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Abstract

Protein is an important molecule that performs a wide scope of functions in biological systems. Protein structures change little during
evolution and structural comparison provides more accurate information about the evolution history. Therefore, comparing three-dimensional
structure of proteins is one of the most fundamental problems in bioinformatics. In recent years, various algorithms have been proposed to
solve this problem efficiently. The proposed algorithms are very time-consuming due to high complexity of these structures. In this paper, an
FPGA-based hardware accelerator is proposed for the first time to speed-up the execution of a high-performance algorithm, called STON.
Two classes of approaches are used to reduce the execution time of the algorithm, namely, coarse-grain and fine-grain. In the coarse-grain
approach, due to the independency of for-loop cycles, parallelism is used for the iterations of these loops. In the fine-grain approach, the
square root, division and trigonometry functions are performed in a fast mode. A software/hardware co-design of the algorithm was
implemented based on two different Xilinx FPGA devices from Vertex family. An average speed-up of 10x is achieved compared to the
software execution.
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1. Introduction change less than protein sequences during evolution [14].
Therefore, structural comparison provides more accurate
information about the evolution history than sequence
alignment.

About 123273 protein structures are available from
protein data bank on Oct 2016, and the number of structures
is growing rapidly (http://www.rcsb.org). A newly
determined structure of a protein is compared with the
previously classified structures to determine the family,
evolutionary relationship and function of the protein.

Protein structure comparison is an NP-hard problem [2].
Two categories of various heuristic algorithms have been
developed for this problem during the last decades, namely,
intermolecular and intramolecular. In the first approach, one
protein structure rotates in 3-D space, and therefore, its
related parts are laid on another protein structure and their
intermolecular distances are minimized [3-7]. In the second
approach, the interior distances between atoms within each

Since the function of every living organism can be
determined by the physical structure of its protein, research
on proteins has attracted researchers in systems biology.
Proteins have three physical structures, called protein
sequence, protein second structure and protein three-
dimensional structure. The first structure is formed from
amino acids; proteins are synthesized as linear chains of
amino acids. Then they form secondary structures along the
chain, such as o helices, B sheets and loops. The condensed
multiple secondary structural elements lead to tertiary
structure. The tertiary structure is stabilized by efficient
packing of atoms in the protein interior (Figure 1). Physical,
chemical and biological characteristics of proteins are
extracted from the differences and similarities of the linked
three-dimensional structures of the protein. Protein structures
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protein are computed and these distances in the two proteins
are compared [8-13]. Although many methods have been
developed, different results have been reported for the same
benchmarks. One of the basic criteria for choosing a proper
algorithm is Root Mean Square Deviation (RMSD). The
algorithm which produces a small RMSD for a large protein
is preferred.

Amino acids

g

Alpha helix ——\

gys

Pleated sheet ——

Pleated sheet

Alpha helix

Figure 1. Protein structures
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STON is one of the high-performance and parameterized
algorithms [14] which has the ability of finding weakly- and
strongly- related proteins and near or remote structural
homology can be detected. This algorithm generates a two-
dimensional zero/one matrix based on the result of
comparing the angles of the two proteins and then finds the
largest locally similar parts of the proteins. Then it computes
the distance matrix and rotates the smaller protein (the
protein with smaller radius) around the other one in several
steps. The RMSD and number of equivalent residues are
computed and then the data with large size and small RMSD
is selected as a desired result. Due to the large database and
high complexity of the STON algorithm, its long run-time is
one of the most major problems in using the algorithm in
practice. In fact, the run-time of the algorithm grows
significantly with the size of the input proteins and user-
defined parameters. There are two challenges in solving this
problem. First, achieving practical speed and second,
preserving the required precision. To ameliorate these
problems, hardware acceleration solution is considered to
implement the whole algorithm or some parts of it on a
suitable hardware platform [15].

In this paper, an FPGA-based implementation of the
STON algorithm is presented for comparing the three-
dimensional structures of proteins while significantly
preserving the accuracy of the algorithm. Overally, the key

attributes and contributions of this hardware acceleration

method are as follows:
e We described the STON algorithm in verilog
language and then synthesized, placed and routed it on
two different Xilinx FPGA devices from Vertex family,
namely, Virtex5:xcS5vsx240t and Virtex7:xc7vx1140.
These devices are rich in memory and DSP block
resources compared to the other members of these
families.
e To minimize the execution time of time-consuming
functions in the STON algorithm, two approaches were
used, namely coarse-grain and fine-grain. The fine-grain
approach was proposed in our previous paper [1]. This
paper presents more detailed description of this approach;
the square root, division and trigonometry functions are
performed in a fast mode.
e The coarse-grain approach has three parts; namely,
parallelism, pipelining and reconfiguration. Due to the
independency of for-loop cycles, three modes of
parallelism are used for the iterations of these loops. The
parallelism modes are limited by the resources of the
FPGA device. Moreover, other techniques such as
reconfiguration and pipelining are used due to specific
capabilities of FPGA devices and compared the results of
each technique.
e Some functions of the STON algorithm generate large
matrices to preserve the required values. These matrices
limit the usage of memory resources in the FPGA device.
We attempt to compute the required values during the
execution time and remove the area consuming matrices
of the software implementation.

