2026 IEEE International Symposium on High Performance Computer Architecture (HPCA) | 979-8-3315-9302-5/26/$31.00 ©2026 IEEE | DOI: 10.1109/HPCA68181.2026.11408544

2026 IEEE International Symposium on High-Performance Computer Architecture (HPCA) ~/, @ «

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

Anshu Guptat”, Yingqi Caotf”, Jason Liangf and Yatish Turakhiat
University of California San Diegof
{ang037, yic033, jsliang, yturakhia}@ucsd.edu

Abstract—Dynamic programming (DP) is a widely used algo-
rithmic paradigm, particularly in bioinformatics, finding appli-
cations in a wide spectrum of tasks, including read assembly,
homology search, gene annotation, basecalling, and phylogenetic
inference. Due to its computationally intensive nature, many
ASIC- and FPGA-based accelerators have been proposed in
recent years to accelerate specific tasks. However, DP algorithms
in bioinformatics can vary considerably, and most existing
solutions are customized for a single application, representing just
one design point within the broader DP space. These implemen-
tations typically rely on low-level hardware description languages
(HDLs), often requiring months of manual implementation effort.
This paper introduces DP-HLS, a novel framework based on
High-Level Synthesis (HLS) that simplifies and accelerates the
development of a vast set of bioinformatically relevant 2-D DP
algorithms in hardware. DP-HLS achieves this by introducing a
new abstraction layer that decouples the front-end specification
from predefined HLS-based back-end optimizations, enabling
users to efficiently develop new 2-D DP kernels in C++ and
deploy them on FPGAs without needing any expertise in hard-
ware design or HLS. In our experience, DP-HLS significantly
reduced the development time of new kernels (months to days)
and produced designs with comparable resource utilization to
open-source hand-coded HDL-based implementations and per-
formance within 7.7-16.8% margin. DP-HLS is compatible with
AWS® EC2 F1 FPGA instances. To showcase its versatility,
we implemented 15 diverse 2-D DP kernels using the DP-HLS
framework, achieving 1.38-41x improved cost-efficiency over
state-of-the-art GPU and CPU baselines and providing the first
open-source FPGA implementation for several of them. The
DP-HLS codebase is available freely under the MIT license at
https://github.com/Turakhialab/DP—-HLS.

I. INTRODUCTION

Genomic data is one of the fastest-growing data types
globally, far outpacing Moore’s law in terms of data gen-
eration [1]. To keep pace with the escalating computational
demands of this data, numerous recent hardware acceleration
efforts - spanning GPUs, FPGAs, and ASICs - have targeted
bioinformatics applications in recent years [2]-[25]. Although
many of these accelerators deliver significant speedups, they
are typically tailored to narrow applications and tend to lack
the flexibility needed to generalize across broad tasks in
bioinformatics. Despite this limitation, we observe that they
frequently share two interesting characteristics, as discussed.

First, many of these solutions use 2-D dynamic program-
ming (DP) algorithm that involves populating a 2-D scoring

* These authors contributed equally.

matrix based on a recursive formula, optionally followed by
a traceback step to get the optimal alignment path [26],
[27]. This is unsurprising, as 2-D DP provides an efficient
framework for comparing biological sequences - such as DNA,
RNA, proteins, or even electrical signals from sequencing
instruments - which is fundamental to many bioinformatics
tasks. This includes local pairwise alignments [28], multiple
sequence alignment [29], [30], homology searches [31], [32],
whole-genome alignments [33], basecalling [34], and variant
calling [35]. Due to their computational intensity, 2-D DP-
based algorithms often dominate the overall runtime of these
applications [36]. Even commercial hardware vendors have
recognized this fact and begun to optimize for DP—for
example, NVIDIA® introduced a specialized instruction, DPX,
specifically to accelerate DP algorithms on latest GPUs [37].
Second key characteristic, particularly in FPGA and ASIC
solutions [10]-[25], is the use of the same hardware primitive,
i.e., linear systolic array, which has been recognized since the
1980s for its efficiency in accelerating 2-D DP algorithms [38].

Despite sharing a common algorithmic paradigm (dynamic
programming) and hardware primitive (linear systolic array),
repurposing existing hardware accelerators for new applica-
tions remains challenging. This is because most previous
solutions focus on a specific 2-D DP algorithm and are
designed at the Register Transfer Level (RTL) using low-
level Hardware Description Languages (HDLs) like Verilog or
VHDL. As a result, supporting new 2-D DP variants - of which
there is a rich and complex variety in bioinformatics (see
Section II-B) - would necessitate complex modifications at the
signal level, as well as verification, optimization, and hardware
resynthesis - a process that is not only time-consuming and
error-prone, but also demands significant hardware expertise.
This level of development is also largely out of reach for most
bioinformaticians, who, despite being skilled in algorithms and
software, typically lack the specialized training required for
low-level hardware design.

To address these challenges, we present DP-HLS, a novel
framework based on High-Level Synthesis (HLS) for acceler-
ating broad kernels from the 2-D DP paradigm (Section II-A)
on FPGAs. DP-HLS builds on the key insight that when
a broad class of algorithms can be mapped to a shared
hardware primitive, the hardware-specific HLS directives can
be encapsulated within a unified back-end, allowing the front-
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Fig. 1:

Top-left: The steps of the Needleman—Wunsch algorithm, a canonical example of a simple 2-D DP algorithm. Center-

right: Common variations in 2-D DP algorithms in Bioinformatics. Kernels are indexed using #’s based on Table I.

end to focus solely on the algorithmic specification. We
primarily target FPGAs in this work as they have not only
been successfully adopted in commercial bioinformatics ap-
plications [39]-[41], but they are also readily accessible to the
bioinformatics community through off-the-shelf products and
cloud providers. This makes them both easy and cost-effective
to deploy, even for niche applications. DP-HLS makes the
following key contributions:

1) We present DP-HLS, an HLS framework tailored for 2-
D DP paradigm, that introduces a layer of abstraction in
the HLS flow by separating the front-end and back-end
to enable flexible kernel generation with improved pro-
ductivity. Existing HLS tools and frameworks [42]-[48],
rely on a fixed set of pre-defined kernels that can only
be tuned at the parameter level and require substantial
hardware expertise to achieve RTL-level performance. In
contrast, DP-HLS front-end allows users to define new 2-
D DP kernels at the algorithmic level in C++ without HLS
or hardware design expertise. At the back-end, DP-HLS
generates an optimized linear systolic array architecture

using a fixed set of HLS directives, each customized with
unique functionality, operations, and dataflow patterns to
match the specific needs of its target algorithm.

To showcase its versatility, we implemented 15 diverse,
bioinformatically relevant 2-D DP kernels on FPGAs
using the DP-HLS framework (Table II). For most of
these, DP-HLS provides the first open-source FPGA
implementation. These kernels span a broad spectrum of
applications - from basecalling to protein sequence align-
ment. All kernels are functionally verified and deployed
on AWS® EC2 F1 instances for broad accessibility.

We performed extensive evaluations and observed that
DP-HLS provides 1.47-41x higher throughput, 1.38-
41x more cost-efficiency, and up to 2.27x more energy-
efficiency compared to CPU and GPU baselines. More-
over, DP-HLS delivers throughput and resource utiliza-
tion on par with hand-optimized RTL implementations,
while reducing the design implementation time from
months to days.

4) DP-HLS is built with extensibility in mind, enabling users

2)

3)
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to add new 2-D DP kernels beyond the 15 examples
(Fig. 1) provided, tailored to their requirements.

5) We demonstrate, through an example, that previously
proposed tiling heuristics [12], [24] are compatible with
DP-HLS and can be used for performing both short and
long sequence alignments on the FPGA.

Our broad insight is that while HLS does not necessarily
improve productivity over RTL design for a single kernel due
to challenges in identifying and tuning a required set of HLS
directives (Section VII-F), it proves highly effective when
targeting multiple algorithms that share a common pattern.
DP-HLS demonstrates how separating front-end and back-
end in HLS frameworks improves productivity and efficiency
across a broad class of 2-D DP algorithms that map to
the same hardware primitive - a strategy that could also be
applicable to artificial intelligence, where diverse operations
(matrix multiplication, convolution, etc.) map well to 2-D
systolic array architectures [49]—-[53].

II. BACKGROUND AND MOTIVATION
A. The 2-D Dynamic Programming Paradigm

The 2-D DP paradigm is essential for sequence comparison
tasks (identifying similarities and differences between two or
more sequences) in bioinformatics. It involves three main steps
(Fig. 1): (i) initialization, where two biological sequences are
placed along the 2-D DP matrix axes and boundary scores are
set with predefined values; (ii) matrix fill, where remaining
cells are scored recursively using neighboring values (from
the top, left, and diagonal neighbor cells); and (iii) optional
traceback, which reconstructs the optimal path through the
matrix or returns only the best score. One of the simplest 2-
D DP algorithms is the Needleman-Wunsch algorithm [70],
illustrated in Fig. 1.

