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Abstract— Advances in DNA-sequencing technology have far
outpaced Moore’s law, imposing significant challenges on the
computationally intensive secondary analysis in the sequencing
pipeline. An accelerator for seed extension, a critical and com-
putationally intensive step in genome sequencing, is proposed.
The accelerator, implementing a string-independent automata,
consists of a triangular array of 25x 2 custom-designed processing
elements. It performs 2.46 million reads per second (MRPS),
achieving a 1581 x improvement in power efficiency and 165.5x
smaller silicon footprint compared to a system setting with dual-
socket Xeon E5-2697 v3 server processors.

Index Terms— Application-specified integrated circuit (ASIC),
DNA sequencing, Levenshtein edits, seed-extension, string-
independent automata.

I. INTRODUCTION

HE completion of Human Genome Project (HGP) [1] has

triggered immense interest in the application of whole
genome sequencing (WGS), driving the development of next-
generation-sequencing (NGS) technology to reduce the cost.
Since the advance of NGS, the production cost of whole
human genome sequencing has plummeted by 10000x from
U.S. $10 million to U.S. $1000 in the last decade [2], as in
Fig. 1. This has led to wide use of DNA testing in both
research and clinical diagnosis, creating more personalized
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Fig. 1. Sequencing cost plummeting versus Moore’s law [2].

patient treatments [3]. For example, genetic tests are now
commonly used to predict the effectiveness of specific breast
cancer treatments for patients [4]. Furthermore, identifying
somatic mutations in the human genome sheds light on
the evolution of human cancers, information that can be
leveraged to prevent these cancers in individuals [5]. Like-
wise, large-volume genome testing across diverse samples can
provide a better understanding of the cause of Alzheimer
disease [6]. As technology speeds up WGS, its use will likely
become a standard clinical practice, similar to a blood test,
in the coming decade.

The fast reduction of sequencing cost that benefits the ubiq-
uitous application of WGS stems from the rapid improvement
of the NGS technology. Compared to HGP, which required
15 years to sequence the first human genome, NGS systems
from Illumina can sequence over 45 human genomes in a
single day [7], rendering a 200000x speedup. As shown
in Fig. 2, a typical DNA sequencing pipeline of current gen-
eration is composed of roughly two main steps. First, a DNA
sequencer, backed by NGS technology, splits the input genome
into billions of reads, which are short DNA copies of the input
genome. Then, the reads are passed into a reference-guided
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Fig. 2. Reference-guided sequence analysis pipeline with seed extension
highlighted.

secondary analysis, where they are assembled into the original
genome by aligning to a previously sequenced genome, for
example, the one obtained from the HGP. The secondary
analysis is far from a simple string comparison in the sense that
the input genome does not necessarily match the referenced
genome due to DNA mutations, requiring approximate string
alignment. Furthermore, the produced reads are not the exact
copy of the input genome due to the errors introduced by
the DNA sequencer, further complicating the task. Altogether,
for each sequenced human genome, on average, 396 GB
of data must be processed through the complex secondary
analysis [8], which not only poses a significant computational
challenge to current general-purpose computing systems but
also presents them as a bottleneck in the sequencing pipeline,
since the improvement of the DNA sequencer enabled by NGS
technology is far outpacing Moore’s law. At such rate, this
computation bottleneck is projected to dominate the total cost
and processing time of sequencing, becoming a key limiting
factor in the growth of this important medical technology.

Before dealing with the bottleneck, it is worthwhile taking a
close look at the secondary analysis (see Fig. 2). As mentioned
above, a large number of reads, ~1.5 B, produced by the DNA
sequencer, are passed through the secondary analysis, which
is further divided into three processing steps [9].

1) In the seeding step, a set of possible locations where
the read matches the reference is found by exactly
matching small fragments (seeds) between the read and
the reference.

2) The seed-extension step evaluates these possible match
locations by exploring approximate alignments between
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the read and the reference, including possible edits,
to determine the final match location.

3) In the final step, the variant calling step, all the reads
that are aligned to a particular base in the reference are
evaluated to determine whether a mutation occurred at
that location.

