Supplementary Information (SI) for Physical Chemistry Chemical Physics.
This journal is © the Owner Societies 2025

Supplementary Information: Inferring Networks of
Chemical Reactions by Curvature Analysis of Kinetic

Trajectories

Vignesh Narayanan,” Lawrence K. Bordoh,! Istvan Z. Kiss,** and Jr-Shin Li¥

1Al Institute, University of South Carolina, 1112 Greene St, Columbia, SC 29208.
IDepartment of Chemistry, Saint Louis University, 3501 Laclede Ave, St. Louis, MO 63103.
YDepartment of Electrical and Systems Engineering, Washington University in St. Louis, 1

Brookings Dr, St. Louis, MO 63130

E-mail: listvan.kiss@slu.edu


istvan.kiss@slu.edu

This supplementary document is organized as follows:
 Section 1 includes the proposed perturbation method for a general case.

* Section 2 contains details of experimental methods used to obtain results with elec-

trochemical networks.
* Section 3 includes all the experimental results and the associated data plots.

1 Perturbation strategy for inferring coupling

The dynamics of agent k following a perturbation (or control) input is given by

X
xO ) = F(x) + g (xP)uO(t) + Kig ¢ — x); (1)
j=1j&k

where u® is the control input to agent k, x{ is an n-dimensional state vector respec-

tively, and )_(ﬁe) is the resulting dynamics during the et experiment, and gk(xﬁe)) eR"isa
nonlinear function modeling the input channel through which uﬁe) affects the dynamics of
agent k. Here Kj; is the coupling strength between node i and j, modeling the directional

connection from node j to node i. Note that for ease of exposition, we set uﬁe) € R (sin-

superscript (e) from the state trajectories of all the agents during the e experiment and

only use it with the perturbation inputs and the response dynamics. We propose a set of

in the following, show that the disparity in the response of the agents to different controls
contain the required information to disentangle the natural timescale of a system from its

coupling dynamics.
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Let oU(t) = uP®) —u®@) and  oxu(t;ae) = XV (t) — xO(t) denote the difference
between the control applied at the reference (the zeroth) and the et experiment and the

difference between the resulting dynamics with the same initial condition, i.e., X£0) (t) =

eXk(to; ako) = gk(ako) eUk(to); (2)

with  ¢Xk(tp) = 0 for e = 1;:::; E. This informs that the effect of the input channel, i.e.,
the state-dependent control coefficient gy at axp, on the control can be estimated by ob-
serving the variations in the controls and the resultant dynamics of X at the sample point
ako. Note that the computation of the variation in the dynamics to different perturbations
helps cancel the effect of the drift at the sample point ay,, and hence, aids in isolating the
unknown nonlinear function gy from the drift and the coupling functions.

Motivated by this observation, to separate the coupling functions from the drift of agent
k, we utilize the response of the other agents in the NDN to the perturbation inputs applied
at agent k. In particular, the dynamics of agent i (i # k) following in the absence
of controls (u®(t) = 0) with the initial conditions x®(ty) = ajo is given by x(t) =
f(x) + P;\Ll;j&_i Kij(Xj — xi). Since the effect of the perturbation applied to agent k on
the dynamics of agent i is only indirect, the information about the coupling functions is
encoded in the “curvature” or the second-order time-derivative of the state of agent i. In
fact, if the initial condition of the NDN for each experiment is fixed, then the difference in
the rates of agent k between the reference perturbation experiment and the e experiment
( eXx), and the corresponding difference in the curvatures of the state of agent i (i.e.,

¢Xj) are proportional. In particular, their relation is given by

eXi(to; @io) = Kik Xk (to; ako); (3)



ment data obtained from these perturbation experiments contain sufficient information to

Note that the equations derived in is independent of the drift f or the control
coefficients gy, i.e., local dynamics. We can utilize these systems of linear equations for

each node along with the stimulated data from the perturbation experiments for recovering

2 Numerical example

In this example, we consider a network of 3 Lorenz oscillators governed by the dynamic

equations
X
Xi(t) = (vi(t) — xi(t)) + CijXj (1)
i=Lj6i

X

yi(D) = rxi(t) —yi(t) — xi(H)z;(t) + dijy; (D
(HEIM

zi(t) = —bz;(t) + x; (V)yi(b): @)

The oscillator network has both x and y couplings. We consider inferring the network
topology corresponding to the y couplings, and in particular, estimate dj; for each i;j. To
do this task, we require that we are able to perturb the dynamics of y; for i = 1;2; 3 using
any controllable parameter and have access to measurement data for the variables y;(t).

