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Pattern Recognition by Electrical Coupling of Eight Chemical Reactors
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On the basis of our experiments and simulations on pattern recognition and learning, we have extended the
previous four reactor network to eight reactors which are electrically coupled via Pt-working electrodes in
the fashion of a Hopfield network. This extension considerably improves the recognition processes and allows
to encode three reactor patterns. Since each of the eight reactors can be either in a periodic (P) or a nodal (N)
steady state using the BelouseXhabotinsky (BZ) reaction, there are 2562%) dynamical patterns of which

any three patterns may be encoded in the reactor net. We describe the recognition processes that successfully
associate some of the remaining 253 patterns (including mirror images) as initial patterns to one of the encoded
patterns to which it has the least number of errors. The advantages and limitations of electrical coupling
versus mass coupling are discussed. Numerical simulations using the seven-variable Montanatogyiy Gyo

and Field are in agreement with the experiments.

Introduction process of recognition involves transitions between the two
reactor states P and N, where a set of states represents a pattern.
In order to successfully associate any presented initial pattern
with an encoded pattern, it becomes necessary to introduce an
averaging procedure of the response potential. As a result, a
successful recognition process rapidly associates a presented

out by the BelousovZhabotinsky (BZ) reaction in either a : 2
focall):)r oscillatory-3 free-runningysgate) The reactor networks p?ttern with the encoded pattern to which it has the least number
) of errors.

were capable of associating presented phase patterns (in-phase . . .
or out-of-phast? with stored patterns using local and global The present report describes an extension of our previous
t-ol-p / patt 9 g0 four-reactor networksS to a larger reactor network consisting
coupling. In our first study,recognition was achieved by starting . -
X i . of eight electrically coupled reactors. The larger network has
with focal steady states in the BZ reaction. The focal steady . .
new qualities: more than two dynamical patterns may be

states were perturbed by sinusoidal oscillations of the electric . .
encoded, each reactor is actively coupled to every other reactor

potential resultlpg In-a homogeneous |n|t|a[ pattgrn (all four as in a general Hopfield néiand individual coupling strengths
reactors oscillating in-phase). This external sinusoidal perturba- may be unequal

tion corresponded to a global coupling of all four reactors. The A Hopfield net is characterized by a coupling matrix whose
recognition process was initiated by activating local coupling 1op . y ping o
. . X . . entries are the coupling strengths between the individual
which consisted of time delayed feedback interactions. As a . . L
reactors. This coupling matrix is calculated for all encoded

result, a recall of one of the two stored phase patterns Waspatterns by a Hebbian type rfieis entries may be either
: ) 0 o )
achieved with a 50% probability in many experiments. In our positive (u; > 0) or negativeyy < 0) depending on whether a

second study, we started with all four reactors in their SN o . . )
oscillatory region. We employed entraining pulses of electrical coupllng Interaction Is attractive or repulsive, respectwely_. An
' attractive interaction will drive two coupled reactors into

current as global coupling of all four reactors which lead to a . - . .
1:2 response of the oscillatory period. Thus, all possible phase!demIcal (PP or NN) dynamic states whereas a repulsive

patterns (in-phase and out-of-phase) could be used as initial " teraction will favor mixed (PN) states. We achieve both
patterns and a unique recognition of either of two encoded attractive and repulsive coupling by using the time-averaged

patterns was possible. electric pot_entlal of a reactor as the_ we|ght_e_d input to gnother
. . " reactor. This procedure allows kinetic transitions from either N
In a third study on learning and recognitidnye excluded

global coupling altogether and employed only local coupling to P or P to N. However, any phase information is thereby lost.

of four reactors according to Hopfiefdnstead of using different e&f%?!ﬁntzng:nartc%iﬂa vt\;erﬁSith rggz[stgoﬁxl?rlerlmee\r;éililyro-
phase patterns (in-phase or out-of-phase), we placed each reactdr P 9 y 9 ping P

! ) ) S cal pumping in a network of eight chemical reactors and 24
in one of two dynamical states: a periodic (P state) or a nodal - - . : h

. - s . .~ connections which contained the bistable (nonoscillatory)
excitable steady (N state) in analogy to a firing or a silent in-

Vivo neuron. The transition between the two states is describediodate—arseneous acid reaction. Since mass coupling is restricted
by a saddle node infinite period (SNIPER) bifurcafionith to positive coupling, the number of patterns to be successfully

the electric current as a bifurcation parameter. Thus the valueassomated s limited.
of the electric current determines whether a given reactor is in
a P (zero or low current) omia N (high current) state. The