The rest of the paper is organized as follows: Section 2
briefly reviews  existing  state-of-the-art  hardware
acceleration schemes. Section 3 describes a detailed review
of the STON algorithm and presents the first hardware
implementation of this algorithm. Section 4 reports
experimental. Finally, Section 5 concludes the paper.

2. Related Work

There are significant studies which report co-design
methodology to build hardware accelerators for different
bioinformatics applications; DNA or protein
sequence/multiple sequence alignment, RNA secondary
structure alignment, protein secondary structure prediction,
phylogenetic likelihood and protein folding [16-40].
Sometimes, if the algorithm is composed of simple
operations on extended data, single instruction multiple data
(SIMD) platforms can be useful. Hardware platforms such
as graphics processing units (GPU) are SIMD platforms.
However, when the algorithm has high complexity with a
variety of operations, GPU is not an appropriate choice.
These algorithms may be more suitable for being
implemented on field programmable gate arrays (FPGAs).
For the best hardware implementation, the design flow must
consider all factors such as programmability, performance,
programming cost and sources of overhead. In general,
FPGAs provide better performance and power consumption,
while GPUs are easier to program [42]. Both platforms were
used in different applications in bioinformatics; RNA
secondary-structure alignment (FPGA) [21-22], comparing
DNA and protein sequences (FPGA) [23], sequence
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alignment (GPU) [24], DNA sequence Alignment (FPGA)
[37-38], multiple sequence alignment (GPU) [25], multiple
sequence alignment (FPGA) [26], protein structure
prediction (FPGA) [27], phylogenetic likelihood (FPGA)
[28] protein sequence search (GPU) [29], molecular docking
(FPGA and GPU) [30], protein folding (FPGA) [31], protein
sequence analysis [32], protein 3D structure alignment
(GPU) [33-36] and protein search (FPGA) [40]. The 3D
structure alignment methods of [33-35] use different
representations of protein structures and different
computational procedures and are implemented on GPU. In
[33], a GPU-based implementation of the CASSERT
algorithm [36] for efficiently scanning a database of protein
structures was presented in order to identify structural
similarities. The CASSERT algorithm is based on the two
phase alignment of protein structures when matching
fragments of the compared proteins. In [34], authors
demonstrated a new heuristic for tableau-based protein
structural and substructure searching based on simulated
annealing and proposed a parallel implementation of it on
GPUs. Reference [35] presented a parallel structure
alignment for large-scale proteins and designed it to exploit
the parallelism of GPUs. Paper [39] provides a survey on the
use of hardware accelerators such as FPGAs and GPUs in the
domain of computational genomics. Moreover, it describes
the role of recently developed or soon to be released
accelerator technologies.

In this paper, an FPGA-based accelerator is presented for
comparing the three-dimensional structures of proteins based
on the STON algorithm whereas significantly preserving the
accuracy of the algorithm. The implemented hardware
executes timing-critical parts of the design in parallel or
pipeline manner. In addition to this, time-consuming
operations such as division and square root are implemented
in a fast mode.

3. Materials and Methods

3.1. STON Algorithm

In this section, a detailed review of the STON algorithm is
described. Let A be a protein with n amino acids. As shown
in figure 2, for every four consecutive amino acids i, i+1, i+2
and i+3; i<= n-3, a triple of angles (8%, @5, 3%), measured in
radian, is assigned to each residue i.

Figure 3 shows the pseudo code for the STON algorithm.
Let pl and p2 be two proteins with n and m residues,
respectively.

i+3

0, o,
. /‘ /—
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i

Figure 2. Definition of the three angles @1, ¥2 and @3 for
four Consecutive amino acid atoms which are numbered
from i to i+3

The make degs matrix function computes a zero/one
matrix. Consider a small number € and a matrix M = [m;;]
such that for each i and j,

(o, otk lott—op|+ job o]
my;: 3
0 otherwise

Non-zero entries in the matrix correspond to locally
similar structures in the two proteins. The goal of the
algorithm in this function is to find the longest consecutive
locally similar parts of the two structures, namely, nodes and
cores vectors.

In the next step, this algorithm executes in a two-
dimensional space (Figure 4) where rows follow residue i
from pl and columns follow residue j from p2. Every cell in
this space is calculated independent of other cells. In the
set_center function, every amino acid of each protein is used
to set as the new center of the protein. Therefore, these
proteins will be different from the original ones.

Algorithm STON
Input:
Input proteins: p1 and p2.
Number of amino acids of the proteins: pl.size and p2.size.
User defined parameter: distance_delta (8), rotation_ delta
(o).
Output:
Data with small RMSD and large size.

begin
(nodes, cores) = make degs matrix (pl, p2);
for iin 0 to pl.size do
pl.set_center axis(i);
for j in 0 to p2.size do
p2.set_center axis(j);
For k in 0 to nodes. size do
check distance (p1, p2, nodes[k], cores[k]);
count check will be true or false into conditions
end for
if (count check)
protein _compare (pl, p2, §, 6);
x_axis_rotation (pl, p2);
end if
end for
end for
end

Figure 3. The pseudo code of the STON algorithm

jM O(1]|2|3]4]|.. | m2 m-1

n-1

Figure 4. Two-dimensional space of execution time of
STON algorithm

The protein compare function generates a two-
dimensional matrix according to the distance between every
residue of two proteins (comp-list) and distance delta
(Figure 5). This function is performed in 0(n?).

