
Manila Journal of Science 10 (2017), pp. 1-15

Copyright © 2017 by De La Salle University

Oscillation Propagation in a Two-Dimensional Lattice 
of Mutually Repressive Nodes

Anthony L. Cueno1*, Maica Krizna A. Gavina1,2, Jomar F. Rabajante1

1Institute of Mathematical Sciences and Physics, University of the Philippines Los Baños, 
Los Baños, Laguna 4031, Philippines

2Department of Environment and Energy Systems, Graduate School of Science and Technology, 
Shizuoka University, 3-5-1 Johoku, Naka-ku, Hamamatsu 432-8561, Japan

*Corresponding Author: alcueno@up.edu.ph

ABSTRACT

Concurrent decision-making networks represent decision systems where the utility of a component 
(node) becomes dominant by repressing other nodes. These networks are commonly used in 
modeling competitive interactions in the computational, biological, and social sciences. Most of 
the existing studies about concurrent decision-making focus on equilibrium convergence of the 
utilities. However, there are many cases where oscillations can arise. Here, we consider concurrent 
decision-making networks that follow a two-dimensional lattice topology where one node is a 
source of oscillations. We investigate the propagation of oscillations in the network, specifically 
by determining the conditions that will drive the other nodes to also exhibit oscillating utilities 
and the conditions that will allow the oscillations to dampen or persist. Our simulations show 
that the two-dimensional lattice structure of a concurrent decision-making network is enough 
to diminish the amplitude of propagating oscillations. Our results are important in the study of 
robustness of complex networks against fluctuations and can be starting points in the study of 
oscillation propagation in other types of interaction networks.
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INTRODUCTION

Interactions between two components of a 
complex system can be activatory, inhibitory, 
or neutral (Kondoh & Mougi, 2015; Mougi & 
Kondoh, 2012; Soule, 2006; Aracena et al., 
2004; Cinquin & Demongeot, 2002). Inhibition, 
such as through competition or antagonism, 
can be found in various biological, social, 
and physical systems. In biology, inhibitory 
activities can be found in gene regulatory 
networks, which play important roles in cell-
fate determination (Rabajante, Babierra, 
Tubay, & Jose, 2015; Rabajante & Babierra 
2015; Sokolowski et al., 2012; Kraut & Levine 
1991). Inhibition can also be found in cognitive 
and neural systems (Basar & Duzgun, 2016; 
Pavone et al., 2016; Neske et al., 2015; 
Rabajante & Gavina, 2015; Norman et al., 
2006; Whittington et al., 2000). Moreover, 
species competition contributes to community 
formation and evolution of populations in 
social systems (Rabajante, Babierra, Tubay, & 
Jose, 2015; Mougi & Kondoh, 2014; Mirrahimi 
et al., 2012). Under certain conditions, the 
repressive function of components in a physical 
system could also act as control of excitatory 
activities and fluctuations (Alonso et al., 2016; 
Hennequin et al., 2014; Cottrell, 1992). 

The outcomes of complex interactions 
are not always equilibrium converging but 
oftentimes exhibit nonequilibrium phenomena. 
In a complex system, oscillatory dynamics 
could arise (Zhang et al., 2016; Boie et al., 
2016; Song et al., 2015; Shaw et al., 2015; 
Nunes et al., 2005). Determining the factors 
that could regulate the spread of oscillations 
across the entire system can be favorable in 
establishing the robustness of interaction 
networks against fluctuations (Gao et al., 
2016; Podobnik et al., 2015; McDonald et al., 
2008). Here, we investigate the inhibitory 
structure of an interaction network, which we 
hypothesize could be regulated to repress the 
propagation of unwanted oscillations to avoid 

faulty system. Fault-tolerant and fluctuation-
tolerant interaction networks are very 
important in sustaining the vital functions 
of many real-world systems (Gao et al., 2016; 
Barzel & Barabasi, 2013; Albert et al., 2000).  

In this study, we consider an interaction 
network, referred to as concurrent decision-
making (CDM), with inhibitory nodes following 
a two-dimensional lattice topology (Fig. 1) 
(Rabajante & Talaue, 2015; Agarwal et al., 
2013). We call this network “concurrent 
decision-making” since it mimics a decision-
making process where a node becomes 
dominant by repressing other nodes (Rabajante 
& Talaue, 2015). The dominant node is 
generally referred to as the chosen or preferred 
node. Furthermore, each node in the CDM 
network increases its dominance through 
self-stimulation, which is a major property 
of decision switches (Cinquin & Demongeot, 
2005). The CDM network represents decision-
making and dominance specification in various 
systems, such as gene regulation in cell-
fate determination (Rabajante & Babierra, 
2015; Rabajante & Talaue, 2015), species 
competition in social and evolutionary systems 
(Rabajante, Babierra, Tubay, & Jose, 2015; 
Wang et al., 2015; Perc et al., 2013), and 
interaction in cognitive and neural systems 
(Rabajante & Gavina, 2015).

Consequently,  we investigate the 
propagation of oscillations to determine the 
robustness of the CDM network against the 
spread of unwanted fluctuations. Fluctuations 
in biological, social, and physical systems 
could be advantageous or disadvantageous 
(Rabajante & Babierra, 2015; Courtin et 
al., 2014). For example, oscillations in gene 
regulation could represent cell plasticity, 
which on the damaging side could drive 
cancer progression (Rabajante & Babierra, 
2015; Lee et al., 2014). Furthermore, the 
equations associated with the CDM network 
are nonlinear and nonpolynomial (Rabajante 
& Talaue, 2015). Our study is the first to 
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investigate whether oscillations will propagate 
or not in the system of nonlinear equations 
representing the CDM network.
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Figure 1. The n-node CDM network following a two-dimensional lattice 93
topology. The links between pair of nodes represent inhibition while the loops 94
represent self-stimulation. 95
 96
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Simulation preliminaries. We consider CDM networks that follow a two-dimensional 100
lattice topology (Fig. 1). In such a network of n nodes, we consider the first node as 101
the input node, the nth node as the output node, and the rest as intermediate nodes. 102
With the assumption that the input node is a source of oscillations, we determine 103
the conditions that drive the output node to also exhibit oscillations and the 104
conditions that allow these oscillations to dampen or persist. To analyze the 105
propagation of oscillations, we follow the behavior of the solution to the ordinary 106
differential equation (ODE) model associated with the CDM network. The model is 107
as follows: 108
 109

      (1) 110

for i = 1, 2, …, n 111
 112
where n is the number of nodes in the network. In this model, Xi represents the 113
value or utility of the ith node. To exhibit oscillations in the input node, we assigned 114
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for i = 1, 2, …, n, where n is the number of 
nodes in the network. 

