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Abstract

Increasing the accuracy of the nucleotide sequence alignment is an essential issue in genomics research. Although classic dynamic program-
ming (DP) algorithms (e.g., Smith-Waterman and Needleman-Wunsch) guarantee to produce the optimal result, their time complexity hinders
the application of large-scale sequence alignment. Many optimization efforts that aim to accelerate the alignment process generally come from
three perspectives: redesigning data structures [e.g., diagonal or striped Single Instruction Multiple Data (SIMD) implementations], increasing
the number of parallelisms in SIMD operations (e.g., difference recurrence relation), or reducing search space (e.g., banded DP). However, no
methods combine all these three aspects to build an ultra-fast algorithm. In this study, we developed a Banded Striped Aligner (BSAlign) library
that delivers accurate alignment results at an ultra-fast speed by knitting a series of novel methods together to take advantage of all of the afore-
mentioned three perspectives with highlights such as active F-loop in striped vectorization and striped move in banded DP. We applied our new
acceleration design on both regular and edit distance pairwise alignment. BSAlign achieved 2-fold speed-up than other SIMD-based implemen-
tations for regular pairwise alignment, and 1.5-fold to 4-fold speed-up in edit distance-based implementations for long reads. BSAlign is imple-

mented in C programing language and is available at https://github.com/ruanjue/bsalign.
Key words: Pairwise alignment; Edit distance; Striped vectorization; Banded dynamic programming; F evaluation.

Introduction

Nucleotide sequence alignment is a way to arrange and com-
pare DNA/RNA sequences from different sources to identify
their regions of similarity. Two classic algorithms, namely
Needleman—Wunsch algorithm [1] and Smith—-Waterman al-
gorithm [2], are commonly used for sequence alignment.
They handle sequence alignment by solving a dynamic pro-
gramming (DP) problem in which a scoring matrix is calcu-
lated and an optimal path from the cell with a maximal score
is returned. Although these two methods have shown high ca-
pability in finding optimal alignment results, they require
quadratic time complexity and rapidly degenerate especially
when processing long sequences. To accelerate the alignment
process, three major categories of optimization techniques
have been developed along the way.

Single Instruction Multiple Data

The first optimization category is to redesign the data struc-
ture of the scoring matrix calculation to resolve data depen-
dencies between neighboring cells so that the conditional
branch within the inner loop of the DP algorithm can be elim-
inated and hence more efficient in parallelization techniques
such as Single Instruction Multiple Data (SIMD). Among the
initial trials in this category, Wozniak [3] has presented an
implementation to store values parallel to the minor diagonal
to eliminate the conditional branch in the inner loop of tradi-
tional implementation and achieved a 2-fold speed-up. In a
different trial, Rognes et al. [4] introduced another imple-
mentation to store values parallel to the query sequences.
Compared to Wozniak’s implementation, an advantage of
Rognes’s design is that it only needs to compute the query
profile once for the entire reference sequences. However, the

disadvantage is that conditional branches are placed in the in-
ner loop when evaluating F matrix. The length of a single in-
struction ranges from 128-bit to 512-bit for recent tools such
as BGSA [5], SeqAn [6], and AnySeq [7].

Striped SIMD and F evaluation

To combine the merits of both Wozniak [3] and Rognes et al.
[4], Farrar [8] fixed these disadvantages by introducing a lay-
out of query sequences that are parallel to the SIMD registers
but are accessed in a striped pattern, which only computes
query profile once and moves the conditional F matrix evalu-
ation outside of the inner loop. As a result, Farrar’s striped
vectorization successfully speeds up the Smith-Waterman al-
gorithm and has been adopted by many aligners, such as
Burrows—Wheeler Alignment Smith-Waterman (BWA-SW)
[9], Bowtie2 [10], and Striped Smith—-Waterman (SSW) li-
brary [11]. However, cells in the same register are not always
independent of each other. Farrar [8] solved this problem by
adding a correction loop for every F element, which may iter-
ate many times when the insertions and deletions (indels) are
long enough.

Difference recurrence relation

The next optimization category is to increase the number of
parallelisms in SIMD operations such as difference recurrence
relation [12]. Since the traditional pairwise alignment stores
and calculates the absolute values in the score matrix, it limits
the width of SIMD operation as the sequence length
increases. The difference recurrence relation solves this prob-
lem by only storing and calculating the differences between
the adjacent cells, which keeps the full width of SIMD opera-
tion regardless of the sequence length. For example, the
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number of bits for storing the absolute value of a single cell is
16 or even 32. However, it can reduce to 8 bits if just storing
the differences between cells. Therefore, the number of paral-
lelisms increases by 2 to 4 times.