Various software packages have been devised to han-
dle these steps since early twenty-first century. Some of
them cover the first two steps, such as BWA-MEM [10],
Bowtie2 [11], and SOAP2 [12], while some focus on the third
step but use the above libraries for the first two steps, like
GATK [13] that incorporates BWA-MEM. There are also other
generic string/sequence analysis libraries such as SeqAn [14]
and SSW [15]. Among them, BWA-MEM has become a
standard for the analysis pipeline and is advocated by GATK
best practice guide.

BWA-MEM, as well as other libraries, adapts two algo-
rithms, FM-Index [16], based on Burrows—Wheeler transform
(BWT) [17], and Smith—Waterman (SW) algorithm [18], for
the two steps, seeding and seed extension, respectively. GPU
implementations [19], [20] of these software packages and
algorithms were released within the software community to
cope with the computation bottleneck due to the increas-
ing amount of data to be processed. However, acceleration
for them gained little interest until recent years, following
the tapering-off of Moore’s law. Field-programmable gate
array (FPGA) solutions were proposed at first for its ver-
satility and better power efficiency compared to GPU sys-
tems, such as [21] for the seeding step and [22] and [23]
for the seed-extension step. With the software stack getting
stable, application-specified integrated circuit (ASIC) becomes
appealing in terms of form factor and power efficiency.
An ASIC designed for the seeding step was also presented
in ISSCC 2018 [24] with 7.84-mm? die size and 135 mW of
power, achieving ~1000x and ~400x improvement in terms
of power efficiency and area efficiency compared to GPU
implementation. However, little or no dedicated acceleration
ASIC has been proposed to address other steps in DNA
sequencing.

In this article, we target at the seed-extension step, which
requires a total of 14 billion alignments for each human
genome, which takes ~5/~273 h for 56-thread/single-thread
workload on a server equipped with dual-socket Xeon
E5-2697 v3 processors, using the optimized SeqAn
library [25]. Seed extension aligns two DNA strings of
~100 bases: the read or query (Q) and the portion of the
reference (R) where the query is expected to align. However,
as mentioned above, there can be mismatches between
R and Q due to sequencing machine errors or mutations
in an individual’s DNA. Hence, approximate alignment is
needed, allowing for the following Levenshtein edits as
shown in Fig. 3: insert (i), delete (d), and substitute (s).
Fig. 4 shows two of many possible alignments for an R and
Q pair, each with an edit distance or score. The goal of seed
extension is to find the alignments with the best score and to
report the score and its associated strings of edits.

We use a 25 x 25 triangular array of processing ele-
ments (PEs) that implements a string-independent automata
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Fig. 4. Example of alignment.

algorithm for approximate string matching and also performs
match score calculation and generation of the edit string. The
proposed alignment accelerator, implemented in MIFS 55-nm
deeply depleted channel (DDC) CMOS, operates at 670 MHz
and achieves 2.46 million reads per second (MRPS) with
8-mm? silicon area [26]. Marking, to our knowledge, the first
seed-extension ASIC, it achieves an ~1581 x power efficiency
improvement and 165.5x smaller silicon footprint compared
to deploying SeqAn library on a server with dual-socket Xeon
E5-2697 v3 server processors [25], operating on the same
Genome data set and producing the same output.

The remainder of this article is organized as follows.
Section II introduces the core operation of the proposed
accelerator and compares it with the standard SW algorithm.
Section III describes the detailed implementation of the test
chip. Section IV presents the measurement results of the
design, and finally, Section V concludes this article.

II. SEED-EXTENSION ALGORITHMS
A. SW Algorithm

The canonical solution for the approximate string alignment
problem is a dynamic programming (DP) algorithm called
the SW algorithm [18], which is adapted as a submodule of
BWA-MEM and other software libraries. The basic version of
the algorithm that only identifies the edit distance is illustrated
in Fig. 5.

