An Analog CMOS Circuit emulating the Belousov-Zhabotinsky Reaction
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Abstract— The Belousov-Zhabotinsky (BZ) reacsize [3], [4], [5]. This property is useful for develop-
tion gives us important clues to reveal the functionsrs of RD applications because every RD application
of nonlinear vital phenomena in nature. Because dienefits from the operation speed.
the difficulty in computing such reaction-diffusion sys-
tems using conventional digital processors, we here |- THE REACTION-DIFFUSION SYSTEM
propose an analog CMOS circuit that emulates the BZ A reaction diffusion (RD) system is described by a
reaction. A 2-D array of the analog (BZ) circuit is re- set of partial differential equations
sponsible for fast emulation, and its operation rate is O4(r, 1)
independent of the system size. The operations of the L
proposed circuit were demonstrated by the fabricated ot
chip and SPICE. wherer represents the spaaghe time,V? the spatial
Laplacian,D; the diffusion constantf; the nonlinear
reactive functions that depend on several different re-
active species;. One well-known reactive function

The formation of spatial and temporal patterns ims described in a two-variable Oregonator, which is
dissipative and autocatalytic reaction systems hawkerived from the BZ reaction [1], [6]. The point dy-
been spotlighted since almost every natural phexamics are given by
nomenon, from traditional convective phenomena to

= DiV2ai(r,t) + fi(wi(r,0), (D)

I. INTRODUCTION

. . . dl‘l 1 r1 — b
modern neuro dynamics, can be categorized intothese — = = (1’1 (1-21)—awx >, (2)
. dt T b+ 21
systems. Although a number of theoretical and nu-
. . dl’g
merical studies have been conducted to reveal the - = T2 3)

mechanism of those systems, the essential behaviors

are still unknown due to their complexity and requirewhere z; and z, represent the concentration of
ment of massive computational power in the numetHBrO2 and Br~ ions, respectively, whiler, a and
ical simulations. In this report, aiming at the de represent the reaction parameters. The value of
velopment of high-speed emulators that advance ul$ generally set at < 1 since the reaction rate of
derstanding of such SystemS, we propose an analH@fOQ ion is much faster than that of Brions. The
CMOS circuit that implements a reaction-diffusionnullclines of the Oregonator whetr; /dt = 0 and

(RD) system [1]. dza/dt = 0 are given by
Implementing RD systems in hardware (VLSI) has z1 (z1 +b)(1 — 21)
several merits. First, hardware RD system is very use- 72 = al—b) =h) @4

ful for simulating RD phenomena, even if the phe- v = 1. (=l) 5)
nomena never occurs in nature. This implies that the

hardware system is one possible candidate for devéi-cross point of those two nullcline$;(andi,) repre-
oping an artificial RD system that is superior to natusents a fixed point of the Oregonator.

ral system. Second, hardware RD system can operate~igure 1 shows the nuliclines and trajectories of the
much faster than actual RD systems. For instance, t@egonator with typical parameter-values-£ 10~2
velocity of chemical waves in Belousov-Zhabotinskyandb = 0.02). The value of parameterwas set at 1
(BZ) reaction isO(10~2) m/s [2], while that of hard- [Fig. 1(a)] and 3 [Fig. 1(b)]. Depending on the posi-
ware RD system will be over a million times fastettion of the fixed point, the Oregonator exhibits oscil-
than that of the BZ reaction, independently of systeratory or excitatory behavior. Whan = 1, the fixed
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Fig. 1. Nullclines and trajectories of the Oregonator in (a):ig_ 2. Nullclines and trajectories of the proposed analog
oscillatory mode and (b) excitatory mode. cell in () oscillatory mode and (b) excitatory mode.

