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Genome graphs: u Mia!::ping thn_a reads to a reference genome (i.e., read mapping) is a Linear ’j:;:;j O AT e S ] PJ;:;;?E;;IHQ} i}‘:f.:.:;izsi{_———____Hup Based on our analysis with GraphAligner and vg: SW
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v Genome graph Observation 1: Alignment stepis the bottleneck

variationsin the entire population as a graph-based data structure Linear Reference: ACGTACGT Graph-based Reference: variations
Read: ACGG
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Indexing ]

{index the nodes of the graph)

Observation 2: Alignment suffersfrom high cache miss rates
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RH:_? Observation 3: Seeding suffers from the DRAM latency bottleneck

Query _|

- Enable us to move away from aligning with asingle linear reference
Hash-table-based index (of graph nodes) read
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genome (reference bias) and more accurately express the genetic Alternative Sequence: ACGGACGT

diversity in a population Alternative Sequence: ACGTTACGT tﬁﬁ;”;_’P (quewthelndgceﬂﬁndditr:-geed _ ] Sequence-to-Graph (S2G) Alignment Observation 4: Baseline tools scale sublinearly
Sequence #1: ACGTACGT i B s S L LA L O Read: ACGG genome l Candidate mapping locations (subgraphs)
Sequence #2: ACGGACGT Sequence-to-Sequence (525) Mappingd h Sequence-to-Graph (52G) Mﬂppingd P {E:!E::Lzﬁn{ﬁ.!:?.:z:EE:EL‘::;;:EE} ] In contrast to 525 EIIQI"I FI:IEHI:, . Observation 5: Existing S25 mapping accelerators are unsuitable HW
Sequence #3: ACGTTACGT Sequence-to-graph mapping resultsin notable quality improvements. 1 Remaining candidate mapping locations (subgraphs) 52G alignment must incorporate .nun-nmghl.mrmg characters forthe S2G mappingproblem
Sequence #4: ACGACGT However, itis a more difficult computational problem, [o {Fmrmdifiﬂigtimﬁﬁtmmm ] as well \.Il.rhenex.fer there is an edge (i.e., hop) Observation 6: Existing graph accelerators are unable to handle
with no prior hardware design. 7 Seed-and-Extend from the non-neighboring characterto the current character S2G alignment
Optimal alignment between read & subgraph Steps (Online)

SeGraM: First Graph Mapping Accelerator ~ SeGraM Hardware Design MinSeed HW BitAlign HW Overall System Design of SeGraM

- : - MinSeed = 3 computation modules + 3 scratchpads + memory interface : : :
Our Goal: Specialized, high-performance, scalable, and low-cost Main Memory (graph-based reference & index) P - Y J Linear cyclic systolic array-based accelerator
algorithm/hardware co-design that alleviates bottlenecksin Jregquences ; SRS —graph nodes o Computation modules: Implemented with simple logic ) Based on the GenASM hardware design* __High Bandwidth Memory (HBM2E) Stack _
multiple steps of sequence-to-graph mappin - PR R RS A o Scratchpads: 50kB in total; employ double buffering technique to : : :
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SeGraM: First universal algorithm/hardware co-designed genomic mapping HE sermtehpad | £ 3 o 1 o High-Bandwidth Memory (HBM): Enables low-latency and
acceleratorthat can support I:llﬂth sequence-to-graph mapping and — e ‘ highly-parallel memory access Sivector ‘ _ Bveco | LLLLL o [ e e e e e
sequence-to-sequence mapping, for both short and long reads . —
HeplueusRegiter, HopQOueueRegister, HopQueusReglster, ., Host X 4
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J We propose a novel bitvector-based alignment algorithm to perform query k-mers : 1 ﬂc‘Fr"‘H :""‘rpcf .
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: _ : . _ @ aptimal alignment information SeGraM Accelerater | r [<7) =) e b HopBits e b SeGraM Module (1 x per HEMZE stack)
3 Wg rtcu-dealgn both algorithms with high-performance, scalable, and MinGeed: first harduare BitAlign: first hardware s | T
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Minimizer-based Seeding sequence-to-graph Alignment il it Genome Sequence Analysis” (MICRO™20)

Use Cases of SeGraM Key Results — SeGraM with Long Reads  Key Results — SeGraM with Short Reads Key Results — BitAlign (S2G Alignment)  Key Results — BitAlign (525 Alignment)

(1) 5equence-tu-Graph @ GraphAligner Svg 0 5eGraM B GraphAligner dvg OSeGraM @ PaSGAL O BitAlign J BitAlign can also be used for sequence-to-sequence alignment
) MS — BA 3 1E+03 : g 1E+07 | 1E+06 : - Th t of functionalitv: extra h <t
Mapping $ | : £ 16w I — 16405 I . o The cost of more functionality: extra hop queue registers
E 1E+02 I E 1E+05 -E- 1E+04 i I o We do not sacrifice any performance
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(2) Sequence-to-Graph ;gfhnri_ BA - i g 1803 5 1602 : O For long reads (over GACT of Darwin and GenASM):
i i er, E, ! § 16002 ! = i
Alignment bommnees g | R i g 1E+01 | o 4.8x and 1.2x throughput improvement,
i g i 1E+00 ' . |
________ 100 PacBio - 5% PacBio-10%  ONT-5% ONT-10% |, Average T lllumina - 100bp  Illumina - 150bp  Illumina-250bp |  Average ' LRC-L1 MHC1-M1 LRC-L2 MHC1-M2 | Average o 2.7x and 7.5x hlg her power consumption, and
(3} SE UE“EE_tﬂ_ SE UE“EE i MS ﬂr-! (100bp x 317.6K reads) (100bp x 497K reads)  [10kbp x 3.2K reads) (10kbp x 4.9K reads) :
q q ! Other ] BA i 1 _ | Short Reads . Long Reads ‘ o 1.5x and 2.6x higher area overhead
Alignment SeGraM provides 5.9x and 3.9x throughput improvement SeGraM provides 106x and 742x throughput improvement , ,
over GraphAligner and vg, over GraphAligner and vg, B Al os A1x.530 . . (d For short reads (over SillaX of GenAx and GenASM):
P g . . . . . . I IgNn proviaes 4 1x- X speeaup over rra .
(4) Seeding MS |—— BAor while reducing the power consumption by 4.1x and 4.4x while reducing the power consumption by 3.0x and 3.2x gnp P P o 2.4x% and 1.3x throughput improvement
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Evaluation Methodology Key Results — Area & Power Additional Details in the Paper

SeGraM [ISCA 2022]—Paper & Talk ~ SeGraM —Source Code & Datasets
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- Performance, Area and Power Analysis: 1 Based on our synthesis of MinSeed and BitAlign accelerator datapaths

J Comparison of GenASM and SeGraM ISCA'22 Paper ISCA'22 Talk https://qithub.com/CMU-SAFARI/SeGraM
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