To align two input strings’ query (Q) and reference (R),
first a DP matrix of size n2 is initialized as all zeros, where n
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Fig. 5. Basic SW algorithm.

is the length of the input strings (assuming w.l.o.g. the input
strings are of the same length). Then all the cells identified
by coordinate (i, j), except for the ones in the first row and
column, are filled by an alignment score calculated from the
neighboring cells, according to (1). The weight matrix denoted
by W(ri, g;) in (1) assigns each pair of the input characters in
the input strings a score for match or amismatch. For example,
here, the match score is set to 1 and mismatch score is set to 0.
The penalty in the equation is reserved for the gap penalty
calculation explained further in Section III and is set to O for
simplicity in this example. Thus, (1) is a rule of reward and
penalty that accumulates the highest alignment score between
the two input strings up to position (i, j).

In the meantime, each cell also keeps track of which one
of the neighboring cells its score is calculated from. Finally,
from the highest scores, the traces that hold the best scores
are extracted backward. One of the best traces is shown in the
example, which translates to an edit distance that equals 5

Eli —1,j =11+ W(ri. q;)
Eli, j] = maxq E[i, j — 1] — penalty (1)
El[i — 1, j] — penalty.
The time and space complexity of the SW algorithm is
O(n?), where n is the maximum length of the input string

pair, rendering a string-dependent space complexity and pre-
venting efficient hardware implementation. In practice, one
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Fig. 6.
k=1

State diagram of an LA for sequence s = AGC and edit distance

often focuses, dynamically or statically, on a band of fixed
width along the diagonal of the DP matrix [27], leaving out
the corners colored in gray in Fig. 5. The parameter that sets
the width of the band is the maximum target edit distance k.
This banded DP matrix correctly generates output as long as
the edit distance of the input string pair is no greater than k.
This optimization potentially reduces the complexity to O (kn)
since k is much less than n in practice. However, it is still
string dependent.

B. String-Independent Automata

Another solution to sequence matching is based on Leven-
shtein automata (LA). An LA is a finite-state automaton that
is defined on a sequence s and a number k. It can recognize
the set of all sequences that are at most k edit distances
away from the string s. For example, the state diagram of
an LA, defined on string automatic gain control (AGC) and
edit distance k = 1, is shown in Fig. 6. Each state is denoted
by n¢, which means that n characters consumed and e edit
distance encountered so far. The state machine starts from state
0° and takes the characters of input sequence one by one. Also,
it determines whether the input sequence is at most k = 1 edit
distance away from the sequence s = AGC. Discussion about
the finite-state automaton theory is beyond the scope of this
work, and the reader is referred to [28] for further information.
Although the complexity of LA is O (kn), which is comparable
to SW, it suffers from the fact that it is specific to a given
sequence, as the LA in Fig. 6 is only able to compare strings
to AGC. Thus, LA is rarely utilized in practical sequencing
software libraries.

However, our design adopts a recently proposed
string-independent LA algorithm [25], the algorithm
decouples the state machine from the specific sequence
and has the advantage that varying length strings can be
processed using the same matching hardware as long as the
maximum edit distance remains fixed. Unlike the standard
SW algorithm, where R/Q strings remain static and possible
alignment paths are explored with an array of PEs, the R/Q
strings of arbitrary length are shifted through a state machine
that simultaneously evaluates all possible alignments between
the two strings.

The state machine for this algorithm consists of a 3-D grid
of tiny PEs, represented as circles in Fig. 7, each performing
a comparison of a base pair (BP), while the BPs of the
input R/Q reads are supplied through the two shift registers,
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Fig. 7. String alignment example.

rightward and upward, one BP at a time. Starting from the
PE at the bottom left, each PE reactivates itself when the BP
matches, otherwise, it simultaneously activates the neighboring
PEs in a 3-D fashion. The 3-D represent insertion, deletion,
and substitution, thus, each PE is uniquely assigned a state
identifier (i, d, s) corresponding to the edit cost seen so far,
e.g., PE120 corresponds to 1i + 2d + 0Os. So, the notations
“PE” and “state” are referred interchangeably in the rest
of this article. In summary, the process propagates from
PEOOO diagonally into the 3-D until the input R/Q reads are
shifted out of the registers.

