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Biological Sequences: The Language of Life
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DNA Sequences

Image source: Wikipedia, National Human Genome Research Institute

RNA Sequences Protein Sequences
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Explosion of Biological Sequence Data
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Biological Sequence Comparison
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Compare sequences to form trees

ATGCTACGATCCGTAT--ACGCACA---GGTTTCAGAC
ATGGTATGATACGTACCTACGCACA---AGTATCAGAC
ATCCTACGTTTCGTATT-ATGCATA---GGTCTTAGAT
ATGATACAGCTCGTATATACGCACACATGGTTACAGGC

S1

S2

S3

S4
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Human Ancestry

Image source: https://kaiserscience.wordpress.com/biology-the-living-environment/classification/classifying-
groups-of-humans/

Biological Sequence Comparison
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Human Ancestry Evolutionary Biology
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Image source: Zhang et al, Springer Nature Link (2012)

Homology Detection

Biological Sequence Comparison
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Homology Detection Genome Assembly

Image source: Zhang et al, Springer Nature Link (2012), avantonder.github.io

Biological Sequence Comparison
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Signal Comparison in Bioinformatics
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Introduction to Sequence Alignment
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Image source: An eBook on Practical Bioinformatics

Pairwise 

Sequence 

Alignment

Input 

Sequences

• S q                           

  q      alignment
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Introduction to Sequence Alignment
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Matches MatchesMatches

Mismatches/

Substitutions
Gaps/Indels

Image source: An eBook on Practical Bioinformatics

Pairwise 

Sequence 

Alignment

Input 

Sequences

• Sequence comparison relies on 

sequence alignment

• Goal 
• Maximize matches

• Minimize mismatches or 

substitutions

 

• Insert gaps (insertions/deletions) 

to maximize alignment score
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Introduction to Sequence Alignment
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Multiple 

Sequence 

 lignment

Pairwise 

Sequence 

Alignment

Input 

Sequences

Image source: An eBook on Practical Bioinformatics

ATGCTACGATCCGTAT--ACGCACA---GGTTTCAGAC
ATCCTACGTTTCGTATT-ATGCATA---GGTCTTAGAT
ATGATACAGCTCGTATATACGCACACATGGTTACAGGC
ATGGTATGATACGTACCTACGCACA---AGTATCAGAC

Seq1

Seq2

Seq3

Seq4

• Sequence comparison relies on 

sequence alignment

• Goal 
• Maximize matches

• Minimize mismatches or 

substitutions

 

• Insert gaps (insertions/deletions) 

to maximize alignment score

• We align pair of sequences or 

multiple sequences
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Sequence Alignment at Scale

• AlphaFold predicts 3-D protein structures from 
sequences
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AlphaFold2 Architecture
Image source: Jumper et al, Nature (2021) 

Nobel Prize in 

Chemistry 2024
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Sequence Alignment at Scale

•  lphaFold          3                           
  q      
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AlphaFold2 Architecture

• Performs multiple sequence alignment 
(MSA) at scale

Image source: Jumper et al, Nature (2021) 

Nobel Prize in 

Chemistry 2024
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The Algorithm behind Sequence Alignment: 
2D Dynamic Programming (DP)
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Compare 

two input 

sequences

A C G

G A C

I           : K H’        CB2442, Bioinformatics
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The Algorithm behind Sequence Alignment: 
2D Dynamic Programming (DP)
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Initialization

Compare 

two input 

sequences

A C G

G A C

I           : K H’        CB2442, Bioinformatics

Equations
F(0,j) = -j*d where j ∈ 0 … 𝑁
F(i,0) = -i*d where i ∈ 0 … 𝑀
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The Algorithm behind Sequence Alignment: 
2D Dynamic Programming (DP)
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Initialization Scoring

Compare 

two input 

sequences

Equations

A C G

G A C

I           : K H’          2442,               

F(0,j) = -j*d where j ∈ 0 … 𝑁
F(i,0) = -i*d where i ∈ 0 … 𝑀

F(i,j) = max
F(i-1,j-1) + S(xi,yj)

F(i-1,j) + d
F(i,j-1) + d

where i ∈ 0 … 𝑁  and j ∈ 0 … 𝑀  

{
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The Algorithm behind Sequence Alignment: 
2D Dynamic Programming (DP)
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Initialization Scoring Traceback

A C G

G A C

Compare 

two input 

sequences

Alignment 

Output

_ A C G

G A C _

I           : K H’        CB2442, Bioinformatics

Equations
F(0,j) = -j*d where j ∈ 0 … 𝑁
F(i,0) = -i*d where i ∈ 0 … 𝑀

F(i,j) = max
F(i-1,j-1) + S(xi,yj)

F(i-1,j) + d
F(i,j-1) + d

where i ∈ 0 … 𝑁  and j ∈ 0 … 𝑀  

{
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Examples of DP Paradigm
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Needleman-Wunsch Algorithm (Global Alignment)

