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Outline

* What is DNA?

* How is DNA sequenced?

e Limitations of sequencing technology

* Problem: Read Mapping

« GateKeeper: An FPGA based accelerator
* Implementation

* Performance & Accuracy

* Strengths

* Weaknesses

* Discussion
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Background: DNA

Base Pair (bp)

Chromosome
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Background: DNA I

T C
L N
LN GATTACAATTCGCAATTCCGGAT
CTAATGTTAAGCGTTAAGGCCTA

Adenine ~ Thymine
Guanine ~ Cytosine
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Background: DNA I

T C
L N
LN GATTACAATTCGCAATTCCGGAT
~CFAATCT ARG ESTHAAGSEETA

Adenine ~ Thymine
Guanine ~ Cytosine
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Background: How Long Is DNA?

The genome of the following organisms has...

e Phi X174 (Virus): 5386 base pairs

* E. Coli (Bacteria): 5.44 million base pairs
* Homo Sapiens: 3 billion base pairs

* Onion: 16 billion base pairs

ETHzurich
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Background: DNA Sequencing

* IDEAL WORLD: Input DNA sample and receive the entire
genome in order without errors

« REALITY: No such machine exists!

* Errors
« Read only short sequences at a time: “short reads”

Ref. AATAGGCTTC AATAGGCTTC AATAGGCTTC AATAGGCTTC
ttttt 1ttt ttttr 11ttt tttt, 77777 t1t 1 teAARAN

out. AATAGGCTTC AATACGCTTC AATAIGCTTC AATAGIGCTTC

Exact Match Substitution Deletion Insertion
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Background: DNA Sequencing

* FIRST GEN: Sanger & Maxam-Gilbert
(1977-2005)
« Slow
« Expensive (human:13 years and $3bn)
» Deprecated

« SECOND GEN: High-Throughput Seq.
(2005-present)
* High Throughput (1.5Tb over 4 days)
« Fast (human: few days)
« Low-cost (human: ~$1000)
* Low error rate (0.1%)
* Reads only ~150 bp at a time (short reads)
« Requires a lot of computing power (focus of this paper)

« THIRD GEN: Oxford Nanopore/PacBio
(2011-present)
* Low-cost
* Long reads (up to 15Kb)
» High error-rate (~15%)

ETHzurich
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Background: DNA Sequencing

* FIRST GEN: Sanger & Maxam-Gilbert
(1977-2005)
* Slow
* Expensive

(human:13 years and $3bn)

SECOND GEN: High-Throughput Seq.
(2005-present)
* High Throughput (1.5Tb over 4 days)
« Fast (human: few days)
« Low-cost (human: ~$1000)
* Low error rate (0.1%)
* Reads only ~150 bp at a time (short reads)
* Requires a lot of computing power (focus of this paper)

(2011-present)
 Low-cost
* Long reads (up to 15Kb)
» High error-rate (~15%)
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millions to billions

Problem: Read Mapping

short reads (150bp)

AN
4 A

GATTACAG...ACCCAATTAA

TACATCGC...AACGCATCAT

AAAACTTC...GCGCGCAAA

CCTCCAGA...ACCCAACAA

GTATACCC...AAAAAAAAA
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4 A

GATTACAG...ACCCAATTAA
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millions to billions

Problem: Read Mapping

short reads (150bp) Reference Genome
A
4 I
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millions to billions

A

-

Problem: Read Mapping

short reads (150bp) Reference Genome

AN

AL eeeYs  O(mn) complexity

TACATCGC...AACGCA

. m := read length (~150 bp)

AAAACTTC...GCGCGC . n := ref. genome length (3bn bp)

CCTCCAGA...ACCCAA .. .for read!

GTATACCC...AAAAAA/

origin & order of short read unknown
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millions to billions

-

Problem: Read Mapping

short reads (150bp) Reference Genome

AN

AL eeeYs  O(mn) complexity

TACATCGC...AACGCA

. m := read length (~150 bp)

AAAACTTC...GCGCGC . n := ref. genome length (3bn bp)

CCTCCAGA...ACCCAA .. .for read!

GTATACCC...AAAAAA/

= We can’t get around this

origin & order of short read unknown
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Problem: Read Mapping

98% o 90%
of reference of read mappers

genome is highly execution time is
dissimilar to read wasted
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Problem: Read Mapping

98% o 90%
of reference of read mappers

genome is highly execution time is
dissimilar to read wasted

Can we efficiently filter these highly dissimilar locations?

E'HZUFiCh 77



Idea: Filter + Verification

1. Filter highly dissimilar locations
e FastHASH (software)

» Adjacency Filter + Cheap K-mer Selection
* Fast
* Inaccurate

* Shifted Hamming Distance (software/SIMD)

* More accurate
e Slow

2. Verity candidate locations
* Dynamic programming

ETHzurich
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Executive Summary: GateKeeper

* Problem: HTS produce billions of short reads. Mapping these
reads presents an overwhelming computational burden.

