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Abstract In the field of RNA secondary structure prediction, CYK (Coche-Younger-Kasami) al-
gorithm is one of the most popular methods using SCFG (stochastic context-free grammars) mod-
el. Accelerating SCFGs for large models and large RNA database searches becomes a challenge
task in computational bioinformatics because of the O(L?) computational demands that are re-
quired. General purpose computers including parallel SMP multiprocessors or cluster systems ex-
hibit low parallel efficiency. Furthermore, large scaled parallel computers are too expensive to be
used easily for many research institutes. FPGA chips provide a new approach to accelerate CYK
algorithm by exploiting fine-grained custom design. CYK algorithm shows complicated data de-

pendence, in which the dependence distance is variable, and the dependence direction is also
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across two dimensions. This paper proposes a systolic-like array structure including one master

PE (Processing Element) and multiple slave PEs for fine-grained hardware implementation on

FPGA. By columns and assign, tasks are partitioned to PEs for load balance. Data reuse schemes

reduce the need to load energy matrices from external memory. The experimental results show a

factor of more than 14 speedup over the Infernal-1. 0 software for 959-residue RNA sequence and
a CM model with 3145 states running on a PC platform with Intel Dual-Core 2. 5GHz CPU. The

computational power of the accelerator is comparable to a PC cluster consisting of 20 Intel-Xeon

CPUs for RNA secondary structure prediction using SCFGs, but the hardware cost and power

consumption is only about 20% and 10% that of the latter respectively.
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(Sectionl, Section2, Section3), & ™ X M 4 & K
2 B2 4 BT E . B bR s 050 R R 2 Sk
RFIFFNT . B 5644 Section] H1 i k=K JZ %k
Z PE B3 R GRS K—1 2, YA R & L2
(k=1 52 J5 Fi¥ Section2 4 K 2 M# &= PE
M5, B 3 % 5 — A X I Section3 i f F 2 (B=1)
WY T TR BT

M — RSB S . B e AR Y
AIPR S 10 2 700 3 % 017 TR A R ) A 43 32, &l 6
(b) (o) iR, B R FERARE (1 4 5100 R Fm M arik
BEWERE X 719 [ 4B 2 PE1~PE4 |
ATV, B i br s 1 2 oT Ko PE BR324
R B T K BT AL A2 B A SR AR 2 SORS 2 L
B —~ PE 3 B4R 4% BRI 6 (o) F & T 7m M 24 ij 51

MY EHR AL &G (R = MAIE At % Ml T 2 1
R FF AT AR 20 (1) &b F ] — X # £ A3 8 1) JT
R A A T LU AR B et ), PE BE B 24 A 15
() TG 2R B A F = 4 R 0 TR — 45 0 A R . 2R
B SORE)Z A — A PE 1B AR BEE 6 (b)
7 s DAY HiG5 ) TOUER A7 B 4, 4% B P 2T
JEAAT. R4 IR ARAE 3, > PE 1 33 7H 5 X sl
) —3oeER . Mt A & i b2 TR, A1k
BMF LR IER. XT84 PE [E50 1 & . i F#B
LA FREBFE 470K B LLADE L DRAM
FERAME (TCR) I E A A OTSE M AT T
EMEM.

Bl 7 R R P 2 S04 B B (SPMD., Single
Program Multiple Data) i T 40%7 47 CYK/

&% 1. Fine-grained Parallel CYK/inside Algorithm without Traceback.

Input: R: an RNA sequence R=r;r;+--r; of length L;

G: a CM model of length K with states numbered in preorder traversal;

Output: M[1,L,1]: optimal global alignment score;

Variables: 7,j,k: element location index in the three-dimensional DP-matrix;
S(k): the type of current state k; C(k): the states that £ can transit to; P(k): the set of parents of state k;
s: the number of section that the three-dimensional DP-matrix been partitioned;
m: current section number; p: current PE number; n: the number of PE;
d: the number of deck storage region in a PE local memory and d& {1,2,++,16};
MU *,j,.k]: the column of current state k in matrix M assigned to PE, p& {1.2,+,n};

