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 Abstract: Redefining Sequence Alignment on CPUs

Speed
Up to 3.28x throughput speedup

FastAlign

Accuracy

Up to 5.65x cost reduction 100% identical output (vs BWA-MEM)

solution on general-purpose CPU platforms

[FastAIign delivers a high-performance and cost-efficient sequence alighment ]
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- Background: Genomics Influences Our World

Human Genomic Cancer Therapy
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Background: Cost Reduction and Data Growth

Plummeting genome sequencing costs Exponential growth of genomic data
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- Background: Genome Analysis Pipeline

READS

| best practices™ |
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[Read Alignment / Mapping] [Alignment Post ProcessingJ [ Variant Calling ]
Mapping reads to their positions Marking duplicates and Detecting genetic variants
in the reference genome recalibrating base quality scores using analysis-ready reads

Reference genome
Reference genome Reference genome Reference genome ACTGCGTCGAAAT
CGACGA
TGCGAC
—_ — - L GACGAA
—_ —i Removed duplicate read GCGACG
Reads Aligned reads Analysis-ready reads Variant results

Major Bottleneck



Background: Sequence Alignment (Read Alignment)

Reference

Read

Seeds Chains
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Seed-Extension

Seeding




. Motivation: Cost-Efficient Solution =

§ CPU-based BWA-MEM remains the dominant solution
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Our Target: cheap and fast sequence alignment solution on CPUs




- Challenges: Low Memory Efficiency in Seeding Z

m FM-Index processing only one base at a time
m Accessing non-contiguous memory each step

m Sampling storage, real-time rebuilding for not-stored data

Suffix  Burrows- Occurrence | Nextsp= CNT[G] + OCC[0][G] =3  nextsp =CNT[A] + OCC[3][A] =1
Reference (R) Array Wheeler Matrix Table (OCC) Initial Step 1: G Step 2: AG
(SA) BWT
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FM-Index Data Structure for Seeding 5 FM-Index search for query (AG)




Challenges: Load Imbalance in Seed-Extension

m Banded-Smith-Waterman is computing-intensive (quadratic complexity)
m Adjacent queries have highly variable lengths

m Load imbalance for inter-query SIMD parallelization

Query Sequences
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FastAlign: Architecture Overview

Solving challenge-1 Solving challenge-2
Multi-stage seeding Optimized Intra-query
n hybrid-index SIMD parallelization
Input based on hybrid-inde p Output
o Kmer-Index e Dynamic Pruning
Reads in Fastq e Sliding Window SAM Format
Format e FMT-Index (Identical results)

query
AGCCGTG \
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End-to-end, software-only optimization with no need for dedicated hardware accelerators.
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- Opportunity: Hybrid Indexing in Seeding Phase

Stage-1 Stage-2 Stage-3
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~Multi-Stage Seeding with Hybrid Index o

Reference Sequence: AACTCCGCTATCTATCTTTTGTCTAGGTGTAGCTCTCATCTTTATTAGAAAAAGCCATATCCCTA

Kmer-Index FMT-Index Direct-Index
_Key Value SAAC SAACT
| AAAA 1 : Reference: ATCTATCTT
o | i | AT e et (AT C g x
-------------------- - - (Y X] _________-’ 1.
:r ----------- > ATCT '] | | LT ATC Te at 1 step ATCTC Seed-1: ATCTATCTA
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Look up seeds in Kmer-Index Extend seeds with FMT-Index Compare with Reference



FMT-Index: Improve Seeding Performance

Standard FM-Index in memory

Sampled Data Non-contiguous memory access causes poor cache hit rates
|
! ocC BWT | ,/
TGC..AC GAC..AA
\\\\_’//ﬂ )

1
Counting range

FastAlign FMT-Index in memory

OCC and TOCC TBWT MOCC TBWT

TGC...AC ACG..TC
GCC..TA TGG..CA

Counting range

m 50% reduction in random accesses via TOCC and TBWT

s MOCC significantly reduces counting operations

s FMT-Index remains low memory usage
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- Opportunity: Intra-query Parallelization in Seed-Extension

m Less load imbalance from query length variation

m Element-wise operations impact the performance

Query Sequences 5 T G T T A C
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m Observation: Scores in the traceback path must be non-zero in BWA-MEM extension phase

- Dynamic Pruning: Reduce Computation Scope

m Optimization: Reduce the computation scope along the anti-diagonal after each round.
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Sliding Window: Eliminate redundant computation

m Observation: In most rounds (>60%), no maximum value update

m Optimization: Sliding-Window maximum tracking and unnecessary update avoidance
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Evaluation Methodology e

] Experimental Setup:

o CPU (AMD EPYC 7702 64-Core Processor with 256 GB of RAM)
o GPU (NVIDIA v100)

] Datasets:

o Six experimental human datasets (from NCBI)

Label Type Len  #Reads Source

D1 WES 144bp 1.1x10% SRR25735653
D2 WGS 101bp 1.5x10° ERR194147

D3  WGS 150bp 1.0x10° SRR25735658
D4  WES 150bp 1.2x10% SRR25735654
D5 WGS 150bp 3.0x10% ERR9129380
D6  WES 145bp 1.8x10® SRR8381429

] Baselines:
o BWA-MEM!BIO'10l B\WA-MEM?2 [IPPPS'19]  ERT-BWA-MEM [SCA21] BWA-MEME [B10°21]
BWA-MEM-SCALE ['cPP'22] ' BWA-GPU [IC5'23]



Key Results — Performance

B BWA-MEM B BWA-MEM2 O ERT-BWA-MEM?2 O BWA-MEME

B BWA-MEM-SCALE B BWA-GPU O FastAlign
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[ FastAlign achieves up to 2.69x%, 2.54x%, 2.90x, 2.93x%, 2.27x, and 3.28x speedup, respectively ]




 Key Results — Cost

B BWA-MEM B BWA-MEM?2 O ERT-BWA-MEM?2 O BWA-MEME
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[ FastAlign achieves up to 2.69x%, 2.54x, 4.30x, 4.24x%, 4.07%, and 5.65x cost reduction, respectively. ]




Key Results — Seeding

S B FM-Index @ Hybrid-Index(FMT)
f,i O Hybrid-Index(Kmer+ FMT) @ Hybrid-Index(Kmer+ FMT + Direct)
= The ablation £ o o
results for the =
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FastAlign achieves up to 3.67x%, 2.47x, 11.11x, 4.96x%, and 18.92x speedup, respectively.



Key Results — Seed-Extension

EBWA-MEM BSW O FastAlign BSW O +Dynamic Pruning O +Sliding Window

160

= The ablation results § ™ 0
for the seed- s ¥
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= <30 30-60 60-90 >90
Query Length
B BWA-MEM O BWA-MEM2 O FastAlign
‘g‘ 1800
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S 300
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[ FastAlign achieves up to 4.44x and 4.77x throughput speedup, respectively in seed-extension phase. }




Conclusion
Speed
Up to 3.28x throughput speedup
FastAlign
'd%f—hﬁ“
Cost wj; : Accuracy
Up to 5.65x cost reduction 100% identical output (vs BWA-MEM)
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Open-source at https://github.com/zzhofict/BWA-FastAlign
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