For instance, we consider an external control parameter for the dynamics of y;, resulting



in the dynamics

xX3
(1) = (yi(t) x(t)+ Gj X (t)

ij=1;j6i
x3
yi(t) = rxi(t)  vi(t) xi(t)z(t)+ di y; (1) + ui(t)
i =1;j6i

zi(t) = bz(t) + xi(t)yi(t); )

where u; for i = 1;2; 3 are external controls. For illustration, we consider multiple cases.

Figure 1 (a) A three node (directed chain) network of damped Lorenz systems with dirgctamlipling.
Perturbation u; is applied to node 1 to infer its outgoing connections. (b) The step input applied at
node 1 at timet = 7500ms. (c)-(e) Time series data of variable at nodes 1,2, and 3. (f) The
slopey;(t) computed at node 1 using Euler approximation. (g)-(h) The curvatwré) fori = 2;3
computed at nodes 2 and 3 using Euler approximation. The ratio of the curvature of the coupled nodes
(y;, i = 2;3) with respect to the slope of the perturbed noge at the time of application of the step
input (tp = 7500ms) reveals the outgoing connections of node 1.

» Case 1. The parameters in (5) are set as follows: = 10;r =6:1;b= % Here the
Lorenz system has a stable attractor. We consider three Lorenz systems governed

by (5) with the initial conditions set at (1;0:3;0:1);(1;0:3;0:2); (1;0:9;0:8) for each
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experiment. The number of simulations e at each node was set a€€ = 2. We apply
a unit step input at t = tg, with to = 7500ms. The perturbation signals were selected
as ui(o) (t) =0 and ui(l) (t) = grttg. A total of six experiments were conducted, (ap-
plying the two perturbation signals at each node). The coupling strengths, d; was
selected as follows: d;; = dy3 = 0:3 and rest of the coupling strengths were set as

zero. In the rst two experiments, the u; was used to perturb the node 1. The ini-

Figure 2 (a) Perturbatioru, is applied to node 2 to infer its outgoing connections. (b) The step input
applied at node 2 at timé = 7500ms. (c)-(e) Time series data of variableat nodes 1,2, and 3. (f)

The slopey,(t) computed at node 1 using Euler approximation. (g)-(h) The curvatwr@) fori =1;3
computed at nodes 1 and 3 using Euler approximation. The ratio of the curvature of the coupled nodes
(yi, i = 1;3) with respect to the slope of the perturbed noge at the time of application of the step
input (tg = 7500ms) reveals the outgoing connections of node 2.

tial conditions were unchanged in both the experiments (i.e., x(to); y(to); z(to) were

xed). Computing the difference in the second derivatives for the two simulations



yields the following linear equations

1¥2(to) = dar 1Yi(to);  1Ya(to) =05 1yo(to) =0;

1Y3(to) = da1  1Yi(to); 1y3(to) = 0; 1Y3(to) = 0: (6)

Using 1Y»(to), 1Ys(to), and 1y;(to), the coupling strengths d,; and ds; were re-
covered. Similarly, the second pair of experiments involved applying step signalu,
to perturb node 2, and the last pair of experiments were performed by varying uz at

node 3. The simulated trajectories are shown in Figures 1-3.

Figure 3 (a) Perturbatiorus is applied to node 3 to infer its outgoing connections. (b) The step input
applied at node 3 at timé = 7500ms. (c)-(e) Time series data of variableat nodes 1,2, and 3. (f)

The slopeys(t) computed at node 1 using Euler approximation. (g)-(h) The curvatwrg) fori =1;2
computed at nodes 1 and 2 using Euler approximation. The ratio of the curvature of the coupled nodes
(yi, i =1;2) with respect to the slope of the perturbed noge at the time of application of the step
input (tg = 7500ms) reveals the outgoing connections of node 3.

» Case 2: Here we set the parameters of all the three Lorenz system (5) as follows:



=10;r = 28;b= % The initial conditions were same as case 1. In this case, the
dynamics of the Lorenz system were operating within the chaotic regime.
We apply a step input att = tg, with tg = 7500ms and step sizel0. The perturbation
signals were selected asui(o) (t)=0 and ui(l) ()= 9. Atotal of six experiments
were conducted, (applying the two perturbation signals at each node). The coupling

strengths, d; was selected as follows: d;; = dy; = 0:3 and rest of the coupling

strengths were set as zero. The simulated trajectories are shown in Figures 4-6.

