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Abstract

Biochemical simulators are now essential for understanding of cellular systems.
Cellular systems are modeled as a network of substances and reactions, and the
models are refined in repetition of experiments and simulations. Reaction pathways
are expressed as set of ordinal differential equations (ODEs), which have concen-
trations of molecular species as their variables and kinetic parameters as their co-
efficients. Since it’s not possible to know the complete pathway, concentration and
kinetic parameters from experiments, simulations have to be run again and again to
find an ideal parameter set to present reasonable behavior.

Parameter optimization process is a time consuming task, and usually takes over
1 week. Current solutions for parameter optimization are parallel systems, such
as PC/WS clusters or SMP systems. However, computers are still bottleneck for
biologists, because expensive parallel systems can’t be the “personal” computing
environment for them. To relax this bottleneck, a cheaper and smaller solution for
biocomputing is required.

This research introduces an efficient solution for acceleration of biochemical
simulations, by using an FPGA as the simulation engine. FPGA can provide opti-
mized hardware and performance, but it’s usually difficult to use. Mostly common
problems with FPGA-based biochemical simulations are: 1) limited bandwidth of
PCI bus between the FPGA and host processor, 2) existence of various rate-law
functions, and 3) users without any knowledge in hardware design. The method
developed here provides solutions to these problems by modules by 1) describing
reaction pathway by pointers among memory blocks on FPGA, 2) modular design
of various rate-law functions, and 3) software-friendly design of hardware modules.

This thesis describes the background of this work, basic structure of the FPGA-
based biochemical simulator ReCSiP, and the result of its basic performance eval-
uation. Result of the evaluation showed that ReCSiP is suitable for parameter op-
timization, by exploiting the potential of its deep-pipelined structure. The peak
performance gain reached to 80-fold speedup, and its effective throughput was 10
to 50-fold speedup compared to Intel’s Pentium4 processor at 3.2GHz. This result

shows that FPGA is now hopeful candidate as the engine for future biocomputing.
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ES]|=—— 2.15
[ES] T+ ks (2.15)
ooodad
0 O O O Michaelis-Menten 0 0 K,,, O
ko + k
K, =279 (2.16)
ki
0doooooopido
[S1[E]
ES] = 2.17
[ES] X, (2.17)
Jdoddoooooooooo Epbooa
Ey=[E]+[ES] (2.18)
ooooon
[E] = Eo — [ES] (2.19)

Oo00dRIZOoOoOoOoon
=[S](Eo—[ES])

[ES] K,

(2.20)

gboboooooboooon
Kin

ES
[ ][S]

= Ey - [ES] (2.21)
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K
ESJ|I1+ —|=E 2.22
[ ]( + [5]) 0 (2.22)
8]
(ES] = Eore e (2.23)
gooooooooob pOO0ODOOO
dip] _ [S]
7 =k3[ES] _k3EO—[S]+Km (2.24)

oooooobooboobbE00oobobboboob0bOb0KE, D0 0DOD0O0
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d[P] [S]
= 2.25
dt "I1S1+ K, (2.25)
000000 POOOOOOOOOOO
K,0OOOODOOR230 [S]=K,0000
d[P K, 1%
Ll =2 (2.26)
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O 2.3 Minimal Mitotic Oscillator O O O O O O

Ry:cyclinO OO
vi =V, (V;=0.023)
Ry:cyclinO OO
vy = K4[C] (Kgz =0.00333)
R3: cyclin protease (0 0 O cyclin 0 0 O
ValClIX]
=—— (K;=0.00333, V; =0.1
3 K IC] (Ka . Va )
R4: cdc2 kinase O 00 O [0
Vi [CI(1 — [M])
= K1 =0.1, K. =0. =0.
M Tk - MK +ep T O b Ke= 03 Vi =09)
Rs: cyclin protease [1 0 0 [J

R7Z

_ Vi3 IM](1 - [X]) (K3 =0.1, V,3 =0.2)

K3 + (1 -[X])
:cdc2kinase D O OO0
V2[M]
=———— (K,=0.1, V, =0.167
V6 K, + [M] (K> 2 )
cyclin protease 0 O 00 00 O
Va[X]
=— (K4=0.1, =0.1
V7 Ki+ [X] (K4 =0.1, V4 =0.1)
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i T stOrSpecies> .
: <speci e nane="S" initial Atount="0.3" conpartnent="cell"/>; i
<speci e name="P" initial Atount="0"  compartment="cell"/>i |
i i </listC Speci es> .

{ <reaction name="Reactionl" reversible="fal se">

; <speci eRef erence specie="S" />
i <llistOReactants>

©==O

Cell

; <speci eRef erence specie="P" />
i.<llistOfProducts>

Vm=0.01, Km=0.1

<l i st Of Par anet er s>
<paraneter nane="vn' val ue="0.01" />
<par anet er name="kn{ value="0.1" />
: </listOf Par anet er s>
i </KineticLaw>
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YeXs) EHARES-1 =

Goldbeter Units volume — Goldbeter Units liter.
Goldbeter " Units time - Goldbeter Units" seconﬂ}}

In[Z]= 0 = SBHLNDSolve[m. 100]

Outfg]= {{Goldbeter C[t] - InterpolatingFunction[{{0. . 100.}}. ==][t].
Goldbeter " H[t] = InterpolatingFunction[{{0. , 100.}}, <=][t].
Goldbeter ¥[t] » InterpolatingFunction[ {{0., 100.}}, <=][t]}}

n@]l:= SBHLPlot[n] il
0
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i INPUT: 5 reactions

b) Schedule of Pipeline
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SIPleIKISIPISIP Vim Km‘ISIPI FPGA SIP Vim KmISIPISIPISIPISIPI
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i PCIBus

.........................