   In this model, Xi represents the value or 
utility of the ith node. To exhibit oscillations 
in the input node, we assigned X1 = A + Asin(t), 
where A is the amplitude of source oscillations. 
(Note that in the supplementary material, 
we also investigated the case where X1 is 
a random variable.) We restrict the state 
variables and parameters to be nonnegative 
real numbers. The parameter βi represents 
the growth constant of the unrepressed Xi 
relative to the first-order degradation ρi of Xi. 
The γi,j  is the interaction coefficient associated 
with the inhibition of Xi by Xj. The nonlinear 
inhibition of Xi by Xj is influenced by the 
exponent ci,j ≥ 1. Moreover, we consider gi to 
represent the constant basal growth of Xi and 
the parameter ci,j ≥ 1 to denote the strength 
of self-stimulation by Xi. In the denominator, 
Xjs could be oscillating due to the oscillations 
of X1. In this manner, we investigate how 
the oscillations of Xjs affect the values of 
Xi, specifically by tracking the amplitude of 
oscillations. 
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Figure 2. The effect of ρ2, β2, and γ2,1 to the amplitude of oscillations 128
propagated to the output node (c1,2 = c2 = 1, n = 2). Some persisting minute 129
oscillations when g2 > 0 cannot be visually differentiated from the dampening 130
oscillations when g2 = 0 due to their very small amplitude. (a) γ2,1 = 4, (b) ρ2 = 0.13, 131
(c) β2 = 1 (with this set of parameter values, we can easily observe bifurcation in the 132
amplitude). 133
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Figure 2. The effect of ρ2, β2, and γ2,1 to the 
amplitude of oscillations propagated to the 
output node (c1,2 = c2 = 1, n = 2). Some persisting 
minute oscillations when g2 > 0 cannot be visually 
differentiated from the dampening oscillations 
when g2  =  0 due to their very small amplitude. 
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(a) γ2,1  =  4, (b) ρ2  =  0.13, (c) β2  =  1 (with this 
set of parameter values, we can easily observe 
bifurcation in the amplitude).

Figure 3. The amplitude of oscillations 
propagated to the output node (c2,1=c2=2, 
n=2). Some persisting oscillations when g2  >  0 
cannot be visually observed due to their very 
small amplitude. (a) γ2,1=4, (b) ρ2=0.13, (c) β2=1 
(with this set of parameter values, we can easily 
observe bifurcation in the amplitude).

Simulation results. Following the behavior 
of the CDM ODE model, we observe the 
propagation of oscillations in a two-dimensional 
CDM square lattice with two, four, and nine 
nodes. For the network with two nodes 
(n = 2), we have observed certain conditions 
that drive the output node (X2) to exhibit 
oscillating patterns similar to the pattern 
assigned to the input node (X1) except for 
the amplitude (strength of oscillation). In 
the case where the exponents c2,1  =  c2  =  1, 
several parameters influence the amplitude 
of oscillations observed in the output node 
(Fig. 2). We have seen that the output node’s 
growth constant (β2), the interaction coefficient 
γ2,1, and the degradation rate of X2 (ρ2) affect 
the amplitude of oscillations in the output 
node (Fig. 2). On the other hand, the cases 
where c2,1,c2  ≥2 result to weak or mostly no 
oscillations in X2  (Fig. 3).

In the case that c2,1  =  c2  =  1, we have 
observed that the growth constant (β2) of the 
output node (X2) influences the amplitude of 
oscillations seen in the values of the output 
node (Figs. 2a and 2b). For a fixed amount of 
inhibition of the output by the input node (γ2,1) 
and fixed degradation rate (ρ2) of the output 
node, an increase in the growth constant 
(β2) causes an increase in the amplitude of 
oscillations observed in the output node (Figs. 
2a and 2b, respectively). We have seen that for 
several fixed values of ρ2 or γ2,1, the increase in 
the amplitude caused by the growth constant 
of the output node (β2) follows approximately 
a logarithmic pattern (Fig. S1). Moreover, 
the degradation rate (ρ2) of X2 and amount 
of inhibition of X2 by X1 (γ2,1) have different 
effects on the amplitude of the oscillations in 
the output node (X2) (Fig. 2). These effects are 
dependent on the values of other parameters 
influencing the amplitude of oscillations in 
the output node. An increase in the strength 
of inhibition by the input node, represented by 
the increase in the interaction coefficient γ2,1, 
causes growth and decline in the amplitude 
of oscillations in the output node. For a fixed 
degradation rate of X2 (ρ2 = 0.013), we have 
observed that for each corresponding values 
of the growth constant β2, an increase in 
the strength of inhibition of X1 results in 
an increase in the amplitude of persistent 
oscillations observed in X2 (Fig. 2b). Both cases 
when g2 = 0 and g2 > 0 exhibit this behavior. 
On the other hand, when the growth constant 
of the output node is fixed (β2 = 1) and g2 = 0, 
we have observed that increasing values of 
the inhibition coefficient γ2,1 results in growth 
in the amplitude of oscillations in the output 
node provided that γ2,1 < 8.6697exp(−5.217ρ2) 
with R2 = 0.98808 (Fig. S2). This is different 
if γ2,1 > 8.6697exp(−5.217ρ2), where increasing 
values of γ2,1 result in decline in the amplitude 
of oscillations in X2 (Fig. S2). We observe 
almost similar behavior when g2 > 0. 
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to the amplitude of oscillations in the output 
node (X2) for particular values of ρ2 and γ2,1 
(n=2, ci,j=ci=1). (a) ρ2=0.13, γ2,1=0.1; (b) ρ2=0.13, 
γ2,1=0.5; (c) ρ2=0.13, γ2,1=2; (d) ρ2=0.01, γ2,1=4; (e) 
ρ2=0.13, γ2,1=4; (f) ρ2=0.5, γ2,1=4.
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 511
Figure S2. The amplitude of oscillations in X2 for varying values of ρ2 and 512
γ2,1 (n=2, β2=1, ci,j=ci=1) with the graph of γ2,1=8.1933exp(-0.68ρ2). Increasing 513
values of γ2,1 results to increase in the amplitude above the curve and decrease in the 514
amplitude below the curve. 515
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 517

Figure S2. The amplitude of oscillations in 
X2 for varying values of ρ2 and γ2,1 (n=2, β2=1, 
ci,j=ci=1) with the graph of γ2,1=8.1933exp(–
0.68ρ2). Increasing values of γ2,1 results to increase 
in the amplitude above the curve and decrease in 
the amplitude below the curve.

