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Genome Sequence Alignment

R: AGCCGTG
Q: ATGCGG

● Sequence alignment: Given two sequences, Reference (R) and Query (Q), assign gaps 
(“−”) in R and Q to produce a valid alignment that maximizes the alignment score
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Long Genome Sequence Alignment: Applications  

● Third-generation sequencing technologies
(produce reads of length 10 kb - 4 Mb), leads to 
major breakthroughs in recent past:

Oxford Nanopore Technologies (ONT)

Pacific Biosciences (PacBio)

Marx, Vivien. "Method of the year: long-read sequencing." Nature Methods 20.1 (2023): 6-11.
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Long Genome Sequence Alignment: Applications  

● Third-generation sequencing technologies
(produce reads of length 10 kb - 4 Mb), leads to 
major breakthroughs in recent past:

○ Human Genome Assembly

Nurk, Sergey, et al. "The complete sequence of a human genome." Science 376.6588 (2022): 44-53.
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Long Genome Sequence Alignment: Applications  

● Third-generation sequencing technologies
(produce reads of length 10 kb - 4 Mb), leads to 
major breakthroughs in recent past:

○ Human Genome Assembly
○ Rapid genetic diagnosis

Researchers were able to quickly determine that
Matthew Kunzman's heart failure was the result of a
genetic condition — a finding that cleared the way for
him to be placed on a heart transplant list immediately.
Courtesy of Jenny Kunzman
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● Third-generation sequencing technologies 
(produce reads of length 10 kb - 4 Mb), leads to 
major breakthroughs in recent past:

○ Human Genome Assembly 
○ Rapid genetic diagnosis
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● New insights into the evolution of different 
species through whole genome analysis
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Long Genome Sequence Alignment: Applications 
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● Third-generation sequencing technologies 
(produce reads of length 10 kb - 4 Mb), leads to 
major breakthroughs in recent past:

○ Human Genome Assembly 
○ Rapid genetic diagnosis
○ Characterize structural variations and 

complex regions 

● New insights into the evolution of different 
species through whole genome analysis
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Long Genome Sequence Alignment: Applications

Bottlenecked by 
LGSA
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Broad Classification of Alignment Algorithms

Classical Dynamic Programming (DP) Algorithms
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Non-Classical Algorithms

Ex: Needleman-Wunsch, Smith-Waterman Ex: WFA, O(ND)
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Classical DP based Alignment Algorithms

Classical Dynamic Programming (DP) Algorithms
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Classical DP based Alignment Algorithms
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Non-Classical Alignment Algorithms
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Non-Classical Alignment Algorithms

1. Matrix Fill (Store traceback pointers)
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Non-Classical Alignment Algorithms
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Comparison: Classical-DP and Non-Classical
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Classical Dynamic Programming (DP) Algorithms Non-Classical Algorithms

Ex: Needleman-Wunsch, Smith-Waterman Ex: WFA, O(ND)

Both categories of algorithms produce optimal alignments 

Uniform dependencies
Easier to accelerate

Non-Uniform dependencies
Harder to accelerate

More popular Very Fast for similar sequences
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Full Matrix Sequence Alignment Algorithms
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Ex: WFA

Ex: Needleman-Wunsch
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Banded Sequence Alignment Algorithms 
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Tiling heuristic
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TALCO

GACT-X
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Independent of 
sequence length!
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Architecture Papers Adopting Tiling Heuristics

● GACT – Darwin: A Genomics Co-processor Provides up to 15,000X Acceleration on Long Read Assembly (ASPLOS 2018 Best 
Paper Award)

● GACT-X – Darwin-WGA: A Co-processor Provides Increased Sensitivity in Whole Genome Alignments with High Speedup 
(HPCA 2019)

● GenASM: A High-Performance, Low-Power Approximate String Matching Acceleration Framework for Genome Sequence 
Analysis (MICRO 2020)

● Segram: A universal hardware accelerator for genomic sequence-to-graph and sequence-to-sequence mapping (ISCA 2022)

● Darwin-GPU: GPU acceleration of darwin read overlapper for de novo assembly of long DNA reads (Bioinformatics 2020)

● RAPIDx: High-performance ReRAM processing in-memory accelerator for sequence alignment (TCAD 2023)

● GMX: Instruction Set Extensions for Fast, Scalable, and Efficient Genome Sequence Alignment (MICRO 2023) 

● Scrooge: a fast and memory-frugal genomic sequence aligner for CPUs, GPUs, and ASICs (Bioinformatics 2023)

Lower accuracy imposes challenges for tiling-based accelerators 
to be adopted in critical real-world applications (e.g. medical diagnoses)