 Key Insight: 98% of candidate locations are highly dissimilar.

* Goal: Accelerate read mapping by quickly & efficiently filtering out
highly dissimilar candidate locations

* Key Idea: Filtering can be done using simple bit-wise operations,
e.g. XOR, AND

* Key Mechanism/Novelty: Use FPGA/hardware to efficiently
implement bit-wise filter

* Results: ~100x speedup over state-of-the-art software-based
filtering techniques

ETH:zurich 79



GateKeeper: Walkthrough

Ref. AATAGGCTTC AATAGGCTTC AATAGGCTTC AATAGGCTTC

tttttttttt tttt t ettt tttt, 277777 ttttta \N\XKX
out. AATAGGCTTC AATACGCTTC AATAIGCTTC AATAGIGCTTC
Exact Match Substitution Deletion Insertion

 Edit distance: # of edits needed to match reference sequence
* Recall: Hamming distance: # of substitutions needed

 We define an edit distance threshold E

e If edit distance < E
« Accept sequence (“sequence aligns”), reject otherwise

* Should account for read errors & genetic differences

E'HZUI’/C/‘) 80



GateKeeper: Walkthrough

i
Hammin g
distance

insufficient? ﬁ'ﬁlﬁlﬁlﬁ‘

GATG



GateKeeper: Walkthrough

|
Hamming
distance

insuffici

Vlii****

GATG



GateKeeper: Walkthrough

Why is 8 matches 0 mismatches
Hamming

distance
insufficient?
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GateKeeper: Walkthrough

Why is 8 matches 0 mismatches
Hamming

distance
insufficient?
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GateKeeper: Walkthrough

Why is 8 matches 0 mismatches
Hamming

distance
insufficient? &%
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GateKeeper: Walkthrough

Why is 8 matches 0 mismatches
Hamming

distance
insufficient? &%

Edit = 1 Deletion
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GateKeeper: Walkthrough

Why is 8 matches 0 mismatches
H.ammlng Edit = 1 Deletion
distance

BN G AT/ Gl AlClA

I I I
I ] I
I ] I

\ A /

g
GAT
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GateKeeper: Walkthrough

Why is 8 matches 0 mismatches
Hammlng Edit = 1 Deletion
distance

insufficient? ﬁ'
1 1
1
1

I
I
\ A /

AT GLACIA T,
A AV il A A, A, A
GATHMACAT
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GateKeeper: Walkthrough

Why is 8 matches 0 mismatches
Hammlng Edit = 1 Deletion
distance

insufficient? -
1 1
1 1

I
| N2 N2/ NN/ \/\/

i u.
G.ATIA

”® R S
7N TN N tsts
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GateKeeper: Walkthrough

Why is 3 matches 5 mismatches
Hammmg Edit = 1 Deletion
distance

insufficient? -
1 1
1 1

I
| N2 N2/ NN/ \/\/

i u.
G.ATIA

”® R S
7N TN N tsts
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GateKeeper: Walkthrough

GIA T/G ALCA T

Edit = 1 Deletion

GATACAT



GateKeeper: Walkthrough

GIA T/G ALCA T

Edit = 1 Deletion

GATACAT



GateKeeper: Walkthrough

GIA T/G ALCAT

Edit = 1 Deletion

GATACAT



GateKeeper: Walkthrough

GIA T/G ALCAT

Edit = 1 Deletion

GATACAT



GateKeeper: Walkthrough

GLA T/GAIC AT
XOR mp
GATACA T RIS

Edit = 1 Deletion




GateKeeper: Walkthrough

G[A[T/G /A c//A] T/ I
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GateKeeper: Walkthrough

GOGE5G00
XOR #
000,111 1 SN
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GateKeeper: Walkthrough

y vy v vy _y v vy Y / Edit = 1 Deletion
G/A| T GLA C/AlT R
XOR mp
4 y vy v vy v Yy S
0.0,0,11,1,1 Sy
"' y v/

1,110,000
g’ 110000
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GateKeeper: Walkthrough

GIA T/G ALCAT

Edit = 1 Deletion

AND <

counts={ 0 0 01 0 0 OO

ETHzurich



GateKeeper: Walkthrough

GOGE0G00 -~
XOR #

sy Y v v v V V [/

0,0.0,1,1,1,1 S
1,11,0000

g’ 110000

Count1’s{0 o 0 1 0 o o o

ETHziirich 7 matches 1 mismatches

AND <




GateKeeper: Walkthrough
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GateKeeper: Walkthrough