point IS located on nullicliné, at Wh'c_hd?z/d‘rl ~ lent to that of the Oregonator. The cubic nullclide (
0. In this case, the Oregonator exhibits limit-cycle os-

cillations [Fig. 1(a)]. The oscillation represents peri-In Fig. 1) is approximated by a nulicline of Eq. (6) as
qdic oxidation-reduction phen.omena.of 'the BZreac- , _ , _ A7l tanh ™! (221 — 1), (= L1) (9)
tion. On the other hand, the fixed point is located on
nullicline 1 at whichdzs/dz1 < 0 whena = 3. Un-  while the linear nullclinelp in Fig. 1) is approximated
der this condition, the Oregonator exhibits excitatoryy a nulicline of Eq. (7) as
behavior [Fig. 1(b)] and is stable at the fixed point as
long as external stimulus is not given. vy = f(x1—0, f2). (= L2) (10)
In the Oregonator, three circulative states are intro-
duced according to the phase of oscillation; i.e., infAn analog cell, whose dynamics are described by
active (A), active (B— C), and refractory periods (D Egs. (6) and (7), is very suitable for analog VLSI im-
— A), as labelled in Fig. 1(b). The inactive, active plementation because the sigmoid function can easily
and refractory states represent a depletion in the Bbe implemented on the VLSIs by using differential-
ion, an autocatalytic increase in the HBr@n (ox- pair circuits.
idation of the catalyzer), and a depletion in the'Br  The proposed cell exhibits qualitatively equivalent
ion (reduction of the catalyzer), respectively. Whetpehaviors to the Oregonator, as shown in Fig. 2. The
the Oregonator is inactive, it easily become active (Aalues of parameters are! = 10, py = 5 and
— B) by external stimuli. Then, it turns in refractory 32 = 10. Whend = 0.5, the fixed point exists on
state (C— D). During the refractory state, the Orego-a nullicline [Eq. (9)] wheredzy/dxz; > 0, and the
nator can not be activated even if the external stimusiystem exhibits limit-cycle oscillations [Fig. 2(a)]. On
was given. the other hand, the system exhibits excitatory behavior
[Fig. 2(b)] when the fixed point exists on a nulllcline
I1l. ANALOG CMOS QRCUITS FOR THEBZ (10) wheredz, /dzy < 0 [Fig. 2(b)].
REACTION Now, let us introduce the cell dynamics into the RD
We here propose a novel analog cell that is qualmodel aiming at the constructing 2-D RD system. The

tatively equivalent to the Oregonator. We define thdynamics of the RD system are described by substitut-
dynamics of a cell as ing the reactive term in Eq. (1) with the right terms of
Egs. (6) and (7). The discrete expression of the RD

d 1 -
% — ;(—xl + f(zy — 0, ﬁl)), (6) system is given by
dzy _ du; i 1 w
E = —X9+ f(l'l - 07 /82)7 (7) dt’j = ;(—UZJ + f(uw — Vij, Bl)) + gi,j’ (11)
wheref(-) represents a sigmoid function defined by dos -
flao, gy - Lt tanh B (®) g = vid T (i =6, 02+l (12)
7 2 ‘ where the system variablg is replaced by; ; and

The cell dynamics are designed so that the shape @f;, while g;'; andg; ; represent external inputs to the
nullclines and flows1, #2) are qualitatively equiva- cell (interactions between a cell and its neighboring
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} Fig. 4. An analog cell circuit consisting of single capac-
a)D _=3x10% 8=0.15 . . ”
@ u itor and two operational-transconductance amplifiers
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Fig. 3. Numerical results of a RD system using the analog . C
cell in (a) excitatory mode and (b) oscillatory mode. w5
cells) as V>S*SH1 e
w _p Uil Uiyt i1+ i1 — du;
9ij = Hu h2 > Fig. 5. Layout of the analog cell designed with 1.5t
o, = D, Vic1j + vit1j + vi’];l + v j41 — 4’01'73'. CMOS process (cell size: 70 70 um?).
’ h

Figure 3 shows spatiotemporal activities of the 2-D _ _
RD system with 50x 50 cells ¢, = 5, B = 10 elock due to the weak coupling between the neigh-

. -3 o
h = 0.01 and D, = 0) where the values of; boring cells. V_Vhe_rDu > 1077, all cells _exhlblt syn-
are represented in grayscale { = 0: black, v; ; = chronous oscillation, namely, no spatial pattern was