In previous work=3 on pattern recognition we have used
reactor networks that consisted of four chemical reactors that
were electrically coupled by Pt-working electrodes in the fashion
of a Hopfield network. The recognition processes were carried

Experimental Section

Eight CSTRs (continuous flow stirred tank reactors) of 4.2
*To whom correspondence should be addressed. mL volume each are electrically coupled via Pt-working
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Figure 1. Each of the eight coupled CSTRa €& 8) has its own 0 0.2 04 06 0.8 1 1.2
reference reactor with a Teflon membrane. The redox potentiajs Pot Electric Current [mA]

are monitored by Pt/Ag/AgCl redox electrodes at 1 Hz. The individual Figure 2. Experimental SNIPER bifurcation at 0.85 mA with the

Pot are averaged by a PC and used in eq 3 to calculate the currentselectrical current (mA) as a bifurcation parametekat 6.0 x 107

G;(t), which are applied via galvanostats to the Pt-working electrodes s-1, The frequency of the oscillations (P state) decreases to zero whereas

in each reactor. the amplitudes remain almost constant and disappear suddenly at the
SNIPER point. The redox potential of the nodal steady state N is almost

electrodes+2.0 cn?).2 Each reactor also contains a Pt/Ag/AgCl constant at 1000 arbitrary unitGinp is a bias current in eq 3 in order

redox electrode and a magnetic stirrer (600 rpm). A Teflon to establish either oscillations (0.45 mA) or a node (1.15 mA).

membrane connects each reactor with its half-cell. The latter g £ 1

also contains a Pt-working electrode and sulfuric acid (0.4 mol/

L). Three reactant streams feed three reactant solutions into each

patterns to be encoded and their mirror patterns

reactor by three precise piston pumps at identical flow rates CSTR 1 2 3 M1 M2 M3
with three syringes (50 mL each). Syringe | delivers NaBrO 1 P N P N p N
(0.42 mol/L); syringe Il C&SOy)3 (1.5 x 1072 mol/L) and 2 N P P P N N
malonic acid (0.9 mol/L); and syringe Il sulfuric acid (1.125 3 P P N N N P
mol/L). The flow rate is fixed ak; = 6.0 x 1074 s~ with a 4 P N N N P P
residence time of 27.8 min in order to establish free running 2 “ g il E Z PN
P1 oscillations T = 33 s). The redox potentials RPan each 7 N p p p N N
reactor are measured and digitally monitored at 1 Hz. The redox 8 =] N N N =] P
potentials are normalized due to variations in the sensitivities

of the redox electrodes and presented in arbitrary units. Eachnotatiort* as

Pt-working electrode receives its current from a separate

galvanostat@;, E&G Instruments). All currents are reevaluated . 2 L

every second. The averaged output Ratf a Pt/Ag/AgCl redox Wi = X XIS fori = |

electrode determines the inp@i{(t) to the Pt-working electrodes (1)
of the neighboring reactor(s) according to eq 3. w. =0 fori =j

SNIPER Bifurcation. Recently we discoverédthat the !

application of an electric current to the free-running oscillatory wherew; is the coupling strength between readtand], x® is

BZ reaction causes a transition from the oscillatory to a nodal the pipolar notation of the dynamic state in readtof pattern
steady state. Close to the transition point the oscillation g andp is the number of patterns=@) to be encoded. Since
frequency gradually declines to zero whereas the amplitude the matrix is symmetrical the mirror images of the dynamic
remains constant up to the bifurcation point where it abruptly patterns are encoded as well.

disappears. This so-called SNIPER (saddle node infinite period) Encoding Three Patterns in Eight Reactors.A reactor
bifurcation occurs at a current of 0.85 mA flar= 6.0 x 10+ network consisting of eight reactors can be encoded by
s, where a limit cycle “collides” with a saddle node leading  maximally three patterns. Empirically, for a very large reactor
to an “oscillation of infinite period”. 1% In our experiments we  network the number of patterns to be encddesip ~ 0.2\,

use the SNIPER scenario to switch between the oscillatory (P) whereN is the total number of reactors. As an example, we
and nodal (N) states where the initial P state is set at a currentspow the Hopfield matrix for the same three patterns (in bipolar
of 0.45 mA (periodl = 35 s) and the N state at 1.15 mA (Figure  notation) (Table 1) as those of LPHR, in order to facilitate a
2). The nodal steady state has been assigned 1000 arb units. comparison between electrical and active mass coupling.