Banded DP

Another optimization category is reducing the search space
such as banded DP. Instead of calculating the whole score
matrix, banded DP maintains a hypothetical “band” around
cells with maximal scores, calculates the scores for cells
within the “band” only, and skips calculating the remaining
cells within the matrix [13,14]. How to combine the method
of using SIMD (minor diagonal or striped) and the idea of re-
ducing the search space is not clear, especially when the input
sequences contain abundant indel errors by third-generation
sequencers. Suzuki et al. [14] proposed a minor diagonal
SIMD adaptive banded DP algorithm, which is implemented
and improved in a popular long-read mapper minimap2 [15].
Since the striped SIMD method [8] was proved to be 6 times
faster than the minor diagonal and other SIMD methods [3]
in Smith—-Waterman algorithm without banded DP, the algo-
rithm to combine the best SIMD method with banded DP is
not developed yet.

Block aligner and wavefront algorithm

Recent methods block aligner (BA) [16] and wavefront algo-
rithm (WFA) [17] manage to reduce the search space around
the diagonal by two innovative approaches. BA starts the align-
ment by a small square block and extends the block dynami-
cally until the endpoint is reached. The block could be shifted
either down or right according to the sum of the cells. The size
of the extended block may double when a Y-drop condition is
met. The width of the block (band) depends on the sequence’s
identity. Unlike the BA, the WFA regards the global alignment
as the wave spreading from the start point to the endpoint.
WFA extends the wave step-by-step until the endpoint is
reached. To speed up, WFA utilizes the homologous region be-
tween the sequences to skip the path (wavefront) that is un-
likely to lead to the optimal solution. The search space for the
wavefront aligner is wave-like banding along the diagonal.

Overall, we presented a new library with an aligner,
Banded Striped Aligner (BSAlign) library, which is able to
combine merits from the aforementioned optimization tech-
niques without bringing their respective limitations. Firstly,
we developed an active F loop evaluation algorithm in the
striped vectorization [8] to reduce the redundant F matrix
recalculation, which accelerates the evaluation of the scoring
matrix. We also introduced difference recurrence relation
and developed a banded DP striped move algorithm to effi-
ciently combine the striped SIMD method and banded DP.
Finally, we designed a fast bit-vector algorithm to further
speed up edit distance-based alignment.

Method
Overview

We developed a set of new methods to address the pairwise
sequence alignment problem by adopting advantages from
previous work like striped vectorization [8], difference recur-
rence relation [12], banded DP [13], and by proposing novel
improvements like a technique called active F-loop evalua-
tion, a set of newly derived recurrence relations, a variant of
bit conversion for edit distance alignment (File S1), and
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different levels of adjustments to integrate all the features
into the BSAlign.

The striped move algorithm for banded DP

In the beginning, the algorithm calculates the global align-
ment by the Needleman-Wunsch algorithm [1] using striped
SIMD [8] data structure (Figure 1A; File S1), which optimizes
the pairwise alignment by focusing only on the alignment
along a diagonal band. A difficulty in applying banded DP to
the striped SIMD method is that the entire striped SIMD data
structure rearranges each time the band moves along the di-
agonal (Figure 1B). To overcome this difficulty, we develop a
method to move the striped SIMD data structure for banded
DP (Figure 1C). In normal coordinate, the whole register N
stores (Figure 1B):

Noj = [Hivojs Hiv1jsHivaj - Hivp-1j]

Nij=[Hizp+o0jHivpr1j,Hivps2jr--- Hizop-1,]

(1)
NE—L/ = [Hi+(E—1)*p+04j7Hi+(§—1)*p+1,;’7

Hi+(§—1)*p+2.jv s vHi+(§—1)*p+p—1,/}

where 7 and j are the first column and row coordinate in the
memory; H represents the alignment score; p represents the
number of cells; and 5 is the band width divided by p. In the
banded DP, the movement of the current row indicates the se-
lection of the optimal path. Moving zero, one, and two cells to
the right indicates one vertical gap, no gap, and one horizontal
gap, respectively (Figure 1A). In our banded DP algorithm, we
compare the H values in the first register and last register, move
the current row zero, one, or two cells to the right according to
the comparison, and prepare for the next row. In the next row,
the start position H;y1;.1 depends on the current row