In the x_axis_rotation function, the protein with smaller
radius is determined and rotated by ko angles
(0 < k2™/;) around the other one where o is a parameter to
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be set to trade-off precision vs. speed (Figure 6). In other
words, the rotation is made in ¢ units. For each ko rotation,
the algorithm receives the distance matrix from the
protein_compare function and generates a graph called G-
The vertex set of the graph is the set of residues of the two
proteins where the Euclidean distance between the
corresponding residues is smaller than distance delta. Then
the size and RMSD are computed. This function is also
performed in O(n?).

Function: angle check
Input:
Input acids: al and a2

Begin
al-size = \/m :
a2-size= \/m :
. x1 x2 . 8
if (abs(arcos(al_size) — acos (m))<asm(a1—size))
then
return True
else
return False
end if
end

Function: protein _compare
Input:
Input proteins: pl and p2.
Number of the amino acids of the proteins: pl.size and
p2.size.
Distance of amino acid i from centre of the pl: p1 [i].size.
Distance of amino acid i from centre of the p2: p2 [j].size.
Output:
two-dimensional distance matrix: comp_list

begin
for iin 0 to pl.sizedo
valuel = p1[i].size;
for j in 0 to p2.sizedo
value2 = p2[j].size;
comp_value = abs(valuel - value2);
new_check= angle check(pl[i], p2[j]);
if comp_value<d and new _heck is True then
push j in temp_vect vector;
end for
push temp_vect in comp_list vector;
end for
end

Figure 5. The pseudo code of protein_compare function
to construct the distance matrix

The algorithm continues with the next amino acids as the
centre until the end position of the proteins is reached. The
protein_compare and x_axis rotation functions must be
repeated for each residue i from protein pl and each residue j
from protein p2. Therefore, the time complexity of the
algorithm is O(n*), where n is the size of the proteins. This
shows the long execution time of the algorithm.

3.2. Hardware Implementation

The input data for this program are generally in pub (protein
database) format that consist of the coordinates of the amino
acids in the proteins in the three-dimensional space. These
data are floating point numbers with a maximum of three
digits for the fraction part. Therefore, fixed-point
representation can be used to simplify the calculations in
hardware.

Function2:x_axis_rotation
Input:

Input proteins: pl and p2.

Two-dimensional matrix: comp_list
Output:

The best data with small RMSD and large size for the selected
residues as the centre.

begin
max_deg=360/0c;
form in 0 to max_deg do
fore in 0 to comp_list.size do
for j in 0 to comp_list[i].size do
temp_index = comp_list[i][j];
value = distance meter(p1[i];p2[index]);
if sort(value) <= & then
push value in weight matrix;
push j in graph matrix;
end if
end for
if int_row.size # O then
push i in ripple vector;
end for
generate the G, then choose the data with small RMSD
and large size according to the weight, graph and ripple
matrices
end for
end

Figure 6. The pseudo code of x_axis_rotation function

Table 1. Data representation in hardware: 10 bits for integer
part and f bits for fraction part

S/W H/W
=8 =10 =12
4.499 | 4.49609375 4.49609375 4.498779296875
00100.01111111  00100.01111111  00100.011111111011
3188 | 31875 3.1875 3.18798828125
. 00011.00110000  00011.00110000  00011.001100000010
5ou3 | 233984375 233984375 2342773435
: 00010.00101011  00010.00101011  00010.001010111110
16.58984375 16.58984375 16.593505859375
16.594 | 10000.10010111  10000.10010111  10000.100101111111

-&
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make degs matrix

set_center

@

protein_compare
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| X_axis_rotation
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Figure 7. One cycle of hardware block for STON algorithm
(a) Software implementation of make degs matrix function
(b) Hardware implementation of the rest

The width of data was chosen by experiments such that
the desired precision of comparison can be obtained. The
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representation of real coordinates in sufficient precision with
22 bits was showed in table 1. Increased precision uses larger
bit widths, which in turn requires more hardware resources.

Figure 7 shows top-view of the proposed architecture
which implements the STON algorithm without any
optimization. Each block in the diagram implements one step
of the algorithm as described in the previous section, except
for the make degs matrix function which is implemented by
a software program running on the host computer.

The structure of the algorithm has two major bottlenecks,
namely, protein_compare and X axis rotation functions in
terms of run-time (Figure 8). Two classes of approaches are
used in this paper to minimize the execution time of these
functions, namely, coarse-grain and fine-grain.

= set_center_1

set_center 2

= check distance

= protein_compare

" X_axis_rotation

Figure 8. Execution time of functions of STON algorithm

3.2.1. Fine-Grain Approach

The protein_compare function requires n x m x p cycles to
finish, where p is the number of cycles for computing
division, square root and trigonometry functions. Also n and
m are size of pairs of proteins. The fine-grain techniques
attempt to minimize the execution time of these arithmetic
functions.