B. Variations in the 2-D DP Paradigm

Bioinformatics applications exhibit a rich variety of data
types and algorithmic variations within the 2-D DP paradigm,
which cannot be captured by a finite set of design parameters
and demand a high level of adaptability, such as that offered by
DP-HLS. To highlight this point, Table I provides a selection
of 2-D DP kernels (indexed with ‘#’ hereafter) that are
commonly used in various bioinformatics applications, widely
cited, and in some cases, targeted by hardware accelerators.
Here, we highlight how these variations, though diverse, fall
into four broad categories: i) Sequence Alphabet, ii) Scoring
Equations, iii) Traceback Strategy, and iv) Search-space Prun-
ing Heuristics (Fig. 1). Below, we summarize these variations
(refer to original sources in Table I for details).

1) Sequence Alphabet: A key source of variation in the 2-
D DP paradigm is the choice of sequence alphabet, the set
of symbols representing input sequences. Most bioinformatics
applications use 4 or 20 character alphabets for DNA, RNA,
or proteins, though some variations that introduce ambiguous
bases, e.g., Ns, also exist [32], [33]. More complex alphabets
appear in Profile Alignment (#8), where each position is
represented as a tuple of 5 (DNA) or 21 (proteins) integers

reflecting base or amino acid frequencies and gaps [71] (Fig.
1). Dynamic Time Warping (DTW) kernels (#9 and #14) use
real or complex numbers to compare raw time-series signals
(Fig. 1), such as in nanopore basecalling [67]. In summary,
bioinformatics applications exhibit a diverse range of input
types - from simple 2-bit integers to complex tuples of multiple
floating-point values.

2) Scoring Equations: In the 2-D DP paradigm, scoring
refers to the recurrence equations used to compute cell values
- typically rewarding matches and penalizing mismatches or
gaps. A 2-D DP algorithm in bioinformatics may include an
arbitrary number of recurrence equations, each with its own
specification. We highlight this fact using common variations
of scoring equations below:

(a) Substitution Scores: Simplest form of scoring systems
uses a single value to reward a match or penalize a mismatch,
or both. However, in some cases, more complex scoring
systems based on large substitution matrices are used to
account for varying substitution frequencies (e.g., transitions
vs. transversions) [72] (Fig. 1). Substitution scores can also be
computed dynamically - for example, in Profile Alignments
(#8) and DTW (#9) - using metrics like Sum-of-Pairs scoring
[71] and Manhattan/Euclidean distance [67], [73].

(b) Gap Penalties: Gap penalties are used to penalize
insertions and deletions (Fig. 1). One of the simplest methods
is linear gap penalty, which applies a constant penalty for
each gap. More biologically realistic models use affine gap
penalties, which assign a higher penalty to opening a gap than
to extending one [74], and require three score values per cell
(H, I,D) to track different alignment states. Minimap2 [58]
builds a two-piece affine gap model, computing five values
per cell to better distinguish biological gaps from sequencing
errors. In general, each additional affine layer introduces two
more values per cell, allowing the gap cost to approximate a
smooth convex function.

(c) Initialization: The scoring equations also define how
the initial row and column are scored. Here too, there is broad
variation, ranging from constant values (such as 0 or -00) to
using a linear function of the gap penalties (Fig. 1).

(d) Min/Max Objective Function: Most 2-D DP formula-
tions (#1-7, #11-13) penalize the gap and find the maximum
cell score, whereas DTW aims to find the minimum cell score
while the score represents distances between the sequence. In
this case, we need to replace the max function in recurrence
equations with min (Fig. 1).

3) Traceback Strategy: The traceback step identifies the
alignment corresponding to the optimal score. While recur-
rence equations define valid transitions, the traceback strategy
determines where the path starts and ends. Four strategies are
common (but not exhaustive) - global, local, semi-global, and
overlap - and they differ in how they influence the recurrence
and initialization equations (Fig. 1). Global strategy performs
end-to-end whole genome sequence comparison, with a trace-
back path from the bottom-right to the top-left cell of the
2-D DP matrix. Local strategy finds similar subsequences and
is used to identify conserved motifs or functional regions in
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TABLE I: Common bioinformatics kernels using 2-D DP algorithms, along with their associated tools, applications, and
modifications relative to the baseline kernel (#1: Global Linear Alignment). Some tools implement multiple kernels. This
selection represents a small subset of kernels that can be implemented under the DP-HLS framework.

# | Alphabet 2-D DP Kernel State-of-the-art Tools Example Applications Modifications in DP-HLS
(color-coded as per Fig. 1)
1 DNA Global Linear Alignment BLAST [32], EMBOSS Similarity Search N/A
(Needleman-Wunsch) Stretcher [54]
2 DNA Global Affine Alignment BLAST [32], EMBOSS Accurate Similarity Scoring
(Gotoh) Needle [54] Search
3 DNA Local Linear Alignment BLAST [32], FASTA [55], Homology Search Initialization, Scoring, Traceback
(Smith-Waterman) BLAT [56]
4 DNA Local Affine Alignment BLAST [32], LASTZ [57] Whole Genome Scoring, Initialization, Traceback
(Smith-Waterman-Gotoh) Aligment
5 DNA Global Two-piece Affine Minimap?2 [58] Long Read Alignment Scoring
Alignment
6 DNA Overlap Alignment CANU [59], Flye [60] Genome Assembly Initialization, Traceback
7 DNA Semi-global Alignment BWA-MEM [61] Short Read Alignment Initialization, Traceback
8 Seq. Profile Alignment CLUSTALW [62], MUSCLE Multiple Sequence Sequence Alphabet, Scoring
Profiles [30] Alignment
9 Complex Dynamic Time Wrapping SquiggleKit [63] Basecalling Sequence Alphabet, Initialization,
Nos. Algorithm (DTW) Scoring
10 DNA Viterbi Algorithm (PairHMM) HMMER [64], AUGUSTUS Remote Homology Initialization, Scoring (no Traceback)
[65] Search, Gene
Prediction
11 DNA Banded Global Linear BLAST [32], Bowtie [66] Fast Similarity Search Banding
Alignment
12 DNA Banded Local Affine Alignment Minimap?2 [58] Long Read Assembly Initialization, Scoring, Banding (no
Traceback)
13 DNA Banded Global Two-piece Minimap?2 [58] Long Read Assembly Scoring, Banding
Affine Alignment
14| Integers Semi-global DTW (sDTW) SquiggleFilter [67], Basecalling Sequence Alphabet, Initialization,
RawHash [68] Scoring, Traceback
15 Amino Local Affine Alignment with EMBOSS Water [54], Protein Sequence Sequence Alphabet, Initialization,
acids protein sequences BLASTYp [32], DIAMOND Alignment Scoring, Traceback
[69]

sequences, with the traceback from the highest-scoring cell to
a O-scoring cell. Semi-global strategy matches one sequence
end-to-end with a subsequence of the other, with the traceback
starting from the bottom row’s highest-scoring cell to the
top row. Overlap strategy, used in genome assembly, matches
sequence ends (prefixes or suffixes) with traceback path from
the highest-scoring cell in the rightmost column (bottom row)
to the top row (leftmost column) of the 2-D DP matrix.

4) Search-space Pruning Heuristics: As 2-D DP matrices
grow quadratically with sequence lengths, many algorithms
employ heuristics to prune unpromising regions (Fig. 1). Fixed
banding algorithms compute cells near the main diagonal
within a fixed distance [75], while adaptive methods like X-
Drop [76] adjust band size dynamically based on cell scores.

III. AN OVERVIEW OF THE DP-HLS FRAMEWORK

DP-HLS is a framework that can be used to accelerate a
wide variety of 2-D DP algorithms on FPGAs (Fig. 2). It
consists of two main components: the front-end (Section 1IV),
which enables users even without HLS expertise, to define
kernels in C/C++ and supports co-simulation, verification, and
FPGA deployment; and the back-end (Section V), which is
built using AMD® Vitis HLS [77] and applies HLS directives
to generate optimized hardware designs. The front-end offers
user specification in C/C++ to provide a high degree of flexi-
bility, capable of supporting 2-D DP kernels listed in Table I

and well beyond, while the back-end can translate any such
specification into a highly efficient FPGA implementation.

IV. FRONT-END IMPLEMENTATION

The front-end component of the DP-HLS framework is

available to users to define new 2-D DP kernels and efficiently
deploy them on FPGAs. Fig. 2A shows the design flow, involv-
ing kernel configuration, simulation, synthesis, co-simulation,
and final implementation. Using examples from the 15 2-D
DP kernels in Table I, we outline six key steps required to
configure the front-end for a specific kernel (Fig. 2B).
@ Customizing Data Types and Parameters: The DP-HLS
framework supports custom data types of variable precision
for scoring, traceback, and logic indices, enabling users to
optimize efficiency for their specific kernel requirements. It
also allows customization of scoring and input parameters.
Primary front-end customizations are enumerated below.