Timestep #0 #1 Timestep #0

ey

a) CPU has the Pathway: 6 variables everystep b) FPGA has the Pathway: 2 variables everystep
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Reaction 1 Reaction 2 [X] RAM Pathway RAM k RAM
@ . @ . @ o] 51 | e ofsultsA ka -+ [0] &
ki k2 1] 1s2 | A1 [isafisd] ke > [1] ke
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031 O0IpPOOOD0OOO Vitex-Il/ITIPro0 0000000000000 O0OOOOOOOODOO

Vendor ‘ Precision ‘ Add/Sub ‘ Mult Div
Xilinx[[73]] Single 333 356 702
Double 701 1238 3036
Ratio 2.11 3.48 4.32
Nallatech[74][75] | Single 290 126 730
Double 821 693 3445
Ratio 2.83 5.50 4.72
Quixilical[76] Single 371 155 777
Double 815 923 3127
Ratio 2.20 5.95 4.02
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Jowda0 O— O
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0OAAIOA S Solver Cores (HpL) O_’O
Compiled Set of Solvers Target Pathway (semt)
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D <> O Type | Substrate Product Type | Concentration
= h H R1 |S1 S2 S1 | 4.00e-3

i : i R2 |s4 s3 s2 | 5.23e-6
|:| f E:::j Rr3 |s2 S5 s3 | 1.91e-4
ra |s2 S6 s4 | 3.14e-8
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a) Phase 1: Delivative Accumulation to d[X]
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k RAM

b) Phase 2: Integration of d[X] onto [X]
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Step 1: S1 - Sz2in Phase 1

At x v

S1-Atxv

At x v d[X] RAM

Step 2: S1 — S2in Phase 2 (modifying S1)
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Step 3: S1 - S2in Phase 2 (modifying S2)
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X]

#1

X]

#2

a) Step 1 - Phase 1: Calculate k1 and accumulate them in d[X] #1.

Also, variables in [X] #1 are copied to [X] #2.

X]

#1

X]

#2

b) Step 1 - Phase 2: add the variables in d[X] #1 onto [X] #1.
This operation is “temporal” time stepping.

dix] X]
#1 #1
dix] X]
#2 #2
dix] X]
#1 #1
dix] X]
#2 #2

c) Step 2 - Phase 1: calculate k2 and accumulate them in d[X] #2.

15

0316 0000 Ar=0.00010000

d[x]

#1

d[x]

#2

dix]

#1

dix]

#2

d) Step 2 - Phase 2: add (k1+k2)/2 on X(t) in [X] #2, then store them in [X] #1.

This operation is "actual" time stepping.
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to Switch Interface

to Switch Interface

]

" 9
] ]

#2 #3

a) Step 1 - Phase 1: Calculate k1 and accumulate them in d[X] #1.

While this operation going on, variables in [X] #1 are copied to [X] #2 and #3.

to Switch Interface

X]

#1

d[x]

#1

X]

#2

b) Step 1 - Phase 2: calculate and store f1 in [X] #1.

to Switch Interface

X1

#1

dix]
#2

X1

#2

d) Step 2 - Phase 2: calculate and store f2 in [X] #1.

to Switch Interface
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dix]

#3

(X]

#2

f) Step 3 - Phase 2: calculate and store f3 in [X]J#1.

to Switch Interface

X]

#1

X1
i dix]
#2
Copy
X X]
#2 #3
c) Step 2 - Phase 1: calculate k2 and accumulate them in d[X] #2.
Variables in [X] #3 are copied to [X] #2.
[X]
w diX]
#3
Copy
[X] [X]
#2 #3
e) Step 3 - Phase 1: calculate k3 and accumulate them in d[X] #3.
Variables in [X] #3 are copied to [X] #2.
(X]
“ diX]
#4
Copy
X] [X]
#2 #3

g) Step 4 - Phase 1: calculate ks and accumulate them in d[X] #4.
Variables in [X] #3 are copied to [X] #2.

X]

#2

h) Step 4 - Phase 2: calculate f(t+dt)
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a) Irreversible Michaelis-Menten b) Reversible Michaelis-Menten
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Total: 16,365

Switch: 495 Integrators (Euler: 1,469x3): 4,407

Solver Cores: 7,692 Control: 2,008 Host I/F: 1,763
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1605 i ReCSiP-2:  Micron 18Mb QDR-Ib2 SRAM
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T R y i ReCsiP-2: Xilinx Virtex-1l Pro XC2VP70-5FF1517C

{ ReCSiP-1/2/2.1: QuickLogic QL5064 " : Xilinx Virtex-Il Pro XC2VP70-6FF1517C
S * 64bit/66MHz PCI Bus i ReCSiP-2.1:  Xilinx Virtex-ll Pro XC2VP70-6FF1517C |
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e FPGA: Xilinx Virtex-1I Pro (XC2VP70-5FF1517C / 6FF1517C)

e SRAM: Micron 18Mb QDR-Ib2 SRAM (MT54V1MHI18A) / GSI Technology 18Mb SigmaQuad
SRAM (GS8180QV18) x 8
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o FPGA: Xilinx Virtex-II Pro (XC2VP70-6FF1517C)

o SRAM: GSI Technology 18Mb SigmaQuad-II SRAM (GS8182Q18) x 8
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FDauNx
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O A4 ReCSiP-2.1 Board

