reads-for-highly-accurate-long-read-sequencing/

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


Reference Genome Bias

45Sherman+, “Assembly of a pan-genome from deep sequencing of 910 humans of 
African descent” Nature genetics, 2019.

“African pan-genome contains ~10% more DNA 
bases than the current human reference genome”

https://www.nature.com/articles/s41588-018-0273-y


Time to Change the Reference Genome
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“Switching to a consensus reference would offer important 
advantages over the continued use of the current reference with 

few disadvantages”
Ballouz+, "Is it time to change the reference genome?", Genome Biology, 2019

https://genomebiology.biomedcentral.com/articles/10.1186/s13059-019-1774-4


GAGTCAGAATTTGAC 

GAGTCAGAATTTGAC 

GAGTCAGAATTTGAC 

GAGTCAGAATTTGA 

GAGTCAGAATTTGAC 
GAGTCAGAATTTGAC 

GAGTCAGAATTTGAC 

GAGTCAGAATTTGAC 
GAGTCAGAATTTGAC GAGTCAGAATTTGAC 

GAGTCAGAATTTGAC 

GAGTCAGAATTTGAC 

GAGTCAGAATTTGAC 

GAGTCAGAATTTGAC 
GAGTCAGAATTTGAC 

Analysis is Bottlenecked in Read Mapping!!

47

Human whole 
genomes 

Human 1
Illumina NovaSeq 6000 

48
at 30× coverage

in about 2 days

genome
32 CPU hours 

on a 48-core processor

71%

29%

Read Mapping Others

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

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


Agenda for Today

n What is Read Mapping?

n What Makes Read Mapper Slow?

n Algorithmic & Hardware Acceleration 
q Seed Filtering Technique
q Pre-alignment Filtering Technique
q Read Alignment Acceleration

48



49

What makes 
read mapping 
a bottleneck? 



A Tsunami of Sequencing Data

50

A Tera-scale increase in sequencing production in the past 25 years



Lack of Specialized Compute Capability

51

Specialized Machine
for Sequencing

General-Purpose Machine
for Analysis

FAST                 SLOW



Today’s Computing Systems
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CORE 0

CORE 2 CORE 3

L2 CACHE 1

L2 CACHE 2

L2 CACHE 3

DRAM MEMORY 
CONTROLLER

Storage (SSD/HDD) MicroprocessorMain Memory

Burks, Goldstein, von Neumann, “Preliminary discussion of the logical 
design of an electronic computing instrument,” 1946.

von Neumann model, 1945
where the CPU can access data stored in an off-chip 
main memory only through power-hungry bus



The Problem

Data analysis 
is performed 

far away from the data

53



Data Movement Dominates Performance

54

MicroprocessorMain MemoryStorage (SSD/HDD)Sequencing 
Machine

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

✻ 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

Data Movement

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



Read Mapping Execution Time

55

ONT FASTQ size: 103MB (151 reads), Mean length: 356,403 bp, std: 173,168 bp, longest length: 817,917 bp

KSW2
45%

Seed 
Chaining

16%

Sorting 
Seeds
29%

Collect 
Matching 

Seeds
8%

Collect Minimizers
2%

>60%
of the read mapper’s 

execution time is spent 
in sequence alignment

minimap2



N E T H E R L A N D S
0 1 2 3 4 5 6 7 8 9 10 11

S 1 1 2 3 4 5 6 7 8 9 10 10
W 2 2 2 3 4 5 6 7 8 9 10 11
I 3 3 3 3 4 5 6 7 8 9 10 11
T 4 4 4 3 4 5 6 7 8 9 10 11
Z 5 5 5 4 4 5 6 7 8 9 10 11
E 6 6 5 5 5 4 5 6 7 8 9 10
R 7 7 6 6 6 5 4 5 6 7 8 9
L 8 8 7 7 7 6 5 4 5 6 7 8
A 9 9 8 8 8 7 6 5 4 5 6 7
N 10 9 9 9 9 8 7 6 5 4 5 6
D 11 10 10 10 10 9 8 7 6 5 4 5

Sequence Alignment in Unavoidable

n Quadratic-time dynamic-
programming algorithm

etc

Processing row (or column) after another
etc

n Data dependencies limit the 
computation parallelism

etc

WHY?!

