ooo0oooooo 0OoooooOooooood Vol No.o3

FPGAUUOOOOOOODODOOODOOO
guoouoboooooooogn

0o o o oft o o o oft 0O O o of2
0 0 Ol 0O O o oB¥ oo ooot
O O O o o o o ofs 0O O o oft

gooooooooUoooOoUoooOoooooOoOossADoOoOoooooOoooO
00o0o0o0o0oO0ooO0oD0oD00O00O00O00O0O00O00O00O00SsAOOO
gooooooooboooooooooooOObObOOOoOoooooooDOObbon
gooooooooOooU0ooooOoOoUooUoOoOFPGADOOOOODOOOOOO SSA
000 Next Reaction MethodONRMO OO OOOOOOOOOOOO0ODOOOOO
gooboooOoooooooooooOoooOoOoOooooboOoboOO0OoOobOOoOoOoon
gooooooooooOoOoOboOoOOoO0oOoOooooooooobOOOObObbOOOO
gobooooooobooooooooooooooobooOooooOooOoOObObO0O0d
00oo0oo0o0ooo0o0 FPGAOODOODOODOODOODOODDOODOO
000000 FPGAOOOOOOOOOUOOO 16000000000ODOOO
ooooooooooooU0oo0ooO0b0 HSROOOOOO RTLOOOOOOO
000000000 0000000000Core 2 Quad Q6600 240GHzO DO OO
000000000000 4200HSRO0D0O0O0O0OO0OOODOOOOOODOOO
o000 s540000000000000000O0O0DOCOOOOOO

Design and Evaluation of

an FPGA-based Stochastic Biochemical Simulator for

High-throughput Execution

120

MasaTo Yosuim, ! Yurr Nisaikawa, !
YASUNORI OSANA,2 AkIRA FunanasHi, !
Noriko Hiror, YUuicHIRO SHIBATA,
HIDEKI YAMADA, ™ Hiroakr Kiranof®
and HIDEHARU AMANOT!
Stochastic biochemical simulation algorithms (SSAs) are generally known as

exact methods to trace stochastic behaviors of target biochemical models. Due
to vast amount of computation attributed to the nature of Monte Carlo Method,
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which SSAs are originated from, there is a strong urge for high-throughput
execution environment. This paper proposes an FPGA implementation of a
stochastic simulation system based on a computationally-efficient SSA called
the Next Reaction Method, and studies the evaluation results of area and
throughput in detail. The system conducts high-throughput multi-thread ex-
ecution, using multiple thread modules accessing shared arithmetic and data
modules. The network between modules are configurable, and supports flexible
network structure according to target FPGAs. In order to evaluate the pro-
posed design, the stochastic simulation system, which is capable of running 16
threads in parallel, was implemented on a middle-range FPGA. As the result
of comparing the throughput in RTL simulation with software simulation run
on Core 2 Quad Q6600, the system marked 4.2 times higher throughput using
a real biochemical model called HSR. When several versions of virtually large-
scale models were tested on the same simulation environment, maximum of 5.4
times higher throughput was confirmed.
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Fig.1 An operation procedure of one reaction cycle in NRM after the second reaction cycle.
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Table 1 Evaluation environment of FRM-FPGA.
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Fig.5 Module connection diagram of NRM execution system.
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Fig.6 Structure of the threaded module.
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Fig.7 State transition of the packet controller and send/receive packet in a reaction cycle.
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Table 3 Area and operating frequency of each module.

Thread U1l U2 U3 U4 Ubs UsC
Registers 679 161 215 1,028 7,231 2,857 1,620
LUTs 1,283 348 384 993 5,154 2,111 1,774
BlockRAM/FIFO 6 5 7 4 6 2 9
DSP48Es 0 0 0 5 14 5 5
Max. Delay [ns] 6.40 5.44 5.42 5.73 5.84 4.29 5.73
Op. Freq. [MHz] 156.30 | 183.82 184.54 | 174.43 | 171.38 | 233.10 174.43

* XC5VLX110T-FF1136: Slice 69,120: LUTs 69,120: BlockRAM/FIFO 148: DSP48E 64
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Table 4 Operation frequency of NRM execution system.
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Fig. 12 Resource utilization of NRM execution system. Q
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Fig.13 Average number of clock cycles to calculate one reaction cycle.
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Fig.15 Operation rate of each functional core (unit: %).