[I—L’,I‘7 e 7Hi+§*P—1,/} as fOHOWil’lg:
Hijo1 (Sum(Np;) > Sum(Ns_y,))
Hiiyjr1 =19 Hiv1j41 (Sum(No;) == Sum(Ns_1,))
Hiizj11 (Sum(Noj) < Sum(Ns_q,))

(2)

H; . j4+1 move zero, one, and two cells to the right, which
are showed as rows j+3, j+ 1, and j+2 in Figure 1B and
Figure 1C, respectively. We develop our striped move follow-
ing the aforementioned Equations 1 and 2. In striped coordi-
nates, the whole register M stores:

Mo = [Hij, Hiisjs Hivausjo oo Hiv (p-1)45]

My;=[Hiv1j,Hivivsp Hivi42:5) - Hiv 14 (p—1) 3]

M;_1j=[Hitso1jpy Hivs g5 Higs 14245555
Hiis 11 (p-1)s5]
(3)

The memory stores all the registers as [Mo;, My,
My, ..., Ms_1]. In the striped order, the cell order for the
first register in the j+ 1 row (such as [Hy ;4 1, Hsj 1, Hoj 4 1,
Hi3,41]) is the same as the first, second, and third registers in
the j row (such as [Hyj, Hs j, Ho j, Hy3,]) for moving zero, one,
or two cells to the right, respectively (Figure 1C). This holds
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Figure 1 The striped move algorithm for each row

C

Normal order

~ His,s EI 8 91011 m

Hitjor ~ Hivto o 9 101112 131415@

His o ~ Hivte 2 ofi1121314 17018
His,jos ~ Hivts jia 8 910 @ @17

———p leftshift

Normal move:

Hl+3,/+2 ~ Hl+1a,/+2

———> :SIMD operation === === 3~ : SIMD + left shift (e.g., 4)

Hl+3,/+a ~ Hl+1s,/+3

Striped move:

A. Global visualization for the band along the diagonal. B. Detail example for row iteration in normal order. C. Detail example for row iteration in striped order (striped
move). Assuming the band width, the number of divided segments, and the number of cells in a register are 16, 4, and 4, respectively. In normal order, the cells are
in the same color for the same register. Only the offset is numbered inside the cell. SIMD, Single Instruction Multiple Data.

true for all the registers except the last one or two registers. For
the calculation of the next row, the memory is the following:

[Mo,js M1, Majy ..., Mz 1] (Sum(Mo;) > Sum(Ms_1;))
[Mij,Maj, ..., Ms_1;,Mo]  (Sum(Mp;) == Sum(M;z_1,))
[MZ,h . 7M§—l,f: MUJ', Mlj} (Sum(MU'f) < Sum(Mg_ 1./))

(4)

Memory =

For the exception, the new M can be converted from
the previous M (dash arrow in Figure 1C, such as [Hy 1,
Hsji1, Hojy1, Hizjr1] to [Hsjra, Hojiz, Hizjyo,
H,7;42]). Take Mg 1 as an example:

My, = (M()Aj < lbyte) +10,0,0,...,—00] (5)
Ipyse is the byte length of H. As the row moves one cell to the
right, the whole cells move from [Hjj,...,Hji5.,-1;] to
[Hi+17i+17...,Hi+§*pvl'+1}. The addition cell H,'+g*pyf+1 is
set as the negative infinity and filled in the register. The nega-
tive infinity indicates that this boundary cell will not be se-
lected by Equation 7. The banded algorithm skips the
calculation of boundary cells to speed up the global align-
ment. Using our striped move method, the whole striped

SIMD data only need bit operations to prepare for a new row
in banded DP.

Difference recurrence relation

The third way to optimize the pairwise alignment is to in-
crease the number of parallelisms (i.e., vector width) in SIMD
operations. We choose to calculate the score matrix based on
the difference recurrence relation [12] instead of the conven-
tional stripped SIMD implementation [8]. We denote h, e,
and f as the relative score of the H, E, and F score matrices,
respectively. We also define u matrix and v matrix to repre-
sent the vertical difference and horizontal difference within
the H matrix, respectively.

hij=H;;—Hi_1j-1
wij=Hij—Hj_1;=hij—vi_1,
vij=Hij=Hij_1 =hjj—uj_1 (6)
eij = Eij—Hij_1

fij=Fij—Hi-1-1

The definition of e and f matrices is asymmetry. Under the
aforementioned definition, our difference recurrence relation
can be expressed as:

hi;j =max(S;j,eij + uij_1,fij)
eijr1 =max(ej + ujj_1—h;j + GapE, GapOE) (7)
fi+1,f = max(f,-‘,- =+ G(ZPE,I’),‘J' + GapOE) —Ujj—1

For every iteration in our implementation, we only store 2;;_ 4
and e;;, and calculate b;j, v;;, e;;1 1, and f;; 1, by Equations 6
and 7.