The example in Fig. 7 performs as follows. Initially, in clock
cycle zero (¢ = 0), only PEOOO is activated and compares
the first BP of the R/Q strings (A, A). For clarity, only the
activated PEs are shown in Fig. 7. Since the BP matches,
the PE reactivates itself, indicating a match (m) edit string
so far. In the next clock cycle (¢ = 1), the R/Q strings are
shifted right/up, and PEOOO compares BP (G, T). Since there
is a mismatch, PEOOO deactivates itself and instead activates its
three neighbors, PE100, PE010, and PEOO1. PE100 evaluates
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possible alignment of R/Q after 1i and, therefore, uses the
shifted base of R. Since it compares BP (G, G) in ¢ = 2,
it finds a match and reactivates itself for the next cycle.
Similarly, PEO10 represents 1d and compares BP (T, T) and
reactivates. PEOO1 represents 1s and, therefore, looks at the
unshifted bases of its inputs and compares BP (T, G), which
is a mismatch. It, therefore, deactivates itself and activates
PE101, PEO11, and PE002.

In ¢ = 3, PE100 and PE101 compare BP (T, C) and
find a mismatch. While they both compare the same R/Q
BP, PE100 represents 1i and PE101 represents 1i and ls;
hence, their edit distances are not the same, preventing them
from being merged. Similarly, PEO10 and PEO11 compare
BP (C, G) and find a mismatch. PE0O2 represents 2s and
compares BP (C, C), which is a match. However, if this
pattern is followed, a full 3-D grid of PEs develops, as shown
by the large black circle in ¢ = 2, which would result in
O (k%) complexity. To reduce the complexity to O (k?), instead,
we use the observation that PEOO2 evaluates the same BP
position in ¢ = 3 as PE110 will evaluate in the next cycle,
¢ = 4. In our example, since the R and Q strands are shifted
right and up, respectively, in ¢ = 4, PE110 also compares
BP (C, C) in ¢ = 4. Furthermore, in terms of edit distance,
i =d = s = 1, so the edit distances represented by both
PE002 and PE110 are equal (1i + 1d = 2s). Hence, they
can be merged by replacing PE002 with a wait node that
does nothing but activates PE110 in ¢ = 4 (indicated by
the small black dot in ¢ = 3 and 4). By offloading the
evaluation of PE0O2 to PE110 in ¢ = 4, a full 3-D structure
is collapsed into a 2-D structure. Hence, in ¢ = 4, PE110
finds a matched BP (C, C) and after reactivating itself, again
finds the final match (C, C) in ¢ = 5 (not shown in Fig. 7),
marking the optimal alignment of two edits. Note that several
other PEs are also active in ¢ = 4. However, they all have
higher edit distances and are suboptimal. Finally, the process

(a) Overall architecture of test chip and details. (b) Composable structure.

ends after both the input strings are shifted out of the shift
registers.

Therefore, the resulting array has dimension (k, k, 2). Com-
pared to SW, the space complexity of the automata array,
O(k?), is only quadratic in terms of the maximum edit
distance k, making the size of the array much smaller and
string independent. On the other hand, the process starts with
R/Q shifted into the register and finishes with them shifted out,
resulting in an additive linear time complexity O (n+k) instead
of multiplicative time complexity O(kn) in the banded SW.
Thus, the string-independent automata array renders a higher
throughput for a given space.

III. SEED-EXTENSION ACCELERATOR
A. Implemented Architecture

The overall architecture of the accelerator and PE array is
shown in Fig. 8(a). The PEs are extremely simple, consisting
of only six gates, which OR incoming activations and activate
self/neighbors depending on the comparison result. The BP
comparisons are performed at the shift registers and are then
passed diagonally to neighboring PEs since diagonal PEs
use the same comparison result with a one-cycle delay as
explained in Section II. This makes all communication local,
allowing for very high-speed operation. The 25 x 25 triangular
array can be decomposed into three smaller triangular arrays of
12 x 12 [see Fig. 8(b)], enabling a tradeoff between through-
put and maximum edit distance, which is further discussed in
Section IV.