1. Sequence Alphabets: As explained in Section II-B1,
the sequence alphabet in 2-D DP kernels requires high config-
urability. DP-HLS addresses this by allowing users to define a
custom data type, char_t, for the sequence alphabet. Listing
1 depicts how a 2-bit unsigned integer used as char_t to
represent the four nucleotide bases in DNA and RNA (for
kernel #1) can be modified to a 5-bit unsigned integer for
representing protein sequence alphabets (for kernel #15). The
front-end allows alphabet of more complex data types—for
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example, in the DTW kernel (#9), char_t is a struct
of two 32-bit fixed-point numbers representing the real and
imaginary parts of complex temporal signals being compared.

2. Scoring Layers and Data Types: As described in
Section II-B2, some 2-D DP kernels involve multiple recur-
rence equations, each computing a unique value per cell. DP-
HLS front-end provides a variable, called N_LAYERS, which
configures the number of unique values computed and stored
per cell of the 2-D DP matrix. So, for kernels with an affine
gap penalty (Kernels #2, #4, #10, #12), N_LAYERS=3, with
two-piece affine gap penalty (Kernels #5, #13), it is set to 5,
and for the remaining kernels, it is set to 1 (Listing 1).

3. Scoring Parameters: DP-HLS allows users to define an
arbitrary number of scoring parameters with any data type in
a C/C++ struct, called ScoringParams, with values set at
runtime by the host code. Listing 1 shows an example with
three parameters (match, mismatch, and linear_gap)
used by the Global Linear kernel (#1). Users can add more
scoring parameters for the affine-gap penalty-based equations
(for kernel #15).

4. Maximum Sequence Lengths: In DP-HLS, users can
set MAX_ REFERENCE_LENGTH and MAX_QUERY_LENGTH
to define memory allocation for sequences and traceback
pointers on the FPGA device. While the kernel supports
fixed maximum lengths, longer sequences can be handled
using software tiling approaches on the host-side [12]. We
demonstrate this by applying software tiling to kernel #2, #4,
and #5 (see Section VI).

5. Traceback Pointer Data Types and States: Traceback
pointers in DP-HLS are stored in data type tb_t which users
may define using arbitrary precision data type provided in Vitis
HLS. Listing 1 depicts how it can be defined as ap_uint<2>
for kernel #1 which can be modified to ap_uint<4> for
kernel #15, since recurrence equations require a minimum
of 2-bits and 4-bits, respectively to represent the traceback
pointers.

The traceback logic in the final step of 2-D DP algorithms
is equivalent to a finite state machine (FSM) in which the
current state and 2-D DP matrix cell score determine the

next state and cell in the score matrix, which is translated to
the traceback path. In DP-HLS, users enumerate the possible
traceback states in the variable TB_STATE. Listing 1 shows
that kernel #1 and #15 enumerate three traceback states - MM,
INS, and DEL. User can modify this to add extra traceback
states (LONG_INS, LONG_DEL), one for each additional
recurrence equation modeling long gap scores (in kernel (#5)).
DP-HLS framework also offers a no-traceback option, used by
the Viterbi (#10) and Banded Local Affine (#12) kernels, to
skip the traceback step.

6. Banding Width: DP-HLS allows users to use a fixed
banding search space pruning strategy by setting the macros
BANDING and BANDWIDTH to the desired band size.

@ Initializing Row and Column Scores: The DP-HLS
framework includes two internal 2-D arrays, init_row_scr
and init_col_scr, to store the scores of the ini-
tial row and column of the 2-D DP matrix, with di-
mensions of MAX_REFERENCE_LENGTHXN_LAYERS and
MAX_QUERY_LENGTHXN_LAYERS, respectively. The users
can specify the values of these arrays, defining how DP-
HLS would initialize them at runtime. Listing 1 shows the
initialization step of kernel #1, which has a single scoring
layer at index 0 whose first row and column are initialized to
account for gaps at the start of the alignment, whereas #15
initializes the rows and columns to O.

@ Specifying PE Function: In DP-HLS, all computations
involved in the matrix fill step of the 2-D DP kernels (Section
II-B2) are executed by computing units known as process-
ing elements (PEs). Within the DP-HLS front-end compo-
nent, users only need to specify the recurrence equations in
PE_func function for computing the score and traceback
pointer for a single cell (i, j), located at row i and column
j of the 2-D DP matrix. The back-end component manages
systolic communication between PEs and the storage of data in
memory buffers. Listing 1 demonstrates how the PE functions
can be modified from one kernel to another, depending on the
use cases.

@ Specifying Traceback Strategy: An FSM intuitively
defines the traceback logic in the final stage of the 2-D DP
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%

20

3 //PE Scoring function

I //Sequence Alphabet
typedef ap_uint<5> char_t;

IS

//Scoring Layer
N_LAYERS = 3;

/ //Scoring Parameters

o

struct ScoringParams {type_t
gap_open; type_t
gap_extend; type_t
mismatch; type_t match;
type_t linear_gap; }
params;

//Sequence Alphabet
typedef ap_uint<2> char_t

7

//Scoring Layer

N_LAYERS = 1;
- ! 10 //Traceback States

Il enum TB_STATE {MM, INS, DEL,

//Scoring Parameters
7 g 12} tb_next_state, tb_curr_state

struct ScoringParams {
type_t mismatch;
type_t match; type_t
linear_gap;} params;

7

14 //Traceback pointer data type
15 typedef ap_uint<4> tbp_t;
16

Traceback States
/7 17 //Initialization

enum TB_STATE {

18 type_t gap = scorin arams.
MM, INS, DEL} LR 71-136; ap: -
3 tb_next_state, . . 9 p',
19 for (int 1 = 0; 1 <

tb_curr_state;
- - ! MAX_REFERENCE_LENGTH; i

++) {ini i =
//Traceback pointer data ) {init_row_scr([i] [0

0; }
type
N q épe int<2> tbo t 20 for (int 1 = 0; 1 <
edef ap_uin ;
¥p P Pt MAX_QUERY_LENGTH; i++) {
init_col_scr[i][0] = 0; }

//Initialization
type_t gap =

: 2 //PE scoring function
scoring_params.

23 type_t insert_open =
left_prev[l] + params.
gap_open;

24 type_t insert_extend =
left_prev[0] + params.
gap_extend;

25 bool insert_open_b =
insert_open >
insert_extend;

linear_gap;

for (int 1 = 0; 1 <
MAX_REFERENCE_LENGTH;
i++) {init_row_scr[i
100] = ixgap; }

for (int 1 = 0; 1 <
MAX_QUERY_LENGTH; i
++) {init_col_scr[i

0 — .
110] ixgap;i } 26 write_score[0] = insert_open_b

? insert_open

R insert_extend;
type_t linear_gap =

params.linear_gap;
type_t ins = dp_mem_left
[0] + linear_gap;
type_t del = dp_mem_up[0]
+ linear_gap;
type_t match =
dp_mem_diag[0] + (
lc_qgry val ==

28 type_t delete_open = up_prev
[1] + params.gap_open;

29 type_t delete_extend = up_prev
[2] + params.gap_extend;

30 bool delete_open_b =
delete_open >
delete_extend;

3l write_score[2] = delete_open_b
? delete_open
delete_extend;

lc_ref_val) ? params.
match : params.
mismatch;

max_value = (max_value >
match) ? max_value
match;

write_score[l] =
max_value;

33 type_t match = dp_mem_diag[0]
+ ((lc_gry_val ==
lc_ref_val) ? params.
match : params.mismatch);

35 type_t max_value = (
write_score[0] >
write_score[2]) ?
write_score([0]
write_score[2];

36 write_score[l] = (max_value >
match) ? max_value
match;

Listing 1: Front-end code for initialization and matrix-fill
specifications for (Left) Global Linear kernel (#1) and (Right)
Local Affine kernel with protein sequences (#15). This exam-
ple helps demonstrate how the baseline kernel (#1) can be
transformed into a more complex kernel (#15) with few code
changes that do not affect any back-end optimizations.