Active F loop

For non-striped pairwise alignment, the horizontal score F
and its difference f can be calculated step-by-step via previous
cells. In striped order, some cells show up before their previ-
ous cells ([f4, /8, f12] in Figure 2A-E). Thus, it raises a prob-
lem only in calculating the horizontal score F and its
difference f. Farrar [8] initially developed a lazy F evaluation
method to solve this problem (Figure 2A). It corrected the
value of F via a couple of loops, which is time-consuming for
sequences that contain long indel errors (Figure 2D). In con-
trast to lazy F evaluation, we actively correct all the cells in
advance and guarantee that the value of H is always cor-
rected, providing a linear complexity solution to this problem
in any situation (Figure 2B and E).

For most registers in the memory, f is smaller than e and S.
The value of H does not source from f (Figure S1A). Only
when there is the horizontal gap will f start to influence the
value of H (Figure S1B and C). In the initial loop, we set the
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Figure 2 The lazy and active F loop algorithms inside a row

Assuming the band width, the number of divided segments, and the number of cells in a register are 16, 4, and 4, respectively. A. and B. The workflow for the lazy
(A) and active (B) F loops, respectively. C. An example of long horizontal gap (f;;to fi3 ). The dash line indicates the optimal path. D. A diagram showing how the lazy
F loop solves the aforementioned example for each cell. Initial loop: all the cells in the first register are negative infinity, and the algorithm calculates all the cells by
standard SIMD calculation. Lazy F loop: the algorithm keeps correcting all the registers one by one until none of them is updated, and this panel shows a situation
that it takes 3 loops to guarantee that all the cells are corrected. E. A diagram showing how the active F loop solves the aforementioned example for each cell.
Unlike the lazy F loop, there is no difference between “updated” and “no update”. All the values are updated one times only. Initial loop: the same as the lazy F
loop. Correction: each cell in the first segment is checked by Equation 10 and updated by the correct value. This extended register is also the first register (after the
right shift) in the striped format. Final loop: when the first register is totally correct, the remaining segments are corrected by SIMD calculation. Black box (waiting
for updates) indicates that the value is influenced by F and needs to be corrected. Gray box (updated) indicates that the value is updated recently. White box (no

update) indicates that the value is the same as expected and correct. The arrows above digits indicate the first time being updated as the correct value.

negative infinity as the first register MF, ; for horizontal dif-
ference f ([fo, f4, fs, f12] in Figure 2E):

MFo; = [foj,fsjs fsw2js- s Fsx(p-1)] (8)

Because fo,; will never contribute to f1, fo, (negative infi-
nite) is always error-free (f; in Figure 2E, top-left). Then, we
calculate the whole matrix by Equations 6 and 7. Because fo ;
is error-free, f1; to fs; are correct (f; to f4 in Figure 2E). We
save the last register MF ;:

MFs; = [fs), fsrjs -+ Fs(p-1)s Fsspii] 9)

Note that we calculate f;, 1 in Equation 7, so MFs ; ([f4, s,
f12. f16] in Figure 2E) is the last register to store f instead
of MF;_; ;. Because MFs; is calculated by MF;_; ; it solves
the problems that fy,s.5_1; may update fy,s45; (Y =0, 1,
2,...) (Figure S1B). The only exception is that the horizontal
gap is long enough to penetrate all the F scores
(fys«s,fy«s+1,---s/yss+s5-1) in the same cell position for all
registers (Figure 2C, Figure S1B). If the F penetration hap-
pens, the value of f; is smaller than f,_;; 4+ gap penalty
(Figure S1B). Thus, we update the f;; as the corrected value
in advance when we know F penetration has happened (cor-
rection in Figure 2E). The equation to update all the f scores
in the first register MFy ; is following:

_ fx
frej = max{fx_aj + 5 % GapE— (Hy_1j-1—Hx_1-5j-1)
x€(5,5%2,...,5% (p—-1))
(10)

Now, the updated f solves the problems that f,_g; may up-
date f.;. Thus, fy=s;s; (Y =1, 2,...) is corrected ([fs, f12] in
Figure 2). We right shift the last register MFg ; x bytes (length
of fo;) and update as the first register MFq ; ([f4, fs, f12, f16] tO
[fo. fa, fs, f12] in Figure 2). After the active F loop, we use the
updated f as the initial value and recalculate all the values by
Equations 6 and 7 (final loop in Figure 2E). Thus, the remain-
il’lg values are corrected ([f:% f99 f13a fZ) f69 f109 f7) f]]) f15] in
Figure 2, bottom). When all the values in f are corrected or
error-free, all the values of H are corrected.