1: white). The Neumann boundary condition was ag2roduced.
plied at the side of the square reaction-space. WhenAn analog circuit of the proposed cell and its
7= = 10% andd = 0.15 at which the cell exhibits ex- device layout are shown in Figs. 4 and 5, respec-
citatory behavior, the 2D system produced target pafively. The circuit consists of single capacitor and
terns [Fig. 3(a)], as observed in the basic RD systef#/0 operational-transconductance amplifiers (OTAs),
with the Oregonators. In the simulation, diffusion cowhich implies that the circuit can easily be imple-
efficient D,, was set at 3«10~%. The results indicate mented on silicon VLSIs using conventional CMOS
that the proposed RD system is qualitatively equivd€chnology. The circuit can be obtained by qualitative
lent to the basic RD system with the Oregonators sing®proximation of Egs. (6) and (7).
the excitatory property of the analog cells is inherently When the rate constant of Eq. (6) is much larger
the same as that of the Oregonator. than that of Eq. (7), the differential term of Eq. (6) can
Figure 3(b) shows dynamic behaviors of the 2-Dbe neglectedr( < 1), as introduced in Sec. Il. On the
RD system withD,, = 10~* andf = 0.5 at which the other hand, Eq. (7) witlB; — oo forces the values
cell exhibits oscillatory behavior. Initial values of theof variablexs to be 0 whenr; < 6, while 5 — 1
cells were randomly chosen as; = RAND[0,1] whenz; > 6. If the variablex, is forced to have the
andv; ; = RANDI0,1]. The system produced 2-D value within [0:1], the temporal difference in Eq. (7)
phase-lagged stable synchronous patterns caltett can approximately be represented by binary values.
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Fig. 6. Experimental results of the BZ cell Fig. 7. Chip photograph of 2-D BZ circuits.

Consequently, we obtain a new dynamical equatioof the fabricated chip showed that the circuit can suc-

from Egs. (6) and (7) as cessfully produce excitatory responses and thus spiral
waves in the same way as natural reaction-diffusion
1 = flz1—x2, 1) (13) (RD) systems. These results encourage us to develop
dry {w (if 21 > 0) (14) novel applications based on natural RD phenomena
dt —w (else) using the hardware RD devices.

where w represent positive and small constant. In |n€ proposed devices and circuits are useful not
Fig. 4, an OTA labeled ag, serves as the function only for the hardware RD system but also for con-
of Eq. (13), while a capacitaf’ and the rest OTA re- structing modern neuro-chips. The excitatory and os-
ceiving voltaged produce the dynamics for Eq. (14)_cillatory behaviors of the RD circuit are very similar
The positive constan is implemented in the OTA Fo ac_tual neurons that produce sequences in time of
(labeled asv) wherew corresponds to the source cur/dentically shaped pulses, callegikes. Recently,
rent of a differential pair. The output current of theFukai showed that an inhibitory network of spiking
OTA (w) becomes zero when the voltage of outpuf€urons achieves robust and efficient neural competi-
nodez, is equal to the supply voltage (VDD or VSS).tion on t_he basis of a novel _timing mec_ha_nism of neu-
The value ofr, is thus restricted within [VDD:vss]. '@l activity [7]. A network with such a timing mecha-
Figure 6 shows experimental results of the fabriliSM may provide an appropriate platform for the de-
cated chip that implements the reaction circuit showtloPment of analog VLSI circuits that overcome the
in Fig. 5 (MOSIS 1.5xm CMOS, cell size: 70< 70 problems of analog devices, namely their lack of pre-
um?). Supply voltages of an OTA of; was set at CiSion and reproducibility.
VDD =4 V and VSS = 0.5 V, while that of the rest
OTA (w) was set at VDD =5 V and VSS = GND. o o o _
The threshold® was set aB.5 V so that the circuit [1] G NICOlIS and I. Prlgoglne,S_elf_—org_anlzatlon in Nonequi-
o . o - librium Systems — From Dissipative Structures to Order
exhibits oscillatory behaviors. In the device layout through Fluctuations John Wiley & Sons, Inc., 1977,
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a MOS capacitor (lower-right rectangle in Fig. 5). As  (1994)522. .
expected, the circuit exhibited qualitatively same be?! g'a f‘nﬁ‘ta\fzf'\é'g_r"&“%ao';)‘”zdo;?mem'ya' IEICE Trans. Fun-
haviors as the Oregonator; i.e., stiff nonlinear oscillay) 1. asai, v. Nishimiya, and Y.Amemiya: Proceedings. Int.

tions. Semiconductor Device Research Symp (2001), 141-4.
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