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Summary

Sequence alignment is memory-bound on traditional processor-centric systems

overcomes the memory bandwidth bottleneck by placing cores near the
memory

We present , a framework for sequence alignment on real PIM systems
e Supports multiple alignment algorithms: NW, SWG, GenASM, and WFA
* Implemented on UPMEM, the first real PIM system

Results show
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Genome Analysis and Sequence Alignment

A genome is the complete set of an organism’s genetic instructions

 DNA is a string of base pairs (characters): A,C, G, T
* The human genome contains 3.2 billion base pairs

Genome analysis helps to understand genetic variations, predict the presence and abundance of
microbes, monitor disease outbreaks, develop personalized medicine, etc.

Sequencing machines provide only randomized fragments (reads) of the genome

 Depending on the sequencing technology, there are short (50-300 bp) and long reads (10K-100K bp)
* Need to be mapped to the reference genome

A key step in the read mapping process is sequence alignment

* Quadratic-time dynamic programming algorithms, e.g., Smith-Waterman, Needleman-Wunsch
e State-of-the-art algorithms: GenASM, WFA, WFA-adaptive
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A A T C

O O XX P

Align two sequences by filling a matrix that scores the similarity between the two sequences and their subsequences
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Sequence Alignment Example with the Smith-Waterman Algorithm

A A T C

A 3 (13|10
A 3 6 4 2 Hi1j1 HT'j
| | v
C 1 4 3 7 Hija=—1%» H;;

C 0| 2| 11| 6

Assign different scores for matches (+3), mismatches (-3), new gaps (-2), and continuing gaps (-1)

Take the maximum score for reaching a cell from previous cells
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Sequence Alignment Example with the Smith-Waterman Algorithm

A A T C
A 3.3 110 AATC
| | | | | | | | |
A 3 | 6«74 | 2
| S\ A A - C
C 1| 4|37
C 0|2 |1]6

Perform a traceback through the matrix to find the best alignment




VITAM HABEANT

Cali, Damla Senol, et al. "GenASM: A high-performance, low-power approximate string matching acceleration framework for genome sequence analysis." MICRO, 2020.

P AMERICAN
e bbb
X X

UNIVERSITYorBEIRUT
FACULTY OF ARTS & SCIENCES

ETHzurich

Sequence Alignment Algorithms

D AlTIA
ol al| s |12
'!\

Alalol|als

“"-L

Sy
T8 4 4

3
cl12|/ 8| a2

A16128:4\”

Needleman-Wunsch

(NW)

© All rights reserved. American University of Beirut 2023.

M AlT|A D A|lT|A , A|lT|A

0\‘5 6| 7 o | | o - -] -
A|l5|0|5] 6 A| -|10/11]12 A|lw|[10| 5|6
T| 6 S\Q_L\L - | 51011 T|ow|11|10] 5
cCl|7]6 5‘7 g\_- 6 [ 5|10 C|oo|[12|11|10
A|l8| 7|65 Al -|71|6]|7 A| o|13|12|11

Deletion Example (Text Location=8) (.)
Text[@]: C Text[1]: G Text[2]: T Text[3]: G Text[4]: A
RO- : .... RE- : .... Re-M : 1011 Re-M : 11: RO-M : 111¢
R1-M : 2111 R1-D : 1711 R1- :© .... R1- : .... R1- : ....
Match(C) Del(-) Match(T) Match(G) Match(A)
<3,0,1> <2,1,1> <2,2,0> <1,3,6> <0,4,0>
Substitution Example (Text Location=1) (b)
Text[1]: G Text[2]: T Text[3]: G Text[4]: A
R©- e e Re-M : 1011 RO-M : 1101 Re-M : 1110
R1-S : 2118 R1- : .... R1- : .... R1- .o
Subs(C) Match(T) Match(G) Match(A)
<3,1,1> <2,2,0> <1,3,0> <0,4,6>
Insertion Example (Text Location=2) (C)
Text[-] Text[2]: T Text[3]: G Text[4]: A
RG- cese R&-M : 1011 Re-M : 1101 Re-M : 1116
R1-I : 2118 R1- : .... R1- : .... R1- R
Ins(C) Match(T) Match(G) Match(A)
<3,2,1> <2,2,0> <1,3,0> <0,4,0>