» Case 3: Here we illustrate our curvature analysis by applying perturbations through
the parameter r; in (4). The initial conditions and parameters were selected to be
similar to those in case 2. We conducted six experiments by perturbing the parameter
ri at each node. In the rst experiment at node i, r; was set to28, while in the second
experiment, r; was perturbed and setto32 The value ofr;, ] 6 i were left unchanged

for both experiments. The simulated trajectories are shown in Figures 7-9.

» Case 4: Here we illustrate our curvature analysis by applying perturbations through
an external input u; for a 7-node network of Lorenz systems. The parameters for all
the nodes were selected to be similar to those in the Case 1. Perturbation was applied
to each individual node in the network and the evolution of the signal of the various
node analyzed. The network topology and the step perturbation applied to node 1 for
inferring the outgoing connections of node 1 are shown in Figure 10. The resulting

y-trajectories for all the seven nodes are shown in Figure 11. The computed slope

illustration, we record the results only for the two experiments conducted at node 1,
resulting in correctly recovering the coupling strengths of the outgoing connections

of node 1.



Figure 4 (a) They trajectories of all the three Lorenz system showing chaotic evolution. (b) The step
perturbation applied at node 1 at time= 7500ms through the external control parametey to infer its
outgoing connections. (c) The change in slopg1(t) computed at node 1 using Euler approximation.
(d) The change in slope_yi(t) zoomed in around = tg. (e)(g) The curvature changeey;(t) for

i =2;3 computed at nodes 2 and 3 using Euler approximation. (f)(h) The curvature change zoomed in
att = tp of the coupled nodes (y;, i = 2;3). The ratio of the curvature of the coupled nodegYy;,

i = 2;3) with respect to the slope of the perturbed nodey; at the time of application of the step
input (tg = 7500ms) reveals the outgoing connections of node 1.



Figure 5 (a) They trajectories of all the three Lorenz system showing chaotic evolution. (b) The step
perturbation applied at node 2 at time= 7500ms through the external control parametas to infer its
outgoing connections. (c) The change in slopg»(t) computed at node 2 using Euler approximation.
(d) The change in slope_y»(t) zoomed in around = to. (e)(g) The curvature changesy;(t) for

i =1;3 computed at nodes 1 and 3 using Euler approximation. (f)(h) The curvature change zoomed in
att = to of the coupled nodes {y;, i =1;3). The ratio of the curvature of the coupled nodesYy;,

i = 1;3) with respect to the slope of the perturbed nodegy, at the time of application of the step
input (tog = 7500ms) reveals the outgoing connections of node 2.
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Figure 6 (a) They trajectories of all the three Lorenz system showing chaotic evolution. (b) The step
perturbation applied at node 3 at time= 7500ms through the external control parametas to infer its
outgoing connections. (c) The change in slopgs(t) computed at node 3 using Euler approximation.
(d) The change in slope_ys(t) zoomed in around = to. (e)(g) The curvature changeey;(t) for

i =1;2 computed at nodes 1 and 2 using Euler approximation. (f)(h) The curvature change zoomed in
at t = to of the coupled nodes {y;, i = 1;2). The ratio of the curvature of the coupled nodegy;,

i = 1;2) with respect to the slope of the perturbed nodeys at the time of application of the step
input (tp = 7500ms) reveals the outgoing connections of node 3.
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Figure 7 (a) They trajectories of all the three Lorenz system showing chaotic evolution. (b) The step
perturbation applied at node 2 at timé = 7500ms through the parameter; to infer its outgoing
connections. (c) The change in slopeyi(t) computed at node 1 using Euler approximation. (d) The
change in slope_yi(t) zoomed in around = tg. (e)-(g) The curvature changeey;(t) fori = 2;3
computed at nodes 2 and 3 using Euler approximation. (f)(h) The curvature change zoomed in at
t = to of the coupled nodes (y;, i = 2;3). The ratio of the curvature of the coupled nodeg2Y;,