O A4 ReCSiP Board O PCI vendorlJ productl] revision [0 O [

| Vendor | Product | Rev. | FPGA | SRAM |
ReCSiP-1 Board 0x01 | XC2V6000-4 | Micron SyncBurst
ReCSiP-2 Board | 0x3614 | 0x3086 | 0x02 | XC2VP70-5 | Micron QDR-I
0x03 | XC2VP70-6 | GSI SigmaQuad
ReCSiP-2.1 Board 0x04 | XC2VP70-6 | GSI SigmaQuad-II

e DRAM: 200pin DDR-SDRAM SO-DIMM Socket x 1

e RNG: FDK RPG-100
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ooooopciobbbobOOdnnndn QuickLogic QL5064 0 0 0O 0O 0O 0O 0O 03.3V/5V32bit/64bit[]
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U0O000000DbO0000 QL5064 U LDRQX U assert OO OO DO OO Virtex-1I/IT Pro O
LDAKXO assert 1 00D O0DO0ODO0OD0O0O00DOO0O0OO0DOO ADSXD ADODOODOODO
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oono |00 | oo |ooo |

SYSCLK in 00 |0000O0DO00O0000000000000O0 QL5064
O Vitex-IODOOOOODOOOOOO0O

L_RSTX out O O00000000O0OPCIOOOOOOOOOOOOO
00O
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L_DAKX in O LDRQX 0 OO O acknowledge

L_ADSX i/o O 0D0000000000000000000000000

ooobooooobooo0ooogn (QL5064— Virtex-1I) O U
gboboooogooo

L_WEX i/o |O0O/0 |WriteOODODODODOODOODODOOOODOODOODOOD
goobooboogoo

L_BSTMX i/o g gopbooooboogon

L_RDYOX out g QLS4 DD U oboboooooon

L_RDYIX in g Virtex-IOOOODOODODODOOODOOODOO
L_AD[63:0] | i/o g goboo/goboooobboobobooobobooobooboog

LADSXOOoOoobooououoooobbooooaad
goboboooobbboooobLASXgononoooaon
gboooboboobooboobobooboobon
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L_BEX[7:0] | i/o |0O0O/O (00000O0OO0OOODOOOOOOOOOOOODOODO
gobooboooobooo

L_INTX in g gooooo

L_S64X in gooooboooobooooo

O
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gboboboguuooooooboobobobobobob suobuoooooooboooboobo
gboogooboboobobogsuuooboboboboobooLBEXbonoooooon
gobooboobboobooboobbooboobboobgLBEXOODDOO0ODO0O
Ub00Db0bO0DbO0Ob0LDRXO negate O OO ODOOOOOOOOOO

A33 OO00OO0OO0OO0OO0O

PCIO0O0OOOOOOOODMAOOOODOOOOOOOODO QLS0640 PCIOODOOODOO
O000ooDoooooodOvirtex-1/ITPro0 000000000 OOOOOOOODODOOOOO
0dddddoooooooooo bMAOOOODODODOOOOOO LDBSYXOOOOOOOO
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O A7 Vitex-Il/IlPro0 0000000000000 O0OO0

IEEEREEREER 00
PROG out g FPGA O 00O configuration U 00 0 O
INIT in O FPGAOOO RAMOOODOOOLowODOO FPGAODOOO

U0O0O0O0OHighOODODODOOoDOOoouoboboboo
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2000000b00000DbOOObOOObO0ObObDO0OD
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Virtex-II/IlPro0 000000 assert DO OOO0OO



&9

OOB 0O0O00OO0O0OO0O0OO0O

B.1 000OO0OOOO

B.11 OO

OBIO Euler0 0000000 (Phase )OO0 0000000OOPathway RAMO OO OO OO
000000000 X]IRAMOOO ARAMOOODOOOODODOODODODOODODOODOOOOO
0O00O00ooOodd SelverCore 0000 ODODODOO0OODOOOOODODOOOOODOOOOO
000000000 O0OPathway RAMO D OO DODOOODOODOODOOODODOOOOODOO
ooo

00000000 200000000 Pathway RAMOOOODOODOOODOODOOOOODOO
OSolverCore 0000000 ODOO0OO0OODOOOOOOOOOOOOOOOODOOOOONO
0000000000000 000000dIX]RAMOODODOOOODODOODODOOOODO 200
000ooooDooooddOSelverCorel 00 00OOOODOOO0OOOODOOOOOOODONO
O0oooooooooooodSolverCore 000000000 SolverCored0O0OOOONO
0000000000000 oboobOo0o0obobooooooDoOooooDobOoooooon
SolverCore 1 0 00000 OOOOMO

Pathway RAMO OO OODOOODOOOOOOO0ODOOOSolverCorel 0 0OOODOONONO (idt
Pathway SR) D Od[X]RAM O OO ODODOOOO0OOOODOODODOOOOOODOODOOOOOO
0000d0bOo0obO0o0bobOo0obO0dobOoOoobOoobooooooon

Pathway RAM

Ar—Q—

S RAM
A Q

A2ID2IQ2IWE2 [« I_
[X] RAM > £
Al [
Q1 > X
. Solver Core
[ P KL
- :_] > K2
kram %[ d[X] RAM
A2 [
Q2 | ~{ Solver Pathway SR ’:‘—% idt Pathway SR F > A2
> D2
Controller -——>{ Solver Validity SR ]—— idt Validity SR WE2
External modules )
0Bl 0O00O0O0OO0O0O0O0O0O0O (Eulerd Phase 1)
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0 B.1 Pathway RAMOOOOOODO