For the effect of the increase in degradation 
rate (ρ2) on the amplitude of oscillations in 
X2, we have observed that the relationship 
among ρ2, β2, and γ2,1 influences the increase or 
decrease of the amplitude (Figs. 2a and 2c). In 
the case that g2 = 0, the increasing degradation 
rate of X2 results in growth in the amplitude 
when ρ2  <  0.124β2  +  0.015 (R2  =  0.992) 
for γ2,1  =  4, or ρ2  <  −0.097ln(γ2,1)  +  0.2678 
(R2 = 0.9926) for β2 = 1 (Fig. S3). On the other 
hand, a decline in the amplitude happens 
when ρ2  >  0.124β2  +  0.015 for γ2,1  =  4, or 
ρ2 > −0.097ln(γ2,1) + 0.2678 for β2 = 1 until the 
oscillation dampens when the degradation rate 
exceeds 0.333β2 + 0.006 (R2 = 0.99981) if γ2,1 = 4 
or −0.17ln(γ2,1) + 0.573 (R2 = 0.99389) if β2 = 1 
(Fig. S3). This is almost similar to the case 
where g2 > 0 except the fact that there is no 
dampening of oscillations for any value of ρ2.
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Figure S3. The amplitude of oscillations in X2 for fixed values of β2 and γ2,1.  519
(a) amplitude for varying values of ρ2 and β2 (n=2, γ2,1=4, ci,j=ci=1) with the curve 520
ρ2=0.124β2+0.015; (b) amplitude for varying values of ρ2 and γ2,1 (n=2, β2=1, ci,j=ci=1) 521
with the curve ρ2= -0.097ln(γ2,1)+0.2678. 522
 523
Figure S3. The amplitude of oscillations in 
X2 for fixed values of β2 and γ2,1. 
(a) amplitude for varying values of ρ2 and β2 (n=2, 
γ2,1=4, ci,j=ci=1) with the curve ρ2=0.124β2+0.015; 
(b) amplitude for varying values of ρ2 and 
γ2,1 (n=2, β2=1, ci,j=ci=1) with the curve ρ2= 
–0.097ln(γ2,1)+0.2678.

When c2,1,c2  >  1, there is less chance of 
propagation of oscillations in the output node 
X2. In fact, keeping the value of g2 = 0 inhibits 
the propagation of oscillations in X2 (Fig. 3). 
This is different in the case when g2 > 0, where 
the values of the output node exhibit small 
persistent oscillations. We observe the effect 
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of changing the parameter values of β2, ρ2, and 
γ2,1 to the oscillations in X2.

For a fixed value of the inhibition coefficient 
of X2 by X1 (γ2,1  =  4), increasing the growth 
constant of X2 (β2) results in growth in the 
amplitude of oscillations in the output node if 
β2 < 25ρ2 − 2.3294 (R2 = 0.9855) and decrease 
in the amplitude of oscillations otherwise (Fig. 
S4). Moreover, the increasing degradation 
rate of X2 (ρ2) results in growth in the 
amplitude of oscillations in the output node 
if ρ2 < 0.38β2 + 0.92 (R2 = 0.9861) for different 
values of the growth constant β2 (Fig. S5).

There are changes in the amplitude of 
persistent oscillations by fixing the growth 
rate (β2) of X2. For each interaction coefficient 
γ2,1, if β2  =  1, increasing the degradation 
rate results in growth in the amplitude of 
oscillations in the output node provided that 
ρ2 < −0.03ln(γ2,1) + 0.1645 (R2 = 0.9384) and 
decrease in the amplitude of oscillations, 
otherwise (Fig. S6).

Generally, for all simulations in CDM 
square lattice consisting of two nodes (n = 2), 
we observe that the oscillations propagated 
in the output node are significantly weaker 
than the oscillations in the input node (Figs. 
2, 3, and S7). In other words, the inhibitions 
between nodes drive the oscillations from the 
input node to decrease in the output node. 
We also see this behavior in our simulations 
involving square CDM lattices with higher 
number of nodes.

For networks with four nodes (n = 4), we 
have seen that oscillations from the input node 
(X1) propagate to the intermediate nodes (X2 
and X3). These oscillations in the intermediate 
nodes have significantly smaller amplitudes 
than that of X1 (Figs. 4 and S8). The addition 
of intermediate nodes and the inhibition of 
these nodes with the input and output node 
(X4) result in smaller amplitude of oscillations 
in the output node (Figs. 4 and S8). We have 
further observed this behavior in CDM lattice 
networks of nine nodes (n  =  9). Smaller 
oscillations than that of the input node (X1) 

are propagated in some of the intermediate 
nodes, but the inclusion of bigger number of 
intermediate nodes prevents the values of 
the output node (X9) to exhibit perceptible 
oscillations (Figs. 5 and S9).

Figure S4. The amplitude of oscillations 
in X2 for varying values of β2 and ρ2 (n=2, 
γ2,1=4, ci,j=ci=2, g2=0.01) with the curve 
β2=25ρ2–2.3294. Increasing values of β2 results 
to growth of amplitude of oscillations below the 
curve and decline in amplitude of oscillations 
above the curve.
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(n=2, γ2,1=4, ci,j=ci=2, g2=0.01) with the curve β2=25ρ2–2.3294. Increasing values 526
of β2 results to growth of amplitude of oscillations below the curve and decline in 527
amplitude of oscillations above the curve. 528
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Increasing values of ρ2 results to growth of 
amplitude of oscillations to the left of the curve 
and decline in amplitude of oscillations to the 
right of the curve.