i = 2;3) with respect to the slope of the perturbed nodey; at the time of application of the step
input (tp = 7500ms) reveals the outgoing connections of node 1.
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Figure 8 (a) They trajectories of all the three Lorenz system showing chaotic evolution. (b) The step
perturbation applied at node 2 at timé = 7500ms through the parameter, to infer its outgoing
connections. (¢) The change in slopey2(t) computed at node 2 using Euler approximation. (d) The
change in slope _y»(t) zoomed in around = tgo. (e)(g) The curvature changeey;(t) fori = 1;3
computed at nodes 1 and 3 using Euler approximation. (f)(h) The curvature change zoomed in at
t = tp of the coupled nodes (y;, i = 1;3). The ratio of the curvature of the coupled nodegy;,

i = 1;3) with respect to the slope of the perturbed nodey, at the time of application of the step
input (tg = 7500ms) reveals the outgoing connections of node 2.
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Figure 9 (a) They trajectories of all the three Lorenz system showing chaotic evolution. (b) The step
perturbation applied at node 3 at timé = 7500ms through the parameters to infer its outgoing
connections. (¢) The change in slopeys(t) computed at node 3 using Euler approximation. (d) The
change in slope _y3(t) zoomed in around = to. (e)(g) The curvature changeey;(t) fori = 1;2
computed at nodes 1 and 2 using Euler approximation. (f)(h) The curvature change zoomed in at
t = tp of the coupled nodes (y;, i = 1;2). The ratio of the curvature of the coupled nodegY;,

i = 1;2) with respect to the slope of the perturbed nodeys at the time of application of the step
input (tg = 7500ms) reveals the outgoing connections of node 3.
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Figure 10 (a) A seven node network of Lorenz systems with diregtembupling demonstrating damped
oscillations. Perturbationu; is applied to node 1 to infer its outgoing connections. (b) The step
perturbation applied at node 1 at time= ty = 7500ms.

Figure 11 (a)-(g) They-trajectories of all the seven Lorenz systems for the case when a unit step
perturbation was introduced at node 1 &t tg = 7500ms.
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Figure 12 (a) The change in slope gf between the two experiments, i.e.,yi(t) = y)(t) vi(t),
where fore = 0, uy(t) =0 and fore = 1, u4(t) = 2{<ttg. (b)-(g) The curvature change of; for

i =2;:::;7 are recorded. It can be observed thattagt= 7500ms, the curvature change is nontrivial
for nodesz; 3; 5; 6 indicating outgoing connections from node 1 to these nodes. The coupling strengths
are directly determined by computing the ratio of the change in curvature at n@dew the change in
slope at nodel at t = tg.
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3 Extraction of coupling strengths from experimental data

In the following, we develop the tting functions used in the curvature analysis procedure
using the experimental data. To x ideas, consider the initial value problem (IVP-1) given
by

Eo(t) = Ep(D)+1;

with E(0) =0,t 0. The solution to this IVP-1isEp(t) =1  exp( t). Similarly, for the
IVP-2 given by
Eo(t) = Ec(t) + Ep(t);

with Ec(0) =0,t 0, the solutions can be obtained asE.(t) =1 exp( t)(1+ t). Note that
the IVP-1 can be viewed as the unit step response of the linear syster,(t) =  E,(t)+ up(t)
with up(t) = 1. When this step response is inturn applied as input to another linear system
Ec(t) = Ec(t) + uc(t), we get the IVP-2. Finally, using the solution of IVP-2 as input to

another linear system, we end up with the IVP-3 given by

Ei() = E(t)+ Ec(t);

with E;(0)=0,t O, the solutions can be obtained asE, (t) =1 exp( t)(1+ t+0:5t?).
Since our curvature analysis concerns with the short term response of the systems
around the time instant when the perturbations are applied, we use the parameterized
step response behavior Ey(t) from IVP-1) as the tting function for the perturbed node
and the parameterized solution to the IVP-3 as the tting function for the coupled node.
From the experimental results in the bottom panel of Fig. S8a, the perturbed element is

approximated using the function

Ep(t) = Ap(l  exp( kpt)): ©)
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The data from the coupled electrode is approximated using the function
Ect) = Ac(l  exp( ket)(1+ knt)): (8)

For a three electrode in a chain as shown in Fig. S9, where electrode 3 is not directly

coupled to electrode 1, we use the function
Ec() = Al exp( ket)(1+ ket +0:5knt?)); 9)

to approximate the trajectories of the electrodes that are not perturbed (i.e., the coupled

electrodes). Akin to the theory of curvature analysis technique, the change of curvature
at the coupled node and the change in the perturbed nodes can be computed using the
parametric curves as follows:

d’E..

g = T 4 B(to) = Ack?  Ackm; (10)

and

dE,.
d_tht=t0 = 4 Ep(to) = Apkp: (11)

The extracted coupling strength (K;) employed in the analysis of the experimental

result given by the equation
Ackg Ackm .