Generate 2-+1
masks

:GAGAGAGATATTTAGTGTTGCAGCACTACAACACAAAAGAGGACCAACTTACGTGTCTAAAAGGGGGAACATTGTTGGGCCGGA
‘GAGAGAGATAGTTAGTGTTGCAGCCACTACAACACAAAAGAGGACCAACTTACGTGTCTAAAAGGGGAGACATTGTTGGGCCGG

Refe

Hamming
1-Deletion
2-Deletion
3-Deletion

l1-Insertion
2-Insertion
3-Insertion

Query
rence

Mask
Mask
Mask
Mask
Mask
Mask
Mask

:000000000010000000000001111111011110001110110101101111111110001000001111011010010101
:111111111110011111011111000000000000000000000000000000000000000000011000000000000000
:00000000101101110011112171111111101111000111011010110111111111000100010011101101001010
:111111111110111011001101110111011000100100111111111111100101100110010110111011101111
:111111111110111110111111011101100010010011111111111110010110011000101011101110111110
:000000100111110011111111100100011010101001101011111111111110111001111111000111101100
:111111110111011001100011111111101011011111100110010111011111111011101111010111001000
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GateKeeper: Walkthrough
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Mask
Mask
Mask
Mask
Mask

:000000000010000000000001111111011110001110110101101111111110001000001111011010010101
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:00000000101101110011112171111111101111000111011010110111111111000100010011101101001010
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GateKeeper: Walkthrough

Generate 2-+1
masks

Query
Reference

Hamming
1-Deletion
2-Deletion
3-Deletion

l1-Insertion
2-Insertion
3-Insertion

Hamming
1-Deletion
2-Deletion
3-Deletion

l1-Insertion
2-Insertion
3-Insertion

Mask
Mask
Mask
Mask
Mask
Mask
Mask

Mask
Mask
Mask
Mask
Mask
Mask
Mask

:GAGAGAGATATTTAGTGTTGCAGCACTACAACACAAAAGAGGACCAACTTACGTGTCTAAAAGGGGGAACATTGTTGGGCCGGA
‘GAGAGAGATAGTTAGTGTTGCAGCCACTACAACACAAAAGAGGACCAACTTACGTGTCTAAAAGGGGAGACATTGTTGGGCCGG

:000000000010000000000001111111011110001110110101101111111110001000001111011010010101
:111111111110011111011111000000000000000000000000000000000000000000011000000000000000
:00000000101101110011112171111111101111000111011010110111111111000100010011101101001010
:111111111110111011001101110111011000100100111111111111100101100110010110111011101111
:111111111110111110111111011101100010010011111111111110010110011000101011101110111110
:000000100111110011111111100100011010101001101011111111111110111001111111000111101100
:111111110111011001100011111111101011011111100110010111011111111011101111010111001000

—-—-- Masks after amendment ---

:000000000010000000000001111111111110001111111101111111111110001000001111111111111111
:111111111111111111111111000000000000000000000000000000000000000000011000000000000000
:00000000111111111111121111111111111110001111121111111111111111000100011111111111111110
:11111111111111111111111111111111100011221121211111111111111111111111111111111111111111
:1111111111111111111111111111111000121121111111111111111111111111000111111111111111110
:00000011111111111111111111110001211211211111112111111111111111111111111111000111111100
:1111111111111111111000121111111111111111111111111111111111111111111111111111111111000
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GateKeeper: Walkthrough

Generate 2-+1
masks

Query
Reference

Hamming
1-Deletion
2-Deletion
3-Deletion

l1-Insertion
2-Insertion
3-Insertion

Hamming
1-Deletion
2-Deletion
3-Deletion

l1-Insertion
2-Insertion
3-Insertion

Mask
Mask
Mask
Mask
Mask
Mask
Mask

Mask
Mask
Mask
Mask
Mask
Mask
Mask

:GAGAGAGATATTTAGTGTTGCAGCACTACAACACAAAAGAGGACCAACTTACGTGTCTAAAAGGGGGAACATTGTTGGGCCGGA
‘GAGAGAGATAGTTAGTGTTGCAGCCACTACAACACAAAAGAGGACCAACTTACGTGTCTAAAAGGGGAGACATTGTTGGGCCGG

:000000000010000000000001111111011110001110110101101111111110001000001111011010010101
:111111111110011111011111000000000000000000000000000000000000000000011000000000000000
:00000000101101110011112171111111101111000111011010110111111111000100010011101101001010
:111111111110111011001101110111011000100100111111111111100101100110010110111011101111
:111111111110111110111111011101100010010011111111111110010110011000101011101110111110
:000000100111110011111111100100011010101001101011111111111110111001111111000111101100
:111111110111011001100011111111101011011111100110010111011111111011101111010111001000