0o00000o0000000000000000000O0O00000O00OU3CO000000 7
cooooooooooboboooobooOobOoOoOobODOobobObObObOOObODOOoOoboObOOOO
ocooboooooooooooooooooooooooOoOOOObObObObObObObOOOg
6.3 NRMOOOOOOOOOOO
oooooNRMUOOOOOOOOOOOOODOOOODOOOOOOOODOODOOOOO
0000000041 0000000 HSRO nO0000000 nHSROOOOOOOOO
500000000000 RTLOOOOOOOOOOOOOOOODOOOOOOOOO0110O0
gobooobodooooboboooooboooooob13boobobo0ooooooooooboo
gooooooodooil1oobooboooooooooooobbo0 4000gooooobo 1
goboooooooobooboisooooooboooon
goooobooooobbooobooooboooOooboOooooOooOobo Boooobooo
Ooo0oooooooOoO0O00000000000000000000O0DO00 T1607T20
0oo0ooooooooob 400000000U300O0O0O0O0O0O0O0O00b0000000
gooooooobooooooo s0o0oobo0oooobooooobooooobooooooo

> (5]

SEERAFS B [clock]
w

EUlOU2E@U3IEU4OUS

o o o o o o o o o o
ol ol vn|luv vl ala a |«
T T T I T I T I ju g I
S o |E | 68|= 6| =& = | ©
— — = =1 =

Tl T2 T4 T8 T16C

014 0O0000O0O0O0OO0OOOOO0O0

Fig. 14 Average waiting time to transfer each packet.

0000T160T20000U0U30000000000000O 33.3%00000000000

000000000 0O0o0O0oDOoOooOooOog Vol No.3 120-135 (Dec. 2008)

(© 2008 Information Processing Society of Japan



132 FPGAOOOOODOOODOOOOODOOOODOOOOOOOOOOODOO

00000040000000000000 U3CO0O0O00O0OD0 100%0000T16CO
vsobooooooboooboooboooooo
goooooooobooooooooboboooooooobOoOobooo4000000000
OO0 HSROOOOOODOOOOOIPQOOOOOOOOOOOOU3D UsOOOOOO
goboooooo
goboboobooooooooobocooooboooooooooooobobooboooooDooo
goooooboooooobooooooooboobooobobooooobooOo100oooDoobooo
gooooboooooooooboooooooboooooooobOboOooboOoboooooooDooo
gbobooboooooooboooobooboobooobooooboobooobOooooDo
oo
6.4 ODOOOOOOOO
O1le000000000O0OCOO00O0ODOOOOOOOODOOCO NRMOOOOO
0000000000000 000O0OC0bO0000O0D0n StechKitO DMOOOOOO

ZJL—F Yk [Mceycles/sec]
S

. L

T1 T2 T4 T8 T16 T20 T16C NSRV,:/,F StockKit

B 1HSR
(M=61)
O 2HSR
(M=122)
B 4HSR
(M=244)
B 8HSR
(M=488)
O 16HSR
(M=976)

016 00000000000 DOMcycles/secd
Fig. 16 Comparison of throughput (unit: Mcycles/sec).

0.652 | 1.392 | 2.560 | 4.748 | 5.126 | 4.486 | 6.854 | 1.636 | 1.661

0.708 | 1.290 | 2.649 | 4.755 | 5.445 | 4.638 | 7.223 | 1.564

0.659 | 1.264 | 2.514 | 4.684 | 5.391 | 4.636 | 7.113 | 1.513

0.668 | 1.306 | 2.576 | 4.817 | 5.655 | 4.814 | 7.395 | 1.462

0.666 | 1.338 | 2.609 | 4.878 | 5.654 | 4.831 | 7.506 | 1.382

000000000 0O0o0O0oDOoOooOooOog Vol No.3 120-135 (Dec. 2008)

O0000oO0oU0OorFpPGAOOOODOOOOOOOOOOODOOOOOOODOOOO 1O
goboodoooooboooooooobo BuuooooobooooobooobooooooDo
000000000000000T100 T8OO O 150 MHzOT160T16C OO 135 MHzO
T2000 120MHzOOOOOO

TiODO T8OOOOOO00O0O0ODOOOOOOO00OODOOODOOObOOO0 600000
ooooooooooboooooooooooboooooooT200000000 T160O
0000000000000 0ooooTieCO U3DO0O0O0OO0ODOOOOOOOO

0300000000000 0000000ooO0ooooooIPQUOOOOOOODO
oooooooooooNRMOOOOOOOOODODOOOOOOOODOODODOOD
HSROOOOOOOOOOOOOODOOOOOOoOoOoOOoOooooooooooooooo
goboooobooooooboooooooboooooboo

00000000000 FPGADODOUOT8OD 2000000000000O200 T8OO
oo0o0oooooooooooooOo0oOooo 200000000 T1I6COOOOOO
0000000000000 0000000000O0O000FPGAOOOODDODOOOODO
gobooooboooobooooboooobbooooo