K: =
f Apkp

(12)

From equation (12), we extracted some parameters from which the coupling can be cal-
culated; A¢ which is the amplitude of the coupled electrode after perturbation, A, which
is the amplitude of the perturbed electrode after perturbation, k, which is the timescale
factor of the perturbed electrode, k. which is the timescale factor of the coupled elec-
trode and k,, which is the timescale factor of the indirectly coupled electrode. When

A. < 3 std[Ecp(t)], where E.(t) is the electrode potential of the coupled unit before
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perturbation, we concluded that the observed data is too noisy to infer the weak coupling,

and thus the coupling strength is zero.
4 Detailed Experimental Results

A. Network reconstruction using two homogeneous electrodes

The coupling topology to be reconstructed for two electrodes with homogeneous local
dynamics was set up as shown below. The term homogeneous was de ned as the electrodes

having the same individual resistance and the same size.

Figure 13 Two electrodes with homogeneous local dynamics.

From the gure above, the applied experimental coupling strength, ( j ), where i is the

coupled electrode and] is the perturbed electrode is given by the equation:

where R, is the applied coupling resistance andA; is the the surface area of the coupled
electrode given by the equation

dZ
Ai:T

where d is the diameter of the electrode which in this case is 1mm.

Table 1 Applied experimental coupling strength for two homogeneous electrodes

R¢(kohm) 40 30 20 10 8 6 5 3 2 1 0.8
i (mSmm 2) | 0.0318 | 0.0424 | 0.0636 | 0.127 | 0.159 | 0.212 | 0.255 | 0.424 | 0.636 | 1.270 | 1.590
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Table 2 Applied experimental coupling strendthSmm 2) and their corresponding extracted coupling
strength(s 1) for two homogeneous electrodes

i (mSmm 2) | 0.0318 | 0.0424 | 0.0636 | 0.127 | 0.159 | 0.212 | 0.255 | 0.424 | 0.636 | 1.270 | 1.590
A(V) 0.055 | 0.054 | 0.053 | 0.049 | 0.046 | 0.044 | 0.043 | 0.041 | 0.038 | 0.037 | 0.036
ki(s 1) 4468 | 47.63 | 45.08 | 48.66 | 46.88 | 49.78 | 49.78 | 48.18 | 50.22 | 44.73 | 44.99
Az(V) 0.0053 | 0.0079 | 0.0086 | 0.014 | 0.015 | 0.017 | 0.018 | 0.022 | 0.025 | 0.028 | 0.029
ka(s 1) 39.12 | 3450 | 50.42 | 50.10 | 53.80 | 53.98 | 57.97 | 61.84 | 72.25 | 80.82 | 85.50
ka(s 1) 0.59 -0.70 | -3.12 | 264 | -153 | 0.99 | -1.98 | -1.94 | -1.52 | 0.97 | -0.54
Ki(s 1) 0.00 0.00 0.00 |14.72 | 20.14 | 22.6 | 28.27 | 42.61 | 68.40 | 110.5 | 130.9

Table 3 Extracted coupling strength versus experimental coupling strength (logarithmic data) for two
homogeneous electrodes.

R¢(kohm) 10 8 6 5 3 2 1 0.8 0.6 0.4 0.2
j (mSmm 2) | 0.127 | 0.159 | 0.212 | 0.255 | 0.424 | 0.636 | 1.270 [ 1.590 | 2.12 | 3.18 | 6.36
0G0 i -0.896 | -0.799 | -0.674 | -0.594 | -0.373 | -0.196 | 0.104 | 0.201 | 0.326 | 0.502 | 0.803

Ki(s 1) 14.72 | 20.14 | 22.60 | 28.27 | 42.61 | 68.40 | 110.5| 130.9 | 137.6 | 179.5 | 193.1
Logo(Kf ) 1.168 | 1.304 | 1.354 | 1.451 | 1.629 | 1.835 | 2.043 | 2.117 | 2.138 | 2.254 | 2.286

B. Network reconstruction using two heterogeneous electrodes

The perturbation-based technique was also applied to electrodes with heterogeneous local
dynamics where the electrodes had different individual resistance but the same size. The

coupling topology to be reconstructed for such electrodes was set up as shown below.