—-—-- Masks after amendment ---

:000000000010000000000001111111111110001111111101111111111110001000001111111111111111
:111111111111111111111111000000000000000000000000000000000000000000011000000000000000
:00000000111111111111121111111111111110001111121111111111111111000100011111111111111110
:11111111111111111111111111111111100011221121211111111111111111111111111111111111111111
:1111111111111111111111111111111000121121111111111111111111111111000111111111111111110
:00000011111111111111111111110001211211211111112111111111111111111111111111000111111100
:1111111111111111111000121111111111111111111111111111111111111111111111111111111111000
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GateKeeper: Walkthrough

Generate 2-+1
masks

:GAGAGAGATATTTAGTGTTGCAGCACTACAACACAAAAGAGGACCAACTTACGTGTCTAAAAGGGGGAACATTGTTGGGCCGGA
‘GAGAGAGATAGTTAGTGTTGCAGCCACTACAACACAAAAGAGGACCAACTTACGTGTCTAAAAGGGGAGACATTGTTGGGCCGG

Query
Reference

Hamming Mask
1-Deletion Mask
2-Deletion Mask
3-Deletion Mask

l1-Insertion Mask
2-Insertion Mask
3-Insertion Mask

Hamming Mask
1-Deletion Mask
2-Deletion Mask
3-Deletion Mask

l1-Insertion Mask
2-Insertion Mask
3-Insertion Mask

AND Mask

:000000000010000000000001111111011110001110110101101111111110001000001111011010010101
:111111111110011111011111000000000000000000000000000000000000000000011000000000000000
:00000000101101110011112171111111101111000111011010110111111111000100010011101101001010
:111111111110111011001101110111011000100100111111111111100101100110010110111011101111
:111111111110111110111111011101100010010011111111111110010110011000101011101110111110
:000000100111110011111111100100011010101001101011111111111110111001111111000111101100
:111111110111011001100011111111101011011111100110010111011111111011101111010111001000

—-—-- Masks after amendment ---

:000000000010000000000001111111111110001111111101111111111110001000001111111111111111
:111111111111111111111111000000000000000000000000000000000000000000011000000000000000
:00000000111111111111121111111111111110001111121111111111111111000100011111111111111110
:11111111111111111111111111111111100011221121211111111111111111111111111111111111111111
:1111111111111111111111111111111000121121111111111111111111111111000111111111111111110
:00000011111111111111111111110001211211211111112111111111111111111111111111000111111100
:1111111111111111111000121111111111111111111111111111111111111111111111111111111111000

:000000000010000000000001000000000000000000000000000000000000000000001000000000000000
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GateKeeper: Walkthrough

Generate 2-+1
masks

:GAGAGAGATATTTAGTGTTGCAGCACTACAACACAAAAGAGGACCAACTTACGTGTCTAAAAGGGGGAACATTGTTGGGCCGGA
‘GAGAGAGATAGTTAGTGTTGCAGCCACTACAACACAAAAGAGGACCAACTTACGTGTCTAAAAGGGGAGACATTGTTGGGCCGG

Query
Reference

Hamming Mask
1-Deletion Mask
2-Deletion Mask
3-Deletion Mask

l1-Insertion Mask
2-Insertion Mask
3-Insertion Mask

Hamming Mask
1-Deletion Mask
2-Deletion Mask
3-Deletion Mask

l1-Insertion Mask
2-Insertion Mask
3-Insertion Mask

AND Mask

:000000000010000000000001111111011110001110110101101111111110001000001111011010010101
:111111111110011111011111000000000000000000000000000000000000000000011000000000000000
:00000000101101110011112171111111101111000111011010110111111111000100010011101101001010
:111111111110111011001101110111011000100100111111111111100101100110010110111011101111
:111111111110111110111111011101100010010011111111111110010110011000101011101110111110
:000000100111110011111111100100011010101001101011111111111110111001111111000111101100
:111111110111011001100011111111101011011111100110010111011111111011101111010111001000

—-—-- Masks after amendment ---

:000000000010000000000001111111111110001111111101111111111110001000001111111111111111
:111111111111111111111111000000000000000000000000000000000000000000011000000000000000
:00000000111111111111121111111111111110001111121111111111111111000100011111111111111110
:11111111111111111111111111111111100011221121211111111111111111111111111111111111111111
:1111111111111111111111111111111000121121111111111111111111111111000111111111111111110
:00000011111111111111111111110001211211211111112111111111111111111111111111000111111100
:1111111111111111111000121111111111111111111111111111111111111111111111111111111111000

:000000000010000000000001000000000000000000000000000000000000000000001000000000000000

= 0% false rejects
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GateKeeper: Implementation

« Xilinx VC709 (~$5000)