IEERERREELE 00
53 | 1 | Special 0:0000000
1: 0000
52 | 1| DX Clean 0: 00000 dIXIRAMODODO
00000 dXJRAMOOOOOD0OO
51:48 | 4 | Func Special=0 0 0 0: SolverCore U 0D UODOODOOOOOMO
Special=1 00000000000
47:40 | 8 | S Address SRAMUOOOOOOOOO
39:30 | 10 | DX Address | Phase 1: dXRAM O OODOOOOOO
Phase 2: dXRAMOOOOOODODOO
29:20 | 10 | X Address Phase I: X RAM O OUOOOOODOO
Phase2: X RAMOOOOOOODOO
19:10 | 10 | K1 Address | kK RAMUOUOOODOOOODO (Port 1)
9:0 | 10 | K2 Address | Special=0 00 0O: kRAMUOODOOODOOOO (Port?2)
Special=1 0 00: 000000000

B.1.2 Pathway RAM ] 0

OBIO0OPathway RAMO OO OO O0OODO0OOO0OOOOO1I0000S000000000
gobooboobbooboobobooobooboooboobooobooboobbon
O@B2OO0OO0OPathway RAMO OO ODOODOOOO0OOOOO0OOOOOODOOOODOOO
gbobobobobbobobooboOoboobooboonogonDg

B.1.3 OO
0 B30 0OPathway RAMO O OO OO OOOOOOOOOO

o SIOS2000000DO
o RIDR2OOODODOO

- RlIOO S100O0bDOoboOon
- R200 S10Ss200000000

gbooobooboooob@uoboobobodskrRAMO 10000000O0O0S RAMOODOO
O000)000 Pathway RAMO O OO O O0OODODO0O0OO0OO0O0OO0O0OOOOOOOOOMBZ0OOO

UoooboobobobuobobuobobdPathway RAMO OO O0ODOO0ODOOODOODOODO
O Pathway RAMUO O OOODOO [X]RAMO ARAMOUOUODOOOOO0OOO0OO0OOODOOOOO
O SolverCore U OO DUDOOOOOOODOOOOODOODOOOODODLOODOOODOODO
Uooooooobobbobobooobuobuobogn Pathway RAMUO O OO ODODOO diX]
RAMOUOODOOOOODOODOOPathway RAMOOUODOOD ENDOOODOOODOODOODO
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0 B.2 Pathway RAMOUODOODOO

[ [51:48] | OO | 00

0x00 [NOP [300000000000000000000000000
0000000000 Pathway RAMOOOO [9:010 0000
00 10240000000000

0x01 | END | Phase I0Phase2 000000000 000000000000
00000 ENDD Phase 10 000000000000 [9:0]
0 Phase 20 0000000000000000000D00
0000 ENDO Phase 20 000000000000 [9:0]
000000000000000000000000 Phase 1
0000Pathway RAMO 000000000000

0x02 | XtoK | [X]RAMO O kRAMOOODOO00000O0000 [29:20]
0000000 [XJRAMOOOOOOOOOO0000000
[9:0]0000000 kRAMODOOOODOO0O000000DO
00000000000 XtoKO0OOOOO0O0OOONOPLD
ufals

0x03 | NOPI | 1000000000000000000000002000
000000000000000000000000XtoKD
00000000000000000000000000

Phase 100 [X]RAMUO OO Ak RAMOUODOODOOOOOOOSolverCore D OOOOOODO
UbobooooodXxX]RAMOOOO000DO00000 Phase 10000000 0DOODOOO0
UbobobooboooooooooooooooooobOobdPhase 100000 ENDODO
obooboboboob ooobobdpbPhase20 000 00O0ODO0ODOOOODODOOOOOOOO
googno

U00 Phase 20000000000 0OPhase200 0000000 Pathway RAMUO DO OO O
gboob@ooO)oooooooboUdbOPhaselDODOODO ENDODOODODODOODOO
oboooooOodiX]RAMOUOOOD [X]JRAMOODOOOOOOOooooO SRAMOOOOOO
gboobgoboooooooobo SrRAMUOOODODODO100DOOOOO0O0OODOD
OO000Pathway RAMOOODOOODOODOOOO0OO0OOO0OOAIXIOSO[X]RAMOOOODOOOO
00 Pathway RAMUO O DODUODOUOOOODOOODOOPhase2000 000 OPathway RAMUO O O
gboodboobDO0o000ob0OD Phase10DODOOD0OO0O00OPhase200000 Phase 10
goboobbooobouoobbooboobbooboooobobooboobboobooan
SolverDODOODOUOOOOOODOODODOOOOODOODOOOOOOPhase20 0000 END
goboooboogeojobobooboobbooboobbooboobbooboobobo

B.14 Solver CoreJ 0O O0OO0O

O0D000O00OOOSolverCore 000D DODOOODOOOBAODODODOSolverCore0 OO OO
OO00O00 SolverCore 0 D 0O O0OO0O0OO0O0OOOOOOOOO SolverCoreDO0OOOOOOO
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0 B.3 Pathway RAM O OOO

Address | X | K1 | dx | 00 |
0 00 (S1) 10 00 00 R1
1 01 (S2) 11 01 00 R2
2 END 1 Phase 100 (OO0 10000003)
3 00 (S1) | | 01 |D0SI000D0000R20000
4 END 0 Phase2 00 (DO OOOOOO)
Pathway ( 0 X 1 X 2 X_3 X 4 )
oo .
X RAM / Al { 00 X o1 00 X o1 X 00
k RAM / AL
Core / Input
Core / Output
dX RAM /A 00 01 01
dX RAM / WE [T
Mult+Add / Input S0
NN\
Mult+Add / Output S0
X RAM / A2 00 X 01 X 00 )
X RAM / WE2 / \
. Phase 1 Phase 2 .