//Traceback pointer

. > if (max_value == write_score[0])
//Traceback pointer .
3 {dir_tb = TB_LEFT;}
wt_tbp = TB_LEFT; ) .
R 4 else if (max_value == write_score
3 1f (max_value < match) [21)
max_value = X
{ - 5 {dir_tb = TB_UP;}
match; . .
6 else if (max_value == write_score

wt_tbp = TB_DIAG;
}

if (max_value < del) {

[11
{dir_tb = TB_DIAG;}

J

8 else if (max_value == 0){dir_tb =
max_value = del; TB_END; }
t_tbp = TB_UP; =
. wt_thp —UP; ) 9 wt_tbp = dir_tb + insert_tb +
if (max_value < ( delete th:
_tb;

type_t)0) {
max_value = 0;
wt_tbp = TB_END; }

10
Il //Traceback State Transitions

12 if (tb_state == TB_STATE: :MM) {
13 if (tb_ptr == TB_DIAG) {tb_move =
//Traceback State (tb_p - ) eb
o AL_MMI; }
Transitions 1 £ (th_pt TB_UP) {
X 14 else 1 r ==
if (tb_state == P -
TB_STATE: :DEL; tb_move =
TB_STATE : :MM) {
. AL_NULL; }
if (tb_ptr == TB_DIAG) ) ;
15 else if (tb_ptr == TB_LEFT) {
{tb_move = AL_MMI
} TB_STATE: :INS; tb_move =
i
AL_NULL;
3 else if (tb_ptr == = il
16 else if (tb_ptr == TB_END) ({

TB_UP) {tb_move =
AL _DEL; }

else if (tb_ptr ==
TB_LEFT) {tb_move

tb_move = AL_END; }
17 else {tb_move = AL_END; }
18 tb_state = TB_STATE::MM; }

19 else if (state == TB_STATE::DEL) {
= AL_INS;} )
. 20 1f (tb_ptr == TB_DIAG or TB_UP)
else if (tb_ptr == K
continue

TB_END) {tb_move
= AL_END; }
else {tb_move = AL_END

21 else {state = TB_STATE::MM; }
22 tb_move = AL_DEL;}

) 23 else if (state == TB_STATE::INS) {
! 24 1f (tb_ptr == TB_DIAG or TB_LEFT)
tb_state = TB_STATE::
continue

MM;
it 25 else {state = TB_STATE::MM; }

26 tb_move = AL_INS;}

Listing 2: Front-end code with traceback specifications for
(Left) Global Linear kernel (#1) and (Right) Local Affine
kernel with protein sequences (#15).

algorithm (Section II-B3). DP-HLS allows for customization
of the FSM states and traceback pointers. For multiple scoring
matrices, each matrix maps to a state, and transitions represent
jumps between matrices. Listing 2 shows an example where an
outer if-statement checks the current tb_state, assigns the
new state, and directs the traceback via wt_tbp for INS,
DEL, MM, or AL_END (end of traceback). Similar changes
needs to be done for additional traceback state transitions, as
shown for kernel #15.

@ Specifying Parallelism: The front-end component pro-
vides parameters (Npg, Ng, Nx) that users can adjust to
parallelize the synthesized design empirically, without under-
standing the internal details of the DP-HLS back-end and
compiler optimizations. Npz determines the level of inner-
loop parallelism for a single pair of sequences. DP-HLS
also exploits outer-loop parallelism across multiple sequence
pairs by setting the parameters Np and Ng. This allows the
processing of Nz X Ng independent sequence pairs, with Nk
independent channels to the host CPU (to take advantage
of CPU multi-threading, for example), each consisting of Nj
blocks sharing a single arbiter on the device, as shown in Fig.
2B. The design allows linking Nk heterogeneous kernels (e.g.,
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a mix of global and local aligners) seamlessly in the design,
a process that would be quite cumbersome with HDL.

@ Writing Host-Side Program: After completing the device
specification, the user must define the host application to
manage pre-processing and transfer of input sequences to the
device, invoke device kernels, and receive alignment output
from the device and/or perform tiling (for long reads). The
host program uses OpenCL syntax [78], and relevant examples
from our 15 implemented kernels (Table I) are provided in the
DP-HLS codebase. The full end-to-end working code, includ-
ing compilation and execution on FPGA, is also available in
our open-source codebase for reproducibility.

V. BACK-END IMPLEMENTATION

The DP-HLS back-end component performs efficient map-
ping of 2-D DP algorithms to a linear systolic array, which
is customized as per front-end specifications. The back-end
is hidden from end users, as it encapsulates various HLS
directives that do not require user modifications, thereby
helping boost productivity by adding an abstraction layer
to the HLS design flow. DP-HLS back-end also imposes
design constraints on scoring and traceback stages to ensure
optimal performance. Key optimizations (Fig. 2B-C, )
guide the HLS compiler to exploit wavefront (anti-diagonal)
parallelism () during score computation and inter-task
parallelism in traceback (), which are detailed below.

A. Scoring Logic Design

Fig. 2C illustrates the scoring operation using an example
of a linear systolic array of four PEs (Npz=4), which are
used to compute the 2-D DP matrix. The rows of the DP
matrix are divided into chunks, with each chunk containing
Npg consecutive rows, each assigned to a different PE (color-
coded). During the processing of a query chunk, each PE is
initialized with the query base-pair corresponding to its row
in the chunk while the reference sequence streams through
the array, leveraging wavefront parallelism. Chunk-wise score
computation requires a buffer (Preserved Row Score
Buffer) to store the scores computed by the last PE, which
are then used by the first PE of the next query chunk. The
buffer size corresponds to the maximum length of the reference
sequence in the 2-D DP matrix.

In the back-end component, the 2-D DP matrix is computed
using user-defined PE_func within nested for loops. The
outer loop divides the matrix into chunks, the middle loop it-
erates through the wavefronts in this chunk, and the inner loop
unrolls the PE function across PEs. Within the middle loop,
the back-end applies optimization @ using #pragma HLS
PIPELINE directive to enable wavefront pipelining, launch-
ing each wavefront every Initialization Interval
(IT) cycles (II=1 preferred). For complex PE func-
tions requiring more than 1 cycle per wavefront, HLS se-
lects the lowest valid II. Optimization @ uses #pragma
HLS UNROLL in the inner loop to create a linear sys-
tolic array of PEs, which requires parallel access to inputs

and outputs. DP-HLS ensures this by fully partitioning lo-
cal buffers using the #pragma HLS ARRAY PARTITION
variable=<buffer> type=complete directive (@
and @), which store the sequence characters at the current
wavefront. This directive is also used in the optimization @
for DP Memory Buffer and Score Buffer, which store
the previous two wavefronts and the output scores of the
current wavefront.

B. Traceback Logic and Memory Design

The optimal design of traceback logic and memory is essen-
tial for efficiency, as it typically consumes the most amount
of memory resources in 2-D DP algorithms that require trace-
back. Below, we describe the two most critical optimizations
implemented by the DP-HLS back-end component.

First, the back-end reshapes the 2-D DP matrix so
that the first dimension corresponds to Npg, while the
second dimension is scaled to accommodate the total
pointers for user-specified MAX_REFERENCE_LENGTH and
MAX_QUERY_LENGTH. This ensures that each PE has access
to a dedicated memory bank to independently store its trace-
back (TB) pointers every cycle, thereby minimizing the IT of
the wavefront loop. The back-end further applies address coa-
lescing, which maps consecutive wavefronts in the DP matrix
to consecutive TB memory columns (see in Fig. 2). This
ensures that all the PEs write their TB pointers to the same
address in different memory banks. Additionally, the back-end
keeps track of the corresponding addresses each wavefront
shall write in the TB memory. This memory coalescing is one
of the frequency-related optimizations performed by DP-HLS,
since ensuring regular access patterns helped reduce routing
complexity and meet timing constraints.

Second, the back-end allows users to configure the start and
end conditions of the traceback. For traceback strategies that
require locating the maximum scores in the last row or column
of the DP matrix, each PE tracks its local maximum of the
scores it computes if its coordinate satisfies the requirements
(at the last row or column). Then, reduction logic is incorpo-
rated to identify the global maximum cell of the entire 2-D
DP matrix block within a few cycles by a reduction maximum
over each PE’s local max.

C. Farallel Execution of Kernels

In DP-HLS, users can specify parallelism using three pa-
rameters: Nk, Ng, and Npg (Section IV). The parallelism for
Npg is managed by the scoring logic optimizations discussed
in Section V-A, while Ny is handled by the linker. To enable
parallel processing of Ny blocks within a kernel, DP-HLS
uses two main optimizations. First, it uses #pragma HLS
UNROLL to create multiple blocks within a kernel, allowing
for the concurrent execution of these blocks (@ in Fig. 2).
Second, it ensures concurrent memory access to the input and
output buffers for each block through block-wise partition,
using #pragma HLS ARRAY_PARTITION type=block
dim=1, with the number of partitions set to Ny (@ in Fig. 2).
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Since optimal Ng, Ny, and Ny values for a kernel depend on
several post-synthesis factors, the DP-HLS codebase includes a
script that performs an automatic grid search on these parame-
ters and use synthesis results to identify the best configuration.

VI. METHODOLOGY
A. Datasets

DNA Sequences: The DNA sequences were generated using
PBSIM2 [79] by simulating 1,000 PacBio [80] reads (10,000
bases, 30% error rate) from the human reference genome
(GRCh38). Full reads were used for the tiled version of Kernel
#2, #4, and #5, while reads were truncated to 256 bases for
short alignment kernels (#1-#7, #10—#13).

Protein Sequences: Protein sequences of 256 residues for
Kernel #15 were randomly sampled from UniProtKB (we used
Swiss-Prot, version 2024_03, 571k entries) [81].