0000000000000 T1eCOOOODOOOOOONRM-SWOOOOO 4200
05400000000000000000StochKitOOOOOOODHSROODOOOOO
DMOOOOOOOO0O NRM-SWOOOOOOOOOOOOOOOOODOODOOOOO
coboooooooooOO0oO0oOoooooOobOOoOobooOooobobOOoM <102300000
ocoooooooooooooooooooooOoOoOOObObbObObOboOoOoo

7. 0Ooooooooo

ob0oooboOoooO0ooO00obOO0OoO0O00000000000000000 Next Reaction
Method 0 FPGAOOOUOOOOOOOOOOODOOOOOOOOO

NRMOOOOOODOOOOOOOOOOODOOOOOOoOooooooOooOOOoOoOoooo
cooooooOOOO0O00O0O00oooOoONRMODOOOOOOOOOOOOOODODODOO
gboooboboooooobooobooboooobooooooboooboooooboooobo
goooooooooooooooobooooobooboboooboooboooobooOobocOooOoobooDn
gooooboboooooooobcoooooooobooobOobOOooooobooOobOooooobooDo
ooo

HSROOOOOOODOOOOOOOOOOOO0O0O0O0000Core 2 Quad Q6600 2.40 GHz

(© 2008 Information Processing Society of Japan



133 FPGAOOOOOOOODOOOOODOOOODOOOOOOOOOOOODOO

OO0O0O0NRMOOOOOOO4200HSROOO00O0O00OO0O0OOO0O0O0OOOOO
ooooooos4000000000000O0O0OO

NRMOOOOOOOOOOOO SSAOOO0OO0O0OO0OOO0O00OOO0O00oooo00o
000000000000 00®Y000000000000000000 PCODOOOO
gobobobooooooodoooboboooooobooOoboO0oobobooooDoOoOoOooooboa
gobodoooooooooooboooobobooooo

o0 OooooooooocoooooboOOocoOoooooOCbocOoOoOoOoobOOoOoDbOobo
gobooooooooboo

o o 0O o

1) Lok, L.: The need for speed in stochastic simulation, Nature Biotechnology, Vol.22,
No.8, pp.964-965 (2004).

2) Salwinski, L. and Eisenberg, D.: In silico simulation of biological network dynam-
ics, Nature Biotechnology, Vol.22, No.8, pp.1017-1019 (2004).

3) Keane, J.F., Bradley, C. and Ebeling, C.: A Compiled Accelerator for Biologi-
cal Cell Signaling Simulations, The 12th Int. Symp. on Field-Programmable Gate
Arrays (FPGA), pp.233—241 (2004).

4) Thurmon, B.P., McCollum, J.M., Peterson, G.D., Cox, C.D., Samatova, N.F.,
Sayler, G.S. and Simpson, M.L.: Accelerating Exact Stochastic Simulation using
Reconfigurable Computing, International Conference on Engineering of Reconfig-
urable Systems and Algorithms (2005).

5) Yoshimi, M., Osana, Y., Iwaoka, Y., Nishikawa, Y., Kojima, T., Funahashi, A.,
Hiroi, N., Shibata, Y., Iwanaga, N., Kitano, H. and Amano, H.: An FPGA Imple-
mentation of High Throughput Stochastic Simulator for Large-Scale Biochemical
Systems, The 16th International Conference on Field Programmable Logic and Ap-
plications (FPL’06), pp.227-232 (2006).

6) Yoshimi, M., Iwaoka, Y., Nishikawa, Y., Kojima, T., Osana, Y., Funahashi, A.,
Hiroi, N., Shibata, Y., Iwanaga, N., Yamada, H., Kitano, H. and Amano, H.: FPGA
Implementation of a data-driven Stochastic Biochemical Simulator with the Next
Reaction Method, The 17th International Conference on Field Programmable Logic
and Applications (FPL’07), IEEE, pp.254-259 (2007).

7) Yoshimi, M., Nishikawa, Y., Kojima, T., Osana, Y., Funahashi, A., Hiroi, N,
Shibata, Y., Yamada, H., Kitano, H. and Amano, H.: A Framework for Implement-
ing a Network-Based Stochastic Biochemical Simulator on an FPGA, International
Conference on Field-Programmable Technology (ICFPT’07), pp.193-200 (2007).

8) Gillespie, D.T.: A General Method for Numerically Simulating the Stochastic

000000000 0O0o0O0oDOoOooOooOog Vol No.3 120-135 (Dec. 2008)

Time Evolution of Coupled Chemical Reactions, Journal of Computational Physics,
Vol.22, pp.403-434 (1976).

9) Gibson, M.A. and Bruck, J.: Efficient Exact Stochastic Simulation of Chemical
Systems with Many Species and Many Channels, Journal of Physical Chemistry A,
Vol.104, No.9, pp.1876-1889 (2000).