* 3.6 GHz Intel i7-3820 (only supports PCle 2.0)

* FPGA Design with Vivado 2014.4 in Verilog

* RIFFA 2.2 to perform Host-FPGA PCle communication

E'HZUI’/C/‘) 109



GateKeeper:
FPGA
Utilization

Theoretical:

* Upto 140 coreson a
single FPGA (E=5,
100bp)

« BUT bottlenecked by
PCle bandwidth

* Small area allows
integration into FPGAs
already inside of
Sequencers

ETHzurich

Table 2. FPGA resource utilization for a single GateKeeper core

Resource utilization %

Read length 100 bp

Edit distance 2

Slice LUT* 0.39%
Slice Register® 0.01%

“LUT: look-up tables.
bFlip-flop.

300 bp
5 2 5 15

0.71% 1.27% 2.2% 4.82%
0.01% 0.01% 0.01% 0.01%

FPGA: Xilinx VC709

110



Results: At a Glance

130x 4x 10x

faster filtering than lower false accept speedup in read
Adjacency Filter rate than Adjacency mapping when
(100bp) Filter. including verification
0% false reject. step

E'HZUFiCh 111



Gate Kee per: read length = 300 bp
Speedup

Experimental:

* 90x speedup over read length = 100 bp

SHD (100bp)

* 130x speedup over
Adjacency Filter
(100bp)

* Dueto SIMD ] ] 0
limitation, there's no E=1% E=4% E=5%
SHD for 300bp GateKeeper - 16 cores W GateKeeper - 8 cores

GateKeeper - 1 core % Adjacency Filter ~+SHD

(%))
=
S
O
q
| -
0]
Q
2
a0
=
o
Q
©
S
C
2
=
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Recall: Filter + Verification

1. Filter highly dissimilar locations
e FastHASH (software)

» Adjacency Filter + Cheap K-mer Selection
* Fast
* Inaccurate

* Shifted Hamming Distance (software/SIMD)

* More accurate
e Slow

2. Verity candidate locations
* Dynamic programming

ETHzurich

113



GateKeeper: Overall Speedup

Human Genome (E=5%)

Read length/E mrFAST version/pre-alignment type Filtering & verification time (speed-up) Overall mapping time (speed-up)

100 bp /5 edits 2.1/No Pre-alignment 22.60h (1x) 24.27h (1x)
)

1 (1
2.6/Adjacency Filter 5.65h (4x) 7.31h (3.3%
2.1/GateKeeper 0.55h (41x) 2.50h (9.7 %)
300 bp /15 edits 2.1/No Pre-alignment 0.94h (1x) 1.02h (1
2.6/Adjacency Filter 0.04h (24x) 0.12h (8
(11

X)
X)
2.1/GateKeeper 0.003h (279x) 0.09h (11x

)

* Filtering is only one step of the pipeline!

* ~100x filter speedup = ~10x total read mapping time
speedup

ETH:zurich 114



GateKeeper:
Accuracy

Simulated:

* Never filters out
correct mapping

» False rejectis 0%

* 4x lower false accept
rate than on average
than Adjacency Filter

ETHzurich

True Reject Rate

Q
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Executive Summary: GateKeeper

* Problem: HTS produce billions of short reads. Mapping these
reads presents an overwhelming computational burden.

 Key Insight: 98% of candidate locations are highly dissimilar.

* Goal: Accelerate read mapping by quickly & efficiently filtering out
highly dissimilar candidate locations

- Key Idea: Filtering can be done using simple bit-wise operations,
e.g. XOR, AND

* Key Mechanism/Novelty: Use FPGA/hardware to efficiently
implement bit-wise filter

* Results: ~100x speedup over state-of-the-art software-based
filtering techniques

ETH:zurich 116



Strengths

 Cleverly exploits FPGA's ability to perform bit-wise operations
in parallel at great speed

* No custom designed hardware

 Cost-effective (when compared to CPU/GPU)

« "Simple” integration into sequencers (e.g. lllumina HiSeq)
* Perhaps even without new FPGAs (due to small areal)
« Hides complexity from user

* Open source

* Robust, real-world testing on many different datasets (see
supplementary materials!)

E'HZUFiCh 117



Strengths

* Mechanism does not compromise verification (in e.g. mrFAST)
* Never filters correct mapping!