B. Affine Gap Penalty and Score Machine

The standard seed-extension algorithm typically uses a more
sophisticated scoring scheme in addition to edit distance,
based on empirical statistics [29]. This includes the affine gap
penalty used in standard BWA-MEM software [10], complying
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to the clipping heuristic. Accordingly, the scoring scheme,
as shown in the top of Fig. 9, is adopted in our design. The
penalty scheme favors consecutive insertions and deletions
(penalty —1) over new insertions and deletions (penalty —7),
preventing merging confluence paths, which can occur with
simple edit distance scoring.

According to this rule, two sample alignments (see Fig. 10)
have the same edit distance (five insertions) but with different
scores. Alignment 2 has two gaps separated by the matched
T and T BP in the middle, which imposes a doubled gap
penalty compared to alignment 1 (two —7 penalties versus
one), making the first alignment more desirable. To support
the affine gap penalty, a delayed merge of two converging
paths is required as in Fig. 9. When two paths converge, they
cannot merge immediately based on the current state and input
scores alone since the future score depends on whether the path
opens a new gap. In the example, although the incoming score
from the preceding insertion edge, 8, is lower than the current
score, 9+ 1, the incoming score is not discarded immediately
to merge the two paths. Instead, we latch it until a new gap
opens in the next cycle to decide whether to take the incoming
path and pass the higher score to the following PEs. Score
calculation logic is introduced in addition to the basic PE to
accommodate the aforementioned scheme, which passes the
calculated score from PE to PE along with the state activations
(see Fig. 11).
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C. Collision Resolution and Traceback Machine

After the forward process of the input read pair as described
above, the best trace is then shifted backward and collected
by the controller to generate the final output (Fig. 12, top).
This in-place trace back is supported by augmenting the edit
machine with a traceback machine and a score machine as
shown in Fig. 11. The principle is to keep track of the best
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score and the incoming state pointer (i,d,s) that activates
current state with that best score and also to count the
matches that the current state meets before activating the next
state. With this information, the traceback machine chains the
winning states one-by-one during the backward propagation to
form a complete winning path. However, during the forward
process, it is possible for the correct pointer to be corrupted
by a later, non-optimal path due to greedy affine gap scoring,
thus breaking the backward trace of the best path. When such a
collision is detected by the controller, the string is reprocessed
up to the point when the broken state occurs and then traced
back, as shown in Fig. 12, bottom. Although this requires
reprocessing the string, in practice, this is rare, less than 1%
of the reads (see Fig. 13), resulting in negligible performance
degradation.

D. Complete Operating Sequence

Fig. 14 shows the complete sequence of operation: after
the full read pair is processed (phase I), each PE passes
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Fig. 16. Test board and die photograph.

the maximum score backward in back-propagation mode, and
the best score is retrieved from PEOOO (phase II). The array
controller also counts the number of cycles until the best score
exits the array and then reverses the machine and propagates
the best score into the array again for the same number of
cycles (phase III), at which point the node that matches the
best score self-identifies. During forward processing, each
PE also stores which of the incoming arcs (i, d, s) pass the
best score. In phase IV, starting from the final winning state,
the traceback pointers are connected in backward fashion until
they reach PE0QO. Finally, in phase V, this backward trace is
collected by shifting it back to PE0OO, revealing the edit string.

IV. MEASUREMENT

A representative data set, the I[llumina Platinum Genomes
ERR194147 data set [30], is used to test our implementation.
The distribution of edit distance of the reads in the data set
is shown in Fig. 15, left. From the distribution, 99.9967%
of the reads are of edit distance no greater than 25, so with
k =25 for the PE array, 99.9967% of the reads are correctly
processed. Since the size of the array is quadratic in maximum
edit distance supported, 25 is a good tradeoff point between
accuracy and silicon area. For the decomposed mode, where
k =12, 99.7907% of the reads are correctly covered. A time
breakdown of the processing on the data set (Fig. 15, right)
shows that 70% of the processing time is devoted to forward
process and 30% is taken by the traceback phase.

Implemented in Mie Fujitsu 55-nm DDC technology,
the test chip achieves 670-MHz core clock frequency at
0.9-V VDD and consumes 508 mW of power. Fig. 16 shows

Authorized licensed use limited to: University of Michigan Library. Downloaded on September 27,2022 at 18:08:15 UTC from IEEE Xplore. Restrictions apply.