Figure S6. The amplitude of oscillations 
in X2 for varying values of γ2,1 and ρ2 (n=2, 
β2=4, ci,j=ci=2, g2=0.01) with the curve ρ2= 
–0.03ln(γ2,1)+0.1645. Increasing values of ρ2 
results to growth of amplitude of oscillations to 
the left of the curve and decline in amplitude of 
oscillations to the right of the curve.

Figure S7. The effect of ρ2, β2, and γ2,1 to 
the amplitude of oscillations propagated 

to the output node (n=2, X1=r, where r is a 
standard normal random number). Some 
persisting minute oscillations when g2>0 cannot 
be visually differentiated from the dampening 
oscillations when g2=0 due to their very small 
amplitude. (a) γ2,1=4, (b) ρ2=0.13, (c) β2=1 (with 
this set of parameter values, we can easily observe 
bifurcation in the amplitude).

Figure S8. Propagation of oscillations in two-
dimensional concurrent decision-making 
lattice networks of 4 nodes (X1=Ar, where r 
is a standard normal random number). (a)-
(c) Sample simulation runs showing diminishing 
propagation of oscillations from input node to 
output node. Parameter values are equal to the 
parameter values in Fig. 4.
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Figure S6. The amplitude of oscillations in X2 for varying values of γ2,1 and 536
ρ2 (n=2, β2=4, ci,j=ci=2, g2=0.01) with the curve ρ2= -0.03ln(γ2,1)+0.1645. 537
Increasing values of ρ2 results to growth of amplitude of oscillations to the left of the 538
curve and decline in amplitude of oscillations to the right of the curve. 539
 540
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 541
Figure S7. The effect of ρ2, β2, and γ2,1 to the amplitude of oscillations 542
propagated to the output node (n=2, X1=r, where r is a standard normal 543
random number). Some persisting minute oscillations when g2>0 cannot be 544
visually differentiated from the dampening oscillations when g2=0 due to their very 545
small amplitude. (a) γ2,1=4, (b) ρ2=0.13, (c) β2=1 (with this set of parameter values, 546
we can easily observe bifurcation in the amplitude). 547
 548
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 549
Figure S8. Propagation of oscillations in two-dimensional concurrent 550
decision-making lattice networks of 4 nodes (X1=Ar, where r is a standard 551
normal random number). (a)-(c) Sample simulation runs showing diminishing 552
propagation of oscillations from input node to output node. Parameter values are 553
equal to the parameter values in Fig. 4. 554
 555
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Figure S9. Propagation of oscillations in two-dimensional concurrent 557
decision-making lattice of 9 nodes (X1=Ar, where r is a standard normal 558
random number). (a)-(c) Sample simulation runs showing diminishing 559
propagation of oscillations from input node to output node. Parameter values are 560
similar to the parameter values in Fig. 5. 561
 562

Figure S9. Propagation of oscillations in 
two-dimensional concurrent decision-
making lattice of 9 nodes (X1=Ar, where r is 
a standard normal random number). (a)-(c) 
Sample simulation runs showing diminishing 
propagation of oscillations from input node to 
output node. Parameter values are similar to the 
parameter values in Fig. 5.
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Figure 4. Propagation of oscillations in a 
two-dimensional CDM lattice of 4 nodes. (a)–

(c) Sample simulation runs showing diminishing 
propagation of oscillations from input node to 
output node. For the parameter values used in the 
simulations, refer to the supplementary material.
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Figure 5. Propagation of oscillations in a two-dimensional CDM lattice of 9 237
nodes. (a)–(c) Sample simulation runs showing diminishing propagation of 238
oscillations from input node to output node. For the parameter values used in the 239
simulations, refer to the supplementary material. 240
 241
 242

DISCUSSION 243
 244
The goal of our study is to investigate whether oscillations will dampen, persist, or 245
enhance in a CDM network and to determine the conditions that drive the spread of 246
oscillations. In our simulations involving CDM lattices with n ≥ 2 nodes, we found 247
that the amplitude of oscillations diminishes as the oscillations propagate 248
throughout the entire network (Figs. 2–5). From the input node (source of 249
oscillations) to the intermediate nodes to the output node, fluctuations become 250
significantly weaker and weaker (Figs. S7–S9). We have proven that the inhibitory 251
interactions in a CDM network, which are described by the associated CDM ODE 252
model, are sufficient to filter the spread of oscillations and unwanted fluctuations. 253
This result demonstrates the robustness of the CDM network. The CDM network 254
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Figure 5. Propagation of oscillations in a 
two-dimensional CDM lattice of 9 nodes. (a)–
(c) Sample simulation runs showing diminishing 
propagation of oscillations from input node to 
output node. For the parameter values used in the 
simulations, refer to the supplementary material.

DISCUSSION

The goal of our study is to investigate whether 
oscillations will dampen, persist, or enhance 
in a CDM network and to determine the 
conditions that drive the spread of oscillations. 
In our simulations involving CDM lattices 
with n ≥ 2 nodes, we found that the amplitude 
of oscillations diminishes as the oscillations 
propagate throughout the entire network 
(Figs. 2–5). From the input node (source of 
oscillations) to the intermediate nodes to the 
output node, fluctuations become significantly 
weaker and weaker (Figs. S7–S9). We have 
proven that the inhibitory interactions in a 
CDM network, which are described by the 
associated CDM ODE model, are sufficient to 
filter the spread of oscillations and unwanted 
fluctuations. This result demonstrates the 
robustness of the CDM network. The CDM 
network can be a template in building a real-
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world network that avoids fluctuation-induced 
faulty structure.

The exponents ci,j  and ci  affect the behavior 
of oscillations in the output node. The exponent 
ci describes the mode of self-stimulation of Xi, 
such as whether self-stimulation follows a 
hyperbolic or sigmoidal function (Rabajante 
& Talaue, 2015). This exponent influences 
the number of equilibrium values in a system 
(Rabajante & Talaue, 2015), which could affect 
the behavior of oscillations. The exponent ci,j 
influences the strength of inhibition, which has 
an impact on the regulation of the spread of 
oscillations. Furthermore, the growth constant 
(βi), the interaction coefficient γi,j, and the 
degradation rate (ρi) affect the amplitude of 
oscillations in the output node. The parameters 
βi and ρi affect the possible equilibrium values 
of X2 (Rabajante & Talaue, 2015), which may 
have significant effect on the amplitude of 
oscillations. Similar to ci,j, the parameter γi,j 
influences the strength of inhibition between 
nodes, which affects the regulation of the 
spread of oscillations throughout the entire 
network.