Hopfield Network. A Hopfield network is analogous to a Thus, for patterns 1, 2, and 3 (Table 1) the following Hopfield
spin-glass model and the coupling strengths between individual ,atrix is obtained as

units are summarized in matrix notatibThus the Hopfield

matrix is a 8 x 8 matrix for the present reactor network. In O -1 -1 +1 +1 -3 -1 +1
order to establish the Hopfield matrix for the encoded patterns -1 0 -1 -3 41 +1 43 -3
the following Hebbian-type rufeis used: -1 -1 0 +1 -3 +1 -1 +1
If two reactors of an encoded pattern are in the same state
. - . . Ty |t =3 +1 0 -1 -1 -3 +3
(i.e., P-P or N—N) the coupling strength is-1 (attractive W= 41 41 -3 -1 0 -1 41 -1 (2)

interaction), whereas if the two states are unlike (i.e:NFor
N—P), it is—1 (repulsive interaction). For all encoded patterns -3 +1 +1 -1 -1 0 +1 -1
the individual coupling strengths are added and the sum is -1 +3 -1 -3 +1 +1 0 -3
entered into the Hopfield matrix. This is expressed in bipolar +1 -3 +1 +3 -1 -1 -3 O
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as W contains positive as well as negative entrigsl (and Start of Coupling
+3): Since a given reactor does not couple onto itself (eq 1), l
the diagonal is zero. Pattern A Pattern 1

One may display the general scheme, where each of the 28

connections is bidirectional, as P WWM\J 1

Note that for active mass coupling only the positive entries can :
be realized experimentally (12 bidirectional connections as used N 6
by LPHR). For electrical coupling the electrical curre(gt)
are applied to the individual reactojsvia the Pt-working
electrodes (eq 3) anGinpi(bias) is set equal to 0.45 mA (1.15 5
mA) for an initial periodic (nodal) state. Rgi(t) is the averaged P /U\,/\_ /\/\N\/\/\f s
redox potential over the previous 100 s which is recalculated .

every second, ang;j are the coupling strengths between reactors 0 100 200 300

i andj. The averaging procedure has been carried out in order Time [s]

to avoid periodic crossings of the threshold when a transition Figure 3. Experimental time series of all eight electrically coupled
from a P to a Nstate is necessary for recognition. reactors for the recognition of pattern A. Pattern A is associated with

: ; : ) encoded pattern (1 error) immediately after the start of electrical
We write the expression for the electrical curreg) in coupling at 100 s. The error P (circled) in reactor 2 is corrected to N.

=z
N

matrix form:
253!3!). For a complete documentation this would requiBs4
Gp1 -1 -1 +1 +1 -3 -1 +1 x 10° (=2.76 x 108(256/2)) recognition experiments where the
-1 Gup -1 -3 +1 +1 +3 -3 number of patterns is 256; the factorltfis introduced in order
-1 -1 Gz +1 -3 +1 -1 +1 not to count equivalent mirror patterns. This astronomical
+1 -3 +1 Gpp -1 -1 -3 +3 . number cannot be realized experimentally, of course. We have
+1 41 -3 -1 Gy -1 +1 -1 done recognition experiments with several sets of three encoded
-3 41 +1 -1 -1 Gppe +1 -1 patterns with about 30 different initial patterns. As representative
143 -1 -3 41 41 Gy -3 patioms 1.2, and 3 it ntial patems A, B, C. and b (Fgures.
t1 -3 41 43 -1 -1 -3 Giye 3—6). We found it experimentally convenient to adjust the
coupling strengths in such a way that a successful transition
wy; Pog G,V from P to N occurs only when the net-coupling strengdtin)
wy Pot, Gy(H) into reactorj is —4 or more negative. Converselg N to P
wy Pot G4(1) transition occurs only if the net-coupling strengthH3 or larger
W Pot, B G,(1) in our experiments. Due to our definition of the reference state
wy Pot |~ |G(t) 3) a positive current stands for a negativg and vice versa.
wg Pot, G.(®) Pattern A _(I_n|t|al Pattern). In order to demon_st_rate a one-
WJ_ Pot, 6 error recognition process we have chosen the initial pattern A
7l G,(1) which shows 1 error relative to encoded pattern 1, and 5 errors
Wy POGI |Gyt relative to encoded patterns 2 and 3. One has to keep in mind

o that only P states make any contributions to @jé) currents
where Pat= Pot a(t) — 1000 andw;Pof = 1,j being the reactor  in the present experiments, since we have selected a nodal N

number. . state as the reference state. Therefore, only reactors 1, 3, 4, and
As an example, foj = 1 8 contribute toG,(t). In other words, the net coupling strength
_ _ _ . YWz is equal to—8, sincewi; = —1, wsp = —1, Wap = —3,
Ga(D) = Ginpy. — W;;PO, — W3yPOL + W, POt + we, POy andwg, = —3 all show negative entries. Thus, a strong positive
3w POl — Wy Pot; + Wg;Pot currentGy(t) is delivered into reactor 2, driving it iata N state