GenASM

M AlT|A| [D A[T|A| |] A|lTI|A
ol5]|6]|7 o0 |0 | oo
Al5|0 A A |
Cc|7 5|2 C 5 B
AlS8 50[A A|®
M, M, M, M D | I
/ k +2?,Aé
k=+1/%k=+l/%k=+1 3 3
k=0 | 2 |k=0| 3 |k=0 | 4 | k=0 R R AN
% 77/ = &\2
k=-1 %k=-1/% k=-1| 3Y | 2 &
k=-2%//
%

Wavefro;c Algorithm (WFA)

Marco-Sola, Santiago, et al. "Fast gap-affine pairwise alignment using the wavefront algorithm." Bioinformatics 37.4 (2021): 456-463.
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Observation: limited performance

improvement as the number of
CPU threads grows

100000
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Sequence Alignment Scaling on CPUs

0000

1000
100
10

1

Execution time (s)

N=

—

Read length
1,000
500
250

— 150
100

0.1
# threads

1 16 32 48
NW

1 16 32 48
SWG

1 16 32 48
GenASM

1 16 32 48
WFA

1 16 32 48
WFA-Adaptive
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Observation: limited performance

improvement as the number of 100000
CPU threads grows <
© qé 20 Read length
B 1000 [~ 1000
: i '
g 100 L ¥ 500
O
As the number of CPU threads X 10 L‘ 250
grows, IPC decreases meaning 1 X\H \\. — 150
L 100
threads spend more time idle 0.1

#threads| 1 16 32 48| 1 16 32 48| 1 16 32 48| 1 16 32 48| 1 16 32 48

\\\ \\\A

#threads|1 8 163248|1 8 163248|1 8 1632481 8 163248/ 1 8 16 32 48

NW SWG GenASM WEFA WFA-Adaptive

W A
o o

Instructions per cycle

S e
o 1 o WU

O
u

NW SWG GenASM WEFA WFA-Adaptive
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Sequence Alignment Scaling on CPUs

100000
CPU threads grows <0000
£
= 1000
= \
2 100 L ¥
2
As the number of CPU threads = 10
grows, |IPC decreases meaning 1
threads spend more time idle 0.1
#threads| 1 16 32 48| 1 16 32 48
NW SWG
1 8 163248|1 8 1632481 8 163248|1 8 1632481 8 16 3248
NW SWG GenASM WEFA WFA-Adaptive

Read length
1,000
500
L 250
\ \ 150 As the number of CPU
o o 100 threads grows, threads
1 16 32 48| 1 16 32 48| 1 16 32 48 spend more time stalling
| waiting for memory
GenASM WFA WFA-Adaptive
1014
-
g 1012
=
1010 . /—_\/
10°
#threads| 1 8 163248|1 8 163248/1 8 163248|1 8 1632481 8 16 32 48
NW SWG GenASM WFA WFA-Adaptive
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Memory Bandwidth Bottleneck

CPU Chip
// N \\
CPU CPU
Core Core
_ e )\ Y,
K \::\~§:\ // /
Memory Chip A
(A e N

- Data movement

Conventional CPU processing
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Processing-in-Memory

\\
CPU
Core
Y
/
A \\
DRAM
Bank
VAN Y o

- Data movement

Conventional CPU processing

CPU Chip
// N \\
CPU CPU
Core Core
\ AN /
N /
Memory Chip m
(r aYa Y4 Y N
DRAM || DRAM || DRAM || DRAM
Bank || Bank || Bank Bank
N U\ \ )\ »
" PIM ][ PIM |[ PIM |[ PIM
_ Core J| Core )| Core || Core |
= =/

Processing-in-memory (PIM)
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Real Processing-in-Memory Systems

* Real-world PIM architectures are becoming a reality
* UPMEM PIM, Samsung HBM-PIM, Samsung AxDIMM, SK Hynix AiM, Alibaba HB-PNM

* These PIM systems have some common characteristics:

1.There is a host processor (CPU or GPU) with access to (1) standard main memory, and (2) PIM-enabled
memory

2. PIM-enabled memory contains multiple PIM processing elements (PEs) with high bandwidth and low latency
memory access

3. PIM PEs run only at a few hundred MHz and have a small number of registers and small (or no)
cache/scratchpad

4. PIM PEs may need to communicate via the host processor
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UPMEM: The First Real PIM Hardware

PIM-enabled Memory

/\ NN\ N\ D
EJRAM DRAM||DRAM||DRAM||DRAM||DRAM||DRAM||DRAM
Chlp) \Chip) \Chip) \Chlp) \Chip) \Chip) kChip) \Chlp /)
N/ N/ N/ N N/ N/ N )
RAM||DRAM||DRAM||DRAM||DRAM||DRAM||DRAM||DRAM
hip) kChipJ \Chipj \Chip) kChip) \Chip) \Chip) \Chipj
XM
4 Y4 Y4 N/ Y4 Y4 \\
PIM || PIM || PIM || PIM || PIM || PIM
\Chlp) \Chlp) \Ch:p) \Chlp) \Chlp) \Ch:p)
4 Y4 Y4 aYd aYd Y4 )
PIM || PIM || PIM || PIM || PIM || PIM
Chi Chi Chi Chi Chi Chi
\. :p) \. :p) \. :p) \. :p) \. :p) \. 'p) AN

© All rights reserved. American University of Beirut 2023.
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UPMEM: The First Real PIM Hardware
PIM Chip

Main Memory A ¢ 3\
/ A ! Control/Status Interface DDR4 Interface
W) /
Y4 ™ ™\ ™ N\ ™ N/ \\\ / A \
p \ DRAM||DRAM||DRAM||DRAM||DRAM||DRAM||DRAM||DRAM / \\
O G Chip )| Chip )| Chip )| Chip | Chip )\ Chip | Chip )| Chip | ff : \\
eoQ Y4 Y4 Y4 Y4 Y4 N Y4 N / \\
) -L_— RAM||DRAM||DRAM||DRAM||DRAM||DRAM||DRAM||DRAM CDISPATCH ) s ~
QO ' io || chip || chip || chip || chip || crip || chip DISPATCH
J VAN AN AN VAN VAN AN J /XM
, 2
/
" = 64-MB
, \\\ p D 64bits
7N\ ~ READOP3 | I.I:.l <> DRAM
Corn W orm M o X o W oo X [ FORMAT
PpiMm || PIM || PIM || PIM || PIM pmw 2 FORMAT - y < Bank
)\ Chip J{ Chip || Chip || Chip || Chip )\ Chip 0 ALU1 = (M RAM)
~N /" N5 N aYd aYd ~ c ALUZ 64'KB 0
PIM || PIM || PIM || PIM || PIM || PIM | 4 o ALU3 WRAM <>
’ Chip kChip) Chip) Chipj Chip) Chipj Q ALU4
. » . . . . xN 'g MERGEL \- e
N Q. |__MERGE2 {
PIM-enabled Memory S O MERGE? —_ O ) x8/
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AIM: Alignment-in-Memory

Input File
CCGGG AN Host CPU
CCGGGT :
GTACGC @ Main Memory
GTACGC }sque;ge \Get q sequence pair #1 B
GTACAG 1 pall#l I'sequences sequence pair #2
gg’;%‘(\: \ T~y sequence pair #3
GCTGC °
seqguence pair #n

\ /
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AIM: Alignment-in-Memory

Input File

CCGGG N ~Host CPU

CCGGGT

GTACGE @ Main Memory

GTACGC Seqt%e;?e \Get 4 sequence pair #1 B
GTACAG 1 pall#l I'sequences sequence pair #2

ggf\r((:;/)c\: A T~ sequence pair #3

GCTGC °

sequence palr #n

ransiter /
Cg?que-:—\ces :o MRAM
DPU #0 DPU #1 PU #2 DPU DPU #N-1
MRAM MRAM MRAM MRAM | °° MRAM
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AIM: Alignment-in-Memory