NETHERLANDS x SWITZERLAND
NETHERLANDS x S
NETHERLANDS x SW
NETHERLANDS x SWI
NETHERLANDS x SWIT
NETHERLANDS x SWITZ
NETHERLANDS x SWITZE
NETHERLANDS x SWITZER
NETHERLANDS x SWITZERL
NETHERLANDS x SWITZERLA
NETHERLANDS x SWITZERLAN
NETHERLANDS x SWITZERLAND 

Enumerating all possible prefixes

56



N E T H E R L A N D S
0 1 2 3 4 5 6 7 8 9 10 11

S 1 1 2 3 4 5 6 7 8 9 10 10
W 2 2 2 3 4 5 6 7 8 9 10 11
I 3 3 3 3 4 5 6 7 8 9 10 11
T 4 4 4 3 4 5 6 7 8 9 10 11
Z 5 5 5 4 4 5 6 7 8 9 10 11
E 6 6 5 5 5 4 5 6 7 8 9 10
R 7 7 6 6 6 5 4 5 6 7 8 9
L 8 8 7 7 7 6 5 4 5 6 7 8
A 9 9 8 8 8 7 6 5 4 5 6 7
N 10 9 9 9 9 8 7 6 5 4 5 6
D 11 10 10 10 10 9 8 7 6 5 4 5

Sequence Alignment in Unavoidable

n Quadratic-time dynamic-
programming algorithm

n Data dependencies limit the 
computation parallelism

n Entire matrix is computed 
even though strings can be 
dissimilar.

Enumerating all possible prefixes

Processing row (or column) after another

Number of differences is computed only at the backtraking step.
57



Computational Cost is Mathematically Proven

58https://arxiv.org/abs/1412.0348

https://arxiv.org/abs/1412.0348


Large Search Space for Mapping Location

of candidate locations 
have high dissimilarity 

with a given read

98% 

Cheng et al, BMC bioinformatics (2015)
Xin et al, BMC genomics (2013)

A C T T A G C A C T

0 1 2

A 1 0 1 2

C 2 1 0 1 2

T 2 1 0 1 2

A 2 1 2 1 2

G 2 2 2 1 2

A 3 2 2 2 2

A 3 3 3 2 3

C 4 3 3 2 3

T 4 4 3 2

T 5 4 3

Short Read

... ...
Reference Genome

Read 
Alignment

        CC T AT AAT ACG
C
C
A
T
A
T
A
T
A
C
G
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Computing System

60

Microarchitecture
ISA (Architecture)

Program/Language
Algorithm
Problem

Logic
Devices

Runtime System
(VM, OS, MM)

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.

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

Data

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

https://www.youtube.com/watch?v=4eRCygdW--c
https://science.sciencemag.org/content/368/6495/eaam9744
https://science.sciencemag.org/content/368/6495/eaam9744


Software & Hardware Optimizations

61

for i in xrange(4096):
for j in xrange(4096):
for k in xrange(4096):
C[i][j] += A[i][k] * B[k][j]

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

Multiplying Two 4096-by-4096 Matrices

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


FASTQ Parsing

62https://github.com/lh3/biofast

https://github.com/lh3/biofast


We need intelligent algorithms 
and intelligent architectures

that handle data well

63



Agenda for Today

n What is Read Mapping?

n What Makes Read Mapper Slow?

n Algorithmic & Hardware Acceleration 
q Seed Filtering Technique
q Pre-alignment Filtering Technique
q Read Alignment Acceleration
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Accelerating Read Mapping

65
Alser+, “Accelerating Genome Analysis: A Primer on an Ongoing Journey”, IEEE Micro, 2020.

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


Ongoing Directions
n Seed Filtering Technique:

q Goal: Reducing the number of seed (k-mer) locations.
n Heuristic (limits the number of mapping locations for each seed).
n Supports exact matches only.

n Pre-alignment Filtering Technique:
q Goal: Reducing the number of invalid mappings (>E).