Complex Number Sequences: For DTW kernel (#9), we
generated random complex-valued sequences of length 256.
sDTW Sequences: For the sSDTW kernel (#14), we used 256-
base sequences from SquiggleFilter dataset [67].

Sequence Profiles: For Kernel #8, profiles were derived from
random 256-base pair regions across Drosophila melanogaster
and Drosophila simulans genomes.

B. DP-HLS Framework Evaluation

Implementation: We implemented 15 DP-HLS kernels us-
ing C++(v17) (Table 1), verified the correctness us-
ing C++-based simulation and synthesized using AMD®
Vitis HLS 2021.2 tool [77] on AWS® FPGA Devel-
oper AMI (v1.12.2). The design was then deployed on
AWS® EC2 F1 instance (f1.2xlarge; with FPGA device
XCVU9P-FLGB2104-2-1) using v++ command-line tools
and OpenCL-based host code. For Kernel #2, #4, and #5, we
applied host-side code changes to support long alignments us-
ing a tiling heuristic [11]. All kernels were set to a fixed target
frequency before synthesis. Parameters Npg, N, and Nx were
configured for each kernel to maximize device throughput
(Table II). Although our evaluations used the AWS® EC2 FI
FPGA, DP-HLS is compatible with all Vitis-supported FPGA
devices, which we have confirmed through simulations and
bitstream generation.

Throughput: Throughput for each DP-HLS kernel was esti-
mated using the number of clock cycles from the co-simulation
step in AMD® Vitis HLS, along with the maximum achiev-
able frequency and the degree of parallelism on the FPGA.
The co-simulation results accurately reflect the actual FPGA
throughput (excluding host-FPGA transfer overhead)—this was
confirmed by manually executing the bitstreams of three
diverse kernels (#2, #12, and #14) on AWS EC2 F1 FPGAs.
Resource Utilization: Post-routing reports of the bitstream
generation step are used to obtain the Block RAMs (BRAM),
Flip-Flops (FF), Lookup Tables (LUT), and Digital Signal
Processors (DSP) utilization on the FPGA device for all
kernels reported as a percentage of the total resources available
on the AWS® EC2 F1 FPGA device.

Scalability: To examine the scalability of the kernels, we
chose two diverse kernels, Global Linear (#1) and DTW (#9),
and evaluated their resource utilization and throughput values
with increasing Npy and Ny and fixed operating frequency of
250 and 200 MHz (Section VII-B).

Accuracy: We validated the accuracy and alignment scores
produced by DP-HLS kernels, which were identical to soft-
ware baseline implementations, as DP-HLS faithfully im-
plements the underlying algorithms without introducing any
approximations.

Energy-efficiency: The energy-efficiency of each tool was cal-
culated in terms of alignments/J as the ratio of its throughput
to power consumption. We estimated the total FPGA power
consumption of DP-HLS kernels using the AMD® Power
Design Manager tool.

C. Baseline Comparison

Software Baselines: We compared the cost-efficiency (in
terms of alignments/$ - derived from throughput normalized
by hourly cost of AWS instances) of DP-HLS Kernels #1-7,
#11-12, #15 with state-of-the-art parallel CPU implementa-
tions, using SeqAn3 [82] (v3.3.0), a widely-used, multi-
threaded bioinformatics library, as the baseline. For kernels
#5 and #15, we used Minimap2 [58] (v2.28) and EM-
BOSS Water [54] (v6.6.0) as our software baselines, tested
using g++ (v10.3) and cmake (v3.16.3) on a 36-core
CPU-optimized AWS® EC2 instance, c4.8xlarge (60 GB
memory, $1.591 per hour), comparable in cost to the AWS®
EC2 F1 instance, £1.2xlarge ($1.650 per hour) used for
DP-HLS benchmarking. Throughput values for SeqAn3 and
Minimap2 were measured with 36 threads and considering
the alignment execution time, excluding I/O overhead (keeping
it consistent with hardware baselines). Since EMBOSS lacks
multi-threading, we measured its throughput of 36 parallel jobs
launched with GNU parallel.

Hardware Baselines:

RTL Baselines: We obtained optimized open-source RTL
implementations of GACT [11], Banded Smith-Waterman
(BSW) [12] (v1), and SquiggleFilter [67] (v1.1.0) accel-
erators as RTL baselines to compare with Kernels #2, #12,
and #14 (Table I), respectively, since all are based on linear
systolic array architecture, similar to DP-HLS kernels. The
baselines are implemented using AMD® Vivado 2021 . 2 tool
on the same AWS® EC2 F1 FPGA instance (f1.2xlarge),
and resource utilization numbers were collected from the
Implementation step. Throughput values for the first two were
measured via Icarus Verilog simulations and the BSW kernel
via Vivado waveform simulations. To demonstrate the scaling
effects, DP-HLS’s Kernel #2 was compared with GACT with
increasing Npg. The match-bonus feature in SquiggleFilter was
removed to match Kernel #14’s implementation.

GPU Baselines: CUDASW++4 .0 [83], which provides a
GPU implementation of the Smith-Waterman algorithm for
protein sequences, was used as the baseline for DP-HLS
Kernel #15. We disabled the traceback step in DP-HLS since
it is not performed in the baseline. We used GASAL2 [5],
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with alignment type set as LOCAL, GLOBAL, BSW, as
baselines for DP-HLS Kernels #4, #2, and #12, respectively.

Both baselines were evaluated on AWS® EC2
p3.2xlarge with an NVIDIA® Tesla V100 GPU
($3.06/hour), targeting high-performance deployments, and
on AWS® EC2 g4dn.2xlarge with an NVIDIA® Tesla
T4 GPU ($0.752/hour), targeting cost-effective scenarios.
We additionally evaluated CUDASW++4.0 on AWS®
EC2 p5.4xlarge with an NVIDIA® Hopper HI00 GPU
(costing $7/hour), supporting DPX instructions, and compared
it with DP-HLS Kernel #15. GASAL2 was excluded from
HI100 evaluation as it is not optimized for the latest DPX
instructions. Cost-efficiency was compared by normalizing
the throughput to instance cost, and energy-efficiency was
measured using GPU power data from nvidia-smi.

HLS Baselines: As HLS baselines, we used the AMD® Vitis

Genomics Library, containing optimized Vitis HLS Libraries
[84]. We used the 2021 . 2 branch, which works with the Vitis
HLS 2021 .2 version used for DP-HLS implementation. The
Smith-Waterman kernel in this library matches with DP-HLS
Kernel #3 implementation, so we chose it as our HLS baseline,
with Npg=32, Nx=1, Nz=32 and the maximum target clock
frequency of 333 MHz.
Comparison with Wavefront Algorithm: We also evaluated
the FPGA performance of the Wavefront Alignment (WFA)
algorithm [85], which, similar to the DP-HLS Kernel #2,
performs global alignment of sequences. WFA, however, uses
a wavefront propagation strategy that differs from the classical
2D DP paradigm and is not currently supported in DP-HLS.
WFA performance data was taken from [13], and to account
for FPGA device differences, we compared its throughput
normalized to LUT usage with that of DP-HLS.

VII. RESULTS
A. DP-HLS efficiently implements diverse 2-D DP kernels

Table II summarizes the performance and resource utiliza-
tion of all 15 DP-HLS kernels, which vary widely in terms of
applications and computational patterns (Table I), also evident
from the range of hardware resource utilization and throughput
values presented in Table II.

For instance, when comparing the resource utilization of
a single block of 32 PEs, Profile Alignment (#8) and DTW
(#9) kernels have relatively higher DSP consumption. This is
expected as these kernels perform multiplications, with Kernel
#8 requiring two matrix-vector multiplications in each cell. For
most other kernels, the DSP is only used for pre-computing
traceback starting addresses.

The BRAM usage is primarily influenced by the complexity
of traceback across most kernels. For instance, Kernels #5
and #13, which implement a two-piece affine gap penalty,
require more BRAM as they need at least 7 bits to store
each pointer, compared to only 2 bits per pointer for kernels
with a linear penalty (e.g., Kernels #1 and #3). In Kernels
#10 and #12, BRAM usage is minimal since traceback is
not involved. Kernel #15, which deals with protein alignment,
also consumes more BRAM to store the larger substitution
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Fig. 3: Scaling results for Global Linear (#1) and DTW
(#9) kernels with Npz and Ng. (A, D) Throughput scaling of
Global Linear (A) and DTW (D) in 1og—1og scale with Npg
and Nz; (B-C) Resource utilization scaling for Global Linear
kernel; (E-F) Resource utilization scaling for DTW kernel.

matrix in ScoringParams (20x20 for protein sequences,
compared to 4x4 for DNA sequences).

LUT and FF usage are mainly influenced by the complexity
of the scoring equations. For instance, Kernel #8, with its
complex matrix-vector multiplication, shows the highest FF
and LUT utilization, followed by the Viterbi kernel (#10).
Banding kernels (#11-13) also have slightly elevated logic
usage due to extra compute needed to determine the bands.