Square Root: Two options were attempted to implement
square root. First, ISE core generator from Xilinx toolset
(http://www.xilinx.com) was used. The square root core can
perform this operation in 25 cycles for high precision data.
As mentioned before, the latency of square root operation has
a significant effect on the run-time of the algorithm.
Therefore, this operation should be performed in a faster
mode. Next, the logarithm and antilogarithm functions were
used to compute the square root as follows:

Vx = x'/2 = 2'/2l0gx (1)

The logarithm and antilogarithm of a range of x values
are stored in memory (Table 2), and therefore there is no
need to compute them during run-time. Another operation in
(1) is division by 2 that can be performed by a single right
shift operation. The square root operation requires 10 cycles
for 44-bit input data and 22-bit output data to compute while
preserving the required precision (Figure 9). To achieve fast
operation with nearly equal results as the software
implementation, the second option was chosen.

0.4 et
{

HEHE

0 200000 400000 600000

error of approximation
(sqrt)
(=]
[\)

Figure 9. Error approximation of square root(x), x is a float
number in [0, 500000)

Division: There are several options to compute the division
operation. Due to the time criticality of this operation, we
decided to choose the fixed point division which was
implemented based on subsequent shifts and subtractions.
Figure 10 shows the approximation of this implementation
compared to the real values of division results that requires at
most 32 cycles for 22-bit input data.

ximation of (div)

app

-0.0003

Figure 10. Difference between real and the implemented
division for 800 inputs in [-500, 500]

Table 2. Required memory for tables of possible values for
the square root and trigonometry functions

Function Address and Required Memory
Data (K bit)
Tan™ 2% x15 3840
Cos 2" x15 240
Sin™! 21 x15 240
Sin 2% x14 448
Coos 2% x14 448
Log 2° x10 0.512
Anti-log 2! x16 32
Trigonometry Functions: These functions can be

implemented by CORDIC classes of ISE core generator from
Xilinx toolset (http://www.xilinx.com). CORDIC functions
require many cycles for high precision data and use large
amount of logic resources in FPGA devices [41]. Due to the
limitations in logic resources to be used for parallel
execution of other operations, this option was not adopted.
Instead, we used some tables of possible values for the
trigonometry functions previously stored in the memory
available on the device. Due to the large size of these tables,
the bottleneck of this method is the limited size of memory
resources in FPGA devices. Therefore, as table 2 shows,
approximate values of the trigonometry functions can reduce
the required amount of memory.
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3.2.2. Coarse-Grain Approach

This approach has three parts; namely, parallelism, pipelining
and reconfiguration. In all of them, we attempt to optimize
the execution time of the algorithm and use the device
resources efficiently. Some functions of this algorithm
generate huge matrices for preserving the required values
whereas these limit the usage of the memory resources in
FPGA device (e.g. weight matric). We require to remove this
area consuming parts of the software implementation and
attempt to achieve required values in the code (e.g. the
bio_matching function). So, there is no necessity to store
these values in large memory.

Parallelism: The STON algorithm was analyzed carefully to
identify parts that can be implemented in parallel. In the
following, several modes of parallelism are proposed. The
top function has many independent for-loops, and therefore
parallel execution of the iterations in this function
can improve the run-time considerably. This approach is
limited by the memory size and logic resources of the FPGA
device.

According to figure 4, all involved functions must be
repeated for each residue i from protein pl and each residue j
from protein p2 which results in a long execution
time. The first mode of parallelism executes different
residues of two proteins simultaneously to speed up the
algorithm by the affordable degree of parallelism that is 6 in
figure 12. In other words, every 6 rows of the two-
dimensional space matrix begin executing at the same time.
This method reduces the run-time of the function by a factor
of 6 in comparison with the basic implementation
(Figure 11).

. . :0,1,2,3,4,5, ...
matrix_acid_selec

check distance

protein compare

X axis rotation

Figure 11. Basic implementation of matrix acid_selector
without any parallelism

In the x_axis_rotation function, the number of iterations
of the outer for-loops depends on rotation-delta parameter
(Figure 13).

Some iterations of this for-loop can be done in parallel
which can reduce the execution time of the x axis_rotation
function by a factor of 1, where 1 shows the degree of
parallelism. For example, round 0 to round o x (1— 1) start
at the same time. In the experiments, 1 and o were chosen as
8 and 5°, respectively (Figure 14).

i:0,6,12, ...
it1,7,13, ...

i:2,8,14, ..
i:3,9,15, ...

i: 4,10, 16, ...

matrix_acid_selector L35, 11,17, ..

set_center

check_distance

X_axis_rotation

Figure 12. The first mode of parallelism:
Parallel implementation of matrix_acid_selector function

rotation: 0, 5, 10, 15, 20, ....
rotation_delta(c): 5
number of for_loops =360 /5 =72

X_axis_rotation

rotate X
compare

Figure 13. Basic implementation of x_axis rotation function
without any parallelism

rotation:0,40,80,...