BEGIN: Parallel CYK/inside

For all processing element p& {1,2,-+-.n} do in parallel {

FOR m=1 up to s do {
FOR k=K down to 1 do {

Si: Get_deck_buf_id(d); //Find a free storage region with minimal number in loc_mem;

Data input: S;: if (p=1) //it’s the Master PE
So1: if (S(k)=BIF) then {

Load M[ * +j,+ksgn | of the right child deck from own local on-chip memory) ;
Load M[i, % k] of the left child deck from external DRAM and Distribute them to all PEs};

Sz else if (S(k) =MR or IR or MP) then
for all y€ C(k) do {Load M[ % .j, 1,7] from external DRAM} ;
Soz: else for all Y€ C(k) do {Load M[ * ,j,,7] from own local on-chip memory} ;
S; else //it’s a Slave PE

S if (S(k)=BIF) then {

Load M[ * .j, +ksign ] of the right child deck from own local on-chip memory) ;
Recv M[ iy % skieq | of the left child deck from external DRAM} ;

Szt else if (S(k)=MR or IR or MP) then {

for all Y€ C(k) do {Load M [ *.j,-1,7] from previous Processing Element p—1};
Ssz: else for all Y€ C(k) do {Load M[%,j,.7] from own local on-chip memory} ;

Calculation: Sy : if (S(k)=BIF) then
FOR i=1up to j+1 do

Calculate M(i,j, k) using the recurrence formula of Section2 and Store M(i,j, k) in deck_buf[d];

else FOR i=;+1 down to 1 do

Calculate M(i.j, k) using the recurrence formula of Section2 and Store M(i,j, k) in deck_buf[d];
Synchronization: S; : PE_ p waiting until the last PE_n processing finished;
Data output: Sg: if (S(k) is a left substate of BIF), then send M(%,j,,k) to external DRAM;
else if ((p=n) & (MR or IR or MPE P(%))), then send M(*,j,.k) to external DRAM; //for the last PE

S;: FOR t=1 up to 16 do {

if all the parent states of deck_buf[t] have been worked out;
then set deck_buf[t] free and add ¢ into idle region set; }

Section advance:
Sg: Distribute a new section to PE array;

Sy : if (k=1) then j,=j,+n; //assign next section to PE array;
Sio: if (j,>>L) then Stop; //current column index exceed the RNA sequence length

b
b3 Return (M[1,L,1]);
}s END

7 T AR 3R 1T CYK/ inside 5575
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Background

RNA is an important molecule that performs a wide
range of functions in biological systems. Currently, the ex-
perimental methods of determining the folded structure of an
RNA molecule are time consuming and very expensive. CYK
(Coche-Younger-Kasami) algorithm is one of the most popu-
lar methods using SCFG (stochastic context-free grammars)
model for RNA sequence analysis. Unfortunately, the O(L?)
computing requirements greatly limits the usefulness of the
CYK algorithm for a sequence length of L. with the explosion
in gene database. General purpose computers including paral-
lel SMP multiprocessors or cluster systems exhibit low paral-
lel efficiency of no more than 50 % resulting from complicated
data dependency and tight synchronization. Recently, the use
of FPGA coprocessors has become a promising approach for
accelerating bioinformatics applications. Using a combination
of FPGAs and general-purpose CPUs to accelerate bioinfor-

matics application attracts much more attention. Current im-
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plementation of accelerating CYK algorithm using SCFG
model can only calculate input RNA sequences with about
100 bases and the CM models with hundreds of states. This
paper presents a fine-grained hardware implementation for
accelerating RNA secondary structure prediction using SCFG
model on FPGA. The experimental evaluation demonstrates
that the performance of our accelerator is scalable with multi-
ple PEs and that the FPGA accelerator outperforms general-
purpose computers with a speedup of more than 14x on 16
PEs, however the power consumption is only about 10% of
So,
grained scheme implemented in the accelerator provides sig-
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the latter. we believe the application-specific fine-
nificant advantage over the general-purpose schemes.
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