In terms of throughput, resource-intensive kernels (#8-10)
have relatively lower values due to their complex computa-
tional patterns. For instance, Kernel #8 requires multiple cycles
(II=4) to compute a single 2-D DP cell due to matrix-vector
multiplications. The complexity of the scoring equations also
impacts clock frequency, as seen in the Viterbi (#10) and
Banded Global Two-piece Affine (#13) kernels. Overall, the
resource utilization, clock frequency, and throughput numbers
suggest that all kernels have been efficiently implemented by
DP-HLS, which is also confirmed by the baseline comparisons.

B. DP-HLS kernel implementations demonstrate 1-D systolic
array behavior

Though the DP-HLS back-end optimizations serve as hints
to the HLS compiler to produce Ny 1-D systolic arrays,
each with Npr processing elements, the compiler may apply
alternative hardware mappings that it may explore and find
more efficient. Since HLS-generated code is not human-
interpretable, it is difficult to confirm the mapping directly
from the code. Hence, we varied Np; and Ny and checked if
the throughput and resources scaled according to the expected
behavior of 1-D systolic arrays. Fig. 3 presents these results
for two diverse kernels, Global Linear (#1) and DTW (#9),
but we observed similar patterns across all 15 kernels.

Fig. 3A,D shows that throughput scales nearly perfectly
with Npr at lower values for both kernels, but experiences
some saturation at higher values. This is expected as the wave-
front parallelism exploited by systolic arrays diminishes near
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TABLE II: Performance summary of 15 DP-HLS Kernels. The kernel numbers correspond to the kernels listed in Table I.
Utilization in % of available FPGA resources is shown for a single block for 32 PEs for uniformity. We also show the optimal
configuration of (Npg, Ny, Nk) for each kernel that resulted in maximum throughput (alignments/sec), and its corresponding
maximum frequency and throughput achieved, along with the total power consumed (watt) and energy-efficiency (alignments/J).

Kernel Resource utilization for 32PE Optimal Max Alignments Total Alignments
No. LUT FF BRAM DSP (Npg, Ng Freq /sec Power 1J
, Ng) (MHz) (watt)

#1 0.72% 0.42% 1.78% 0.029% 64,16,4 250.0 3.51e6 17.6 2.0eb
#2 1.30% 0.517% 1.78% 0.029% 32,16,4 250.0 2.85e6 14 2.03eb
#3 0.95% 0.63% 1.67% 0.014% 32,16,5 250.0 3.43e6 16.4 2.09e5
#4 1.60% 0.75% 1.67% 0.014% 32,16,4 250.0 2.71e6 19.2 1.41e5
#5 2.03% 0.65% 2.67% 0.029% 32,8,5 150.0 1.06e6 10.73 9.87e4
#6 0.98% 0.66% 1.67% 0.014% 32,16,4 250.0 2.73e6 14.9 1.83e5
#7 1.17% 0.67% 0.83% 0.014% 32,16,4 250.0 3.34e6 17.54 1.90e5
#8 3.66% 2.56% 2.56% 28.11% 16,1,5 166.7 3.70e4 9.18 4.02e3
#9 1.62% 1.55% 1.88% 2.84% 64,43 200.0 2.31e5 15.47 1.49e4
#10 3.78% 1.69% 1.67% 0.014% 16,4,7 125.0 4.90e5 8.15 6.0led
#11 1.02% 0.40% 0.94% 0.029% 64.8,7 166.7 2.25e6 11.6 1.93e5
#12 1.44% 0.70% 0.57% 0.014% 16,16,7 200.0 4.77e6 14.4 3.31eb5
#13 2.25% 0.69% 1.83% 0.029% 16,8,7 125.0 1.24€6 7.6 1.63e5
#14 1.22% 0.76% 0.57% 0.014% 32,16,5 250.0 5.16e6 17.67 2.92e5
#15 1.47% 0.95% 2.56% 0.014% 32,8,5 200.0 9.33e5 11.96 7.80e4

the edges of the DP matrix, leading to more PEs with more - (G’\l':;'iagéff,[l';i " Ba’(‘ﬁ:::'-féa,!‘:\fg’;e (NPEiD;;VNB: "

idle cycles. In contrast, the large inter-alignment parallelism A § s 1e+05 16405

exploited by the Ny independent arrays allows throughput to ;g% - e o

scale almost perfectly with Ny, which is confirmed by the g’gwm se404 40404

results for both kernels in Fig. 3. For DTW, N is capped at £ ™", et e

24 as it reached maximum DSP availability. D . E os o Hardware

Also, the percentage utilization of all resource types scales £ ' o 2 Baseline
almost perfectly with increasing Nz while keeping Npg con- g,% 0 . 02 ' ° Hop-ts
. . . o N 0.5 041 0.1 .
stant (Fig. 3C, F). This occurs because each parallel block is 8%, olll_ =, -

identical, leading to a proportional increase in resource usage.
When Ny is fixed, LUT and FF utilization scales perfectly with
increasing Npg for both kernels (Fig. 3B, E) due to the linear
systolic array structure. However, DSP usage varies depending
on the kernel’s algorithm. For instance, DSP utilization scales
well with increasing Npg in the DTW kernel (Fig. 3E) as
DSPs are used by each PE for the scoring logic, whereas
for the Global Linear kernel, DSP usage remains constant
(Fig. 3B) since DSPs are used for fixed logic outside the PEs
to pre-compute the traceback starting address. Additionally,
BRAM is primarily used for TB memory, which increases
with Npr up to 32 but does not scale proportionally. For
higher Ny values (e.g., Npg=64), HLS compiler optimizations
sometimes convert BRAMs to LUTRAMSs to reduce memory
access latency, resulting in lower BRAM usage.

C. DP-HLS kernels provide competitive performance to opti-
mized RTL implementations

We compared three DP-HLS kernels with their RTL imple-
mentations (Fig. 4A-C), and observed that DP-HLS achieves
lower but competitive throughput to the baselines. Specifically,
the DP-HLS throughput was within 7.7%, 16.8%, and 8.16%
of the baseline for Global Affine, Banded Local Affine, and
sDTW kernels, respectively. This is not surprising because,
with added flexibility and programming ease, the DP-HLS
framework misses out on some optimization opportunities
that RTL implementations leverage. For example, all RTL

LUT FF BRAM DSP LUT FF BRAM DSP

Fig. 4: Comparison of DP-HLS Kkernels (#2, #12, #14) with
hardware baselines. (A-C) Throughput, and (D-F) Resource
utilization comparison of Kernel #2, #12, #14 with GACT
[11], BSW [12], and SquiggleFilter [67], respectively.

LUT FF BRAM DSP

Ao B Cc
8 o BEMRaseine B . RTLBaseline + DP-HLS §
@ e+05: S =4
52 10000 — .8
25 Diews g o 10000
2 g § % 3000 o 5 gggg -
o o 2ile+0l —— =
£2¢ £ worl = 5

10 30 3 10 30
Number of PEs in each block Number of PEs in each block

Fig. 5: Scaling comparison of DP-HLS kernel #2 with hard-
ware baseline (with increasing Npg, Nz=1). (A) Throughput
comparison (in log-log scale), and (B-C) FF and LUT
scaling of kernel #2 with its hardware baseline, GACT.

Number of PEs |n each block

implementations overlap query reads and 2-D DP matrix
initialization with computation, but these steps are currently
performed sequentially in DP-HLS. This overhead is even
more apparent in the Banded Local Affine kernel, as it does not
employ traceback. The relative throughput of the Global Affine
kernel versus GACT remained consistent for long alignments,
as both approaches use the same number of tiles.

The resource utilization comparison is more nuanced. For
kernel #2, DP-HLS shows comparable LUT and FF usage
compared to GACT (Fig. 4D). This is also reflected in the
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Fig. 6: DP-HLS kernels performance compared to CPU
and GPU baselines. (A) CPU cost-efficiency (in 1og scale)
and (B-C, F) GPU cost-efficiency, (D-E, G) throughput, and
(H) energy-efficiency of GPU baselines compared to DP-HLS
kernels. Kernels indices follow Table I.

scaling behavior, where throughput remains similar (Fig. SA),
and the resource usage difference stays constant (Fig. 5B-C).
DP-HLS also uses DSPs for pre-computing traceback starting
addresses, unlike the baselines, but this does not affect scaling
with Npg. Despite this, DP-HLS has slightly better LUT and
FF utilization on the Banded Local Affine kernel (Fig. 4E).
DP-HLS kernel #2, although faster than the WFA software
(Section VII-D), is 10.6x (for high error rates)-21.3x (for low
error rates) less efficient than the WFA FPGA baseline [13]
in terms of iso-LUT alignment throughput, since the WFA
algorithm is inherently faster than the classical DP, as it skips
computing many DP matrix cells while ensuring optimality.
Overall, DP-HLS kernels demonstrate efficient resource
scaling and competitive throughput compared to optimized
RTL designs, with acceptable trade-offs for each kernel.