Van der Auwera, Geraldine A., et al. "From FastQ data to high‐confidence variant calls: the genome analysis toolkit best practices pipeline." Current protocols in bioinformatics 43.1 (2013

TALCOTALCO: Tiling Genome Sequence Alignment using Convergence of Traceback Pointers 23



Sumit Walia

Outline

● Emergence of Long Genome Sequence Alignment

● Current LGSA algorithms, accelerators and their limitations

● TALCO: A tiling technique based on convergence of traceback pointers 
for long genome sequence alignment 

● Key Contributions and Results

● Conclusion 

TALCOTALCO: Tiling Genome Sequence Alignment using Convergence of Traceback Pointers 24



Sumit Walia

Key Insight: Convergence of Traceback Paths

TALCO (Tiling Long Genome Alignment using Convergence of Traceback Pointers) is based on the 
following observation:

Experiment: Pairwise sequence alignment using Needleman-Wunsch with X-Drop banding

Traceback pointers
Traceback paths
Convergence Point
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TALCO: Tiling technique for long genome alignment

TALCO algorithm has two phases:

1. Stores traceback pointers till 
the Marker

1. Find point of convergence of 
traceback pointers using 
pointer-redirection

TALCO applied to X-Drop Algorithm
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TALCO is on the Pareto Optimal Frontier

● Constant Space complexity

● Guarantees optimality under 
banding constraints 

Hardware 
Friendly 

Not Hardware 
Friendly 

Full MatrixBanded

Previous 
Tiling

TALCO

Pareto Optimal Points
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1. TALCO, guarantees optimality under banding constraints
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Key Contributions and Results
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1. TALCO, guarantees optimality under banding constraints
2. We applied TALCO to X-Drop (TALCO- XDrop) and WFA-

Adapt (TALCO-WFAA)
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Key Contributions and Results
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1. TALCO, guarantees optimality under banding constraints
2. We applied TALCO to X-Drop (TALCO- XDrop) and WFA-

Adapt (TALCO-WFAA)
3. TALCO-WFAA is the first accelerator based on the WFA-

Adapt algorithm capable of performing arbitrary long 
sequence alignments
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Key Contributions and Results
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3. TALCO-WFAA is the first accelerator based on the WFA-

Adapt algorithm capable of performing arbitrary long 
sequence alignments

4. TALCO-XDrop and TALCO-WFAA (software) achieves up to 
39x and 57x improvement in memory footprint, 
respectively, compared to software baselines
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3. TALCO-WFAA is the first accelerator based on the WFA-

Adapt algorithm capable of performing arbitrary long 
sequence alignments
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5. Designed hardware accelerators for TALCO- XDrop and 
TALCO-WFAA
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Key Contributions and Results

TALCO-XDrop hardware design

TALCO-WFAA hardware design
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2. We applied TALCO to X-Drop (TALCO- XDrop) and WFA-

Adapt (TALCO-WFAA)
3. TALCO-WFAA is the first accelerator based on the WFA-

Adapt algorithm capable of performing arbitrary long 
sequence alignments
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TALCO-WFAA
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7. We synthesized TALCO-XDrop and TALCO-WFAA for FPGAs 
available on the Amazon EC2 FPGA instances
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Key Contributions and Results
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https://github.com/TurakhiaLab/TALCO/blob/main/hardware/README.md
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https://github.com/TurakhiaLab/TALCO/

HPCA Artifact Evaluation
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● We present TALCO, a novel tiling technique for long genome sequence alignment
○ Maintains a constant memory footprint
○ Ensures optimal alignments under banding constraints

● We applied TALCO to X-Drop (TALCO-XDrop) and WFA-Adapt (TALCO-WFAA)

● TALCO-XDrop (TALCO-WFAA) software achieve up to 39X (57X) improvement in memory 
footprint for long alignments compared to software baselines

● We present hardware accelerator designs for TALCO-XDrop and TALCO-WFAA

● TALCO-XDrop (TALCO-WFAA) ASIC achieves up to 1,900X (2,000X) improvement in alignment 
throughput/watt over software baselines implementing the same algorithm
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Conclusion
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3. TALCO improves the alignment throughput over state-of-the-art GPU and ASIC baselines that 
implement tiling heuristics by over 50X and 1.1X, respectively.
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Key Results
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Full Matrix Sequence Alignment Algorithms
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Banded Sequence Alignment Algorithms 
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Tiling heuristic
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TALCO on Pareto Plot

● Constant Space complexity
● Guarantees optimality under 

banding constraints (dynamic 
overlap between consecutive tiles)
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3. We implemented TALCO-XDrop and TALCO-WFAA in software, and achieves up to 39x and 
57x improvement in memory footprint, respectively, compared to software baselines
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Key Contributions
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