The CDM network regulates the spread of 
oscillations. This is advantageous in preventing 
the spread of unwanted fluctuations. However, 
this could be disadvantageous if we intend 
to enhance the spread of signals, such as 
information, throughout the entire network. 
Other types of interaction network, such as a 
network with activators, could be used instead 
(Seybold et al., 2015). The CDM network 
coupled with parasitism-type antagonism 
(Rabajante, Babierra, Tubay, & Jose, 2015) 
can also be used to enhance, rather than 
inhibit, the utilities of the nodes. 

In addition, the amplitude of oscillations 
can affect “equilibrium switching” (Rabajante 
& Talaue, 2015) in the CDM system (Fig. S10). 
Equilibrium switching portrays the switching 
of inferior and dominant states (Rabajante 
& Talaue, 2015), which can be linked to the 
activation and inactivation of components. For 

example, in a two-node CDM network with 
c2 = c2,1 =1, g2 = 0, and β2 > ρ2, the attracting 
states of X2 are determined by the following 
conditions, which are dependent on the 
oscillating values of X1 (see supplementary 
material):

•	   X2 = 0 is stable if  
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Figure S10. Increasing the amplitude of source oscillations drives 564
equilibrium switching. Equilibrium switching shows the switching between 565
inferior (inactive or suppressed) and dominant (active or expressed) states. (n=2, 566
A=1, β2=2, c2=c2,1=2, γ2,1=1, ρ2=0.01, g2=0). 567 Figure S10. Increasing the amplitude of 
source oscillations drives equilibrium 
switching. Equilibrium switching shows 
the switching between inferior (inactive or 
suppressed) and dominant (active or expressed) 
states. (n=2, A=1, β2=2, c2=c2,1=2, γ2,1=1, ρ2=0.01, 
g2=0).
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of the interactions. The CDM network model 
has limitations in representing biological, 
social, and physical systems, such as delay 
dynamics that are not considered in the model. 
Our simulations can be further extended to 
study the spread of oscillations in other types 
of interaction networks and other dynamical 
systems (Kim et al., 2008; Radde, 2011; Mougi 
& Kondoh 2012).

METHODS

To analyze the propagation of oscillations 
in a two-dimensional CDM lattice network, 
we follow the behavior of the network’s 
corresponding ODE model (1). We investigated 
the case where n ≥ 2 by considering certain 
parameter values. Without losing essential 
qualitative dynamics, we considered the 
following parameter ranges in our numerical 
simulations:

•	 1 ≤ βi ≤ 5 with simulation increment = 0.1, 
for all i;

•	 0 . 0 1   ≤  ρ i   ≤   1  w i t h  s i m u l a t i o n 
increment = 0.01, for all i;

•	 0.1 ≤ γi,j ≤ 4 with simulation increment = 0.1, 
for all i and j;

•	 ci,j = ci = 1 or 2, for all i and j; and
•	 0 ≤ gi ≤ 0.5, with simulation increment = 0.1, 

for all i.

Suppose A is the amplitude of oscillations 
or fluctuations. To exhibit oscillations in the 
input node, we assigned X1  =  A  +  Asin(t). 
In the supplementary material, we also 
investigated the case where X1  = Ar, where 
r is a nonnegative random number from a 
standard normal distribution. We solved the 
differential equations using Runge–Kutta 4 
with 0.01 as step size. For each simulation, 
we computed for the amplitude of persisting 
oscillations, if there are any. 
	 In Figures 2–3, we used 0.01 as the 
initial value of the output node X2. We also did 

simulations with other initial values (Fig. S11). 
In some cases, the initial value of the output node 
affects the amplitude of oscillations. However, 
the oscillations from the input node X1 are still 
diminished when propagated to X2. 

We compare the values of the amplitude 
against parameter values to determine the 
effect of the parameters to the strength 
of oscillations in the output node. We also 
used these values to compare the strength 
of oscillations in the input, intermediate, 
and output nodes. In addition, refer to the 
supplementary material and to Rabajante 
and Talaue (2015) for additional theoretical 
analysis of the CDM model.

26

 568
Figure S11. Effect of the initial value of X2 to the amplitude of oscillations 569
in X2 (n=2). The amplitude of the input X1=1+sint is diminished in the output.  570
 571

Figure S11. Effect of the initial value of X2 to 
the amplitude of oscillations in X2 (n=2). The 
amplitude of the input X1=1+sint is diminished in 
the output.



OSCILLATION PROPAGATION 						      CUENO, ET. AL 11

REFERENCES

Agarwal, P., Sharma, A.K., & Kumar, A. (2013). 
Modeling and simulation of 2D mesh topological 
network on chip (NOC). International Journal 
of Computer Applications, 72, 25–31.

Albert, R., Jeong, H., & Barabasi, A.-L. (2000). 
Error and attack tolerance of complex networks. 
Nature, 406, 378–382.

Alonso, S., Strachauer, U., Radszuweit, M., Bär, 
M., & Hauser, M.J.B. (2016). Oscillations and 
uniaxial mechanochemical waves in a model of 
an active poroelastic medium: Application to 
deformation patterns in protoplasmic droplets of 
Physarum polycephalum. Physica D, 318–319, 
58–69.

Aracena, J., Demongeot, J., & Goles, E. (2004). 
Positive and negative circuits in discrete 
neural networks. IEEE Transactions on Neural 
Networks, 15, 77–83.

Barzel, B., & Barabasi, A.-L. (2013). Universality in 
network dynamics. Nature Physics, 9, 673–681.

Başar, E., & Düzgün, A. (2016). The brain 
as a working syncytium and memory as a 
continuum in a hyper timespace: Oscillations 
lead to a new model. International Journal of 
Psychophysiology, 103, 199–214.

Boie, S., Kirk, V., Sneyd, J., & Wechselberger, M. 
(2016). Effects of quasi-steady-state reduction 
on biophysical models with oscillations. Journal 
of Theoretical Biology, 393, 16–31. 

Cinquin, O., & Demongeot, J. (2002). Roles of 
positive and negative feedback in biological 
systems. Comptes Rendus Biologies, 325, 
1085–1095. 