F(0,j) = -j*d where j ∈ 0 … 𝑁
F(i,0) = -i*d where i ∈ 0 … 𝑀

F(i,j) = max
F(i-1,j-1) + S(xi,yj)

F(i-1,j) + d
F(i,j-1) + d

where i ∈ 0 … 𝑁  and j ∈ 0 … 𝑀  

{
Scoring:

Initialization:

Traceback:
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Hardware Acceleration of DP in Bioinformatics

• Many hardware accelerators for dynamic programming algorithms exists

• Typically based on 1-D systolic array architecture

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

Image source: Turakhia et al, ASPLOS (2018)
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Outline
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One Paradigm, Many Applications
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Global Alignment

I           :   S ’         E E 284

F(0,j) = -j*d where j ∈ 0 … 𝑁
F(i,0) = -i*d where i ∈ 0 … 𝑀

F(i,j) = max
F(i-1,j-1) + S(xi,yj)
F(i-1,j) + d
F(i,j-1) + d

where i ∈ 0 … 𝑁  and j ∈ 0 … 𝑀  

{
S      :

Initialization:

Traceback:
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F(0,j) = 0
F(i,0) = 0

One Paradigm, Many Applications
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Global Alignment

I           :   S ’         E E 284

F(i,j) = max
F(i-1,j-1) + S(xi,yj)
F(i-1,j) + d
F(i,j-1) + d

where i ∈ 0 … 𝑁  and j ∈ 0 … 𝑀  

{
Scoring:

Initialization:

Traceback:

I       z     :
Modify initialization 

scores

F(0,j) = -j*d where j ∈ 0 … 𝑁
F(i,0) = -i*d where i ∈ 0 … 𝑀

Differences are highlighted in 

25



0
F(i-1,j-1) + S(xi,yj)
F(i-1,j) + d
F(i,j-1) + d

One Paradigm, Many Applications
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Global  lignment

I           :   S ’         E E 284

F(0,j) = -j*d where j ∈ 0 … 𝑁
F(i,0) = -i*d where i ∈ 0 … 𝑀

F(i,j) = max
F(i-1,j-1) + S(xi,yj)
F(i-1,j) + d
F(i,j-1) + d

where i ∈ 0 … 𝑁  and j ∈ 0 … 𝑀  

{
Scoring:

I       z     :

Traceback:

F(i,j) = max

where i ∈ 0 … 𝑁  and j ∈ 0 … 𝑀  

{
Scoring:Modify scoring 

function

Differences are highlighted in 
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One Paradigm, Many Applications
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Global Alignment

I           :   S ’         E E 284

F(0,j) = -j*d where j ∈ 0 … 𝑁
F(i,0) = -i*d where i ∈ 0 … 𝑀

F(i,j) = max
F(i-1,j-1) + S(xi,yj)
F(i-1,j) + d
F(i,j-1) + d

where i ∈ 0 … 𝑁  and j ∈ 0 … 𝑀  

{
Scoring:

Initialization:

Traceback: Traceback:Modify traceback 

start and end points

Differences are highlighted in 
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One Paradigm, Many Applications
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Global Alignment

I           :   S ’         E E 284

F(0,j) = -j*d where j ∈ 0 … 𝑁
F(i,0) = -i*d where i ∈ 0 … 𝑀

F(i,j) = max
F(i-1,j-1) + S(xi,yj)
F(i-1,j) + d
F(i,j-1) + d

where i ∈ 0 … 𝑁  and j ∈ 0 … 𝑀  

{
Scoring:

Initialization:

Traceback:

Local Alignment

F(0,j) = 0
F(i,0) = 0

F(i,j) = max

0
F(i-1,j-1) + S(xi,yj)
F(i-1,j) + d
F(i,j-1) + d

where i ∈ 0 … 𝑁  and j ∈ 0 … 𝑀  

{
Scoring:

Initialization:

Traceback:
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One Paradigm, Many Applications

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

Global Alignment Local Alignment

I           :   S ’         E E 284

F(0,j) = -j*d where j ∈ 0 … 𝑁
F(i,0) = -i*d where i ∈ 0 … 𝑀

F(i,j) = max
F(i-1,j-1) + S(xi,yj)
F(i-1,j) + d
F(i,j-1) + d{

S      :

Initialization:

Traceback:

F(0,j) = 0
F(i,0) = 0

F(i,j) = max

0
F(i-1,j-1) + S(xi,yj)
F(i-1,j) + d
F(i,j-1) + d
{

Scoring:

I       z     :

Traceback:
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One Paradigm, Many Applications
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Global Alignment Local Alignment Semi-Global Alignment

I           :   S ’         E E 284

F(0,j) = -j*d where j ∈ 0 … 𝑁
F(i,0) = -i*d where i ∈ 0 … 𝑀

F(i,j) = max
F(i-1,j-1) + S(xi,yj)
F(i-1,j) + d
F(i,j-1) + d{

Scoring:

Initialization:

Traceback:

F(0,j) = 0
F(i,0) = 0

F(i,j) = max

0
F(i-1,j-1) + S(xi,yj)
F(i-1,j) + d
F(i,j-1) + d
{

Scoring:

Initialization:

Traceback:

F(0,j) = 0
F(i,0) = 0

F(i,j) = max
F(i-1,j-1) + S(xi,yj)
F(i-1,j) + d
F(i,j-1) + d{

Scoring:

Initialization:

Traceback:
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One Paradigm, Many Applications
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Global Alignment Local Alignment Semi-Global Alignment

I           :   S ’         E E 284

F(0,j) = -j*d where j ∈ 0 … 𝑁
F(i,0) = -i*d where i ∈ 0 … 𝑀

F(i,j) = max
F(i-1,j-1) + S(xi,yj)
F(i-1,j) + d
F(i,j-1) + d{

Scoring:

Initialization:

Traceback:

F(0,j) = 0
F(i,0) = 0

F(i,j) = max

0
F(i-1,j-1) + S(xi,yj)
F(i-1,j) + d
F(i,j-1) + d
{

S      :

Initialization:

Traceback:

F(0,j) = 0
F(i,0) = 0

F(i,j) = max
F(i-1,j-1) + S(xi,yj)
F(i-1,j) + d
F(i,j-1) + d{

Scoring:

I       z     :

Traceback:

Overlap Alignment

F(i,j) = max
F(i-1,j-1) + S(xi,yj)
F(i-1,j) + d
F(i,j-1) + d{

Scoring:

Initialization:

        k:

F(0,j) = 0
F(i,0) = 0
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Global Alignment Local Alignment Semi-Global Alignment

I           :   S ’         E E 284

F(0,j) = -j*d where j ∈ 0 … 𝑁
F(i,0) = -i*d where i ∈ 0 … 𝑀

F(i,j) = max
F(i-1,j-1) + S(xi,yj)
F(i-1,j) + d
F(i,j-1) + d{

Scoring:

Initialization:

Traceback:

F(0,j) = 0
F(i,0) = 0

F(i,j) = max

0
F(i-1,j-1) + S(xi,yj)
F(i-1,j) + d
F(i,j-1) + d
{

Scoring:

Initialization:

Traceback:

F(0,j) = 0
F(i,0) = 0

F(i,j) = max
F(i-1,j-1) + S(xi,yj)
F(i-1,j) + d
F(i,j-1) + d{

Scoring:

Initialization:

Traceback:

Overlap Alignment

F(i,j) = max
F(i-1,j-1) + S(xi,yj)
F(i-1,j) + d
F(i,j-1) + d{

Scoring:

Initialization:

Traceback:

F(0,j) = 0
F(i,0) = 0

Applications:

Whole genome alignment

Applications:

Homology detection

 pplications:

S                   

Applications:

Genome Assembly

Differences are highlighted in 
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One Paradigm, Many Applications

Variations in Sequence Alphabets

DP Matrix

Q    

R
e
fe

re
n
c
e
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One Paradigm, Many Applications

Variations in Sequence Alphabets

1. DNA Sequence Alignment

 P M     

A
T
G
C
T
A
C
G
A
T
C

A T G T A C G T C

Query

R
e
fe

re
n
c
e

34



DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

One Paradigm, Many Applications

Variations in Sequence  lphabets

1.     Sequence  lignment

DP Matrix

Query

R
e
fe

re
n
c
e

35



DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

One Paradigm, Many Applications

M L A D F R - L Q V K N

M L A D - R Q L N V K -

Variations in Sequence Alphabets

1. DNA Sequence Alignment

2. Protein Sequence Alignment

DP Matrix

M
L
A
D
F
R
L
Q
V
K
N

M L A D R Q L N V K 

Query

R
e
fe

re
n
c
e
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One Paradigm, Many Applications

Variations in Sequence Alphabets

1. DNA Sequence Alignment

2. Protein Sequence Alignment

DP Matrix

Query

R
e
fe

re
n
c
e

37



DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

One Paradigm, Many Applications

Variations in Sequence Alphabets

1. DNA Sequence Alignment

2. Protein Sequence Alignment

3. Raw Signal Alignment

DP Matrix

(1.2 + 0.3𝑖) (1.5 + 0.4𝑖) (0.9 + 0.2𝑖) (1.8 + 0.5𝑖)

1.2 + 0.3𝑖  −− − (0.95 + 0.25𝑖) (1.8 + 0.52𝑖)

Query

R
e
fe

re
n
c
e
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One Paradigm, Many Applications

Variations in Sequence Alphabets

1. DNA Sequence Alignment

2. Protein Sequence Alignment

3. Raw Signal Alignment

DP Matrix

Query

R
e
fe

re
n
c
e
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One Paradigm, Many Applications

Variations in Sequence Alphabets

1. DNA Sequence Alignment

2. Protein Sequence Alignment

3. Raw Signal Alignment

4. Profile Alignment
DP Matrix

Query

R
e
fe

re
n
c
e

Col: 1 2 3 4
A  [ 0.8,  0.1,  0.0,  0.7 ]
C  [ 0.1,  0.6,  0.1,  0.1 ]
G  [ 0.1,  0.2,  0.8,  0.1 ]
T  [ 0.0,  0.1,  0.1,  0.1 ]