. . (Figure 2). All other reactor states remain unchanged as seen
Since the nodal steady state is chosen as the reference statg,,, thew.matrix (eq 2). As a result, the recognition experiment

we S‘_Jbtr_aCt 1000 arbitrary units from _EEQ’I e, Fh_er_e _is no (Figure 3) rapidly associates pattern A with pattern 1 involving
contributionw;(Pot o — 1000) of reactor to Gi(Y) if itis in a a transition fron a P to a Nstate in reactor 2 within one
nodal steady state. On the other hand, any potential betweerbscillation (i.e.,~20 s).

1000 and~1400 au (the maximal Pgt(t)) may be used as a

Pattern B (Initial Pattern). The initial pattern B was chosen
reference state.

as an example to show how 2 errors relative to encoded pattern
3 and relative to the mirror image M1 of pattern 1 are
successfully corrected (Figure 4). A recall of pattern 3 would
The number of ways to combine 256=28) dynamical involve a transition of reactor 2 from N to P as well as reactor
patterns in groups of three patterns~{.76 x 1 (=256!/ 6 from P to N. Surprisingly, rather than pattern 3 it is M1 which

Results and Discussion
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Figure 4. Experimental time series of all eight reactors for the Figure 5. Experimental time series of all eight reactors for the
recognition of pattern B which shows 2 errors (P and N in reactors 1 recognition of pattern C which shows 3 errors with respect of pattern
and 2, respectively) with respect to the mirror pattern M1. Both errors 2 and M1. After the start of electrical coupling, pattern C is transiently
are corrected; for details see text. associated with pattern 2 and settles rapidly into pattern M1. Thus 3
errors (in reactors 3, 4, and 8) relative to M1 have been corrected.
is always selected involving a transition from P to N of reactor
1 and N to P of reactor 2. The reason for the preference of
pattern M1 is the complex dynamics of the coupling process:
The current into reactor Z3,(t)) is decreased, since only the P
states of reactors 1, 5, 6, and 7 make any coupling contributions

Start of Coupling

l 1 Error relative to Pattern 2
Pattern D 1 Error relative to Pattern M1

to Gy(t) causing a net increase Jywi, of +4 (Wi, = —1, w5, = ; 1
+1, Weo = +1, wyp = +3). This converts reactor 2 from N to i

P. As a consequence, contributions of reactor 2 to reactors 1 W 2
and 6 become decisive: Since reactor 2 is nova iP state, a

positive current into reactor W1 = —1) is created over and @ 3
above the already existing contributions of reactors 5, 6, and 7 .

which, by themselves, are not able to cause a transition of reactor N 4
1 from P or N sinc&w;; = —3. Conversely, reactor 6 receives .

momentarily a net positive currenp (e = —3) due to the E 5

contributions of the oscillating reactor Wfs = —3), reactor 5

(wis = —1) and reactor 7wzs = +1) resulting in a transiently " NANNNNNNNS e

prolonged period (Figure 4) immediately after the start of
coupling. Due to the change in dynamics of reactors 1 and 2 P ww
the net-contribution to reactor 6 is a negative currénti§ = . 7

+1) (Wo6 = +1, wsg = —1, andwys = +1). Therefore, reactor

6 remains in the P state. Thus pattern M1 is recalled and not - 8
pattern 3. The rate of recognition is very high, i.e., practically 0 100 200 300
instantaneously for reactors 1 and 2, whereas reactor 6 takes Time [s]

about 40 s to remain in the P state. Figure 6. Experimental time series of all eight reactors for the