Figure 14 Two electrodes with heterogeneous local dynamics.

Table 4 Extracted coupling strength of two electrodes with heterogeneous dynamics

Perturbed electrode 1 | Perturbed electrode 2
coupled electrode 2 | coupled electrode 1

AL(V) 0.0877 0.0524

ki(s 1) 241.83 145.69

Ax(V) 0.033 0.0117

ko(s 1) 184.71 186.159

ks(s 1) 1.265 2.533

Ki(s 1) 53.08 53.10

The effectiveness of the perturbation technique to infer coupling strength between two

20



electrodes with heterogeneous local dynamics, i.e.Ring1 = 5 kohm and Rj,q, = 15 kohm
for electrodes 1 and 2 respectively and an applied experimental coupling strength of 0.127
mSmm 2, are presented in the table above.

The effect of the parameters that affect directly coupled electrodes @p; kp; Ac; Ke) on
the extracted coupling strength for heterogeneous electrodes were examined.
The effect of the amplitudes ( ) was described by the following equation:

Ac;ZZAp;Z

=1 Ac;lep;l]

where A is the amplitude of coupled electrode 1 when electrode 2 is perturbed. A, is
the amplitude of perturbed electrode 2 when electrode 2 is perturbed. A is the amplitude
of coupled electrode 2 when electrode 1 is perturbed. A, is the amplitude of perturbed
electrode 1 when electrode 1 is perturbed

From the values of ((Ap; Ac) of the respective perturbations in the table S4 above;

0:01140:0524  0:59

= 5033600877~ 1

Thus, the amplitude effect in system is underestimated in the system where electrode 2 is
the perturbed node and electrode 1 is the coupled node according to the ratio (0.59:1).

The effect of the timescale ( ) was described by the following equation:

kc;2:kp;2

=1 kc;lzkp;l

]

where k., is the timescale of coupled electrode 1 when electrode 2 is perturbed. k., is
the timescale of perturbed electrode 2 when electrode 2 is perturbed.k..; is the timescale
of coupled electrode 2 when electrode 1 is perturbed. k., is the timescale of perturbed

electrode 1 when electrode 1 is perturbed
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From the values of ((kp; k) of the respective perturbations in the table S4 above:

186159145690, _ 1:67
18471024183&" 1

=1

Thus, the timescale effect in system is overestimated in the system where electrode 2 is the
perturbed node and electrode 1 is the coupled node according to the ratio (1.67:1).

The ratio of the coupling strength ( ) was given by the equation:

where K., is the extracted coupling strength when electrode 2 is perturbed. Ky. is the
extracted coupling strength when electrode 1 is perturbed.
From the values of K; of the respective perturbations in the table S4 above;

_ 5310
~ 5308

1
1

Thus the estimated coupling strength is the same in the heterogeneous coupled electrodes.

C. Two asymmetric electrodes

The technique was also applied to two asymmetric electrodes to ascertain its robustness
and effectiveness. We de ne asymmetric electrodes as electrodes having different sizes.

The gure below shows how the coupling topology was set-up to be reconstructed.

Figure 15 Two asymmetric electrodes .

From the gure above, the estimated extracted coupling strength gures and table for

two asymmetric electrodes are shown below.
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Figure 16 Inference Results for two asymmetric coupled electrodes; (a) Perturbation of electrode 1 (b)
Perturbation of electrode2.

Table 5 Extracted coupling strength of two asymmetric electrodes

Perturbed electrode 1 | Perturbed electrode 2
coupled electrode 2 | coupled electrode 1

A(V) 0.0712 0.0615

ki(s 1) 157.61 178.48

Ax(V) 0.0225 0.0124

ko(s 1) 162.96 150.43

ks(s 9) 1.783 1.709

Ki(s ) 53.24 25.56

Fig S8 denotes the evolution of the signal of the perturbed and coupled electrode. The

ratio of the coupling strength (' ) is given by the equation:

where K., is the extracted coupling strength when electrode 2 is perturbed. Ky.; is the
extracted coupling strength when electrode 1 is perturbed.
From the values of K; of the respective perturbations in the table S5 above;

_ 5324 _ 2:08
~ 2556 1

D. Three electrodes in a linear topology

The coupling topology to be inferred for three electrodes in a chain was setup as shown
below.
The extracted coupling strength values and the illustration of the evolution of the sig-

nals of three electrodes coupled in a linear topology are shown in Fig S10 and table S6
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