Col: 1 2 3
A  [ 0.7,  0.2,  0.6 ]
C  [ 0.2,  0.5,  0.1 ]
G  [ 0.1,  0.2,  0.2 ]
T  [ 0.0,  0.1,  0.1 ]

Profile 1 P       2

P
ro

fi
le

 1

Profile 2
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One Paradigm, Many Applications
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F(i,j) = max
F(i-1,j-1) + S(xi,yj)
F(i-1,j) + d
F(i,j-1) + d

where i ∈ 0 … 𝑁  and j ∈ 0 … 𝑀  

{
Scoring:

Variations in Scoring 

functions
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F(i,j) = max
F(i-1,j-1) + S(xi,yj)
F(i-1,j) + d
F(i,j-1) + d

where i ∈ 0 … 𝑁  and j ∈ 0 … 𝑀  

{
Scoring:

F(i,j) = max
F(i-1,j-1) + S(xi,yj)
Ix(i,j)
Iy(i,j){

Ix(i,j) = max
Ix(i-1,j) + gapextend
F(i-1,j) + gapopen{

Iy(i,j) = max
Iy(i,j-1) + gapextend
F(i,j-1) + gapopen{

Global Alignment with 

Affine Gap Penalty

Variations in Scoring 

functions
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One Paradigm, Many Applications
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F(i,j) = max
F(i-1,j-1) + S(xi,yj)
F(i-1,j) + d
F(i,j-1) + d

where i ∈ 0 … 𝑁  and j ∈ 0 … 𝑀  

{
Scoring:

F(i,j) = max
F(i-1,j-1) + S(xi,yj)
Ix(i,j)
Iy(i,j){

Ix(i,j) = max
Ix(i-1,j) + gapextend
F(i-1,j) + gapopen{

Iy(i,j) = max
Iy(i,j-1) + gapextend
F(i,j-1) + gapopen{

                 w    

           P      

Variations in Scoring 

functions

Vm(i,j) = P(xi,yj)*max
(1-e)*Vj(i-1,j-1)
(1-e)*Vi(i-1,j-1)
(1-2d)*Vm(i-1,j-1)
{

Vj(i,j) = Q(yj)*max
d*Vm(i,j-1)
e*Vj(i,j-1){

Vi(i,j) = Q(xi)*max
d*Vm(i-1,j)
e*Vi(i-1,j){ Viterbi Algorithm

43



One Paradigm, Many Applications
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F(i,j) = max
F(i-1,j-1) + S(xi,yj)
F(i-1,j) + d
F(i,j-1) + d

where i ∈ 0 … 𝑁  and j ∈ 0 … 𝑀  

{
Scoring:

F(i,j) = max
F(i-1,j-1) + S(xi,yj)
Ix(i,j)
Iy(i,j){

Ix(i,j) = max
Ix(i-1,j) + gapextend
F(i-1,j) + gapopen{

Iy(i,j) = max
Iy(i,j-1) + gapextend
F(i,j-1) + gapopen{

Global Alignment with 

Affine Gap Penalty

Variations in Scoring 

functions

Vm(i,j) = P(xi,yj)*max
(1-e)*Vj(i-1,j-1)
(1-e)*Vi(i-1,j-1)
(1-2d)*Vm(i-1,j-1)
{

Vj(i,j) = Q(yj)*max
d*Vm(i,j-1)
e*Vj(i,j-1){

Vi(i,j) = Q(xi)*max
d*Vm(i-1,j)
e*Vi(i-1,j){ V                

S(i,j) = dist(Qi,Rj)+
min {Si-1,j, Si-1,j-1, Si,j-1} Dynamic Time Warping
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Sl No. Input 

Alphabets

Kernels State-of-the-art Tools Applications Modifications in DP-

HLS

1 DNA Global Linear Alignment BLAST, EMBOSS 

Stretcher

Similarity Search N/A

2 DNA Global Affine Alignment BLAST, EMBOSS 

Needle

Accurate Similarity 

Search

Scoring

3 DNA Local Linear Alignment BLAST, FASTA, BLAT Homology Search Scoring, Initialization 

and Traceback

4 DNA Local Affine Alignment BLAST, LASTZ Whole Genome Alignment Scoring, Initialization 

and Traceback

5 DNA Global Two-piece Affine 

Alignment

Minimap2 Long Genome Alignment Scoring

6 DNA Overlap Alignment CANU, Flye Genome Assembly Initialization and 

Traceback

7 DNA Semi-global Alignment BWA-MEM Short Read Alignment Initialization and 

Traceback

List of 2-D DP Kernels for Diverse Applications
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Existing Approaches

• Custom  TL           w                

• High-level Synthesis (HLS)                 