0 B.2 0OB30O Pathway RAMO O OO ODOOODODO0OOOOOOO
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O B4 SolverCore00O0O0OOO0O0OOONO

00O IEREER 00

CORE_RST 1] out |SolverCore 0O DOOOOOOODODOOODOOOODO
00000000 00DO0doOoDoooOoooooOooon
oooon

CORE_F 41 out | SolverCore 00O OOOOOOMO

CORE_X 36| in | [X]RAM OO Solver Core 0 0 OO

CORE K1 36 | in | kRAM O O Solver Core O O O O (Port 1)

CORE_K2 36 | in | kRAM OO Solver Core I 0 OO (Port 2)

CORE_V 36| in | Solver Core 0 [

CORE_LATENCY | 8| in |SolverCore0 00000 OODOOODOOOODOO

SPSR_A 54 | out | Solver Pathway SRO OO OODOO

SPSR_Q 54 | in | Solver Pathway SRO DO OO ODOO

SVSR_A 1 | out | Solver Validity SRO O OO OOO

SVSR_Q 1| in | Solver Validity SRO O DO OODOUO

RST

SYNC M M N I 'L

HOLD I—

Integrator Timestep #0 X Timestep #1 X Timestep #2 X Timestep #3 )—( Timestep #4 X:
DIl | Active

TSI Timestep #0 X Timestep #1 X Timestep #2 X Timestep #3 )—

0B3 0O00O0OO0OO0OOODOODOOODO

oooooooooooooboobobobOCOCOCOObOO0O000o4OoOogooooooPathway RAM
O000Do0bOogboOod SolverCore D UODOOUODODODUOOOODODODO (Solver Pathway SR:
54bit0) 0 0Solver Core U D 0N UODOOOOODODOOOOOOODODOO (Solver Validity SR: 1bit
HoOOoDoooooo spsrROSVSROOODOOOOOOOOOOOOOOO

Solver Core U UCORE. D 0D OOOODOOOOODODOOSolverCorel 0O ODOODOOMO
OO0O00O00D0O00D00O00DDOOSolver Cored CORERSTO LowO OO OOODOOOOOOO
ooood0ooOOoOoOooOo0oDbDoOoboboOoOobDoOoboboOoOoDo

B.1S5S ODOOO0OOOO0OO

000000000000 o0oUoo0oUoooUooooooB3ACODUOBAODODOOO
gboboooboobooobobooobobobobobooboboooboboboobobg (Data
Injection Interface: DI D OO OO0 ODO0ODOOOOOOOOOOO RSHO 1000000OO
goooboo

gobobooobooobooobobogobooobooboobbooooboooboobooo 10bo
U0O0DoOgoooOSYNCO assert 000D obooooooooboobobooonoon
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0BS5S 0O000O00O0OO0OOO0OOODO

EEEREEER 00

RST in |1:00000000DNOOOOOOOO0

0: 0000000000

SYNC | owt | 100000000000 OOCO

HOLD | in |0:0000000000000O00C00O
:0000000000000000000

DII_* in |000000000O000O000O000O00C0CO (O B6)
TSL* |injout | 00000000 O0COCOOOO0OOOCOOOOOO (OBH)

0B6 O0O0O0OODOODODODODODODODODOD

IEEHEREEREEER 0o

DII_A 13 in 1210 | 0000000000 0O0O0=[X] RAMO 1=d[X] RAMO 2=k
RAMUO 3=S RAMUO 4=Pathway RAM

90| 000O00000O00O00OOO

DII_D 72 in 71:36 | Pathway RAMO O : 0000 A[9:0]+1 00000000
35:0 | Pathway RAM O 0O : 0000 A[9:0]0000000OO

53:0 | Pathway RAM: OO OO A[90]0DO0D0O0OOO

DII_.Q 72 | out 71:0 | OO0

DII_WE 1 in — [AllI2:210]00000000000O000000

TSI_A 10 | in 9:0 | DO0DbU0ODbOobOoDbOoo

TSILQ 72 | out 71:36 | A[9:0]+1 0 000000O0O00ODOO
35:0 | A9 0100000000000

[9:0]

53:0] ’; Pathway
) Lue RAM
[9:0]
A
[71:0]
5 — o [X] RAM .
[12:10] g .@_ WE A T_‘_ idt Pathway SR
g [X] RAM D <— Adder
0:0] [9:0] WE idt Validity SR
DIl_A 1 1710 A K RAM
D
[ tue Uy N R
DII_WE TSIRAM | [35:0]
[9:0] TSI_A T
0 0] A
DIl_D —»——19 o) b SRAM 90, — o0
e )i TSILQ < TSIRAM [ [ 5501
— [71:0] #
[9:0] Q WE
7101 A
— SVEd[X] RAM SYNG idt Controller

a) DIl: Data Injection Interface b) TSI: Time Series data Interface

0B4 0O0000ODOODOODODODOODODODODOD
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UB7 00O000O0O0OO00O0OO0OO0OOO0

EEREREER oo
IN [36] in |0000O0D0DOOOOO
OUT |36 | out |0O0DDODODOOOONO
DST | 14| in |INODOODOOOOOOOOOO

0000000000000 00000o0bOO0obO0O0dOdd (Time Series data Interface: TSI) O O O
0000ooo0ooooooD XIRAMOOOOOODO TSTIRAMOOOOOOOOOTSIRAMO
OB4db)000000200000000000002000000000000 [X]RAMOO
0d0oO0od0oOo0o0obobOoo0bOO0o0oDooo0bO0o0bOo0oobOoobOo0ooDbOoOoDOoOooDOon
do0oOo00oO0o0oDooo0Oo0o0bDo0o0bo0oboOo0oobo0ooo0oooboOoooDoooooaon
00000000 oooo0dDo0o0b00oo0oboooodoDoOoonDooooaon
O00OD0OHOLDOOOOOODODOOOOD assert D0 000000 1000000DOO0OOO0O
OO000OO00O0OO0OHOLDO negate 0O O0O0O0ODOO0ODOODOO0ODOOOOOOODOOO
000000000 oOOooooooDoOooooooooon
DIOOOOOOOOTSIODOODDOOOOODOO0O0OD00OXIODKOSOdX]OOODODODOOooOa
000200 000000000000000000006bit00000O0DOO0O0O0O0O0O0OO
O0000O0ooobpnOdTSIDOOOOOO0OOOBAOOOOOOOOO