n Supports both exact and inexact matches.
n Provides some falsely-accepted mappings. 

n Read Alignment Acceleration:
q Goal: Performing read alignment at scale.

n Limits the numeric range of each cell in the DP table and hence 
supports limited scoring function.

n May not support backtracking step due to random memory accesses.
66



Our Contributions

67

GateKeeper [Bioinformatics’17]

MAGNET [AACBB’18]

Shouji [Bioinformatics’19]

SneakySnake [Bioinformatics’20]GenASM [MICRO 2020]

SneakySnake [IEEE Micro’21]

Specialized Pre-alignment Filtering 
Accelerators (GPU, FPGA) 

GRIM-Filter [BMC Genomics’18]

GateKeeper-GPU [arXiv’21]

Near-memory/In-memory 
Pre-alignment Filtering

Near-memory Sequence Alignment

MicroprocessorMain MemoryStorage (SSD/HDD)Sequencing Machine

GenASM [MICRO 2020]



Read Mapping in 111 pages! 

68

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]

In-depth analysis of 107 read mappers (1988-2020)

https://arxiv.org/abs/2003.00110
https://github.com/Mangul-Lab-USC/review_technology_dictates_algorithms


Detailed Analysis of Tackling the Bottleneck

69

Mohammed Alser, Zülal Bingöl, Damla Senol Cali, Jeremie Kim, Saugata Ghose,
Can Alkan, Onur Mutlu
“Accelerating Genome Analysis: A Primer on an Ongoing Journey” 
IEEE Micro, August 2020.

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


Near-memory Pre-alignment Filtering

70

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]

https://arxiv.org/pdf/2106.06433.pdf
https://github.com/CMU-SAFARI/SneakySnake/tree/master/SneakySnake-HLS-HBM


More on Accelerating Genome Analysis ...

71

n 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)]

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 …

72

n 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)]

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 …
n 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)]

73

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


Detailed Lectures on Genome Analysis
n Computer Architecture, Fall 2020, Lecture 3a

q Introduction to Genome Sequence Analysis (ETH Zürich, Fall 2020)
q https://www.youtube.com/watch?v=CrRb32v7SJc&list=PL5Q2soXY2Zi9xidyIgBxUz7

xRPS-wisBN&index=5

n Computer Architecture, Fall 2020, Lecture 8
q Intelligent Genome Analysis (ETH Zürich, Fall 2020)
q https://www.youtube.com/watch?v=ygmQpdDTL7o&list=PL5Q2soXY2Zi9xidyIgBxU

z7xRPS-wisBN&index=14

n Computer Architecture, Fall 2020, Lecture 9a
q GenASM: Approx. String Matching Accelerator (ETH Zürich, Fall 2020)
q https://www.youtube.com/watch?v=XoLpzmN-

Pas&list=PL5Q2soXY2Zi9xidyIgBxUz7xRPS-wisBN&index=15 

n Accelerating Genomics Project Course, Fall 2020, Lecture 1
q Accelerating Genomics (ETH Zürich, Fall 2020)
q https://www.youtube.com/watch?v=rgjl8ZyLsAg&list=PL5Q2soXY2Zi9E2bBVAgCqL

gwiDRQDTyId
74https://www.youtube.com/onurmutlulectures

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)
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n Alser+, "Technology dictates algorithms: Recent developments in read 
alignment", Genome Biology, 2021.

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

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

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

n Alser+, “Accelerating Genome Analysis: A Primer on an Ongoing Journey”, 
IEEE Micro, 2020.

https://arxiv.org/abs/2003.00110
https://arxiv.org/pdf/1910.09020.pdf
https://arxiv.org/abs/2009.07692
https://arxiv.org/abs/1912.08735
https://arxiv.org/pdf/2008.00961.pdf


Prior Research on Genome Analysis (2/2)

76

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

n Alser+, “Shouji: a fast and efficient pre-alignment filter for sequence 
alignment”, Bioinformatics 2019.

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

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

n Alser+, "MAGNET: understanding and improving the accuracy of 
genome pre-alignment filtering”, IPSI Transaction, 2017.

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
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