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CHEMICAL IMPULSES IN THE PERPENDICULARJUNCTION OF TWO CHANNELS�Jakub Sielewiesiuk and Jerzy Góre
kiInstitute of Physi
al Chemistry Polish A
ademy of S
ien
esKasprzaka 44/52, 01-224 Warsaw, Polande-mail: kubas�student.ifpan.edu.pl(Re
eived O
tober 18, 2000)It is known that nonlinear 
hemi
al systems may be used for dire
t infor-mation pro
essing. In this paper we study properties of the perpendi
ularjun
tion of two 
hannels �lled with an ex
itable medium as a fun
tion ofa time di�eren
e of arriving impulses. It is shown that depending on thisdi�eren
e the 
ross jun
tion works as a 
oin
iden
e dete
tor or as a signalswit
h.PACS numbers: 82.40.Ck, 82.40.Qt, 87.18.Pj1. Introdu
tionThe idea of information pro
essing with purely 
hemi
al devi
es is attra
-tive for both s
ienti�
 
ommunity and leading hi-te
h 
ompanies. Two mostpromising ways of 
onstru
ting su
h devi
es 
ome from the mole
ular 
hem-istry approa
h (the information is pro
essed by individual mole
ules) [1℄ andfrom the nonlinear 
hemi
al rea
tions [2,3℄. Both possibilities are 
urrentlyextensively investigated.In the study presented below we are 
on
erned with a model 
hemi
alsystem whi
h 
an be used for dire
t information pro
essing. Our systemutilizes 
hemi
al rea
tions o

urring in an ex
itable 
hemi
al medium. Theidea seems both interesting and feasible due to the analogy with the pro-
esses o

urring in neural systems of living organisms. Su
h pro
esses asde
ision taking or memorizing may be 
onsidered as examples of similar
hemi
al information pro
essing, be
ause the neural signals 
an be des
ribedby traveling impulses in an ex
itable 
hemi
al medium. The su

essful ap-pli
ations of 
hemi
al waves in image pro
essing (in
luding both 
ontrast� Presented at the XIII Marian Smolu
howski Symposium on Statisti
al Physi
s,Zakopane, Poland, September 10�17, 2000.(1589)
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kiand 
ontour analysis) have been reported in [2℄. In 
ontrary to 
onventional
omputers the 
hemi
al devi
e should be able to work without any ruling
lo
k [4℄, whi
h pres
ribes subsequent elementary operations to parti
ularsili
one sub-units.The topology and geometry of the 
hemi
al medium are important fa
-tors in the 
onstru
tion of the desired devi
e. Chemi
al realizations ofa diode [5℄, basi
 logi
al gates (AND, OR, NOT) [6,7℄ and a simple mem-ory devi
e [7℄ have already been proposed. Even more advan
ed systems,performing 
omplex logi
 operations, have been 
onstru
ted [3℄. Some ofthose ideas have also been 
he
ked in laboratory experiments [3,6℄. Theyare all based on a 
arefully 
hosen rea
tion s
heme and the geometry of thesystem in whi
h rea
tions o

ur. Thus, investigations of the propagation of
hemi
al waves in ex
itable systems with various geometry are 
ru
ial forbuilding the �
hemi
al 
omputer�. In this paper we present the propertiesof a jun
tion of two perpendi
ular 
hannels (we 
all it a 
ross jun
tion).2. The model of spatially extended 
hemi
al ex
itable systemWe 
all a 
hemi
al system ex
itable if it has a single stable stationarystate of a spe
ial kind. Small perturbations of this state de
ay exponentiallyin time. However, if the amplitude of a perturbation ex
eeds a 
ertain 
riti
alvalue, then the perturbation in
reases leading to ma
ros
opi
 