B.2 Crossbar

gboboboobooboboobobob@bobuoboobH)ooooRrecsiP0O0Q
oooboooooooogogog Selverb OO OOOobOooOoooooonoDoboooboobO
gooo SelverDOODOOUOOOOOobOOoobooboobO0bOobboobDobobobbobobOoo
gbbodgboobbodoobobuoobuoobbuoobuoobbooboobbod

O0BZ00000000000000000000000O00O00D00O0O0OODSTO 1400
goobobooobbodb d400b0booobbooooboobpSTOoDDLOoOoOobDbDOoOn
gboooooooboobbolioobobooobob INODbOoDbOoboooooooboooboDbo
ooboil1ogbobobobobobobobobobobobL INODOobobobgoDot
gobooboobooobouronooooood

gbooooooooboobobooopSTooogooooooboboboboboboboobob
gbboobooobboobooobbooobooboooboobooonoog

B.3 Transceiver

B31 OO

ubobooboobbooboobooboooboobooooboobooooboobooonobo
O0b00boobooooboobobod SelverODUODOODOODODOOODOO Transceiver O O
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O B.8 Transceiver Code RAM O OO OOOO

IEERER 00 00
35| 1 | Special (00OO00oDbOoO0bOoobobOi1oobOoooo
34 1 | Write Enable SolverOOOOO0O0OOOOOO

33:24 | 10 | Address Solver OO O OOODOOOO
23 1 | Buffer Select O:Solver DO OOOQOOOOODODOOOOOO

000000000000 000000
22 1 | Buffer Write Enable | 000000000000 0OOO0O
21:18 | 4 | Buffer Write Address | 000000000000 OOO0O
17:14 | 4 | BufferRead Address | D00 0O0OO0OOO0OO0OOO0OOOOO0O
13:0 | 14 | Crossbar Destination | 000000000000 OOOOOO
13:10 | 4 | Instruction Special=10 0000000000
9:0 | 10 | Command Parameter | Special=10 000000000000

OOSolver OO0 OO0O0OO0O0O0OO0DOOOO XIRAMOOO dIX]RAMOOOOOOOOOOOO
O0OTransceiver 1 OO0 DD 000000000 DOO0OOOO0ODOO0OOOOODOOODOOO

Transceiver 0 D0 B26/@60 0 0)0 00 OOOOSelver D000 OOO0O0OOOOOOOOO
do0oO0ddoO0o0oDoOo0oOo0o0Dooo0bO0o0bOo0oobOo0oo0ooDobOOoOoDOoOoooDOon
0000 Transceiver Code RAM (O 0 Code RAMO O O)OOODODODOOODDODOOOODOOO
O00000000OCodeRAMOOOOOO3600000000000000BROOOOOO
gooad

UbobobOobuoooooboOSelver D000 OODODODODODOODOODOD Solver
UooooogbodOSolverd0DOO0DO0OO A)ODDODOODOODODO (WE)DODOCode RAM O
UbooboboboboboooobooogoodSelverO0O00oO00ooooo 10000000
Uooobobooboobooboob DSTH CodeRAMOOODODODOODOO1IOO0OODOO
gbooooooobobobooobobooobobobobobobobOobd CodeRAMO O
ugboboooobooboobooooo

gooooboOob LuThbboboobobooooboboooboboolleogoobob o
ooboooobboooooobbo0bobo0oobb0bbOU0o0DbO0OO000OUn Transceiver U 0 0O O
Uooooood SoelverDODOODOODOD0DODOODODODODODOSolverDOOOOOO
gboboobobooobboooboooboobbooboooboooboobboobobon
U0O00OCedeRAMOIDOUOD 200000000000000000000DO00DO0O0O0ODOO1
gboobobooboobboobuoobbobobooboobobooboobboobooab
gbobooboool1oobobooboboobbooboboobobooobobooboboooboon
obooooooooooooooooooooooooooooon

gbobob0obOobOobOobbOobobob Phase1200000000

OooooOoBOCOOOUOOOOO
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O B.9 Transceiver Code RAM O UOOOOOOO

Mmﬂm\mm\ 0o
0x00 |END | 100000000000000

0x01 | NOP | [90]00D00000O0DOOODOODOOOOCodeRAMODO O
gooobogooo

0 B.10 Transceiverd Solver/ OO OO O0OO0OOOOOO

oo |o|oo | oo

A 10| out | SolverOOOOOOOOOO

D 36 | out |Solver00D0D00D0D0O0DODODOO

Q 36| in | Solver 0000000 OOCOOOOOO
WE | 1| out |Solver 00000 DOC0OO0OD0OO0O

IN 36 | in gboboobogboob @booboourtogn)

OUT |36 | out | D000 0OO0OO0OO0 @EIOODOOINODO)
DST |14 | out |DO00O0OOOO@ODODO DSTOOO)