rotation:5,45,85,...
rotatin:10,50,90,

rotatin:15,55,95,

rotatin:20,60,100,...

rotatin:25,65,105,...

rotatin30,70,110,
X_axis_rotation
rotation:

rotate X

compare

rotatin_delta: 5
number of for_loops =360/5=72/8=9

Figure 14. The second mode of parallelism:
Parallel implementation of x_axis_rotation function

The x_axis_rotation function calls rotate x, compare and
bio_matching functions. The run-time of rotate x for every
rotation angle is equal and they finish at the same time. This
is the case for compare function too. However, the run-time
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of bio-matching may be different for different angles (Figure
15). Therefore, if the bio_matching function for a rotation
angle finishes much later than another, the parallelism may
not help much. Consequently, reducing the run-time of the
bio-matching function can effectively decrease the total run-
time of the x_axis_rotation function.

120000

= e ¢ ofaie x

Figure 15. Comparison of the execution times of the three
functions

The bio-matching function can be performed in about
half of its normal run-time by executing this function for two
different indices at the same time. The input data for this
function are read from memory resources. Therefore, using
dual-port memories of the FPGA device accelerates the run-
time of this function. This is the third mode of parallelism in
the coarse-grain approach that benefits from dual-port
memories on FPGA devices.

matgix_acid_selector

X axis rotation

R

bio matching

Figure 16. All modes of parallelism approach

All modes of parallelism are shown in figure 16. Six
instances of matrix_acid selector function execute
simultaneously and in each module of this function, eight
instances of x axis_rotation function run at the same time.
Moreover, in each instance of x_axis_rotation, two instances
of bio_matching function run in parallel.

On the other hand, computing the two-dimensional
matrix in protein_compare function in parallel can decrease
the execution time of this function substantially. The
computation part of this function has been done in
angle check (ac) function that is called in two-dimensional
space. For example, instead of calling them one by one,

twenty four instances of ac function are executed
simultaneously (Figure 17). This technique is combined with
other methods explained in the following sections, to
improve the execution time of this function. It is noteworthy
that two last mode, parallelism in the x_axis rotation and
bio_matching functions, were proposed in our paper [1] and
are discussed with more details here.

j:0,24.48,..
§:1,25,49,...
j:2,26,50,...
j:3.27,51,...
ac
o
o
o
j: 21,45,69....
j: 22,46,70,....
o j123.47,71,...

Figure 17. The fourth mode of parallelism method: parallel
Implementation of protein_compare function

Pipelining: Pipelining is a technique that can be used to
increase the throughput of synchronous circuits. In a
pipelined design, the advantage of parallel processing
capabilities of FPGA devices can be used to improve the
performance of an application program developed by
sequential code. To implement a pipelined design
for our implementation of STON algorithm, we divide
protein_compare function into three steps; 1. Read, 2.
Compute and 3. Write (Figure 18). The angle check
function computes the results and during the write stage,
previously computed results are written in the complist ram
matrix.

\ s
A
read ac
14

Figure 18. Three stages of pipeline implementation of
protein_compare function

In the pipelining technique, each stage of an instruction is
run simultaneously with the next stage of the previous
instruction (Figure 19). In this paper, the protein_compare
function was implemented using a combination of the
parallelism explained in previous Section and the pipelining
technique.

(R
R P~

Figure 19. Implementation of protein_compare in pipelining
manner




S. Kashi and M. Saheb Zamani: A Fast Hardware Implementation of STON Algorithm ... (Regular Paper) 45

Reconfiguration: Some FPGA devices can be reconfigured
dynamically during run time. We take this advantage of
FPGA devices to accelerate the execution of the algorithm.
The modules implementing the set center and
protein_compare functions are first loaded on the device. In
other words, the FPGA device is configured such that it can
run those two functions. The indices of amino acids and two-
dimensional matrices are computed and saved in external
memories. In the next step, the device is reconfigured to
implement x_axis_rotation function. In this step, for each
pair of residues of two proteins, the matrices and coordinates
of proteins must be read from memories and stored in the
device memories and then RMSD and size of compared
proteins are computed in the x_axis_rotation function. This
method helps have a full available device to implement every
stage of the algorithm. So, parallelism can be more effective
for each stage but with overhead of reconfiguration time, the
total result is not satisfactory. More discussion is included
in section 4.

4. Results

The software implementation of the STON algorithm [13]
was compiled and run on a 3.6 GHz AMD PhenomTM IIx6
1090T system with 7.650 GB of memory. The run-time was
measured for a number of structure pairs that are extracted
from (http://www.rcsb.org) (Table 3). This table shows that
the runtime of the algorithm is not related only to the size of
proteins. It is affected by the size of core and nodes vectors
and the complexity of the comp-list matrix. For the hardware
implementation, the coordinates of the amino acids in the
proteins in the three-dimensional space are floating point
numbers with a maximum of three digits for the fraction part.
Therefore, fixed-point representation can be used to simplify
the calculations in hardware and save valuable hardware
resources compared to floating-point representation. The
width of data was chosen by experiments such that the
desired precision of comparison can be obtained. Table 1
shows the representation of real coordinates with 22 bits. We
chose 10 bit for integer part and 12 bit for fraction part. We
described the STON algorithm in Verilog language and then
synthesized, placed and routed it on two different Xilinx

FPGA  devices from  Vertex family, namely,
Virtex5:xc5vsx240t and Virtex7:xc7vx1140.