Specifically, the active F loop and the parallel scan in parasail
[18,19] are similar in general. One of the improvements is that
the active F loop is implemented in difference recurrence rela-
tion, while the parallel scan [18] is implemented in the tradition
way, storing and calculating the absolute values. Therefore, the
active F loop can increase the number of parallelisms.

Experimental design

We implemented BSAlign with two modes: “align mode” for
pairwise alignment by score matrix, and “edit mode” for
pairwise alignment by minimum edit distance. For “align
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mode”, we compared BSAlign to five programs: SSW (v.1.0)
[11], parasail (v.2.4.3) [19], ksw2 (v.current) [15], WFA (v.2.2)
[17], and BA (v.0.2.0) [16]. Note that ksw2 implemented the dif-
ference recurrence relation [12] and was a component of mini-
map2 [15]. The scores for the match, mismatch, gap open, and
gap extension were set at 2, —4, —4, and -2 for all implementa-
tions, respectively. For “edit mode”, we compared BSAlign to
Myers (v.myers-agrep) [20] and Edlib (v.1.2.6) [21]. BA was run
by Rust WebAssembly (WASM) 128 bits; block size ranged from
32 bp to 2048 bp. Myers’s bit-vector algorithm was one of the
fastest deterministic alignment algorithms, but it did not support
global alignment and did not trace back the optimal path. Edlib
extended Myer’s bit-vector algorithm with additional methods
and traced back the optimal path.

We use the same real datasets as BA [16]. The short-read
dataset is 100,000 pairs of 101-bp Illumina HiSeq 2000 reads
(Accession No. ERX069505). The long-read dataset is
12,477 pairs of around 1000-bp Oxford Nanopore MinION
reads (Accession Nos. ERR3278877 to ERR3278886).

We simulated query sequences and reference sequences follow-
ing a configuration that approximated the error rate in the real
dataset for benchmarking. We randomly selected 100 start posi-
tions that contained no gap within a 100-kb region from
GRCh38. We benchmarked software in three ways: time for
length, time and accuracy for divergence and length, and accuracy
for long indel and band width. In the “time to length” compari-
son, we set the reference sizes as 10%, 10*2°, 10*°, 1075, 10,
10*2%, 10%°, 10*7%, 10*, 10**%, 10*°, 10*7, and 10° bp with
rounding. Then, we used PBSIM2 [22] to simulate a query se-
quence for each reference region. These query sequences and their
reference sequences became pairs of input data in pairwise align-
ment. Sequences were simulated for both PacBio and Nanopore
using hidden Markov models (HMMs) P6C4 and R103. The sim-
ilarity and mutation ratio (in the format of substitution:insertion:
deletion) were set as default values in PBSIM2 (similarity: 85%;
mutation ratio: 6:50:54 for PacBio and 23:31:46 for Nanopore).
In the “time and accuracy for different divergence and length”
comparison, we set the reference sizes as 10% 10°, 10%, and
10° bp. For each reference size, we also simulated reads with dif-
ference divergence (80%, 95%, and 99%). In the “accuracy to
long indel and band width” comparison, the reference size is
10* bp and the divergence is 80%. We randomly inserted or de-
leted sequences of 50, 100, and 200 bp in length in the middle of
the reference. For each indel size, we benchmarked software with
different band width sizes (32, 64, 128, 256, 512, and 1024 bp).

Results

We developed the aforementioned algorithms under x86 pro-
cessors using AVX2 SIMD and tested these programs on a
machine with an AMD EPYC 7H12 processor, 1TB random
access memory (RAM), and Ubuntu Linux 20.04.1. The exe-
cution time was calculated as the sum of user and system
time in a single thread. We repeated each alignment experi-
ment 1000 times in repeat mode. To achieve a fair compari-
son, we modified the implementations to add a repeat mode
in SSW [11] and Myers [20]. However, we were unable to
add a repeat mode for parasail [19]. We developed a standard
Needleman—-Wunsch implementation to evaluate the align-
ment accuracy. As SSW [11] performed local alignment in-
stead of global alignment, we also develop a Smith—
Waterman implementation to evaluate SSW’s accuracy. The
recall rate was defined as the percentage of alignments that

was the same score as the Needleman—Wunsch or Smith-
Waterman implementation for global or local alignment, re-
spectively. which may trim the tip sequence and get a higher
score in comparison. We also recorded the maximum mem-
ory in the system during the software execution. Overall,
BSAlign outperformed all the other programs or was on par
with the best program in all of the experimental scenarios.