Input File
CCGGG AN Host CPU
CCGGGT .
GTACGC @ Main Memory
GTACGC Seqt{e;‘fe \/Get q sequence pair #1 A
GTACAG 1 pall#l I'sequences sequence pair #2
gg‘_\r%pé \ sequence pair #3
GCTGC
sequence palr #n

ransiter ‘ / ‘
Cs?que.:\ces Io MRAM
DPU #0 DPU #1 PU #2 DPU DPU #N-1
MRAM MRAM MRAM MRAM | °° MRAM
\

[ MRAM }

[ WRAM ]

\ Core /
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AIM: Alignment-in-Memory

Input File
CCGGG AN Host CPU
CCGGGT .
GTACGC @ Main Memory
GTACGC Seqt{e;‘fe \/Get q sequence pair #1 A
GTACAG 1 pall#l I'sequences sequence pair #2
gg‘_\r%pé \ sequence pair #3
GCTGC °
sequence palr #n

DPU #N-1
MRAM |

ransrer ‘ [ -
Cs?que.:\ces Io MRAM
DPU #0 DPU #1 PU #2 DPU
MRAM MRAM MRAM MRAM | °°
\

[ MRAM }

A
@)i thread # i
A4

[ WRAM ]

\ Core /
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AIM: Alignment-in-Memory
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Input File
CCGGG AN Host CPU
CCGGGT .
GTACGC @ Main Memory
GTACGC |S€AUeNCe N\ /g et /sequence pair #1 N
3&826 Palr#l - I'sequences sequence pair #2
GCTGCA sequence pair #3
GCTGC
| sequencé palr #n |
O Transfer / /
' sequences to MRAM
DPU 40 PU #1 PU #2 DPU DPU #N-1
MRAM MRAM MRAM MRAM | °° MRAM
\
DPU N\
[ MRAM }

A
@)i thread # i
A4

[ WRAM ]

i threed #i i
\_ @ Core
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AIM: Alignment-in-Memory
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Input File
CCGGG AN Host CPU
CCGGGT .
GTACGC @ Main Memory
GTACGC |S€AUeNCe N\ /g et /sequence pair #1 N
3&826 Palr#l - I'sequences sequence pair #2
GCTGCA sequence pair #3
GCTGC
| sequencé palr #n |
O Transfer / /
' sequences to MRAM
DPU #0 PU #1 PU #2 DPU DPU #N-1
MRAM MRAM MRAM MRAM | °° MRAM
\
DPU N\
[ MRAM }
A
@)i thread #i i@)
\ 4
. WRAM |
A
i thread #i i
v
\_ @ Core
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AIM: Alignment-in-Memory

Input File

CCGGG AN -~ Host CPU

CCGGGT " : |
GTACGC @ | Main Memory |
GTACGC Seq“,e;?e NAGet /sequence pair #1 " result #1 )
GTACAG 1 pall#l I'sequences sequence pair #2 result #2

g-cr:'?\r%p(\: A sequence pair #3 result #3

GCTGC °

sequence pair #n /| result #n

@ Transfer

'sequences to MRAM

~
~

Copy results
back from MRAM
.. DPU #N-1
MRAM |

@)i thread # i@)
[

\ A
WRAM ]

i threéd #i i
\_ @ Core Y,
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AIM: Alignment-in-Memory

Input File Output File

CCGGG AN Host CPU $

CCGGGT Main Memory score 5, 4M112

GTACGC

S ~ sequence @ - _ N score 3, 4M1X2M
1 NGet sequence pair #1 result #1 Y|score 0, 5M

GTACAG pair #i . Return ;

GTAGA Sequences sequence pair #2 result #2 Results |score 5, 4AM1D2M

GCTGCA ~_) sequence pair #3 result #3 L _—

GCTGC

sequence pair #n result #n

/

@ Transfer

sequences to MRAM

~
~

Copy results
back from MRAM
=~.. | DPU #N-1
MRAM |

A
@i thread #i I@)

| WRAM ]

i thre%d #i i
\ @ Core
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Cali, Damla Senol, et al. "GenASM: A high-performance, low-power approximate string matching acceleration framework for genome sequence analysis." MICRO, 2020.
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Needleman-Wunsch
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Supported Algorithms

© All rights reserved. American University of Beirut 2023.