B3.2 Solver0U000OD0O0OO0OOOOOOODOODO

0 B.I0IO Transceiverd Solver 0000000000000 ODDOOOODOOOODOODODO
O00ooo0oooBId0(OU0OOOU0OOOODODOOODODO)OUDOBAOD (WOUOO)OO
gbobogbooobooon

B33 OOOO0OOOODOOO

0000000000000 000b000nO pathwayRAMOODOOOODODOODODOOOOO
O0000000OTransceiver 100 Code RAMO OO OOODODOOOD OO OTransceiver O [0 Code
RAMUOOOOOOOUOODOOOOOUOODOOODOOUOODOOODOoOooooBIOOOOOO
0000000000000 oOd0oDodooodooOoooDoooo pnoooooooan
000bO0ob0b00bU0OHghODOODODOODODODODOD

O B.11 Transceiver UO O O0O0OOO0OO0OOO0OOO

0o |0 oo | 0o
DIIA |11 in | CodeRAMOODOOOOOODODO
DIID 36| in |CodeRAMOOODOOODOD
DILWE | 1 | in |Code RAMOOODOOOO
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oboopogogRrecCSiPO0OOOOOOO0OOODODODOOOODODODODOODOODODO
gooooo0bo0bO0b0O0b000bDUIEEE- 75400 0000000000000 0ODOODO
ugoboooooon

C.1 IEEE-7540 0

[EEE-754 00 000000000000000000O0KCTI(@0000000100000
gbosboooobogb23b0b00oooobogb 3200000000000 b00oo0oboobOoDbn
obooo0 127000000000 b00o0b0b0ob000b sbobob 00000 mOOO
obob 3200000000000

x= (=1 %2 xm

gboboooooooooooobo1bobobobobobbob1gooogooo

gobooboobboobooobuooboooboboobooobooboboobobOon
gobooboobob23000000000000000b000b0oo0b0obO0o0obooboOooD
00 GuardD RoundO Sticky 0 300 000000000000 O0OODOODOOOOOOODOOO
UO0GuardD Round DO DO OO0 230000000000 10 000D20000000000
Sticky UODOUODO RoundO0 0000000000 ODOODOODOODOODOODODODODOD

0030000000000000000KCTN000040000000000000000
gooboboboboboboboboboboboboboboboboboboboobo
gooooooon

32 bit
[ 8 iy = 23

a) |[EEE-754 Single Precision

S | e: Exponent | m: Mantissa ‘

b) with Rounding bits L S | e: Exponent | l | | l
gy 8 m 23 :

g prens
g punoy

O C1 IEEE7S400000000@ODbO)0D00ODO



100 oocuobobuoboboobo

0 C1 IEEE-754000000000000

goood oo

RN: Round to Nearest goooooooooooon
RZ: Round toward Zero | 00 0 OO0 OO

RP: Round upward +inf0 00000

RM: Round downward | —inf 000000

o bi
T 8 ¥ 32 bits 23

IEEE-754 Format
S e: Exponent m: Mantissa

Unpack
Noeday

1q prens
g punoy
ug Apns

Unpacked Format S e: Exponent ‘ ’ 1 |
1— ¢t 8 ) I L 23
36 bits

[ r
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O C.2 Unpack/Repack O [

C.2 Unpacked O [J

ocooooooboooooooboooo0oOobOoOooboooDOooobooooboooDboOooo
ooooo0ooOoUooo0o0ooOOoO0bOoOO00oOOoO0obDoOU00oOO00obbOUObOoOOooDbboOooo
Oboo0boobooboobooboobouobobbooboogRecSiPOOnO32bit0O00OOO ECC
O4it000000000DO0O0OO0O0ODO0OOO36bitD 0000000000 O0DOO SRAM
UOFPGAODUODOOODOOODOODOOD ECCOUODDOODOO 18t 000 36bit0 000
goobobooo3ehitDooooooooooooooooon

O[C2I00IEEE-7540 00 ReCSiPO 000000 OO Unpacked 0 00 000 OO OUnpacked
OO0 IEEE-754000000040000000100000000D01b0000bDO0oDbO
Uoodoooboobobbo0booboobo30b000 Guardd RoundD Sticky OO O OO O
ooooooDboOoooOoooDoooood

ReCSiPOUODOUODOOOOOOODOUODO Unpacked DO DOODOOOOOOODOOOOOO
U00o0bobO0o0ob0ob0b0ObD0O0 EEE7M400000000D000DLOFPGADOODODO
OO00000D0O0O00000DO0O0O0O0OO0OIEEE- 7540000 UnpackedDOOOOOODOO
unpackD 0000 repack DO O ODO0OO0OO0OOO0OOOFPGADODODODOOODOOOOOO
000000000000 000O000O00DbOO000O00DODOO0O00oDDo
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D.1 Minimal Mitotic Oscillator (] [ [J

<?xml version="1.0" encoding="UTF-8"7>
<!-- Created by SBML API 2.0(al7.®) -->
<sbml xmlns="http://www.sbml.org/sbml/levell™
xmlns:celldesigner="http://www.sbml.org/2001/ns/celldesigner"
level="1" version="2">
<model name="Goldbeter">
<listOfCompartments>
<compartment name="default"/>
<compartment name="cytoplasm" outside="default" volume="1.0"/>
</1listOfCompartments>
<listOfSpecies>
<species boundaryCondition="true" compartment="cytoplasm"
initialAmount="0.0" name="EmptySet"/>
<species compartment="cytoplasm" initialAmount="0.0" name="C"/>
<species compartment="cytoplasm" initialAmount="0.0" name="M"/>
<species compartment="cytoplasm" initialAmount="0.0" name="X"/>
</listOfSpecies>
<listOfReactions>
<reaction name="Reactionl" reversible="false">
<listOfReactants>
<speciesReference species="EmptySet"/>
</listOfReactants>
<listOfProducts>
<speciesReference species="C"/>
</1istOfProducts>
<kineticLaw formula="vi">
<listOfParameters>
<parameter name="vi" value="0.023"/>
</listOfParameters>
</kineticLaw>
</reaction>
<reaction name="Reaction2" reversible="false">
<listOfReactants>
<speciesReference species="C"/>
</listOfReactants>
<listOfProducts>
<speciesReference species="EmptySet"/>
</1istO0fProducts>
<kineticLaw formula="mass(C,kd)">
<listOfParameters>
<parameter name="kd" value="0.00333"/>
</listOfParameters>