* Authors understand and highlight limitations of GateKeeper
* Spurred quite a few papers that build on GateKeeper

E'HZUI’/Ch 118



Weaknesses

* Potentially not future proof
« 3rd generation sequencing machines produce much longer reads
« GateKeeper less effective for longer reads
« Today: 3@ gen error rate (~15%) too high, but might improve

* Future: Longer reads at low error 2 read-mapping becomes much
easier

* When error threshold E > 8%, GateKeeper becomes useless

* False acceptrate > 100%
e Caused by ANDing all masks (prob. that one entry is zero - 100%)

E'HZUFiCh 119



Weaknesses

ETHzurich

v
]
(4]
(o'
e
Q.
Q
Q
Q
<
Q)
K2
(4]
(NN

SHD
== Q== GateKeeper
® - Shouiji
el MAGNET
== SneakySnake-100

el === SneakySnake-5

Edit Distance Threshold

From Mohammed Alser’s Dissertation
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Weaknesses

* E is "baked” into the FPGA

e User cannot define E

* We need 2E+1 masks for a given E
« Can we do better?
* For some Sequencers: # Substitutions >> # Inserts/Deletions

* Integration is black box
« Sequencers are proprietary
* lllumina HiSeq has an FGPA, but we don’t know what it's used for

e Cost-effective vs. CPU/GPU, but...

* Seqg. manufacturer doesn't “pay” these costs

 For lllumina MiSeq: $125,000 - production cost: ~$25,000
« An additional $5000 for an FPGA is a 20% increase in cost

E'HZUFiCh 121



Related Research

Bioinformatics, 31(10), 2015, 1553-1560

doi: 10.1093/bioinformatics/btu856

Advance Access Publication Date: 10 January 2015
Original Paper

Sequence analysis

Shifted Hamming distance: a fast and accurate
SIMD-friendly filter to accelerate
alignment verification in read mapping

Hongyi Xin'*, John Greth?, John Emmons?, Gennady Pekhimenko’,
Carl Kingsford?®, Can Alkan** and Onur Mutlu®*
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Related Research

SneakySnake: A New Fast and Highly Accurate Pre-Alignment Filter
on CPU and FPGA for Accelerating Sequence Alighment

Mohammed AIser1 2 Can Alkan? Onur Mutlut2-3
2 o

m 4 U r [ C h Bilkent University Cal‘l]eg]e Me"()[]
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Related Research

Shouji: A Fast and Efficient Pre-Alignment Filter
for Sequence Alignment

Mohammed Alser'?3’ Hasan Hassan', Akash Kumar?,

Onur Mutlu'?®’, and Can Alkan3’

1Computer Science Department, ETH Zurich, 8092 Zlrich, Switzerland,

2Institute for Computer Engineering, CfAED, Technische Universitéat Dresden, Germany,
3Computer Engineering Department, Bilkent University, 06800 Bilkent, Ankara, Turkey
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Discussion: Error Threshold

Query
Reference

Hamming Mask
1-Deletion Mask
2-Deletion Mask
3-Deletion Mask

l1-Insertion Mask
2-Insertion Mask
3-Insertion Mask

:GAGAGAGATATTTAGTGTTGCAGCACTACAACACAAAAGAGGACCAACTTACGTGTCTAAAAGGGGGAACATTGTTGGGCCGGA
‘GAGAGAGATAGTTAGTGTTGCAGCCACTACAACACAAAAGAGGACCAACTTACGTGTCTAAAAGGGGAGACATTGTTGGGCCGG

:000000000010000000000001111111011110001110110101101111111110001000001111011010010101
:111111111110011111011111000000000000000000000000000000000000000000011000000000000000
:000000001011011100111111111111101111000111011010110111111111000100010011101101001010
:111111111110111011001101110111011000100100111111111111100101100110010110111011101111
:111111111110111110111111011101100010010011111111111110010110011000101011101110111110
:000000100111110011111111100100011010101001101011111111111110111001111111000111101100
:111111110111011001100011111111101011011111100110010111011111111011101111010111001000
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Discussion: Error Threshold

Refe

Hamming
1-Deletion
2-Deletion
3-Deletion

l1-Insertion
2-Insertion
3-Insertion

Hamming
1-Deletion
2-Deletion
3-Deletion

l1-Insertion
2-Insertion
3-Insertion

Query
rence

Mask
Mask
Mask
Mask
Mask
Mask
Mask

Mask
Mask
Mask
Mask
Mask
Mask
Mask

:GAGAGAGATATTTAGTGTTGCAGCACTACAACACAAAAGAGGACCAACTTACGTGTCTAAAAGGGGGAACATTGTTGGGCCGGA
‘GAGAGAGATAGTTAGTGTTGCAGCCACTACAACACAAAAGAGGACCAACTTACGTGTCTAAAAGGGGAGACATTGTTGGGCCGG

:000000000010000000000001111111011110001110110101101111111110001000001111011010010101
:111111111110011111011111000000000000000000000000000000000000000000011000000000000000
:000000001011011100111111111111101111000111011010110111111111000100010011101101001010
:111111111110111011001101110111011000100100111111111111100101100110010110111011101111
:111111111110111110111111011101100010010011111111111110010110011000101011101110111110
:000000100111110011111111100100011010101001101011111111111110111001111111000111101100
:111111110111011001100011111111101011011111100110010111011111111011101111010111001000