hanges of the
on
entrations of 
hemi
al 
omponents. Finally the system returns to itsstable stationary state after a non-trivial evolution in the phase spa
e. If thesystem is distributed in spa
e and lo
ally perturbed, then the lo
al ex
itationmay propagate to the neighboring areas, while the points initially ex
itedrelax to the stationary state. Thus, for the proper 
hoi
e of parameters atraveling impulse may appear in the system.In this study we use a FitzHugh�Nagumo type model [7�9℄, 
onsistingof two variables: u and v. The time evolution of their values is given by thefollowing set of equations:� �u�t = �
 [ku(u� �)(u� 1) + v℄ +Dur2u ; (1)�v�t = �
u : (2)The variables u and v in Eqs. (1), (2) may be uniquely related to 
on
entra-tions of a
tive 
hemi
al reagents and 
an be either negative or positive. One
an also say that Eqs. (1), (2) des
ribe the time evolution of a �
hemi
al�system with two 
omponents. One of them, des
ribed by u, is the �a
tiva-tor�, be
ause it speeds up its own produ
tion, and the other, des
ribed by
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Fig. 1. The iso
lines of Eq. (1) without the di�usion term (solid line) and of Eq. (2)(dashed verti
al line identi
al with the v axis) for the values of parameters given inSe
. 2. Solid and dashed arrows indi
ate the driving for
es of u and v respe
tively.The iso
lines have only one 
ommon point u = v = 0, indi
ating the stationaryhomogeneous solution of Eqs. (1), (2). The dotted line with symbols shows theevolution of the system in the phase spa
e after a su�
iently large perturbation(initially ui = 0:0 and vi = �0:2).v, is the �inhibitor�, be
ause it slows down the produ
tion of u. In this sensethe values of u and v stand for the �
on
entrations� of the 
orresponding�reagents�. In the spatially distributed system we assume that the inhibitoris always immobilized (it never di�uses). The system (1), (2) is ex
itablefor the following parameters des
ribing rea
tions: 
 = 1, � = 0:03, k = 3:0,� = 0:02 [7℄. The iso
lines of Eq. (1) without the di�usion term (solid line)and of Eq. (2) (dashed verti
al line identi
al with the v axis) for these val-ues of parameters are shown in Fig. 1. Solid and dashed arrows indi
atethe driving for
es of u and v respe
tively. The iso
lines have only one 
om-mon point u = v = 0, indi
ating the stationary homogeneous solution ofEqs. (1), (2). The dotted line with symbols shows a possible evolution ofthe system in the phase spa
e after a su�
iently large perturbation. Thisis where the ex
itability of the system 
an be observed. The di�usion 
o-e�
ient of a
tivator Du equals 0:00045 be
ause for this value well de�nedpulses propagate in the system [7℄.
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kiWe also 
onsider another type of medium (the di�usion one), in whi
hno rea
tions o

ur and only di�usion of the a
tivator u is possible. Thismedium is des
ribed with the following set of equations [7℄:� �u�t = Dur2u ; (3)v = 0 = 
onst: (4)with k = 0:03 and Du = 0:00045 [7℄, as previously.3. Cross jun
tion and its propertiesLet us 
onsider a plain (two dimensional) system with geometry shownin Fig. 2, where the brighter areas 
orrespond to the ex
itable �eld and thedarker areas � to the di�usion one. In the ex
itable �eld the time evolutionof the 
on
entrations of u and v is given by Eqs. (1), (2) while in the di�usion�eld � by Eqs. (3), (4). We assume that a
tivator u 
an freely �ow betweenex
itable and di�usion �elds. The ex
itable and di�usion �elds in the devi
eshown below form two perpendi
ular �
hannels�, in whi
h traveling impulses
an propagate. To simplify the des
ription that follows let us assume thatthe ex
itable areas of our 
ross jun
tion are numbered as in Fig. 2.
1 2 3