D N M Al TI|A D Al TI|A f AlTI|A
ol a]| 8|12 0|56 |7 o | ool oo
= N

aAlalolals Als|o|5]| 6 Al - [10]11]12 Al w|10| 5] 6

"‘a
T | 8 4\? 4 T |6 s\oei\T - | 510|112 T | oo|11|10| 5
clilslal:? cl 71652 cl-le6fs]10| [clow|[12]11]10
%
Al16l12] 8 "a Alsgs| 7|65 Al -|7]6]l7 Al o|13]12] 11

(NW)

Deletion Example (Text Location=8) (.) M AIT|A| |D A|T|A | A|TI|A
Text[@]: C Text[1]: G Text[2]: T Text[3]: G Text[4]: A olslel7 oo | 0o | oo
RB- : .... Reé- : .... Re-Mm : 1011 Re-M : 11: RO-M : 111¢
A|l5|0 A A |
[RI-H : lllJ[Rl-D : 111][R1- - ....J[Rl- - ....][Rl- : ]
0o
Match(C) Del(-) Match(T) Match(G) Match(A) b 6 0151 T T >
<3,0,1> <2,1,1> <2,2,0> <1,3,0> <0,4,0> Cl|7 5|2 C 5 N ©
Substitution Example (Text Location=1) (b) AlS8 5 Al - A |
Text[1]: G Text[2]: T Text[3]: G Text[4]: A i il i ' ’M ' B ' i
0 5
RO- : .... |[Re-Mm : 1011 |[Re-M : 1101 |[ Re-M : 111¢ 2] . : ’
R1-S : 2118 R1- : .... R1- : .... R1- : .... 7
Subs (C) Match(T) Match(G) Match(A) k=42
<3,1,1> <2,2,0> <1,3,0> <0,4,0> % 7/
. . - k=+1 %k=+1 %k:ﬂ 3 3
Insertion Example (Text Location=2) (C) k=0 > k=0 | 3 lk=0| 4 k=0 N N N
Text[-] Text[2]: T Text[3]: G Text[4]: A 7 % N kﬁ
RO- : .... Re-M : 1011 || Re-M : 1101 || Re-M : 111¢ k=-1 %k=-1 (k=-1| 3 2 \\
R1-I : 0118 || R1- : .... J|R1- : .... )| R1- : .... - ~— N
Ins(C) Match(T) Match(G) Match(A)
<3,2,1> <2,2,0> <1,3,0> <0,4,0>

GenASM

Wavefro;c Algorithm (WFA)

Marco-Sola, Santiago, et al. "Fast gap-affine pairwise alignment using the wavefront algorithm." Bioinformatics 37.4 (2021): 456-463.
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Managing the UPMEM Memory Hierarchy

Sequence Pairs

Input Alignment Output
O | [N ™ | !
ttztﬁﬁovwmgm
| O (@ |@|©[© |
n.n.n.umwm %%%%:E:
3188288 g2 212 2R
cle|2(2/2s E(EIEIE EE]
MRAM s5|5(3|5/5/5. 220
0233 |8e<|<KR KR!
D|D |0 [ |00 |
A - ‘ .Y
DPU_MRAM_HEAP_POINTER MRAM “PTR
RS s~ RN
S § Intermediate S E Intermediate
c c
WRAM G = E | Alignment o = g Alignment
oo 5 Data ol 5 Data
N <  Structures o <  Structures
A A
Start thread#1
current
offset

Using WRAM only for
intermediate data structures
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Managing the UPMEM Memory Hierarchy

Sequence Pairs

Input Alignment Output
o= N ™ | 1
ttgtﬁﬁovwmgm
ARG AR |
Q.Q.Q.ICLWQ %%%%:E:
318/8(8/8/2 8|8 22 22!
cle|2(2/2s E(EIEIE EE]
MRAM HHEIEEIEREEIEE)E
3|2(3|8|2e< <K
nwmwnwnmn U)kﬂ |
DPU_MRAM_HEAP_POINTER -~ ::MRAM:PTR
® = o | =
2 _ $ Intermediate S  Intermediate
WRAM S 3 €  Alignment €  Alignment
oo 5 Data 5 Data
N <  Structures <  Structures
A A
Start thread#1
current
offset