Evaluation on real data

Table 1 shows the time and accuracy performance results for
five algorithms evaluated using both real and simulated data-
sets. In the case of processing real datasets, BSAlign maintained
100% recall rate for two datasets. WFA was the fastest algo-
rithm for Illumina reads. In “no band” mode, all algorithms
aligned the whole sequences without any band width, and
BSAlign was 1.5-6.5 times as fast as ksw2 and SSW for Oxford
Nanopore read. In “band” mode, all algorithms can align part
of sequences associated with the best alignment according to its
method; BA was the fastest algorithm for Oxford Nanopore
reads with a recall rate of 87%, and BSAlign was the second
fastest algorithm with a recall rate of 100%. Overall, BSAlign is
the fastest algorithm with the best recall rate for the Oxford
Nanopore dataset.

Evaluation of time and accuracy for
different lengths

We evaluated all software in three different ways: the running
time for different lengths, the running time and accuracy for
different divergences and read lengths, and finally the accu-
racy for different indel sizes and different band widths. In
pairwise alignment experiments, BSAlign ran faster than
ksw2 [15], SSW [11], and parasail [19] in both “no band”
and “band” modes (Figure 3A; Table 1). Among all algo-
rithms trailed, only BSAlign and WFA [17] have the capacity
to align sequences up to 100 kb in length. BA [16] was at
most 3.36 times as fast as BSAlign for 1000-bp sequences.
When the sequence length was equal to or longer than
10,000 bp, BSAlign was at most 1.20 to 5.61 times as fast as
BA and other algorithms.

Evaluation for edit distance mode

For the edit distance implementation, BSAlign recorded the
fastest speed compared to Myers [20] and Edlib [21]
(Figure 3B). The implementations were compared in two
modes. In the “whole” mode, all the aligners searched the
whole sequences for the minimum edit distance. In the
“limit” mode, the minimum edit distance was specified. All
the aligners were instructed to stop searching the sequences
that were over the minimum edit distance. In the “whole”
mode, the fastest implementation switched between BSAlign
and Edlib in different sequence lengths. In the “limit” mode,
all the aligners ran faster than those in the “whole” mode due
to smaller search space, where BSAlign, Myers, and Edlib
were 3.10, 1.33, and 1.11 times faster on average, respec-
tively. BSAlign ran 2.13 and 4.32 times as fast as Edlib and
Myers on average, respectively. Additionally, BSAlign in edit
distance mode is faster than all the pairwise alignment tools
(Figure 3A and B).

Evaluation of time and accuracy for different
divergences

Furthermore, we benchmarked this six software for time and
accuracy performance under different divergences (Table 2).
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Table 1 Time and accuracy performance of pairwise alignment algorithms

Genomics, Proteomics & Bioinformatics, 2024, Vol. 22, No. 2

Mode  Algorithm Real-Illumina Real-Nanopore L=1kb,d=5% L=10kb,d=5% L=100kb,d=5% Indel=50bp,d=20%
Time Recall Time Recall Time  Recall Time Recall Time Recall Time Recall
(ms) (ms) (ms) (ms) (ms) (ms)
No band BSAlign 1.65 1.00 3.78 1.00 0.85 1.00 70.00 1.00 3972.13  1.00 46.21 1
ksw2 148 098 945 1.00 222 1.00 207.00  1.00 Error Error 171.15 1
SSW 2.71 1.00 24.55 1.00 2.13 1.00 175.00  1.00 2000.22  0.00 121.90 1.00
Band BSAlign (128 bp) 2.60 1.00 1.92 1.00  0.37 1.00 3.72 1.00 40.70 1.00 2.71 1
ksw2 (128bp) 1.82 098 2.79 1.00 0.58 1.00 5.98 0.78 63.30 0.02 5.01 0
WFA 0.27 0.99 296 0.99 1.18 1.00 11.64 1.00 228.13 1.00 75.8 0.46
WFA.score 0.12 099 1.85 0.99 0.85 1.00 1.18 1.00 50.39 1.00 5.21 0.46
BA 2.16 0.99 0.91 0.87 0.11 1.00 4.48 1.00 Error Error 7.57 0