4 5 6

7 8 9Fig. 2. Geometry of the 
onsidered devi
e: brighter areas 
orrespond to the ex-
itable �eld and the darker areas � to the di�usion one. The ex
itable areas arenumbered to simplify the des
ription in text.The properties of a pulse propagating on a semi-plane of an ex
itable�eld joined with another semi-plane of the di�usion �eld were studied in [7℄.When a wave propagated perpendi
ularly to the line of jun
tion of the semi-planes it penetrated the di�usion �eld up to 
ertain distan
e d
 deep. Herepenetration means that if another a
tive medium was 
loser than d
 fromthe boundary then an ex
itable pulse was a
tivated on it by the primary
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tion of : : : 1593wave. On the other hand a wave propagating parallel to the line of jun
-tion penetrated the di�usion �eld up to 0:94 d
 deep only. It means that alayer of a width d (0:94 d
 < d < d
) is transparent for a pulse propagatingperpendi
ularly, but impenetrable for a pulse propagating parallel to it.This result implies that if the width of the stripes of the di�usion �elddd is between 0:94 d
 and d
 then the 
ross jun
tion presented above mayhave interesting properties. It 
an be expe
ted that:(i) A single impulse propagating in one of the 
hannels is able to propa-gate along its own 
hannel, but it 
annot move �sideways� (be
ause it
annot 
ross the stripe of the di�usion �eld parallel to the dire
tion ofits motion, as dd > 0:94 d
).(ii) The impulse is able to propagate through the jun
tion of two 
hannels(be
ause it is able to 
ross the stripe of the di�usion �eld perpendi
ularto the dire
tion of its motion, as dd < d
).For the values of parameters given in Se
. 2 the appropriate width of di�usion�eld is dd � 0:16.In our study the pulses are initiated on the border by de
reasing thevalue of the inhibitor v inside the 
hannel to vi = �0:2, the answer of ahomogeneous system with respe
t to su
h ex
itation is shown in Fig. 1. Thestationary shape of the impulse is obtained after ts�2:50 and the velo
ity ofthe free propagation of su
h an impulse is vs�0:77. Thus after propagationover the distan
e of 2 units the impulse retains its stationary form.Fig. 3 presents a typi
al stationary shape of a traveling impulse in termsof the variable u. Brighter areas 
orrespond to the higher values of u. Thethin stripes of the di�usion �eld are lo
ated between the pairs of dashedlines (the stripes are not �lled bla
k, so that the pi
ture is more 
lear). One
an see 
hara
teristi
 �whiskers� of the impulse, slightly sti
king outside thestripes of the di�usion �eld. The 
ollision of those �whiskers� explains partof the 
hara
teristi
s of the 
ross jun
tion given below (
ases A and C).Su
h stationary shape of a pulse does not depend on the me
hanism ofinitialization.If the width of the ex
itable �eld inside the 
hannel (de) is large enough(de > 0:4) we do not observe its in�uen
e on the amplitude and velo
ity ofa pulse. In very narrow 
hannels (de < 0:1) both amplitude and velo
ityare visibly smaller than those 
hara
terizing a pulse in a wide 
hannel.The features of a pulse mentioned above are important for an impulsepropagating through the jun
tion. The data of penetration of di�usion �ledgiven by Motoike and Yoshikawa in [7℄ applies to pulses propagating inwide 
hannels. If the width of the 
hannel is smaller than 0.7 then thepenetration depth for a transverse propagation de
reases. The width ofthe ex
itable �eld inside ea
h 
hannel is also important for an impulse to
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Fig. 3. Typi
al stationary shape of a traveling impulse in terms of the variable u.Brighter areas 
orrespond to the higher values of u. The thin stripes of the di�usion�eld are lo
ated between the pairs of dashed lines (the stripes are not �lled bla
k,so that the pi
ture is more 
lear).propagate through the jun
tion, be
ause the impulse needs enough spa
ebetween the two stripes of the di�usion �eld on its way to 
ross both ofthem. In other words, to obtain the propagation of an impulse from area4 to 6 in Fig. 2 � the area 5 
annot be too small. We have found that inorder to obtain the jun
tion with features (i) and (ii) the inner diameter ofthe 
hannel de should not be lower than 
a. 0.8.All the results presented below are obtained by integrating Eqs. (1), (4)numeri
ally. The 
al
ulations were 
arried out with an impli
it methodbased on the Crank�Ni
olson dis
retization of the Lapla
e operator [10℄.We use the values of parameters given in Se
. 2, dd = 0:16 and de = 1.The time step of the integration is dt = 0:005. In 
al
ulations we 
onsiderthree sizes of the square the jun
tion is built on (5 � 5; 7 � 7 and 8 � 8),for whi
h we use square latti
es of 250� 250; 350 � 350 or 400� 400 pointsrespe
tively. Thus, the spa
e step in all these simulations dx = dy = 0:02remains 
onstant. The results for di�erent system's sizes are 
onsistent. Theboundary 
onditions are free between the ex
itable and di�usion �elds andno �ux on the border of the square.To �nd the time 
hara
teristi
s of the 
ross jun
tion we use the followingte
hnique. In ea
h of the input 
hannels (area 4 and 8) one input signal (animpulse) is pla
ed. The impulses are initialized on the border of the squareby de
reasing the value of v inside the 
hannel to vi = �0:2. For variousexperiments the 
hannels are lo
ated in di�erent parts of the square, sothat the impulses travel over various distan
es before they rea
h the 
rossjun
tion. This way, due to a 
onstant velo
ity of the propagation of impulses(vs � 0:77), we are able to adjust the time di�eren
e�t between their arrivalat the jun
tion. Depending on �t we obtain seven types of the jun
tion'sresponse, illustrated in Figs. 4�10. The �gures marked as (a) to (f) show thetime evolution of the a
tivator in the jun
tion (the exa
t timing of snapshots(a) to (f) is given in �gure 
aptions).
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a) b)