Pattern C (Initial Pattern). The initial pattern C shows 3 recognition of pattern D wich consist§ ® N states and shows 2 errors
errors relative to the following patterns: pattern 2, pattern M1, relative to pattern 2.(circles) and 2 errors to pattern M1 (squares). Only
and pattern M3. The recognition process corrects all errors. It the common error in reactor 2 has been corrected whereas reactor 3
. . . and reactor 5 have not changed due to the high numbgjy 6f N
mvolves_ a transient recall of pattern 2 aft_er Whlch_the_network states in the inital pattern; see text.
settles into pattern M1 (Figure 5). This behavior is more
complex than that of pattern B due to several changes of stategeactor 2 (from N to P) which represents a common error in
causing corresponding changes in the currents. both patterns 2 and M1. The reason is the strong net-coupling

Pattern D (Initial Pattern). As a consequence of our choice strength W2 = +1 andw;; = +3) of +4 which corresponds
of the nodal state as the reference, a pattern containing moreto a strong decrease @,(t) after coupling has taken place.
than five N states becomes dynamically “inert”, since their However, the second error (either reactor 3 in pattern 2 or reactor
contributions toGj(t) are zero. As one of the few examples of 5 in pattern M1) has not been corrected by the network, since
a failure to complete recognition we present pattern D which the net-coupling strengthwis for reactor 3 is—1 and for reactor
contairs 6 N states and 2 errors relative to patterns 2 as well as5 is +1 only. Both net coupling strengths are insufficient to
M1 (Figure 6). Interestingly, the recognition process does correct cause a transition from N to P with the present reference state.
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Other Patterns. As an example of the versatility of electrical TABLE 2: Seven-Variable Montanator (Nonstoichiometric
coupling, pattern (PPNPPPPP) was offered as an initial patternSteps}

showing 3 errors with respect to patterns 3, M1, and M2 and, HBrO, + Br- + H* — 2BrMA (1)
in addition, 5 errors with respect to patterns 1, 2 and M3. Pattern BrOs™ + Br~ + 2 H* - HBrO; + BrMA (2)
3 was uniquely selected in several identical experiments (not 2HBrO ., —  BrOs +BMA4H (3)
shown). This is in contrast to mass coupling where pattern 3 Eé?éz,iﬂ?éo?+ H _ é?é?} jﬁé?oz m ((g))
could not be selected except if it was presented as an initial ¢+ gros + H* —  HBrO, + Ce* (6)
pattern. HBrO, + Ce** —  Ceé"+Bros +H* @)

As another example, pattern 2 was always selected from initial MA + Ce** — MA* + Ce¥t + HT (8)
patterns (NPPPNPPN, NPPNNPPP, and NPPNNNPN) which BrMA + Ce** -  Ce"+Br 9)

showed one error with respect to pattern 2 and more than one gﬂl\':‘A+ BrMA _ ma +Br ((11%)
error to the other encoded patterns. This is also in contrast to

the observations of LPHR who reported the selection of pattern #MA = malonic acid; MA = malonic acid radical; BrMA=
1 most of the time, even when the initial conditions were chosen Promomalonic acid.

to be closer to pattern 2 or 3. TABLE 3: Rate Constants and Concentrations of

Comparison with Mass Coupling Seven-Variable Montanator

For mass coupling the Hopfield matrW is constructed :2; g:gi g ;1 m,i tj; g:g 511'\31 53,1 M-2
identically as for the present electrical coupling except that ke=7.6x 10P st M2 ke=6.2 x 10'sI M2
negative entries are set equal to zero. Thus, only positive terms  k;=7.0x 1FstM? ks=3.0x 10tstM?
and zeros are contained W for mass coupling, which limits kg=3.0x 10tstM™? kio=2.4x 10*s M1
the number of patterns to be recognized. In contrast, any encoded ki1 =3.0x 1PstM
pattern (or its mirror image) can be recognized from an error- [MA],=0.25M [H0=0.26 M
prone pattern in electric coupling if it contains no more than 5 {Seg]]o =52-§/|3>< 10*M [BrOs]o=0.1M

,0] =

N states here. Since a SNIPER bifurcation is relatively sharp,

the recognition process is more efficient than in a bistable ) ) - .
reaction where the dynamics depends strongly on initial mechanism contains two cycles describing the autocatalytic

conditions, i.e., on the position of the system relative to the Production of HBrQ and the formation of Br (Table 2) with

equistability point in the bistability region (6). rate constants and concentrations given in Table 3. The seven
In work with mass coupling, LPHR displayed three recogni- variables are bromous acid, bromide, bromate, bromomalonic
tion experiments (their Figures-B) for encoded patterns-1B3 acid and its radical, Cé, and Cé*. We include the effect of