WANG et al.: 2.46-MRPS SEED-EXTENSION ACCELERATOR FOR NGS

Freq & Power VS VDD @ Zero Body Bias

oo
o
o
=)

800 1.4
750
Freq. 1.2
— 700 —
= 1 2
E —_
5 650 g
@ 0.8 ©
- 600 B
Power -
550 '
450 0.2
0.7 0.8 0.9 1 11 1.2
VDD(V)
708 Freq & ?ower VS Boc'iy Bias @VDI? =0.9V 09
700 0.85
0.8
&5 Freq.
= 0.75 —
g 690 %,
= 0.7 2
& 685 3
w 0.65
ower
680 0.6
675 0.55
670 - - - 0.5
0 0.05 0.1 0.15 0.2
Body Bias(V)
Fig. 17. VDD scaling and body bias scaling plot.
290 Freq across test dies @ 0.9V VDD
i 0.2V Forward Body-Bias
700
= 690
=
o
L 680 1
w
4
670 1
660 | No Body-Bias
4
650 . ¢ . A
1 2 3 4 5 6
Chip number
Fig. 18. Frequency distribution across test chips.

the test board and die photograph. As shown in the VDD
scaling plot (see Fig. 17), the frequency of the test design
can scale up to 834 MHz with 1.2-V VDD and 704 MHz
with 0.2-V forward body bias at 0.9-V VDD. Fig. 18 gives a
frequency distribution across six different test chips.

To compare this work with the state-of-the-art, BWA-MEM
is chosen as the ground truth to compare the output due
to its popularity. However, because BWA-MEM also incor-
porates the seeding step, the SeqAn library is implemented
to study the performance of this work independent of the
seeding step. The measured throughput is 2.46 MRPS for the

831
TABLE I
COMPARISON WITH OTHER WORK
This CPU GPU
work | [14]25) | [20] | [22] | (2]
SiliconResult | Yes | Software |Software| FPGA | FPGA
Technology 5;321 22nm 28nm | 40nm | 40nm
Chip Size(mm?) 8 662x2 551 N/A N/A
Freq.(MHz) 670 2600 706 200 200
Power(W) 0.508 145x2 250 4.7 4.7
Throughput*
(MRPS) 2.460 0.014 0.250 | 0.279 | 0.032
Efl;{ower
iciency 4.24 0.003 0.001 0.059 | 0.027
(MRPS/W)
Area
Efficiency* | 0.3075 | 0.000096 | 0.00011 [ N/A N/A
(MRPS/mm?)

* Normalized to single core or single PE array
** Normalized by technology node

test data set, and the results are identical to those obtained
with BWA-MEM under the same settings of maximum edit
distance k and scoring scheme. This marks a performance
improvement of ~3x/~170x over SeqAn library deployed
as 56-thread/single-thread workload on a server with dual-
socket Xeon E5-2697 v3 processors under the same con-
figuration [14], [25] and ~32000x over SSW library on a
2-GHz AMD processor [15]. It also achieves improvement
of ~10x over a GPU implementation [20] or an FPGA
implementation [22], all of which have a much larger silicon
footprint, yielding a performance improvement normalized by
area and technology of over 1000x. The power efficiency
is 4.24 MRPS/W, also marking an over 1000x improvement
over SeqAn on the CPU [25] and 70x improvement on the
FPGA [22]. Table I summarizes the above comparison.

V. CONCLUSION

An accelerator for seed extension is presented. The acceler-
ator consists of a triangular array of 25 x 25 custom-designed
PEs, implementing a string-independent automata. Marking
the first silicon implementation of the string-independent
matching algorithm, it achieves 2.46-MRPS throughput and
4.24 MRPS/W power efficiency, providing 1581x power
efficiency and over 1000x area efficiency improvement com-
pared to deploying SeqAn library on dual-socket Xeon ES5-
2697 v3 server processors, while maintaining the same output
as standard BWA-MEM library under the same configuration.
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