c) d)

e) f)Fig. 4. The �AND� logi
al gate for�t=0.00. The output signal is produ
ed in area7 between the two input 
hannels (4 and 8). The 
onse
utive snapshots 
orrespondto (a) t = 0:5, (b) t = 2:5, (
) t = 3:5, (d) t = 4:0, (e) t = 4:5, (f) t = 5:0.Due to the symmetry of the system let us only dis
uss the 
ase in whi
hthe �rst pulse is initiated in area 4 and the later in area 8. The behavior ofthe 
ross jun
tion may be 
lassi�ed in the following way:A. For a very small time di�eren
e between in
oming signals (�t � 0:26the 
ross jun
tion a
ts as the �AND� logi
al gate. The output signalis produ
ed in area 7 between the two input 
hannels (4 and 8) if andonly if there are two input signals arriving at the jun
tion within thegiven time di�eren
e. We think that the output signal appears whenthe �whiskers� of the two traveling impulses meet (see Fig. 4).
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a) b)

c) d)

e) f)Fig. 5. Only the earlier signal survives (within its own 
hannel; area 6) for�t = 1:29. The 
onse
utive snapshots 
orrespond to (a) t = 0:5, (b) t = 2:5,(
) t=4:0, (d) t=4:5, (e) t=5:5, (f) t=7:5.B. For the time di�eren
e in the range 0:28 � �t � 3:45 only the earliersignal survives and propagates within its own 
hannel � area 6. Herethe 
ross jun
tion works (as expe
ted) as a 
oin
iden
e dete
tor inwhi
h the earlier impulse swit
hes the 
entral �eld into the refra
toryregime and blo
ks the propagation of the se
ond signal (see Fig. 5).
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a) b)

c) d)

e) f)Fig. 6. The earlier signal survives in its own 
hannel (area 6) and in addition anew output signal is produ
ed area 9 for �t=3.61. The 
onse
utive snapshots
orrespond to (a) t=1:0, (b) t=4:0, (
) t=6:0, (d) t=7:0, (e) t=8:0, (f) t=10:0.C. When 3:48 � �t � 3:79 the earlier signal survives in its own 
hannel(area 6) and in addition a new output signal is produ
ed in the lowerright-hand 
orner of the devi
e (area 9). In our opinion the new outputsignal appears due to the same me
hanism as in the 
ase A i.e. due tothe 
oin
iden
e of the �whiskers� (see Fig. 6).
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a) b)

c) d)

e) f)Fig. 7. For �t=3.87 only the earlier in
oming signal survives (area 6). The 
on-se
utive snapshots 
orrespond to (a) t = 1:0, (b) t = 4:0, (
) t = 6:0, (d) t = 7:0(e) t = 8:0 (f) t = 9:0.D. For 3:81 � �t � 4:22 the evolution is as in the 
ase B: only the earlierin
oming signal survives and �nally propagates in area 6 (see Fig. 7).E. For �t � 4:25 the earlier in
oming signal follows the way within its
hannel (area 6), while the other signal is swit
hed from the originalpath and follows the �rst signal (see Fig. 8).
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a) b)

c) d)