where the bistable steady states correspond to the present P arii€ €lectric current by adding the ter@Ce*'] to the rate
N states. For an initial pattern corresponding to the mirror image €guation for [C&'] and subtracting the ter@[C**] from the
of pattern B, the recognition process corrected two errors 'ate equation of [CE]:
(reactors 1 and 2) to obtain pattern 1 (or its mirror image). This
is in essential agreement with the recognition process for the d[Ce*"]/dt = f([Ce*']) — k([Ce®*] — [Ce®*],) + C[Ce™']
present pattern B (Figure 4) which leads to pattern M1. With
mass coupling LPHR thained a transient homogeneous pattern d[ce™)/dt = f([Cce*']) — kf([Ce‘H] —c[ce"]) (@)
and, in another experiment, a final homogeneous pattern after
a mirror image of a stored pattern was transiently observed at
a reactant flow rate lower than the equistability point within
the bistability region. With electric coupling such homogeneous
patterns are not observed except if the initial pattern is a
homogeneous N state pattern. Whereas pattern 3 could also b
recognized in electrical coupling, this was apparently not
ggS:r']bilre“tliglrgﬁtse?g upling unless pattern 3 itself was presente steady state exists-or all C valu_es an instable focus also exists
Both coupling methods are quite robust within their regions as calcula-t(.ad by the continuation method (not .shown.).
of applicability. Electrical coupling via Pt-working electrodes ~ Recognition of Patterns.For a direct comparison with the
is very rapid taking seconds instead of minutes and hours since€Xperiment we show the simulated recognition process for
a nonlinear chemical reaction is very sensitive toward extremely Pattern A (Figure 7) which has one error relative to pattern 1.
small Changes in concentrations of intermediates at the Pt't is |mmed|ate|y seen that the reCOgnition process takes several
electrode. Both methods do show restrictions (only positive Oscillation periods in contrast to the experimental case. The
coupling strengths for mass coupling and not more than 5 N model shows a greater sensitivity toward perturbations than the
states in a pattern for the presently chosen reference state (100@xperimental system. Therefore, the averaging procedure has
au) in electrical coupling). Although electrical coupling is more to be carried out over more oscillations than in the experiment.
practical and versatile, it has the disadvantage of having to useThe individual currents have also been simulated (Figure 7).
a computing device to calculate the curre@i) to be delivered Only the C value of reactor 2 crosses threshold leading to the
to the individual reactors. Furthermore, the averaging proceduredesired transition fim a P to a Nstate. It is noteworthy that
for the realization of negative coupling removes any phase the level ([Cé*]) of the nodal steady state is substantially higher

whereC is proportional to the amount of charge deposited at
the Pt-working electrode. [G€&]o is the inflow concentration
andf([Ce*"]) describes the rate equations of the model. As a
result, forks = 3.0.5x 10 s71, P1 oscillations are obtained
from C = 0 to C = 0.11. AtC = 0.11 a SNIPER bifurcation
Jeceurs in agreement with the experiments. Eor 0.11 a nodal

information in the oscillatory responses. than the averaged [€da.e Of @ P state in contrast to the
. . . experiments where the [€day. of the nodal steady state is
Numerical Simulations always equal to or lower than that of the averaged oscillatory

Our numerical simulations of the experiments are based on state. In all cases the simulations were in essential agreement
the seven-variable Montanator by Gggi and Field315The with the experiments.
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Start of Coupling If an encoded pattern is offered as an initial pattern it is
Pattern A l Pattern 1 immediately recalled,
- If an initial pattern contains more than five N (nodal) states,
p = 2 . complete recognition is not possible for the present choice of
2 1e-05 ‘ it ; ;
g, !““mmmmmmHlmmmhﬂmmHHI“MUH]MI“N the nodal reference siate (1000 arb units at 1.15 mA) which
_ i _ oes not contribute to any coupling interaction. However, by a
@ 2 2005 ) judicious choice of the reference state (between 1400 and 1000
2 1e05 arb units) this restriction may be lifted at the expense of a higher
© 0 - experimental sensitivity,
b = ze-osi i 3 In order to encode four (instead of three) patterns a larger
2 te-05 ! reactor network consisting 6f16 reactors is necessary,
= 2e05 " computer in this work on the basis of an appropriate rate model.
P S 1e05 4 Therefore, the experimental implementation of very large reactor
8 0 networkd®-20 may become a tour de force in combining the
S oos complexities of nonlinear chemistry with technical methods such
N s = 5 as microtechniques.
= 1e-05 T
(&)
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Figure 7. Computer simulations of the time series of all eight reactors
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