Using WRAM only for
intermediate data structures

Sequence Pairs
Input

‘i’ Sequence Pair#5

MRAM

Sequence Pair#0
Sequence Pair#1

‘Sequence Pair#2
'Sequence Pair#3

''Sequence Pair#4

N
f

DPU_MRAM_HEAP_POINTER

Alignment Output

Start

S
= N
o [ % ™| v :E : i : - :
EEEB § o | Intermediate | 3| Intermediate [J Intermediate
c e © T
¢|6|3|3|o|5|a| Alignment § Alignment [ Alignment
EIEE|E|E = Data = Data = Data
DD O g§ Structures | <| Structures |4 Structures
LI [< & = =
SSERR T SN Y uAATRAr AAY
U T . MRAM_PTR
- Q b O - Q
5 5.5 |®3 5 £ 5 5
) c o O
S=E ® o= E|® £ ©
WRAM scocc O ST c O S E o
c0o « (@S> 2 s o s
— — it —
© [ (T
n < S < = < A
thread#1 thread#2

current current
offset offset

Using WRAM and MRAM for
intermediate data structures
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Methodology

* Real and synthetic datasets

Read Lengths Edit Distances Description
100 0-5% Real, Accession# ERR240727 *
150 0-5% Real, Accession# SRR826460 *
250 0-5% Real, Accession# SRR826471 «
500, 1000, 5000, 10000 0-5% Synthetic A

*https://www.ebi.ac.uk/ena/browser/view
Ahttps://github.com/smarco/WFA2-lib

* Evaluated systems
e UPMEM PIM system with 2,560 PIM cores @ 425 MHz and 160 GB of DRAM

* Three CPU systems System 1 ; 3
CPU Intel Xeon Silver 4215 Intel Xeon Gold 5120 Intel Xeon E5-2697 v2

Process node 14 nm 14 nm 22 nm
Sockets 2 2 2
Cores 16 28 24
Threads 32 56 48

Frequency 2.50 GHz 2.20 GHz 2.70 GHz
L3 cache 22 MB 38 MB 60 MB
Memory 256 GB 64 GB 32 GB

CPU TDP 170 W 210 W 260 W




P AMERICAN
Y X XX UNIVERSITYorBEIRUT
4

ETHzurich

FACU LTY OF ARTS & SC'ENCES © All rights reserved. American University of Beirut 2023.

PIM vs CPU

Hl Xeon Silver (32 threads, 22MB L3) @ Xeon Gold (56 threads, 38MB L3) @& Xeon E5 (48 threads, 60MB L3)

1332

10000 —
. Edit distance threshold = 1%
» 1000
Q
€ 100
.5 10
5 1
o
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Read length | 100 150 250 500 1000 100 150 250 500 1000 100 150 250 500 1000 100 150 250 500 1000 100 150 250 500 1000
NW SWG GenASM WFA WFA-Adaptive
10000
Edit distance threshold = 5%
» 1000
£ 100
g 10
E 1
Q
S 041
0.01
Read length | 100 150 250 500 1000 100 150 250 500 1000 100 150 250 500 1000 100 150 250 500 1000 100 150 250 500 1000
NW SWG GenASM WFA WFA-Adaptive

Observation #1: The best performing CPU system is the one with the largest L3 cache
(demonstrates memory-boundedness of sequence alignment)
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PIM vs CPU

H® Xeon Silver (32 threads, 22MB L3) m® Xeon Gold (56 threads, 38MB L3) @& Xeon E5 (48 threads, 60MB L3) B UPMEM (with transfer)
10000
1000
100
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1
0.1
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Read length | 100 150 250 500 1000 100 150 250 500 1000 100 150 250 500 1000 100 150 250 500 1000 100 150 250 500 1000

Edit distance threshold = 1%

S

Execution time

NW SWG GenASM WFA WFA-Adaptive

10000
1000
100

Edit distance threshold = 5%

(B
o

1
0.1

0.01
Read length | 100 150 250 500 1000 100 150 250 500 1000 100 150 250 500 1000 100 150 250 500 1000 100 150 250 500 1000