• Software programmable             

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

2-D DP programmability 

+ variations

FPGA

Existing 

approaches
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Existing Approaches

• Custom RTL based hardware acceleration

• High-level Synthesis (HLS) based approaches

• Software programmable accelerators
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2-D DP programmability 

+ variations

FPGA

Existing 

approaches

48



Hardware Acceleration in Bioinformatics

• List of some hardware accelerators for 2-D DP kernels targeting specific applications
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alignments with high speedup,”    2019 IEEE I             S        

   H    P                                 (HP  ). IEEE, 2019,   .
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[Online].
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Hardware Acceleration in Bioinformatics

• List of some hardware accelerators for 2-D DP kernels targeting specific applications
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X. Fei, Z. Dan, L. Lina, M. Xin, and Z. Chunlei, “Fpgasw: accelerating

large-scale smith–waterman sequence alignment application with

backtracking on fpga linear systolic array,” I                 S       :

Computational Life Sciences, vol. 10, pp. 176–188, 2018.

Y. Turakhia,  .   j     ,     W. J.      , “Darwin: A genomics co-

processor provides up to 15,000 x acceleration on long read assembly,”

ACM SIGPLAN Notices, vol. 53, no. 2, pp. 199–213, 2018.

Y. Turakhia, S.  .     k ,  .   j     ,     W. J.      , “Darwin-

wga: A co-processor provides increased sensitivity in whole genome

alignments with high speedup,”    2019 IEEE I             S        

on High Performance Computer Architecture (HPCA). IEEE, 2019, pp.

359–372.

Accelerates Smith Waterman Kernel

            S     W        K      w    

      

Accelerates X-drop (adaptive banding) 

with tiling

50



Hardware Acceleration in Bioinformatics

• List of some hardware accelerators for 2-D DP kernels targeting specific applications
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on High Performance Computer Architecture (HPCA). IEEE, 2019, pp.
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ence on Field-Programmable Logic and Applications (FPL). IEEE, 2021,

pp. 151–159.

D. Fujiki, S. Wu, N. Ozog, K. Goliya, D. Blaauw, S. Narayanasamy,

     .    , “Seedex: A genome sequencing accelerator for optimal

alignments in subminimal space,”    2020 53          IEEE/  M

International Symposium on Microarchitecture (MICRO), 2020, pp. 937–

950.

T. Dunn, H. Sadasivan, J. Wadden, K. Goliya, K.-Y. Chen, R. Das,
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for Portable Virus Detection,” S  . 2021,   X v:2108.06610 [q-bio].

[Online].
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• Typically designed for one or a few fixed 
applications

• Implementations rely on low-level hardware 
description languages (Ex: Verilog, VHDL)

• Any algorithmic change require months of 
manual implementation effort

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

Limitations to Existing Hardware Approaches
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Existing Approaches

• Custom RTL based hardware acceleration

• High-level Synthesis (HLS) based approaches

• Software programmable accelerators

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

2-D DP programmability 

+ variations

FPGA

Existing 

approaches
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• HLS enables C/C++ to hardware

• Reduces hardware implementation effort 
from months to weeks

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

High-Level Synthesis (HLS)

C/C++ Code

HLS tool

Verilog
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• HLS enables C/C++ to hardware

• Reduces hardware implementation effort 
from months to weeks

• HLS does not automatically guarantee 
efficiency

• Achieving RTL-like performance still requires:

• Careful usage of pragmas

• Hardware expertise

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

High-Level Synthesis (HLS)

Efficiency on FPGA

HLS based 

Approaches
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Existing Approaches

• Custom RTL based hardware acceleration

• High-level Synthesis (HLS) based approaches

• Software programmable accelerators

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

2-D DP programmability 

+ variations

FPGA

Existing 

approaches
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• Key idea

• Fixed hardware architecture

• Software-programmable instruction set

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

Software-Programmable Accelerator
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• Key idea

• Fixed hardware architecture

• Software programmable instruction set

• Example: GenDP

• DP kernels maps on programmable PE array

• Provides flexibility using GenDP ISA

• Fixed hardware architecture with flexible PE 
interconnects

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

Software-Programmable Accelerator

Image source: Gu et al, ISCA (2023)

DPAx Architecture

GenDP Control ISA
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• K       

• F         w                

• S   w                                

• E      : Gen P

•  P k                            PE      

• Provides flexibility       Gen P IS 

• F         w                 w    flexible PE 
interconnects

• Overheads from instruction fetch and 
decode

• Loses performance for programmability
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Software-Programmable Accelerator

Efficiency on FPGA

HLS based 

Approaches
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Existing Approaches

• Custom RTL based hardware acceleration 

• High-level Synthesis (HLS) based approaches

• Software programmable accelerators

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

Efficiency on FPGA

HLS based 

Approaches
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Existing Approaches

• Custom RTL based hardware acceleration 

• High-level Synthesis (HLS) based approaches

• Software programmable accelerators

• Ideal accelerator should offer:

• Algorithmic flexibility

• Near custom RTL efficiency

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

Efficiency on FPGA

HLS based 

Approaches

No existing approaches are both 
highly flexible and most efficient
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Objective

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

Develop a framework, which is:

Efficiency on FPG 

HLS based 

Approaches
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No existing approaches are both 
highly flexible and most efficient
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Objective

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

Develop a framework, which is:

• Highly programmable to define any new 2-D 

DP kernel

Efficiency on FPGA

HLS based 

Approaches
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Custom RTL

No existing approaches are both 
highly flexible and most efficient
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Objective

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

Develop a framework, which is:

• Highly programmable to define any new 2-D 

DP kernel

• Create efficient hardware designs on FPGA

Efficiency on FPGA

HLS based 

Approaches

P
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Custom RTL

No existing approaches are both 
highly flexible and most efficient

Software 

Programmable 

Accelerator
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Objective

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

Develop a framework, which is:

• Highly programmable to define any new 2-D 

DP kernel

• Create efficient hardware designs on FPGA

• No hardware expertise needed

Efficiency on FPGA

HLS based 

Approaches

S   w    

P            

           

P
ro

g
ra

m
m

a
b

il
it

y
/ 

P
ro

d
u

c
ti

v
it

y

Custom RTL

No existing approaches are both 
highly flexible and most efficient
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Outline

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

• Dynamic Programming (DP) in Bioinformatics

• DP Algorithmic Variations and Hardware Accelerators

• DP-HLS Framework

• Key Contributions and Results

• Conclusion and Future Applications
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DP-HLS: A New Abstraction Layer

• Key insight: Broad class of 2-D DP algorithms maps to the same hardware primitive (linear 

systolic arrays)
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DP-HLS: A New Abstraction Layer

• Key insight: Broad class of 2-D DP algorithms maps to the same hardware primitive (linear 

systolic arrays)

• Introduces a layer of abstraction in the HLS flow

2-D DP 

programmability + 

variations

S                    

    w                

Vitis HLS-based abstraction layer

FPGA

User

DP-HLS Front-end 

(C/C++ based 

customizable API)

DP-HLS Back-end 

(contains pre-defined 

HLS optimization 

directives)
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DP-HLS: Front-End Design

2-D DP 

programmability + 

variations

Systolic-array based 

hardware architecture

Vitis HLS-based abstraction layer

FPGA

User

DP-HLS Front-end 

(C/C++ based 

customizable API)

DP-HLS Back-end 

(contains pre-defined 

HLS optimization 

directives)

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

• Customizable front-end with 2-D DP algorithmic specifications → provides flexibility

• Users can define new kernels in C++ without HLS or hardware design expertise

• User can provide their own custom function along with parametric configuration 
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DP-HLS: Back-End

• Unified back-end with hardware-specific HLS directives → provides efficiency

• Generates an efficient linear systolic array architecture 

• Each hardware architecture is customized to match the target algorithm 

2-D DP 

programmability + 

variations

Systolic-array based 

hardware architecture

Vitis HLS-based abstraction layer

FP  

User

DP-HLS Front-end 

(C/C++ based 

customizable API)

DP-HLS Back-end 

(contains pre-defined 

HLS optimization 

directives)
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DP-HLS: Front-End Design

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

• Initialize row and column 

scores of  P matrix

F(0,j) = -j*d where j ∈ 0 … 𝑁
F(i,0) = -i*d where i ∈ 0 … 𝑀

Lines of code:

Initialization:

DP Matrix:
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DP-HLS: Front-End Design

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

F(i,j) = max
F(i-1,j-1) + S(xi,yj)

F(i-1,j) + d
F(i,j-1) + d

where i ∈ 0 … 𝑁  and j ∈ 0 … 𝑀  

{
Scoring:

DP Matrix:
• Initialize row and column 

scores of DP matrix

• Customize data types and 

parameters

• Sequence Alphabets

• Scoring parameters

• Traceback start, end points
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DP-HLS: Front-End Design

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

F(i,j) = max
F(i-1,j-1) + S(xi,yj)

F(i-1,j) + d
F(i,j-1) + d

where i ∈ 0 … 𝑁  and j ∈ 0 … 𝑀  

{
Scoring:

• Initialize row and column 

scores of DP matrix

• Customize data types and 

parameters

• Sequence Alphabets

• Scoring parameters

• Traceback start, end points

• Customize scoring function
L            :
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DP-HLS: Front-End Design

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

• Initialize row and column 

scores of DP matrix

• Customize data types and 

parameters

• Sequence Alphabets

• Scoring parameters

• Traceback start, end points

• Customize scoring function

• Specify traceback strategy

Traceback:

F(i,j) = max
F(i-1,j-1) + S(xi,yj) (move 

diagonal) 
F(i-1,j) + d (move up)

F(i,j-1) + d (move left)

{
Start at F(N,M), terminate at F(0,0)

Lines of code:
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DP-HLS: Front-End Design