Cinquin, O., & Demongeot, J. (2005). High-
dimensional switches and the modelling of 
cellular differentiation. Journal of Theoretical 
Biology, 233, 391–411.

Cottrell, M. (1992). Mathematical analysis of 
a neural network with inhibitory coupling. 
Stochastic Process and Their Applications, 40, 
103–126. 

Courtin, J., Karalis, N., Gonzalez-Campo, C., 
Wurtz, H., & Herry, C. (2014). Persistence of 
amygdala gamma oscillations during extinction 
learning predicts spontaneous fear recovery. 
Neurobiology of Learning and Memory, 113, 
82–89.

Gao, J., Barzel, B., & Barabási, A.-L. (2016). 
Universal resilience patterns in complex 
networks. Nature, 530, 307–312. 

Hennequin, G., Vogels, T. P., & Gerstner, W. 
(2014). Optimal control of transient dynamics 
in balanced networks supports generation of 
complex movements. Neuron, 82, 1394–1406. 

Kim, J. R., Yoon, Y., & Cho, K.-H. (2008). Coupled 
feedback loops form dynamic motifs of cellular 
networks. Biophysical Journal, 94, 359–365. 

Kondoh, M., & Mougi, A. (2015). Interaction-type 
diversity hypothesis and interaction strength: 
The condition for the positive complexity-
stability effect to arise. Population Ecolology, 
57, 21–27.

Kraut, R., & Levine, M. (1991). Mutually repressive 
interactions between the gap genes giant and 
Kruppel define middle body regions of the 
Drosophila embryo. Development, 111, 611–
621.  Retrieved from http://dev.biologists.org/
content/111/2/611

Lee, J., Lee, J., Farquhar, K. S., Yun, J., 
Frankenberger, C. A., Bevilacqua, E., Yeung, K., 
Kim, E. -J., Balazsi, G., & Rosner, M. R. (2014). 
Network of mutually repressive metastasis 
regulators can promote cell heterogeneity 
and metastatic transitions. Proceedings of 
the National Academy of Sciences USA, 111, 
E364–E373. 

McDonald, D., Waterbury, L., Knight, R., & 
Betterton, M. D. (2008). Activating and 
inhibiting connections in biological network 
dynamics. Biology Direct, 3, 1–14. 

Mirrahimi, S., Perthame, B., & Wakano, J. Y. 
(2012). Evolution of species trait through 
resource competition. Journal of Mathematical 
Biology, 64, 1189–1223. 

Mougi, A., & Kondoh, M. (2012). Diversity of 
interaction types and ecological community 
stability. Science, 337, 349–351. 

Mougi, A., & Kondoh M. (2014). Adaptation in a 
hybrid world with multiple interaction types: 
A new mechanism for species coexistence. 
Ecological Research, 29, 113–119.

Neske, G. T., Patrick, S. L., & Connors, B. W. 
(2015). Contributions of diverse excitatory and 
inhibitory neurons to recurrent network activity 
in cerebral cortex. The Journal of Neuroscience, 
35, 1089–1105. 



12 VOLUME 10 (2017)MANILA JOURNAL OF SCIENCE

Norman, K. A., Newman, E., Detre, G., & Polyn, 
S. (2006). How inhibitory oscillations can train 
neural networks and punish competitors. 
Neural Computation, 18, 1577–1610.

Nunes, G. C., Sumar, R. R., Coelho, A. A. R., & 
Mejía, R. I. G. (2005). Band control: Concepts 
and application in dampening oscillations 
of feed of petroleum production units. IFAC 
Proceedings Volumes, 38, 123–128.

Pavone, K. J., Akeju, O., Sampson, A. L., Ling, K., 
Purdon, P. L., & Brown, E. N. (2016). Nitrous 
oxide-induced slow and delta oscillations. 
Clinical Neurophysiology, 127, 556–564. 

Perc, M., Gomez-Gardeñes, J., Szolnoki, A., 
Floria, L. M., & Morno, Y. (2013). Evolutionary 
dynamics of group interactions on structured 
populations: A review. Journal of the Royal 
Society Interface, 10, 1–17. 

Podobnik, B., Horvatic, D., Lipic, T., Perc, M., 
Buldu, J. M., & Stanley, H. E. (2015). The cost 
of attack in competing networks. Journal of the 
Royal Society Interface, 12, 1–8. 

Rabajante, J. F., Tubay, J. M., Uehara, T., Morita, 
S., Ebert, D., & Yoshimura, J. (2015). Red Queen 
dynamics in multi-host and multi-parasite 
interaction system. Scientific Reports, 5, 1–7. 

Rabajante, J. F., & Babierra, A. L. (2015). Branching 
and oscillations in the epigenetic landscape of 
cell-fate determination. Progress in Biophysics 
and Molecular Biology, 117, 240–249. 

Rabajante, J. F., Babierra, A. L., Tubay, J. M., & 
Jose, E. C. (2015). Mathematical modeling of 
cell-fate specification: From simple to complex 
epigenetics. Stem Cell Epigenetics, 2, 1–10. 

Rabajante, J. F., & Gavina, M. K. A. (2015). 
Producing oscillatory decisions. Neuroscience 
Communications, 2, 1–4. 

Rabajante, J. F., & Talaue, C. O. (2015). Equilibrium 
switching and mathematical properties of 
nonlinear interaction networks with concurrent 
antagonism and self-stimulation. Chaos, 
Solitons and Fractals, 73, 166–182.

Radde, N. (2011). The role of feedback mechanisms 
in biological network models—A tutorial. Asian 
Journal of Control, 13, 597–610. 

Seybold, B. A., Phillips, E. A. K., Schreiner, C. E., 
& Hasenstaub, A. R. (2015). Inhibitory actions 
unified by network integration. Neuron, 87, 
1181–1192. 

Shaw, P. K., Janaki, M. S., Iyengar, A. N. S., Singla, 
T., & Parmananda, P. (2015). Antiperiodic 
oscillations in a forced Duffing oscillator. Chaos, 
Solitons and Fractals, 78, 256–266. 

Sokolowski, T. R., Erdmann, T., & ten Wolde, 
P.R. (2012). Mutual repression enhances the 
steepness and precision of gene expression 
boundaries. PLOS: Computational Biology, 8, 
1–17. 