101



102 OO0booooogoboobogboog SBMLOD

</kineticLaw>
</reaction>
<reaction name="Reaction3" reversible="false">
<listOfReactants>
<speciesReference species="C"/>
</listOfReactants>
<listOfProducts>
<speciesReference species="EmptySet"/>
</1list0fProducts>
<kineticLaw formula="uui(C, X*vd, kd)'">
<listOfParameters>
<parameter name="kd" value="0.00333"/>
<parameter name="vd" value="0.1"/>
</listOfParameters>
</kineticLaw>
</reaction>
<reaction name="Reaction4" reversible="false">
<listOfReactants>
<speciesReference species="EmptySet"/>
</listOfReactants>
<listOfProducts>
<speciesReference species="M"/>
</1listOfProducts>
<kineticLaw formula="(1-M)*VM1*C/(1+K1-M)*(Kc+C)'">
<listOfParameters>
<parameter name="K1" value="0.1"/>
<parameter name="Kc" value="0.3"/>
<parameter name="VM1" value="0.5"/>
</listOfParameters>
</kineticLaw>
</reaction>
<reaction name="Reaction5" reversible="false">
<listOfReactants>
<speciesReference species="EmptySet"/>
</listOfReactants>
<listOfProducts>
<speciesReference species="X"/>
</1istOfProducts>
<kineticLaw formula="uui((1-X), M*VM3, K3)'">
<listOfParameters>
<parameter name="K3" value="0.1"/>
<parameter name="VM3" value="0.2"/>
</listOfParameters>
</kineticLaw>
</reaction>
<reaction name="Reaction6" reversible="false">
<listOfReactants>
<speciesReference species="M"/>
</list0OfReactants>
<1listOfProducts>
<speciesReference species="EmptySet"/>
</1list0fProducts>
<kineticLaw formula="uui(M,V2,K2)">
<listOfParameters>
<parameter name="K2" value="0.1"/>
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<parameter name="V2" value="0.167"/>
</listOfParameters>
</kineticLaw>
</reaction>
<reaction name="Reaction7" reversible="false">
<listOfReactants>
<speciesReference species="X"/>
</listOfReactants>
<listOfProducts>
<speciesReference species="EmptySet"/>
</1istO0fProducts>
<kineticLaw formula="uui((X,V4,K4)">
<listOfParameters>
<parameter name="K4" value="0.1"/>
<parameter name="V4" value="0.1"/>
</listOfParameters>
</kineticLaw>
</reaction>
</listOfReactions>
</model>
</sbml>



	緒論
	背景・関連研究
	システム生物学
	生化学反応のモデリングとシミュレーション
	生化学反応系モデル
	モデルの例: Minimal Mitotic Oscillator
	モデル記述言語
	設計ツール
	シミュレータ
	データベース

	FPGA: Field-Programmable Gate Array
	FPGAの基本的な構成
	FPGAアーキテクチャの例: Xilinx社Virtex-IIシリーズ

	FPGAを用いた高性能計算システム
	FPGAを用いた計算処理の利点
	商用計算機への採用例
	生命科学分野での応用例


	ReCSiPの構成と実装
	設計目標
	シミュレーション対象モデル
	基本方式
	動作プラットフォーム
	静的パイプライン構成
	反応経路処理機構
	浮動小数点演算

	システム構成
	FPGA上の回路の構成
	システム全体の構成

	実装
	Integrator: 数値積分モジュール
	Solver Core: 反応速度式モジュール
	スイッチ


	評価および考察
	回路面積
	各モジュールの面積
	浮動小数点演算器とランダムロジックの面積比

	計算速度
	理論ピーク性能
	モデルを用いた実効性能評価

	実効性能向上のためのアプローチ
	パラメータ推定への応用
	Phase 1/2の同時処理による性能向上手法

	運用性・拡張性に関する議論
	一般的なモデルへの適用
	スイッチの分散化によるシステム規模の拡大

	将来的な可能性に関する議論
	複数の区画で構成されるモデルのシミュレーション


	結論
	謝辞
	参考文献
	論文目録
	ReCSiP Board概略
	各ボードの構成部品
	ReCSiP-1 Board
	ReCSiP-2 Board
	ReCSiP-2.1 Board

	PCIインタフェイス
	ローカルバス
	概要
	スレーブアクセス
	マスタアクセス

	Virtex-II/II Proコンフィギュレーション機構

	各モジュール仕様概略
	積分モジュール
	構成
	Pathway RAMの仕様
	動作
	Solver Coreインタフェイス
	外部インタフェイス

	Crossbar
	Transceiver
	構成
	Solverおよびクロスバへのインタフェイス
	初期化インタフェイス


	浮動小数点フォーマット
	IEEE-754形式
	Unpacked形式

	ベンチマークに用いたモデルのSBML記述
	Minimal Mitotic Oscillatorモデル