D. DP-HLS kernels provide 1.38—41x higher cost-efficiency
than CPU and GPU baselines

We performed the cost-efficiency comparison of DP-HLS
kernels #1-4, #6-7, #11-12 (Table I) and observed that DP-
HLS outperforms SeqAn3 by 6.2x to 41 x (Fig. 6A). Interest-
ingly, the baseline throughput shows minor variability across
these kernels, as SeqAn3 uses the same underlying software
implementation across kernels with minor adjustments. In
contrast, DP-HLS applies various architectural optimizations
tailored to each kernel, maximizing throughput by fitting
multiple parallel kernels on the FPGA. For Kernels #5 and
#15, which are computationally intensive, DP-HLS achieves
higher relative cost-efficiency, 8.4x, and 31x, respectively
(Fig. 6). This boost is likely due to DP-HLS’s use of arbitrary
precision values and customized hardware data paths, enabling
higher throughput than general CPU-based implementations.
Compared to the software implementation of WFA [8], DP-
HLS achieves 36 higher throughput for Kernel #2 (Fig. 6A).

Surprisingly, the cost-efficiency of DP-HLS was better
even when compared to GPU baselines on AWS EC2
p3.2xlarge instances—1.41 x higher than CUDASW++ and
5.83-17.72x higher than GASAL2 (Fig. 6B). Since GASAL2

codebase has not been updated recently, it might have lagged
behind newer CPU implementations, particularly in SeqAn3.
On the more cost-effective g4dn.2xlarge (NVIDIA Tesla
T4), DP-HLS remains 1.38-4.72x more cost-efficient than
GASAL2 and CUDASW++, except for #15, where CUD-
ASW++ outperformed DP-HLS by 1.49x (Fig. 6C), but
at a 1.47-fold lower raw throughput than DP-HLS. CUD-
ASW++ maintains higher cost-efficiency than DP-HLS’s #15
on p5.4xlarge instance, which includes a modern NVIDIA
Hopper H100 GPU with DPX instructions. However, the
Hopper GPU consumes significant power (25.5-fold higher
than the FPGA), and thus, despite DP-HLS running on an
FPGA three generations older in transistor technology than
Hopper (14 nm vs. 5 nm), it achieves 2.27x higher energy-
efficiency (Fig. 6G-H). These results indicate that despite
several optimizations in modern GPUs, FPGAs still offer a su-
perior throughput-efficiency trade-off for 2-D DP algorithms.

E. DP-HLS kernel outperforms a previous HLS baseline

We compared Kernel #3 with the HLS implementation
of the Smith-Waterman algorithm and found that DP-HLS
achieved 32.6% higher throughput than the HLS baseline.
This difference could be explained by two factors. First, the
HLS baseline uses streaming functions to transfer some data
between the host and device, for which the DP-HLS kernels
use device memory. Second, DP-HLS backend adds more
extensive optimization hints to the compiler than the baseline,
which results in better throughput than the baseline. We also
note that it is significantly more challenging for new users to
modify the HLS baseline to implement new 2-D DP kernels,
as the HLS compiler directives (pragmas) are interleaved
with the code that needs to be changed, resulting in a steeper
learning curve compared to DP-HLS.

F. DP-HLS can significantly improve the productivity of im-
plementing new 2-D DP kernels

In addition to providing efficient FPGA implementations for
15 bioinformatically relevant 2-D DP kernels, many of which
lacked existing hardware implementations, the DP-HLS frame-
work was developed to simplify the creation and deployment
of new 2-D DP kernels. In our experience, setting up the initial
DP-HLS framework took several months, as matching hand-
tuned RTL performance required careful directive placement
and navigating HLS tool limitations like restricted memory
control, parallelism, and certain non-intuitive, tool-specific
optimizations. However, once we encapsulated the required
directives in a common back-end, we were able to implement,
test, and deploy new 2-D DP kernels on AWS® EC2 FI in-
stances in just 2—4 days using only the front-end. This typically
involved modifying only tens of lines of code at the algorith-
mic level (C/C++) in DP-HLS front-end. For example, modify-
ing the baseline kernel #1 to kernel #4 required just 67 lines
of C++ code changes in DP-HLS, whereas an open-source
handwritten RTL baseline (GACT [11]) for kernel #4 contains
1057 lines. Moreover, DP-HLS automatically generates the
memory interface and host communication code, avoiding the
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need for manual implementation and low-level debugging,
which can require an additional hundreds of lines of RTL
code. Additionally, manual RTL design also necessitates the
time-consuming steps of hardware verification, optimization,
and synthesis, which often span weeks to months of effort.
This stark contrast illustrates how DP-HLS, which separates
high-level algorithmic specifications from low-level hardware
optimizations, can significantly enhance design productivity.

G. DP-HLS supports tiling for long-sequence alignments

The software-level tiling approach [11] that was used to
compare kernel #2 with GACT on long-read alignments can be
applied to any DP-HLS kernel to enable long-sequence align-
ment. In this approach, the DP matrix is split into small over-
lapping tiles processed sequentially, enabling long-sequence
alignment within limited on-chip memory while maintaining
similar resource utilization and speedup relative to software
as short, fixed-size alignments. To demonstrate generality, we
performed long-read alignments for two additional kernels (#4,
#5), and observed negligible overhead - resource utilization
was comparable to the short-alignment case, and the number
of tiles processed per second closely matched the alignment
throughput of the corresponding short-alignment kernels.

VIII. LIMITATIONS

DP-HLS focuses on mapping 2-D DP algorithms, one of
the most common computational patterns in bioinformatics,
to linear systolic arrays. However, some emerging algorithms,
such as graph alignments, WFA, and A*PA [86]-[88], involve
irregular 2-D DP patterns and even non-2-D DP structures,
which DP-HLS does not currently support. Our future work
will involve generalizing DP-HLS to support a broader class
of DP algorithms and hardware primitives, including those
supporting irregular parallelism and memory access patterns.

IX. RELATED WORK
A. Dynamic Programming in Bioinformatics

Dynamic programming (DP), introduced by Bellman in
the 1950s [26], is a foundational algorithmic paradigm in
bioinformatics. Early applications include the Needleman-
Waunsch algorithm for global alignment [70], followed by local
pairwise alignments [28], multiple sequence alignment [29],
[30], homology searches [31], [32], whole-genome alignments
[33], basecalling [34], variant calling [35], and pangenomics
[89], [90]. Given its computationally intensive nature and
broad applicability, NVIDIA® introduced DPX instructions
in Hopper GPUs to accelerate DP algorithms [37]. DP-HLS
similarly modularizes 2-D DP algorithmic patterns in an HLS
framework, allowing users to easily customize FPGA-based
kernels for various bioinformatics applications.

B. Systolic Array Accelerators for Bioinformatics Applications

In recent years, many linear systolic array-based FPGA and
ASIC accelerators have been proposed for different bioinfor-
matics applications [10]-[25]. Examples include GenASM,
which accelerates the approximate string matching problem

using the Bitap algorithm [24], SquiggleFilter, for genomic
surveillance application [67], and Darwin-WGA, which ac-
celerates the X-Drop algorithm for whole-genome align-
ments [12]. Although these accelerators provide huge speedups
for specific steps in genomic data analysis, they typically rep-
resent a single design point in the 2-D DP space and cannot be
easily refactored into other 2-D DP kernels due to their custom
low-level HDL implementation. On the other hand, DP-HLS
framework aims to accelerate the development of 2-D DP
kernels using HLS, while providing competitive performance
and similar resources to hand-crafted HDL designs.

A recent work, GenDP [91], shares similarities with the DP-
HLS framework, as it also recognizes that many bioinformatics
tasks rely on DP algorithms that are well-suited for systolic ar-
ray implementations and provides a programmable framework
to accelerate these tasks. However, GenDP’s programmability
operates at the software level, using an instruction set and
a custom dataflow graph compilation for its PEs. Although
GenDP’s RTL code is not available for a fair comparison,
software programmable solutions typically incur significant
overheads in fetching and decoding instructions [92], [93].
In contrast, DP-HLS takes advantage of the hardware re-
configurability of FPGAs, providing an optimized hardware
implementation for every kernel. DP-HLS kernels can be
readily and efficiently deployed on cloud platforms with
FPGA support, like AWS®. We also note that commercial
bioinformatics accelerators, such as the Illumina’s DRAGEN™
Bio-IT Processor ® [40], are based on FPGAs, where DP-HLS
could be used for providing greater flexibility and productivity.