Table 3. Number of proteins and their size
pl:p2 pl-size p2-sizse Time(S\W)
ICEW : IMOL 108 94 2m6.722s
IFXI : 1UBQ 96 76 2m40.204s
3HHR : ITEN 195 89 3m42.658s
3HLA :2RHE 99 114 3m44.429s
ICID :2RHE 177 114 7m29.215s
1DSB : 2TRX 188 109 7m38.938s
IBGE : 2GMF 159 121 7m43.086s
2AZA : 1PAZ 129 120 6m49.721s
2MTA: 1YCC 147 108 7m54.485s
ITIE :4FGF 166 124 11m37.162s

These devices are rich in memory and DSP block
resources compared to the other members of these families.
Our first design was implemented on the Virtex5 device but
this device was not appropriate for implementing our other

approaches as they need more resources. Virtex7 family is
the high-end FPGA devices of Xilinx company
(http://www xilinx.com) that has been optimized for system
performance with a large amount of hardware resources.

4.1. Experiments with Matrices Using Virtex5

At first, the design was implemented on the xc5vsx240t
device with the matrices which consume large amount of
memory. The x_axis_rotation function was implemented for
parallelism degrees of 8 and 14. These different degrees of
parallelism depend on the size of proteins and lead to
different usage of memory resources for storing the matrices.
The results of RMSD and size of the proteins pl and p2
when executing the algorithm on the software and hardware
platforms are reported in table 4 for the distance delta and
rotation_delta equal to 5 & and 5°, respectively. The results
of RMSD and size are almost equal for the software and
hardware platforms. This is due to the proper precision
adopted for the square root and division functions in the
hardware implementation. The run-time of the software and
hardware implementations is shown in table 5. In addition to
preserving the required precision, the speedups of 1.2 to 1.6
were achieved for the hardware implementation in this case.
These different speedups are due to the different run-time of
the algorithm for the pairs of proteins that resulted from their
various structural characteristics.

Table 4. Results of RMSD and size for the structural
alignment with 5 A distance delta and 5° rotation_delta on
the software (S/W) and hardware (H/W) platforms

pl:p2 RMSD/ size (S/W) RMSD/ size (H/W)
1BGE, 2GMF 2.926/90 2.926/90
1CID, 2RHE 2.842/90 2.845/90
1CEW,IMOL 2.317/77 2.309/77
3HLA, 2RHE 3.010/70 3.104/73
2AZA, 1PAZ 2.811/79 2.904/78

Table 5. Results of run-time for the structural alignment with
5 A distance delta and 5° rotation_delta on the S/W and
H/W platforms

pl:p2 Time (S/W) Time (H/W) Speedup
1BGE, 2GMF 7m43.086s 5m29.301s 1.406
1CID, 2RHE 7m29.215s 6m31.284 1.148
1CEW,IMOL 2m6.722s 1m17.169s 1.642
3HLA, 2RHE 3m44.429s 2m19.312s 1.611
2AZA, 1PAZ 6m49.721s 5m29.967s 1.242
120%
Ea 100%
3 80% —
8 60% —
3 40% e —
s e e R
0%
Logic DSP Memory
Resource( Blocks(10 Block(516
37440) 56) )
® parallelism degree: 8 75% 28% 91%
parallelism degree: 14 98% 44%, 87%

Figure 20. Average resource usage on the Virtex5 device for
5 benchmarks for two degree of parallelism
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As a large amount of the logic and memory resources is
used, these degrees of parallelism (8 and 14) are the
maximum values which are feasible for this device (see
figure 20).

4.2 Experiments without Matrices

Virtex7

Using

Then, our design was implemented on the second FPGA
devices (xc7vx1140) and the memory consuming matrices
were removed from the algorithm. In this step, the
protein_compare (pc) and x axis rotation (xar) functions
were implemented once with parallelism degree of 24 and 12
respectively (pc: 24, xar: 12) and another time with 32 and
16 respectively (pc: 32, xar: 16). The results of RMSD and
size values of the protein pairs on the software and hardware
platforms are reported in table 6 for distance delta and

rotation_delta equal to 5 A and 5°, respectively.

Table 6. Results of RMSD and size for the structural
alignment with 5 A distance_delta and 5° rotation_delta on
the S/W and H/W platforms

pl:p2 RMSD/ size (S'W)  RMSD/ size (H/W)
1CEW,IMOL 2.317/77 2.311/77
3HLA, 2RHE 3.010/70 3.010/70
1BGE, 2GMF 2.926/90 2.926/90
1CID, 2RHE 2.842/90 2.875/91

The run-time of the algorithms on the software and
hardware platforms is reported in table 7 and table 8.
Comparing table 7and table 8 shows that increasing the
degree of parallelism brings about speedup improvement.
According to figure 21, the parallelism of (pc: 32, xar: 16) is
critical due to 80% of memory usage of FPGA device.