10) Takahashi, K., Yugi, K., Hashimoto, K., Yamada, Y., Pickett, C.J.F. and Tomita,
M.: A multi-algorithm, multi-timescale method for cell simulation, Bioinformatics,
Vol.20, No.4, pp.538-546 (2004).

11) Hoops, S., Sahle, S., Gauges, R., Lee, C., Pahle, J., Simus, N., Singhal, M., Xu, L.,
Mendes, P. and Kummer, U.: COPASI — a COmplex PAthway SImulator, Bioin-
formatics, Vol.22, No.24, pp.3067-3074 (2006).

12) Cao, Y., Li, H. and Petzold, L.: Efficient formulation of the stochastic simulation
algorithm for chemically recting systems, Journal of Chemical Physics, Vol.121,
No.9, pp.4059-4067 (2004).

13) Gillespie, D.T.: Stochastic Simulation of Chemical Kinetics, Annual Review of
Physical Chemistry, Vol.58, pp.35-55 (2007).

14) Li, H., Cao, Y., Petzold, L.R. and Gillespie, D.T.: Algorithms and Software for
Stochastic Simulation of Biochemical Reacting Systems, Biotechnology Progress,
Vol.24, No.1, pp.56-61 (2007).

15) Schwehm, M.: Parallel Stochastic Simulation of Whole-Cell Models, Proc. 2nd
International Conference on Systems Biology, pp.333-341 (2001).

16) Yoshimi, M., Osana, Y., Fukushima, T. and Amano, H.: Stochastic Simulation for
Biochemical Reactions on FPGA, The 14th International Conference on Field Pro-
grammable Logic and Applications, Lecture Notes in Computer Science, Vol.3203,
pp-105-114, Springer (2004).

17) 000000000000 UO0OoOoooooUOoOooOoooUOoOoOooDooOoOo oo
0000doo0oooooooorFPGAOOOOOOOOOOOOOOOOOOOOO
00000000000000D0000000OVol48, No.SIG 3 (ACS 17), pp.45-58
(2007).

18) Gillespie, D.T.: Exact Stochastic Simulation of Coupled Chemical Reactions, The
Journal of Physical Chemistry, Vol.81, No.25, pp.2340-2461 (1977).

19) Tokyo Electron Device: Virtex-5 LXT/SXT PCI Express Evaluation Platform
Board. http://www.inrevium.jp/eng/x-fpga-board /hibiki.html

(D0 20050 9000)
(00 2008020000)

(© 2008 Information Processing Society of Japan



134 FPGAOOOOOOOODOOOOODOOOODOOOOOOOOOOOODOO

o0 ooboooooo
2006 00000000000000O00O0OO0OOCOOOOOODOO
\@ﬁ gbobodooooobobo2o060000000000O0O00OOOOODOO

- 00000000000000000000000000000
‘&h

oo oooooooo

0000000000000 0bOO00OLOOoObObOOobOOoODOn
gbobooooooboobz2o080000000oboouoboboobooooDno
goboooobooocooooobooobooboobooobooooon

oo oo

206000000000000DO0O000DOOOODOOOOODO
pobboooobobooooooboooobbooooboboooooobo
go0000o0ooo0o0o0ooo0o0o0o0ooooooO0duIEEE-CS
googo

og goooog
00000000000C0000DOCOOODODOOOODOOOOOODOO
gobooobobooooooboobooooboboooboooooooooo
O0OO0OOOOIEEEDIEEE-CSOOO0O

000000000 0O0o0O0oDOoOooOooOog Vol No.3 120-135 (Dec. 2008)

oo oo

20020 000000000000 00O0U00OUOUOOOUDDOO
European Bioinformatics Instituted EMBL-EBID OO0 O0O0OOOOO
0o0o0ooooooooooooooooon

gooooooobooo

0010000000000 00O0O0O0O0O0DOOOOOOOOOODO
goboooboooooooobooboooooooboobooooooooon
0000000000000 000000O0OIEEE-CSOOOO

oo oo

2000000000000 0O00DDODOOODOOODOODOO
gbooboboooboooboooboboboobooobooboboboobooon
goo

oo dog

1991 000000000000000OO00OOO0OOO0OOOO0OO
goboboobooooooboooooooboobooooobooboOoooobon
goboboobooodooooooobooboooooooooooooboobooboon
gobooooooobooooooobooobobooooo

(© 2008 Information Processing Society of Japan



135 FPGAOOOOOOODOOOOODOOOODOOOOOOOOOOODOO

o0 O0oooooo

198600 000O0O0O0OOOOOOOOOOOODOOODOOOO0OOO0O
gobooobooooobooobooobooboOobooOooooooOoboon
oooooooooooooooooooooooooooobDIEEE
good

000000000 0O0o0O0oDOoOooOooOog Vol No.3 120-135 (Dec. 2008) (© 2008 Information Processing Society of Japan