Execution time (s)

NW SWG GenASM WFA WFA-Adaptive

Observation #2: PIM outperforms CPU in the majority of cases
(up to 4.06x for SWG, up to 1.83x for WFA, and up to 2.56x for WFA-adaptive)
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PIM vs CPU

M Xeon Silver (32 threads, 22MB L3) ® Xeon Gold (56 threads, 38MB L3) @& Xeon E5 (48 threads, 60MB L3) B UPMEM (with transfer) O UPMEM (without transfer)
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10000

Edit distance threshold = 5%

[ERY
o
o
o

100

(B
o

1
0.1

0.01
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Execution time (s)

NW SWG GenASM WFA WFA-Adaptive

Observation #3: When data transfer time is not included, PIM outperforms CPU even more
(up to 25.93x for WFA, up to 28.14x for WFA-adaptive)
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Observation #3: When datatransfer time is not included, PIM outperforms CPU even more
(up to 25.93x for WFA, up to 28.14x for WFA-adaptive)
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PIM vs CPU

M Xeon Silver (32 threads, 22MB L3) ® Xeon Gold (56 threads, 38MB L3) @& Xeon E5 (48 threads, 60MB L3) B UPMEM (with transfer) O UPMEM (without transfer)
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Observation #4: PIM does not outperform CPU for algorithms with regular access patterns
at small read lengths
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PIM vs. CPU for WFA-adaptive with Large Read Lengths

100

[EEY
o

—

Execution time (s)

0.1
Edit distance |[0% 1% 2% 3% 4% 5% 0% 1% 2% 3% 4% 5%

Read length 5,000 10,000

Observation #1: PIM continues to outperform CPU for very large read lengths
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PIM vs. CPU for WFA-adaptive with Large Read Lengths

100
0
c 10
=
Qo
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0.1
Edit distance |0% 1% 2% 3% 4% 5% 0% 1% 2% 3% 4% 5%
Read length 5,000 10,000

Observation #1: PIM continues to outperform CPU for very large read lengths

Observation #2: Scalability currently limited by WRAM capacity
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PIM vs. CPU for WFA-adaptive with Large Read Lengths
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PIM vs. GPU

Sequence  Edit Throughput (alignments per second)  Throughput
length  distance WFA-GPU UPMEM (with transfer) improvement

150 2% 9.09M 12.97TM 1.42 %
5% 5.56M 7.03M 1.27 %

1,000 2% 1.43M 1.10M 0.77 X
5% 370K 434K 1.17 %

10,000 2% 25.0K 66.9K 2.68 X
5% 5.56K 11.81K 2.12%

Observation: PIM outperforms GPU in the majority of cases

Aguado-Puig, Quim, et al. "WFA-GPU: Gap-affine pairwise alignment using GPUs." bioRxiv (2022)
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Using WRAM only vs. WRAM and MRAM for Intermediate Data Structures
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Using WRAM only vs. WRAM and MRAM for Intermediate Data Structures
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Observation #1: For algorithms that use large data structures (NW and SWG), WRAM only does not scale
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Using WRAM only vs. WRAM and MRAM for Intermediate Data Structures

10000
8 4 - WRAM+MRAM
1000 " WRAM Only
100 24 20
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Observation #2: For algorithms that use small data structures (GenASM), WRAM only is better
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Using WRAM only vs. WRAM and MRAM for Intermediate Data Structures
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Observation #3: For algorithms that use medium-sized data structures (WFA, WFA-adaptive),
WRAM only is better for short reads while WRAM+MRAM is better for long reads

WFA Adaptive
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Summary

Sequence alignment is memory-bound on traditional processor-centric systems

overcomes the memory bandwidth bottleneck by placing cores near the
memory

We present , a framework for sequence alignment on real PIM systems
e Supports multiple alignment algorithms: NW, SWG, GenASM, and WFA
* Implemented on UPMEM, the first real PIM system

Results show

AIM is available at: https://github.com/safaad/aim < >



https://github.com/safaad/aim