Table 7. Results of run-time for the structural alignment with
5 A distance delta and 5° rotation_delta on the S/W and
H/W platforms (pc:24 and xar:12)

plip2 Time (S/W)  Time (H/W) Speedup
1CEW,IMOL 2m6.722s 23.331s 5.431
3HLA, 2RHE 3m44.429s 1m5.67s 3418
IBGE, 2GMF  7m43.086s 2m16.286s 3.398
1CID, 2RHE 7m29.215s  2m24.478s 3.109

Table 8. Results of run-time for the structural alignment with
5 A distance delta and 5° rotation delta on the S/W and
H/W platforms (pc: 32 and xar: 16)

pl:p2 Time (S/W)  Time (H/W) Speedup
1CEW,IMOL 2m6.722s 20.321s 6.236
3HLA, 2RHE 3m44.429s 56.401s 3.979
IBGE, 2GMF 7m43.086s 1m59.184s 3.855
1CID, 2RHE 7m29.215s 1m40.936s 4.450

These results show that the required precision is properly
preserved and speedup of 3x to 6x is achieved (Table 7 and
Table 8) but this implementation is not satisfactory as large
amount of logic and DSP resources are wasted (Figure 21).

100%
80% —

60% —

40% —

= mi ml A
0%

Resource usage

Logic DsP Mem
Resource BLOCK(336 BLOCK(188
(178000) 0) 0)
® pc(24)-xar(12) 34% 35% 63%
pc(32)_xar(16) 41% 45% 82%

Figure 21. Average resource usage on the Virtex7 device for
4 benchmarks for two pairs of parallelism degree
Run-Time

4.3. Experiments with

Reconfiguration

In this experiment, the reconfiguration capability of FPGA
devices was exploited and applied in addition to the previous
methods in order to increase the degree of parallelism. In the
first configuration, the protein compare function was
implemented with parallelism degree of 48 and the results
such as two-dimensional matrix and set-centered proteins
were stored in external memories. In the second
configuration, the required input data were downloaded from
the external memories to the internal memories and the
x_axis_rotation function was implemented with parallelism
degree of 24. The run-time of each configuration of the
algorithm on the hardware platform is reported in table 9for
the distance delta and rotation_delta equal to 5 Aand 5°,
respectively.

Table 9 Run-time of each step of reconfiguration technique
with 5 A distance delta and 5° rotation_delta for the H/W
platform (pc:48 and xar:24)

plip2 Confl:Pc 48  Conf2:Xar 24 reconfiguratio
n time

1CEW,IMOL 1.754s 15.433s 25s

3HLA, 2RHE 3.059s 39.333s 33s

IBGE, 2GMF  5.533s 1m13.355s 39s

1CID, 2RHE 17.393s 1m?7.585s 53s

Total run-time is the sum of the time required for confl,
conf2 and reconfiguration time that are reported for the
software and hardware platforms in table 10. Comparing
table 8 and table 10 shows that the reconfiguration
techniques help to increase the degree of parallelism but
can’t obtain desirable speedup because of the time overhead
of reconfiguration in the current FPGA technology.

Table 10 Results of run-time for the structural alignment with
5 A distance delta and 5° rotation_delta for the S/W and
H/W platforms (with reconfiguration, pc: 48 and xar: 24)

pl:p2 Time(S/W)  Time (H/W) Speedup
1CEW,IMOL 2m6.722s 42.187s 3.004
3HLA, 2RHE 3m44.429s 1m15.392s 2.977
IBGE, 2GMF  7m43.086s  1m57.888s 3.928
1CID, 2RHE 7m29.215s  2m7.978s 3.510
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The total amount of resource usage is reported in figure
22. For this degree of parallelism, if no reconfiguration is
performed, the total usage of memory resources would be
more than the available resources on the FPGA device.
Therefore, the reconfiguration technique makes this
parallelism feasible but the technique used in Section 4.2
leads to better speedup in practice.

140%
120% —
100% —
80%
60%
40%
20%
0%

usage resource

Rel;c(’)glj:ce DsP Mem

(178000) BLOCK(3360) BLOCK(1880)
xar_24 41% 45% 9%
Hpc_48 35% 25% 0%

Figure 22. Average resource usage on the Virtex7 device for
4 benchmarks for two configurations

To show the time overhead of the reconfiguration
method, we assumed to have a hardware with adequate
resources according to figure 22 and implemented protein
_compare and X_axis_rotation functions with the required
parallelism degrees (pc:48 and xar:24). Table 11 shows that
the speedup increases more than 50% compared to table 10.
Therefore, the reconfiguration method have 50% reduction in
speedup because additional time is needed to do the
reconfiguration.