C. The Emergence of HLS Tools and Frameworks

High-Level Synthesis (HLS) allows users to design cus-
tom hardware using high-level languages, greatly reducing
hardware development time, and thus widely adopted across
various domains [94], [95], including machine learning [42],
[43], cryptography [44], [45], and bioinformatics [46]-[48],
[96]. However, most previous works target a single or a
handful of kernels, offering limited flexibility. An exception
in bioinformatics is the work of Benkrid et al. [96], who
used Handel-C to develop a flexible systolic array for pairwise
sequence alignment, though limited to a few alignment types
(global, local, and overlap). While we could not directly
compare to Benkrid et al. [96] as their codebase is not actively
maintained, DP-HLS offers much greater flexibility within
the 2-D DP paradigm, supporting customization of scoring
schemes, input characters, traceback logic, and more.

Some frameworks, such as ScaleHLS [97], HeteroCL [98],
and SuSy [99], add prior high-level abstractions through new
domain-specific languages (DSLs) along with custom compi-
lation flows based on multi-level intermediate representation
(MLIR) [100]. DP-HLS is fundamentally different, since it
adds an abstraction layer using an existing compiler (Vitis
HLS) and C/C++, lowering the learning curve and simplifying
deployment. Moreover, these frameworks do not support the
rich 2-D DP algorithmic variants common in bioinformatics.
For example, while SuSy introduces a tensor abstraction for
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2-D DP targeting systolic arrays, it does not support traceback,
multiple affine layers, complex alphabets, and banding.

X. CONCLUSION AND FUTURE WORK

We introduce DP-HLS, a novel HLS-based framework
designed for FPGA acceleration of 2-D DP algorithms that
are widely used in bioinformatics applications. DP-HLS pro-
vides a software-like design experience for hardware, thus
empowering broad users, even those lacking hardware design
experience, to quickly and flexibly develop efficient hard-
ware solutions for 2-D DP algorithms. DP-HLS does this
by introducing an abstraction layer in HLS design, which
leverages the fact that a broad range of 2-D DP algorithms can
efficiently map to the same hardware primitive - linear systolic
arrays. DP-HLS is deployed on the AWS® cloud platform
and achieves competitive throughput and similar resource
utilization to hand-crafted RTL. In the future, we plan to
implement HLS frameworks for other algorithmic classes for
AT and signal processing applications, using similar strategies.
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APPENDIX

A. Abstract

In this section, we provide the DP-HLS artifact, including
instructions on accessing the full codebase, installing software
dependencies, configuring, and running our tool using the
provided scripts, and evaluating/reproducing the results. This
artifact also provides instructions for evaluating GPU and
CPU baselines. The DP-HLS codebase is publicly available on
GitHub (https://github.com/Turakhial.ab/DP-HLS) and Zen-
odo (DOI: 10.5281/zenodo.17853462).

B. Artifact check-list (meta-information)

Program: DP-HLS codebase, GASAL2, CUDASW++4.0, Min-
imap2, SeqAn3

Compilation: Vitis HLS 2021.2, gcc-11, g++-11

Data set: Simulated DNA datasets generated using PBSIM2
- consisting of 1000 256-base pair reads, randomly sampled
protein sequences of 256 base-pairs each from UniProtKB
Run-time environment: Ubuntu 22.04, Python 3.10, CUDA
12.2 Toolkit with Nsight Systems

Hardware: 36-core x86 CPU machine, GPU machine with
NVIDIA Tesla T4 GPU

Metrics:  Throughput (number of alignments/sec), cost-
efficiency (number of alignments per USD)

Output: Numerical values produced in log files
Experiments: Experiments reproduce 1) FPGA HLS evalua-
tion results (maximum throughput), 2) GPU baseline evaluation
(throughput and cost-efficiency), 3) CPU baseline evaluation
(cost-efficiency)

How much time is needed to prepare workflow (approxi-
mately)?: 1-2 hours

How much time is needed to complete experiments (approx-
imately)?: 2-3 hours

Publicly available?: Yes

Code licenses: MIT License

Data licenses: MIT License

Archive DOI: DOI: 10.5281/zenodo.17853462

C. Description

1) How to  Access: Users can  access our
artifacts by cloning the DP-HLS GitHub repository
(https://github.com/TurakhialLab/DP-HLS) or downloading

the Zenodo package (DOI:
Approximate disk space required after unpacking: 200MB.
2) Hardware Dependencies:

10.5281/zenodo.17853462).

« DP-HLS: AMD FPGA instance (e.g., AMD Xilinx Ul-
trascale+) (for bitstream deployment)

o CPU baseline: x86 CPU with 36 cores

o GPU baseline: NVIDIA Tesla T4 GPU

3) Software Dependencies:

« DP-HLS: OS: Ubuntu 24.04, Vitis HLS 2021.2, Python
3.10, gce-11, g++-11, CMake

o« CPU baseline: OS: Ubuntu 24.04, gcc-11, g++-11,
Python 3.10, Docker, CMake, zlib

« GPU baseline: CUDA 12.2 Toolkit with Nsight systems,
gce-11, g++-11, zlib, CMake

4) Data Sets: All required benchmarking and synthetic
datasets are included in the DP-HLS codebase.

D. Installation
1) DP-HLS: Step 1: To run the DP-HLS tool, download the

Vitis HLS 2021.2 toolchain from here.
Step 2: Use the following commands to clone the DP-

HLS repository and build the HLS kernels:
git clone https://github.com/TurakhiaLab/DP-HLS
2 cd DP-HLS

mkdir build
5 cd build
6 cmake ..

Step 3: Set the HLS_HOME path (Vitis HLS installation
path) inside CMakeLists.txt

Step 4: Run the following command:
make test_csim_global_affine

2) CPU baseline: Run the following commands to install

the CPU baseline tools (SeqAn3):

git clone https://github.com/segan/segan3.git
> cd SegAn3

3) GPU baseline: Run the following commands to install

and build the GPU baseline tool (GASAL?2):

cd https://github.com/nahmedraja/GASAL2.git
> cd GASAL2

4 #configure the project
5 ./configure.sh <CUDA_installation_path>

fbuild the GASAL2 library
make GPU_SM_ARCH=sm_75 MAX_QUERY_LEN=256 N_CODE=0x4E
N_PENALTY=1

o

10 #build test program
1l cd test_prog
12 make

14 #set dataset path

15 export DATASET_PATH=<add_dataset_path>
Run the following commands to build the GPU baseline
tool (CUDASW++):

git clone https://github.com/asbschmidt/CUDASW4.git
> cd CUDASW4

4 #build the project
5 make makedb
» make align
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8 #copy or move your dataset files into the data and throughput of DP-HLS relative to the GPU baseline
directory reported in the paper (Fig. 6C,E). Comparison of the
10 #generate the database numbers generated by Part I and Part III of Section E

Il mkdir dbfolder reproduces the throughput and cost-efficiency.
12
13 ./makedb <dataset_path> dbfolder/reference

9

We expect the reproduced values to fall within the same
general range as the numbers reported in the paper. However,
E. Experiment workflow because our original evaluation used AWS EC2 FPGA, CPU,

1) DP-HLS: Once Vitis HLS and other software dependen- and GPU instances, results may vary when running on other
cies are installed and DP-HLS kernels are built, please run hardware platforms.
the following commands to perform simulation, synthesis,

. . . G. Methodol

and co-simulation of 15 DP-HLS kernels presented in the etitodotosy
paper (Table II, Column 8): Submission, reviewing, and badging methodology:
cd DP-HLS o https://www.acm.org/publications/policies/artifact-revi
c o ew-and-badging-current
3 #run the simulation, synthesis, and cosimulation for N

all 15 kernels (takes around 2-3 hours) o httpS://CTunlng-Org/ae
./evaluate_throughput.sh

PN

v #extract the reports for the computed throughputs
7 python3 compute_throughput.py

2) CPU baseline: Run the following commands to get the
cost-efficiency of the CPU baseline presented in Fig. 6A:

#generate the reports for cost-efficiency numbers
> ./run_segan3_baseline.sh

3) GPU baseline: Run the following commands to get
the throughput and cost-efficiency of the GPU baseline
presented in Fig. 6C,E:

cd GASAL2/test_prog/

3 #profile all the sequence alignments and get the kernel
running time
./profile_test_prog.sh

FINNS

6 cd ..

8 #generate reports
python3 extract_report.py

1med ../../
13 cd CUDASW4

15 #performs benchmarking

16 nsys profile --trace=cuda -o ./report_cudaswd ./align
—-—query <path_of_dataset_in_data_folder> --db
dbfolder/reference

18 #generate reports
19 python3 extract_report.py

F. Evaluation and expected results

1) DP-HLS kernels maximum throughput evaluation:
This experiment verifies that DP-HLS achieves high
throughput (in terms of alignments per sec) across all 15
kernels reported in the paper (Table II, Column 8). Part I
of Section E details the workflow used to reproduce these
results.

2) Cost-efficiency comparison with CPU baseline: This
experiment evaluates the cost-efficiency of DP-HLS rela-
tive to the CPU baseline presented in the paper (Fig. 6A).
Comparison of numbers generated by Part I and Part II
of Section E reproduces the cost-efficiency.

3) Throughput and cost-efficiency comparison with GPU
baseline: This experiment evaluates the cost-efficiency
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