Note: WFA.score only computes the alignment score not the complete alignment. BSAlign, Banded Striped Aligner; SSW, Striped Smith-Waterman; WFA,

wavefront alignment; BA, block aligner; L, length; d, divergence; indel, insertion and deletion.
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Figure 3 The average computation time for pairwise alignment and edit distance

The length of the query sequence pair is from 1000 bp to 100,000 bp. Each pair is run 100 times. A. Six implementations: BSAlign, ksw2 [15], SSW [11], parasail
[19], WFA [17], and BA [16] are compared. Option band width is set at 128 bp for BSAlign and ksw2. B. Three implementations: BSAlign, Edlib [21], and Myers [20]
are compared. The mode “whole” and “limit” mean that the maximum edit distance is set at the whole query length and the true edit distance in simulation,
respectively. BSAlign, Banded Striped Aligner; SSW, Striped Smith-Waterman; WFA, wavefront alignment; BA, block aligner.

The accuracy of most software was 100%, except for the
small size of band width for high-divergence sequences. The
time for most software was stable in terms of processing time
for different divergences except WFA [17]. Its time for high-
divergence sequences (20%) was 4.2 to 16.3 times slower
than that of low-divergence sequences. When the length was
1000 bp, WFA and BA were fast and accurate for low-diver-
gence sequences. When the length increased to 10,000 bp,
BSAlign (band width 128) was always fastest than other soft-
ware. When the length further increased to 100,000 bp, BA
(capacity overflow), parasail (early termination), and ksw2
(core dumped) collapsed due to memory limitation. BSAlign
(band width 128) is reliable and faster than other software.

Comparison of indel size, band width, and accuracy

Because the banded methods might miss the optimal path, we
further evaluated the influence of indel size on the alignment ac-
curacy (Table 3). In this context, we randomly inserted or de-
leted 50-bp, 100-bp, and 200-bp sequences in the middle of a

reference (length = 10 kb, divergence = 20%). Overall, ksw2,
SSW, and BSAlign in the “no band” mode were 100% correct.
In the “band” mode, WFA detected approximately 50% long
indels while BA detected none; ksw2 detected all the indels
when the band width was set at 1024 bp; BSAlign with band
widths of 512 bp and 1024 bp detected all the 50-bp, 100-bp,
and 200-bp indels, respectively. As expected, to accurately de-
tect long indels, the band width should be two times as large as
the indel size. It suggests that BSAlign’s striped move is the most
accurate strategy to find the optimal path. Regarding the speed,
BSAlign was always faster than others. Notably, the lazy F loop
implementation SSW [11] ran slower for long indels while the
runtime of the active F loop implementation BSAlign was stable
for all the indel sizes. It suggests that BSAlign’s active F loop is
fast and stable.

Comparison about memory

We also measured the memory during the execution (Table 4).
All the software except WFA required similar memory for
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Table 2 Time and accuracy performance for different divergences

=20%

=100 kb, d

5% L

100 kb, d =

10kb,d=5% L=10kb,d =20% L=100kb,d =1% L

10kb,d=1% L=

=1kb,d=20% L=

1kb,d=1% L=1kb,d=5% L

L=

Mode Algorithm

Recall Time (ms) Recall

Time (ms)

Recall

Time (ms)

Recall

Time (ms) Recall Time (ms) Recall Time (ms) Recall Time (ms) Recall Time (ms) Recall Time (ms)

1.00
Error

81.10
Error

1.00

92.00
Error

00

1.

91.60
Error

1.00

62.50

1.00
1.00
1.00
1.00
1.00
0.74
1.00

70.00
207.00

00
1.00
1.00
1.00
1.00
0.77
1.00
1.00

1.

70.70

1.00
1.

1.00 0.76

1.00 2.01

1.00 0.85
1.00 2.22
1.00 2.13
1.00 4394.00
1.00 0.37
1.00 0.58

0.87
1.00

2.25
2.00

BSAlign
band ksw2

No

Error

Error

1.00
1.00
1.00
1.00
0.00
1.00
1.00

186.00

209.00

00

0.00

0.00  52.00

39.30
Error

0.00

39.30
Error

175.00 197.00

169.00

1.00
1.00
1.00
1.00
1.00
1.00

1.00 2.60
1.00 4273.00

1.00 0.37
1.00 0.55

1.00

SSW

Error

Error

Error

error
1.00

6086.47

3.64
5.59

6293.77
3.72
5.98

6316.16
3.72
6.06
8.70
4.52

4286.00

parasail
Band BSAlign (128 bp) 0.38

0.89
0.00

1.