Table 11. Results of run-time for the structural alignment
with 5 A distance delta and 5° rotation_delta for the S/W
and H/W platforms (without careconfiguratioin, pc:48 and
xar:24)

pl:ip2 Time (S/W)  Time (H/W) Speedup
ICEW,IMOL 2m6.722s 17.187s 7.373
3HLA, 2RHE 3m44.429s  42.392s 5.294
I1BGE, 2GMF 7m43.086s 1m18.888s 5.870
1CID, 2RHE 7m29.215s 1m24.978s 5.286

4.4. Selected Parallelism

In the next experiment, the matrix acid selector was
implemented with parallelism degree of 6. Moreover, the
x_axis_rotation function was implemented with parallelism
degree of 8 but the protein compare function was not
parallelized to save resources for the other functions. The
results of RMSD and size of the protein pairs for the
software and hardware implementations are reported in table
12. With obtaining much better speedups, more protein pairs
of (http://www.rcsb.org) were attempted in these
experiments.

The run-time of the algorithm for software and hardware
platforms is reported in table 13. The parallel implementation
of the matrix_acid_selectror (top) with the parallelism degree
of 6 and the x_axis_rotation (xar) with the degree of 8 (top-6:
xar-8) resulted in speedup of 7.1 to 11.5. Comparing this
speedup with the previous results indicates that parallel

implementation of the top-module of the algorithm (e.g.,
matrix_acid_selector) is more effective than the other
functions (e.g., protein_compare).

Table 12 Results of RMSD and size for the structural
alignment with 5 A distance delta and 5° rotation_delta on
the S/W and H/W platforms

plip2 RMSD/size(S\W) RMSD/size(H\W)
1CEW : IMOL 2.317/77 2.310/77
IFXI : 1UBQ 3.08756/55 3.084/55
3HHR : ITEN 2.43139/83 2.433/82
3HLA :2RHE 3.010/70 3.104/73
ICID :2RHE 2.842/90 2.845/90
IDSB : 2TRX 2.67874/76 2.738/78
1BGE : 2GMF 2.926/90 2.926/90
2AZA : 1PAZ 2.81128/79 2.904/78
2MTA: 1YCC 2.64973/81 2.650/81
ITIE :4FGF 3.03966/108 3.031/108

Table 13 Results of run-time for the structural alignment with
5 A distance delta and 5° rotation_delta on the S/W and
H/W platforms (matrix_acid_selector: 6 and x_axis_rotation:
8)

pl:ip2 Time(S\W)  Time(H\W)  Speedup
1ICEW : IMOL 2m6.722s 11.229s 11.285
1FXI : 1UBQ 2m40.204s 13.868s 11.552
3HHR : ITEN 3m42.658s 29.468s 7.556
3HLA :2RHE 3m44.429s 24.123s 9.304
1CID :2RHE 7m29.215s 58.791s 7.641
IDSB : 2TRX 7m38.938s 53.536s 8.573
IBGE : 2GMF 7m43.086s 43.36s 10.680
2AZA : 1PAZ 6m49.721s 47.759s 8.579
2MTA: 1YCC 7m54.485s 46.919s 10.113
ITIE :4FGF 11m37.162s  97.141s 7.177

Figure 23 shows the average resource usage on the FPGA
device for the ten attempted benchmarks. Comparing figure
21 with figure 23 shows that by this selection of functions,
the resource usage for memory, logic and DSP blocks are at
same level. On the other hand, in figure 21 memory usage is
about twice the logic resource usage and much of the FPGA
resources are wasted. Therefore, parallel implementation of
the protein_compare function is not preferred because of
using more memory resources versus logic and DSP
resources. Moreover, its parallel implementation is not
efficient in terms of run-time of the algorithm.

Resource Usage
wn
(=]
N

IS
2
=

Logic DSP

Memory
Resource(17 Blocks(3360
8000) Block(1880) )

83.10%

‘ top_6 && xar_8 89% 61.20%

Figure 23. Average resource usage on the Virtex7 device for
10 benchmarks

It is worth noting that the hardware accelerator was
clocked at most at 100 MHz while the software
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implementation was executed on a PC with 3 GHz clock
frequency. The same values for threshold and user-defined
parameters were used in both hardware and software
implementations. As shown in the reported tables, the
speedup gained from our FPGA implementation compared to
software ranges from 2x to 12x. The reason behind this
speedup of the FPGA implementation, in spite of the huge
differences in the clock frequency, is mostly due to the
parallelism used in the FPGA. As comparing three-
dimensional structures of proteins is normally run a large
number of times to find the weak or strong linked proteins in
databases, this speedup can be very advantageous in the real
world experiments. On the other hand, the low frequency of
clock for FPGAs is mainly due to their programmable
structures. If the proposed algorithm is implemented on
application-specific integrated circuits (ASIC), the speedup
of the proposed architecture is expected to be much more.

5. Conclusions

In this paper, a hardware accelerator was proposed for
comparing three-dimensional structures of proteins. Since the
software implementation of the procedure takes a long time
to complete for large databases, hardware acceleration can
make it more practical. In this paper, the detailed FPGA-
based implementation of the STON algorithm was presented.
To the best of our knowledge, this is the first hardware
implementation of the STON algorithm. The results show
that the proposed hardware accelerator leads to the speedup
of 10x on average. The proposed architecture can be
implemented on ASICs to improve the speedup even more.
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