--- Masks after amendment ---

:00000000001.0000000000001111111111110001111111101111111111110001000001111111111111111
:111111111111111111111111000000000000000000000000000000000000000000011000000000000000
:0000000011111111111111111111111111110001111111131311111111111000100011111111111111110
:111111111111111111111111111111111000111111111111111111111111111111111111111111111111
:111111111111111111111111111111100012112111111111111111111111111000111111111111111110
:0000001111111111111111111111000121112131111111133313111111111111111111111000111111100
:1111111111111111111000212122112212112211111111111111111111111111111111111111111111000
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Discussion: Error Threshold

Query
Reference

Hamming Mask
1-Deletion Mask
2-Deletion Mask
3-Deletion Mask

l1-Insertion Mask
2-Insertion Mask
3-Insertion Mask

Hamming Mask
1-Deletion Mask
2-Deletion Mask
3-Deletion Mask

l1-Insertion Mask
2-Insertion Mask
3-Insertion Mask

AND Mask

:GAGAGAGATATTTAGTGTTGCAGCACTACAACACAAAAGAGGACCAACTTACGTGTCTAAAAGGGGGAACATTGTTGGGCCGGA
‘GAGAGAGATAGTTAGTGTTGCAGCCACTACAACACAAAAGAGGACCAACTTACGTGTCTAAAAGGGGAGACATTGTTGGGCCGG

:000000000010000000000001111111011110001110110101101111111110001000001111011010010101
:111111111110011111011111000000000000000000000000000000000000000000011000000000000000
:000000001011011100111111111111101111000111011010110111111111000100010011101101001010
:111111111110111011001101110111011000100100111111111111100101100110010110111011101111
:111111111110111110111111011101100010010011111111111110010110011000101011101110111110
:000000100111110011111111100100011010101001101011111111111110111001111111000111101100
:111111110111011001100011111111101011011111100110010111011111111011101111010111001000

--- Masks after amendment ---

:00000000001.0000000000001111111111110001111111101111111111110001000001111111111111111
:111111111111111111111111000000000000000000000000000000000000000000011000000000000000
:0000000011111111111111111111111111110001111111131311111111111000100011111111111111110
:111111111111111111111111111111111000111111111111111111111111111111111111111111111111
:111111111111111111111111111111100012112111111111111111111111111000111111111111111110
:0000001111111111111111111111000121112131111111133313111111111111111111111000111111100
:1111111111111111111000212122112212112211111111111111111111111111111111111111111111000

:000000000010000000000001000000000000000000000000000000000000000000001000000000000000
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Discussion: Error Threshold

Query :GAGAGAGATATTTAGTGTTGCAGCACTACAACACAAAAGAGGACCAACTTACGTGTCTAAAAGGGGGAACATTGTTGGGCCGGA
Reference :GAGAGAGATAGTTAGTGTTGCAGCCACTACAACACAAAAGAGGACCAACTTACGTGTCTAAAAGGGGAGACATTGTTGGGCCGG

Hamming Mask :000000000010000000000001111111011110001110110101101111111110001000001111011010010101
l1-Deletion Mask :111111111110011111011111000000000000000000000000000000000000000000011000000000000000
2-Deletion Mask :000000001011011100111111111111101111000111011010110111111111000100010011101101001010
3-Deletion Mask :111111111110111011001101110111011000100100111111111111100101100110010110111011101111

l1-Insertion Mask :111111111110111110111111011101100010010011111111111110010110011000101011101110111110
2-Insertion Mask :000000100111110011111111100100011010101001101011111111111110111001111111000111101100
3-Insertion Mask :111111110111011001100011111111101011011111100110010111011111111011101111010111001000

--- Masks after amendment ---

Hamming Mask :000000000010000000000001111111111110001111111101111111111110001000001111111111111111
l1-Deletion Mask :111111111111111111111111000000000000000000000000000000000000000000011000000000000000
2-Deletion Mask :000000001111111111111111111111111111000111111111111111111111000100011111111111111110
3-Deletion Mask :111111111111111111111111111111111000111111111111111111111111111111111111111111111111

l-Insertion Mask :111111111111111111111111111111100011111111111111111111111111111000111111111111111110
2-Insertion Mask :0000001111111111111111111111000111111111111111111311111111113111111111111000111111100
3-Insertion Mask :111111111111111111100011111111111111111111111111111111111111111111111111111111111000

AND Mask :000000000010000000000001000000000000000000000000000000000000000000001000000000000000