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

• Initialize row and column 

scores of DP matrix

• Customize data types and 

parameters

• Sequence Alphabets

• Scoring parameters

• Traceback start, end points

• Customize scoring function

• Specify traceback strategy

• Specify inner and outer loop 

parallelism 
FPGA Device

          PE 
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DP-HLS: Front-End Design

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

• Initialize row and column 

scores of DP matrix

• Customize data types and 

parameters

• Sequence Alphabets

• Scoring parameters

• Traceback start, end points

• Customize scoring function

• Specify traceback strategy

• Specify inner and outer loop 

parallelism 
FPGA Device

Number of 

parallel kernels
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DP-HLS: Front-End Design

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

FPGA Device

• Initialize row and column 

scores of DP matrix

• Customize data types and 

parameters

• Sequence Alphabets

• Scoring parameters

• Traceback start, end points

• Customize scoring function

• Specify traceback strategy

• Specify inner and outer loop 

parallelism 

• Write host-side program

CPU 

Host

Data 

transfer
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DP-HLS: Back-End - Key Optimizations

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

• Computation follows 

wavefront parallelism
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DP-HLS: Back-End - Key Optimizations

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

• Computation follows 

wavefront parallelism

• Generates 1-D systolic 

array architecture
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DP-HLS: Back-End - Key Optimizations

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

• Computation follows 

wavefront parallelism

• Generates 1-D systolic 

array architecture

• Local buffers are partitioned 

for parallel access
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DP-HLS: Back-End - Key Optimizations

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

• Performs memory address 

coalescing to map wavefronts 

in Traceback matrix
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DP-HLS: Back-End - Key Optimizations

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

• Performs memory address 

coalescing to map wavefronts 

in Traceback matrix

• Each PE accesses to 

independent memory banks
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Outline

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

• Dynamic Programming (DP) in Bioinformatics

• DP Algorithmic Variations and Hardware Accelerators

• DP-HLS Framework

• Key Contributions and Results

• Conclusion and Future Applications
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DP-HLS: Key Contributions & Results

• S  w      versatility            all possible 
types of 2   P kernels on FPG 
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DP-HLS: Key Contributions & Results

• Showcases versatility to support all possible 
types of 2D DP kernels on FPGA

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics 

Sl 

No.

Input 

Alphabets

Kernels State-of-the-art 

Tools

Applications Modifications in 

DP-HLS

1 DNA Global Linear 

Alignment

BLAST, EMBOSS 

Stretcher

Similarity Search N/A

2 DNA Global Affine 

Alignment

BLAST, EMBOSS 

Needle

Accurate Similarity 

Search

Scoring

3 DNA Local Linear 

Alignment

BLAST, FASTA, 

BLAT

Homology Search Scoring, 

Initialization and 

Traceback

4 DNA Local Affine Alignment BLAST, LASTZ Whole Genome 

Alignment

Scoring, 

Initialization and 

Traceback

5 DNA Global Two-piece 

Affine Alignment

Minimap2 Long Genome 

Alignment

Scoring

6 DNA Overlap Alignment CANU, Flye Genome Assembly Initialization and 

Traceback

7 DNA Semi-global Alignment BWA-MEM Short Read 

Alignment

Initialization and 

Traceback

Sl 

No.

Input 

Alphabe

ts

Kernels State-of-the-art 

Tools

Applications Modifications in 

DP-HLS

8 Seq. 

Profiles

Profile Alignment CLUSTAL-W, 

MUSCLE

Multiple Sequence 

Alignment

Sequence 

Alphabet and 

Scoring

9 Complex 

Nos.

Dynamic Time 

Warping Algorithm

SquiggleKit Basecalling Sequence 

Alphabet and 

Scoring

10 DNA Viterbi Algorithm HMMER, 

Augustus

Remote Homology 

Search, Gene 

Prediction

Scoring (no 

Traceback)

11 DNA Banded Global Linear 

Alignment

BLAST, Bowtie Fast Similarity 

Search

Scoring and 

Initialization

12 DNA Banded Local Affine 

Alignment 

Minimap2 Long Read 

Assembly

Initialization and 

Scoring (no 

Traceback)

13 DNA Banded Global Two-

piece Affine Alignment

Minimap2 Long Read 

Assembly

Scoring, 

Initialization and 

Traceback

14 Integers Semi-global DTW SquiggleFilter, 

RawHash

Basecalling Sequence 

Alphabet and 

Scoring

15 Amino 

Acids

Local Linear 

Alignment with protein 

sequences

EMBOSS Water, 

BLASTp, 

DIAMOND

Protein Sequence 

Alignment

Sequence 

Alphabet and 

Scoring
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DP-HLS: Key Contributions & Results

• S  w      versatility            all possible 
types of 2   P kernels on FPG 

•   v   competitive performance to  TL designs

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics 
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DP-HLS: Key Contributions & Results

• Showcases versatility to support all possible 
types of 2D DP kernels on FPGA

• Gives competitive performance to RTL designs

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics 87

Methodology:

DP-HLS: AWS EC2 F1 instance

Global Affine: Darwin (Turakhia et al, ASPLOS 2018

Banded Local Affine: Darwin WGA (Turakhia et al, HPCA 2019)

sDTW: Squigglefilter (Dunn et al, MICRO 2021) 



DP-HLS: Key Contributions & Results

• Showcases versatility to support all possible 
types of 2D DP kernels on FPGA

• Gives competitive performance to RTL designs

• Achieves up to 41× higher cost-efficiency than 
CPU baselines
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Methodology:

DP-HLS: AWS EC2 F1 instance

CPU Baseline: SeqAn3, Minimap2. EMBOSS Water on 36-core 

AWS EC2 CPU instance (c4.8xlarge)



DP-HLS: Key Contributions & Results

• Showcases versatility to support all possible 
types of 2D DP kernels on FPGA

• Gives competitive performance to RTL designs

• Achieves up to 41× higher cost-efficiency than 
CPU baselines

• Gives up to 17.7× higher cost-efficiency and 
9.5× higher throughput than GPU baselines
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Methodology:

DP-HLS: AWS EC2 F1 instance

GPU Baseline: GASAL2, CUDASW++ on AWS EC2 p3.2xlarge with 

an NVIDIA Tesla V100 GPU 



DP-HLS: Key Contributions & Results

• Showcases versatility to support all possible 
types of 2D DP kernels on FPGA

• Gives competitive performance to RTL designs

• Achieves up to 41× higher cost-efficiency than 
CPU baselines

• Gives up to 17.7× higher cost-efficiency and 
9.5× higher throughput than GPU baselines

• 2.27x more energy-efficient than modern GPU baseline 
(NVIDIA Hopper GPU with DPX instructions)

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics 90

Methodology:

DP-HLS: AWS EC2 F1 instance

GPU Baseline: CUDASW++ on AWS EC2 p5.4xlarge with an 

NVIDIA Hopper H100 GPU 



DP-HLS: Key Contributions & Results

• Kernels are easily deployable on AWS FPGA 
instances → Massive improvement in design 
productivity

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics 
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DP-HLS: Key Contributions & Results

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics 

• K                                 WS FP   
          → Massive improvement in design 
productivity

• Efficient for both short and long sequence 
alignments

Long Sequence Alignment with Tiling

Square Tiles

Reference Sequence

Q
u

e
ry

 S
e

q
u
e

n
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e

Alignment Path
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DP-HLS: Key Contributions & Results

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics 

• Kernels are easily deployable on AWS FPGA 
instances → Massive improvement in design 
productivity

• Efficient for both short and long sequence 
alignments

• Artifacts are open-sourced, functional and 
reproducible

HPCA Artifact Evaluation

https://github.com/TurakhiaLab/DP-HLS
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Outline

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics

• Dynamic Programming (DP) in Bioinformatics

• DP Algorithmic Variations and Hardware Accelerators

• DP-HLS Framework

• Key Contributions and Results

• Conclusion and Future Applications
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Key Takeaways

• DP-HLS leverages the key insight that a broad class of 2-D DP algorithm can be mapped to 
same hardware primitive
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Key Takeaways

• DP-HLS leverages the key insight that a broad class of 2-D DP algorithm can be mapped to 
same hardware primitive

• Introduces a new layer of abstraction in the HLS flow

• Front-end provides programmability and flexibility

• Back-end provides efficiency
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Key Takeaways

• DP-HLS leverages the key insight that a broad class of 2-D DP algorithm can be mapped to 
same hardware primitive

• Introduces a new layer of abstraction in the HLS flow

• Provides a software-like programming model
• Enabling rapid and flexible implementation of any new 2-D DP kernel

• Without requiring hardware design expertise
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Key Takeaways

• DP-HLS leverages the key insight that a broad class of 2-D DP algorithm can be mapped to 
same hardware primitive

• Introduces a new layer of abstraction in the HLS flow

• Provides a software-like programming model

• Leverages a linear systolic array-based hardware abstraction
• Support a broad class of 2-D DP algorithms
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Key Takeaways

• DP-HLS leverages the key insight that a broad class of 2-D DP algorithm can be mapped to 
same hardware primitive

• Introduces a new layer of abstraction in the HLS flow

• Provides a software-like programming model

• Leverages a linear systolic array-based hardware abstraction

• Achieves competitive throughput and RTL-comparable performance on AWS FPGAs
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Future Applications

• DP-HLS insights can be extended to applications beyond 
bioinformatics, sharing same hardware primitive

DP-HLS: A High-Level Synthesis Framework for Accelerating Dynamic Programming Algorithms in Bioinformatics 100



Future Applications

• DP-HLS insights can be extended to applications beyond 
bioinformatics, , sharing similar hardware primitive

• AI/ML workloads map naturally to 2-D systolic arrays

• Convolution

• Matrix multiplication

• 2-D Systolic array can have variations
• Different data types

• Different types of quantization

• Different types of sparsity

• Variations in non-linear functions
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