39.80

1.00

40.70

40.30

0.27  63.30 0.02  59.70

63.70

0.57

ksw2 (128 bp)

WFA
BA

1156.01 00
Error

1.00

228.13
Error

1.00

181.50
Error

36.84

4.10

11.64
4.48

1.18 1.63

0.10
0.11

Error Error

Error

1.00

1.00 0.11

1.00 0.11

Note: Due to the higher deletion rate in simulation, the total sequence length of 20% divergence is 4.2% and 4.6% shorter than that of 5% and 1% divergences on average, respectively.

difference divergences. The memory increased as the sequence
lengths increased. Methods in the “no band” mode required a
larger memory than those in the “band” mode, as they stored
and calculated the whole alignment matrix. For the methods
that reducing search space, the banded methods BSAlign and
ksw2 required less memory than the other methods (WFA and
BA). For example, BSAlign (band width = 128 bp) required
16.36 and 32.46 times less memory than WFA and BA for se-
quence length of 10 kb and divergence of 20%, respectively.

Discussion and conclusion

Designing a dynamic banding method is about seeking a bal-
ance between speed and accuracy. No software can guarantee
both fast and accurate results under any conditions. For ex-
ample, WFA [17] works well for low-divergence short
sequences. BA [16] and ksw2 [15] work well for high-diver-
gence short sequences. When the sequences are short, the
band width is short as well. In this case, data structure like
striped SIMD is unnecessary and time-wasting. When the
sequences are long (10 kb or more), the band width increases
as well. In this case, the data structure like striped SIMD is
necessary and fast. The striped SIMD banded method
BSAlign is faster than the anti-diagonal banding method
ksw2 when the band width is 128 bp.

Code availability

BSAlign is implemented in C programing language and is
available at https:/github.com/ruanjue/BSAlign.
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Table 3 Time and accuracy performance for different indel sizes and band widths

Mode Algorithm Indel = 50 bp, d =20% Indel = 100 bp, d =20% Indel =200 bp, d =20%
Time (ms) Recall Time (ms) Recall Time (ms) Recall
No band BSAlign 46.21 1.00 45.93 1.00 45.49 1.00
ksw2 171.15 1.00 171.04 1.00 171.00 1.00
SSW 121.90 1.00 127.88 1.00 153.19 1.00
Band (128 bp) BSAlign 2.71 1.00 2.65 0.01 2.64 0.00
ksw2 5.01 0.00 5.10 0.11 4.90 0.15
Band (256 bp) BSAlign 3.26 1.00 3.30 1.00 3.22 0.00
ksw2 9.51 0.43 9.46 0.42 9.28 0.38
Band (512 bp) BSAlign 4.66 1.00 4.65 1.00 4.62 1.00
ksw2 18.15 1.00 18.21 0.98 18.03 0.83
Band (1024 bp) BSAlign 9.03 1.00 9.03 1.00 8.87 1.00
ksw2 35.16 1.00 35.12 1.00 34.69 1.00
Band WFA 75.80 0.46 75.08 0.51 76,14 0.61
BA 7.57 0.00 7.47 0.00 7.48 0.00
Table 4 Memory for different sequence lengths and divergences
Mode Algorithm L=1kb L=10kb L =100 kb
d=1% d=5% d=20% d=1% d=5% d=20% d=1% d=5% d=20%
No band BSAlign 4.19 4.18 3.97 184.72 183.90 162.52 18471.66 18314.93 16433.11
ksw2 5.16 4.91 4.56 157.56 154.53 43.79 Error Error Error
SSW 4.08 4.43 7.07 10.57 11.82 17.94 24.19 27.56 140.14
Band BSAlign (128 bp) 2.54 2.52 2.50 5.89 5.88 5.65 40.35 40.18 36.86
ksw2 (128 bp) 2.13 2.09 2.05 6.80 6.31 7.53 33.14 33.11 31.19
WFA 8.58 10.39 10.61 37.41 35.00 98.08 153.52 217.70 2095.99
BA 172.20 175.53 177.19 189.66 189.27 189.04 Error Error Error
Note: The unit of memory is MB. MB, megabyte.
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