e) f)Fig. 8. For �t=4.25 the earlier in
oming signal follows the way within its 
hannel(area 6) while the other signal is swit
hed from the original path and follows the �rstsignal (area 6). The 
onse
utive snapshots 
orrespond to (a) t = 4:0, (b) t = 6:0,(
) t = 8:0, (d) t = 8:5, (e) t = 10:0, (f) t = 11:0.F. For 4:28 � �t � 5:41 the earlier signal passes un
hanged through thejun
tion, while the later signal initiates output impulses both withinits own 
hannel (area 2) and in the horizontal 
hannel (area 6) (seeFig. 9).
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a) b)

c) d)

e) f)Fig. 9. For �t=4.64 the earlier signal goes un
hanged through the jun
tion, whilethe other signal initiates output impulses both within its own 
hannel (area 2)and in the horizontal 
hannel (area 6). The 
onse
utive snapshots 
orrespond to(a) t = 4:0, (b) t = 7:0, (
) t = 8:5, (d) t = 9:0, (e) t = 10:0, (f) t = 11:5.G. For �t � 5:43 the impulses do not �feel� ea
h other any more. Ea
hof them simply propagates in the 
hannel it was initialized in (areas 6and 2 respe
tively) (see Fig. 10).



Chemi
al Impulses in the Perpendi
ular Jun
tion of : : : 1601
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

a) b)

c) d)

e) f)Fig. 10. For�t=5.67 the impulses do not �feel� ea
h other any more. Ea
h of themsimply propagates in the 
hannel it was initialized in (areas 6 and 2 respe
tively).The 
onse
utive snapshots 
orrespond to (a) t = 4:0, (b) t = 6:0, (
) t = 7:0,(d) t = 9:5, (e) t = 10:0, (f) t = 12:0.4. Con
lusionsWe have applied the FitzHugh�Nagumo type model to study the informa-tion pro
essing in ex
itable and di�usion media whi
h form a 
ross jun
tionwith respe
t to signals 
oming from perpendi
ular dire
tions. In our modelinformation is asso
iated with a traveling impulse. We have found that if
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kithe se
ond signal arrives later than 5.43 time units after the �rst one, itspropagation is not disturbed by the one whi
h 
omes earlier. On the otherhand the �rst impulse �kills� the signals arriving before 4.22 time units. Forthe time di�eren
e between the signals �t; �t 2 [4:22; 5:43℄ the 
ross jun
-tion works as a logi
al swit
h; it redire
ts the later signal to the dire
tionof the earlier one. We have also found that if the additional ex
itable �eldsaround the original 
ross jun
tion are 
onsidered (see areas 7 and 9 in Fig. 2)then the ex
itation of pulses in these �elds brings more information aboutthe signal 
oin
iden
e. Therefore at the basis of FitzHugh�Nagumo modelwe have shown that a 
ross jun
tion may work as a 
oin
iden
e dete
tor, alogi
al swit
h and also as a signal frequen
y multiplier if a signal is dividedand redire
ted to the jun
tion with the appropriate phase shift.We believe that su
h a jun
tion 
an be easily 
onstru
ted experimentally.In the laboratory pra
ti
e a 
hemi
al ex
itable medium is usually based onthe Belousov�Zhabotinsky (BZ) rea
tion [11℄ with the appropriate 
hoi
e of
atalysts. Methods of obtaining the desired topology and geometry of themedium and pro
edures how to 
reate and 
ontrol traveling impulses in itare already well established [12,13℄. In order to see what might be a spatio-temporal s
ale of a realisti
 
ross jun
tion we have 
onsidered the Rovinsky�Zhabotinsky model of BZ rea
tion [13�16℄ with the parameters given in [17℄.The 
al
ulations have not been 
ompleted yet, but it seems that the sizeof the devi
e is of the order of 
entimeters and the 
orresponding time unit� of the order of minutes. These values indi
ate that our 
hemi
al swit
h
annot 
ompete in speed with the modern sili
on devi
es, but nevertheless itmay provide an interesting alternative for 
hemi
al information pro
essing.The authors are very grateful to Dr. Bartªomiej Legawie
 for his advi
ein the numeri
al method of solving rea
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