Can we prevent the problems of £ > 8?
« Different operations? AND?
* Threshold for # of 0s? = risks?
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Discussion: Error Threshold

Query :GAGAGAGATATTTAGTGTTGCAGCACTACAACACAAAAGAGGACCAACTTACGTGTCTAAAAGGGGGAACATTGTTGGGCCGGA
Reference :GAGAGAGATAGTTAGTGTTGCAGCCACTACAACACAAAAGAGGACCAACTTACGTGTCTAAAAGGGGAGACATTGTTGGGCCGG

Hamming Mask :000000000010000000000001111111011110001110110101101111111110001000001111011010010101
l1-Deletion Mask :111111111110011111011111000000000000000000000000000000000000000000011000000000000000
2-Deletion Mask :000000001011011100111111111111101111000111011010110111111111000100010011101101001010
3-Deletion Mask :111111111110111011001101110111011000100100111111111111100101100110010110111011101111

l1-Insertion Mask :111111111110111110111111011101100010010011111111111110010110011000101011101110111110
2-Insertion Mask :000000100111110011111111100100011010101001101011111111111110111001111111000111101100
3-Insertion Mask :111111110111011001100011111111101011011111100110010111011111111011101111010111001000

--- Masks after amendment ---

Hamming Mask :000000000010000000000001111111111110001111111101111111111110001000001111111111111111
l1-Deletion Mask :111111111111111111111111000000000000000000000000000000000000000000011000000000000000
2-Deletion Mask :000000001111111111111111111111111111000111111111111111111111000100011111111111111110
3-Deletion Mask :111111111111111111111111111111111000111111111111111111111111111111111111111111111111

l-Insertion Mask :111111111111111111111111111111100011111111111111111111111111111000111111111111111110
2-Insertion Mask :0000001111111111111111111111000111111111111111111311111111113111111111111000111111100
3-Insertion Mask :111111111111111111100011111111111111111111111111111111111111111111111111111111111000

AND Mask :000000000010000000000001000000000000000000000000000000000000000000001000000000000000

Can we prevent the problems of £ > 8?  Can we avoid needing 2E+1 masks?

. Different operations? AND? . If %Substit#tioEs |?j>f # Igs{c?rts/Diletcilonsf?
. : . Different threshold for different kinds o
Threshold for # of 0s? = risks? orTors?

. Constant number of masks? o



Discussion: Is FPGA the only way?

* Recall: Memory bandwidth is a key limitation of GateKeeper

* Processing-in-Memory?
« Ambit: Bulk bit-wise operations

« Cache?

» GPU? (like SHD)

 Application-Specific Integrated Circuit (ASIC)?
e SSD Controllers? Slow, but idle...

« Completely different architecture?

* Systolic array?
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Related Research

——

GRIM-Filter: Fast seed location filtering in &

DNA read mapping using
processing-in-memory technologies

Jeremie S. Kim'®", Damla Senol Cali', Hongyi Xin?, Donghyuk Lee3, Saugata Ghose',
Mohammed Alser?, Hasan Hassan®, Oguz Ergin®, Can Alkan*" and Onur Mutlu®!”

From The Sixteenth Asia Pacific Bioinformatics Conference 2018
Yokohama, Japan. 15-17 January 2018
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Related Research

Darwin: A Hardware-acceleration Framework for Genomic
Sequence Alignment

Yatish Turakhia, Kevin Jie Zheng, Gill Bejerano, and William J. Dally
Stanford University

Email: {yatisht, kevzheng, bejerano, dally}@stanford.edu
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Related Research

GenCache: Leveraging In-Cache Operators for Efficient
Sequence Alignment

Anirban Nag C. N. Ramachandra Rajeev Balasubramonian
anirban@cs.utah.edu ramgowda@cs.utah.edu rajeev@cs.utah.edu
University of Utah University of Utah University of Utah
Salt Lake City, Utah Salt Lake City, Utah Salt Lake City, Utah

Ryan Stutsman Edouard Giacomin Hari Kambalasubramanyam
stutsman@cs.utah.edu edouard.giacomin@utah.edu hari.kambalasubramanyam@utah.edu
University of Utah University of Utah University of Utah
Salt Lake City, Utah Salt Lake City, Utah Salt Lake City, Utah

Pierre-Emmanuel Gaillardon
pierre-
emmanuel.gaillardon@utah.edu
University of Utah
Salt Lake City, Utah
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Discussion: Outlook

« GateKeeper is domain specific
« Can you think of other domains where GateKeeper could be used?

« Are domain specific technologies like GateKeeper worth exploring?
OR should we stick to general computing?

* Will DNA sequencing (and technologies like GateKeeper)
become ubiquitous?

« What will be the implications of this? (5t rat-hole)
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Thank you for your attention!
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