Song, S., Kim, D., Jang, D. P., Lee, J., Lee, 
H., Lee, K. -M., & Kim, I. N. (2015). Low-
frequency oscillations in cerebrovascular 
and cardiovascular hemodynamics: Their 
interrelationships and the effect of age. 
Microvascular Research, 102, 46–53. 

Soulé, C. (2006). Mathematical approaches to 
differentiation and gene regulation. Comptes 
Rendus Biologies, 329, 13–20. 

Wang, Z., Wang, L., Szolnoki, A., & Perc, M. (2015). 
Evolutionary games on multilayer networks: A 
colloquium. The European Physical Journal B, 
88, 1–15.

Whittington, M. A., Traub, R. D., Kopell, N., 
Ermentrout, B., & Buhl, E. H. (2000). Inhibition-
based rhythms: experimental and mathematical 
observations on network dynamics. International 
Journal of Psychophysiology, 38, 315–336.  

Zhang, X., Song, S., & Wu, J. (2016). Oscillations, 
fluctuation intensity and optimal harvesting 
of a bio-economic model in a complex habitat. 
Journal of Mathematical Analysis and 
Applications, 436, 692–717. 

ACKNOWLEDGMENT

This work was partly supported by the Yoshimura 
Laboratory, Shizuoka University for MKAG, and 
by the UP System Enhanced Creative Work and 
Research Grant (ECWRG 2016-1-009) for JFR.

Conflict of interest: The authors declare no 
competing interests.

Author contribution: ALC and JFR conceived 
the study. ALC and JFR built and analyzed 
the model. ALC and MKAG implemented the 
simulations and created the figures. ALC, MKAG, 
and JFR wrote the manuscript. ALC is the lead 



OSCILLATION PROPAGATION 						      CUENO, ET. AL 13

author. All authors reviewed the manuscript and 
gave final approval for publication.

SUPPLEMENTARY TEXT

We analyze the stability of equilibrium points 
of the output node in a two-dimensional square 
concurrent decision-making lattice. This 
analysis focuses on the case where n=2 and 
g2=0. We start with the case where c2=c2,1=1.
If X2

* is an equilibrium point then we can say 
that for fixed values of X1,

* *
*2 2 2

2 2*
2 2,1 1

0
1

dX X X
dt X X

β ρ
γ

= − =
+ +

( )* * *
2 2 2 2 2 2,1 11 0X X X Xβ ρ γ⇒ − + + =

( ) ( )( )2* *
2 2 2 2 2,1 1 21 0X X Xρ β ρ γ⇒ − + − + =

This means that the equilibrium points are 

X2
*=0 and 

( )2 2 2,1 1*
2

2

1 X
X

β ρ γ
ρ

− +
= .

The point X2
*=0 is stable if and only if

( )
( ) ( )*

2 *
2

* *2 *
2 2,1 1 2 2 22 2

2 222 *
2,1 10 2 2,1 1 0

1
0

11X
X

X X Xd X
dt XX X

γ β β βρ ρ
γγ=

=

+ + −
= − = − <

++ +

which is equivalent to

( )2 2 2,1 11 0Xβ ρ γ− + <

14

SUPPLEMENTARY TEXT 459
460

We analyze the stability of equilibrium points of the output node in a two-461
dimensional square concurrent decision-making lattice. This analysis focuses on the case 462
where n=2 and g2=0. We start with the case where c2=c2,1=1.463

If X2
* is an equilibrium point then we can say that for fixed values of X1,464

 465

 
466

 467

 468

This means that the equilibrium points are X2*=0 and . 469

The point X2*=0 is stable if and only if 470

 471

which is equivalent to 472
 473

 474

Hence, the stability of X2*=0 depends on the value of X1 relative to the parameters 475

β2, ρ2, and γ2,1. The point is stable if 
 
and unstable if . 476

With the same process, we conclude that the equilibrium point 477

 478

is stable if  and unstable if  479

Moreover, if β2<ρ2 , X2*=0 is stable and  480

 481

is unstable for all values of X1. 482
 483

On the other hand, for the case where c2=c2,1=2, if X2* is an equilibrium point 484
then we can say that for fixed values of X1, 485

* *
*2 2 2

2 2*
2 2,1 1

0
1

dX X X
dt X X

β ρ
γ

= − =
+ +

( )* * *
2 2 2 2 2 2,1 11 0X X X Xβ ρ γ⇒ − + + =

( ) ( )( )2* *
2 2 2 2 2,1 1 21 0X X Xρ β ρ γ⇒ − + − + =

( )2 2 2,1 1*
2

2

1 X
X

β ρ γ
ρ

− +
=

( )
( ) ( )*

2 *
2

* *2 *
2 2,1 1 2 2 22 2

2 222 *
2,1 10 2 2,1 1 0

1
0

11X
X

X X Xd X
dt XX X

γ β β βρ ρ
γγ=

=

+ + −
= − = − <

++ +

( )2 2 2,1 11 0Xβ ρ γ− + <

2 2
1

2 2,1

X β ρ
ρ γ
−

>

( )2 2 2,1 1*
2

2

1 X
X

β ρ γ
ρ

− +
=

2 2
1

2 2,1

X β ρ
ρ γ
−

<

( )2 2 2,1 1*
2

2

1 X
X

β ρ γ
ρ

− +
=

Hence, the stability of X2
*=0 depends on the 

value of X1 relative to the parameters β2, ρ2, 

and γ2,1. The point is stable if 2 2
1

2 2,1

X β ρ
ρ γ
−

>
 
and 

unstable if  

14

SUPPLEMENTARY TEXT 459
460

We analyze the stability of equilibrium points of the output node in a two-461
dimensional square concurrent decision-making lattice. This analysis focuses on the case 462
where n=2 and g2=0. We start with the case where c2=c2,1=1.463

If X2
* is an equilibrium point then we can say that for fixed values of X1,464

 465

 
466

 467

 468

This means that the equilibrium points are X2*=0 and . 469

The point X2*=0 is stable if and only if 470

 471

which is equivalent to 472
 473

 474

Hence, the stability of X2*=0 depends on the value of X1 relative to the parameters 475

β2, ρ2, and γ2,1. The point is stable if 
 
and unstable if . 476

With the same process, we conclude that the equilibrium point 477

 478

is stable if  and unstable if  479

Moreover, if β2<ρ2 , X2*=0 is stable and  480

 481

is unstable for all values of X1. 482
 483

On the other hand, for the case where c2=c2,1=2, if X2* is an equilibrium point 484
then we can say that for fixed values of X1, 485

* *
*2 2 2

2 2*
2 2,1 1

0
1

dX X X
dt X X

β ρ
γ

= − =
+ +

( )* * *
2 2 2 2 2 2,1 11 0X X X Xβ ρ γ⇒ − + + =

( ) ( )( )2* *
2 2 2 2 2,1 1 21 0X X Xρ β ρ γ⇒ − + − + =

( )2 2 2,1 1*
2

2

1 X
X

β ρ γ
ρ

− +
=

( )
( ) ( )*

2 *
2

* *2 *
2 2,1 1 2 2 22 2

2 222 *
2,1 10 2 2,1 1 0

1
0

11X
X

X X Xd X
dt XX X

γ β β βρ ρ
γγ=

=

+ + −
= − = − <

++ +

( )2 2 2,1 11 0Xβ ρ γ− + <

2 2
1

2 2,1

X β ρ
ρ γ
−

>

( )2 2 2,1 1*
2

2

1 X
X

β ρ γ
ρ

− +
=

2 2
1

2 2,1

X β ρ
ρ γ
−

<

( )2 2 2,1 1*
2

2

1 X
X

β ρ γ
ρ

− +
=

-

With the same process, we conclude that the 
equilibrium point

( )2 2 2,1 1*
2

2

1 X
X

β ρ γ
ρ

− +
=

is stable if 2 2
1

2 2,1

X β ρ
ρ γ
−

<  and unstable if 

2 2
1

2 2,1

X β ρ
ρ γ
−

>

Moreover, if β2<ρ2 , X2
*=0 is stable and 

( )2 2 2,1 1*
2

2

1 X
X

β ρ γ
ρ

− +
=

is unstable for all values of X1.

On the other hand, for the case where 
c2=c2,1=2, if X2

* is an equilibrium point then we 
can say that for fixed values of X1,

( )
( )

2**
2 2 *2

2 22* 2
2 2,1 1

0
1

XdX X
dt X X

β
ρ

γ
= − =

+ +

Thus, the equilibrium points are X2
*=0, 

( )2 2 2
2 2 2 2,1 1*

2
2

4 1

2

X
X

β β ρ γ

ρ

+ − −
=

	 (ES1)
and 

( )2 2 2
2 2 2 2,1 1*

2
2

4 1

2

X
X

β β ρ γ

ρ

− − −
=

	 (ES2)

Going through the similar process used in 
the case where c2=c2,1=1, we have

15

 
486

Thus, the equilibrium points are X2*=0,  487

     (ES1) 
488

and  
489

     (ES2) 
490

Going through the similar process used in the case where c2=c2,1=1, we have 491

 
492

Hence, X2*=0 is a stable equilibrium point for any value of the variables and 493
parameters in the concurrent decision-making ODE model. In the case of the other 494
two equilibrium points, (ES1) and (ES2) are stable provided that  495

 

496

and 497

, 498

respectively. 499
 500
 501
Table S1. Summary of variables and model parameters 502
Variable/Parameter Description 
Xi value/utility of the ith node 
βi growth constant of the unrepressed Xi 
ρi first-order degradation of Xi 

γi,j interaction coefficient associated with the inhibition of Xi by 
Xj 

ci,j exponent of Xj affecting the nonlinear inhibition of Xi by Xj 

gi constant basal growth of Xi 
ci strength of self-stimulation by Xi 

 503
 504

( )
( )

2**
2 2 *2

2 22* 2
2 2,1 1

0
1

XdX X
dt X X

β
ρ

γ
= − =

+ +

( )2 2 2
2 2 2 2,1 1*

2
2

4 1

2

X
X

β β ρ γ

ρ

+ − −
=

( )2 2 2
2 2 2 2,1 1*

2
2

4 1

2

X
X

β β ρ γ

ρ

− − −
=

( ) ( ) ( )
2 2 2

2 2 2 2,1 1 2 2 2*
2 2 2 2,1 12 *

2 2
2

2 * * *
2 2 2 2 2

222 * 24 1 * 2
4 12 2,1 1 2 2,1 12
2

2 2 0
1 1X

XX
X

d X X X
dt X X X Xβ β ρ γ

β β ρ γ
ρ

ρ

β β ρ
γ γ− − −

− − −=
=

= − − <
+ + + +

Hence, X2
*=0 is a stable equilibrium point for 

any value of the variables and parameters in 
the concurrent decision-making ODE model. 
In the case of the other two equilibrium points, 
(ES1) and (ES2) are stable provided that 
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and

respectively.

Table S1. Summary of variables and model 
parameters.

Variable/
Parameter Description

Xi value/utility of the ith node

βi
growth constant of the 
unrepressed Xi

ρi first-order degradation of Xi

γi,j
interaction coefficient associated 
with the inhibition of Xi by Xj

ci,j
exponent of Xj affecting the 
nonlinear inhibition of Xi by Xj

gi constant basal growth of Xi

ci strength of self-stimulation by Xi

Table S2. Value of variables and parameters in 
Fig. 4a and Fig. S8a.

Variable/Parameter Value
X1 5+5sin(time) (Fig. 4a), 

5r (Fig. S8a)
β2, β3 1.5
β4 1
c2, c3, c4, c2,1, c2,4, c3,1, c3,4, 
c4,2, c4,3

1

γ2,1,γ3,1 4
γ2,4,γ3,4 0.1
γ4,2,γ4,3 0.5
g2, g3, g4 0.01
ρ2,ρ3, ρ4 0.13

Table S3. Value of variables and parameters in 
Fig. 4b and Fig. S8b.

Variable/Parameter Value
X1 2+2sin(time) (Fig. 4b), 

2r (Fig. S8b)
β2, β3 1.5

b4 1
c2, c3, c4, c2,1, c2,4, c3,1, c3,4, 
c4,2, c4,3

2

γ2,1,γ3,1 4
γ2,4,γ3,4 0.1

g4,2,g4,3 0.5

g2, g3, g4 0
ρ2,ρ3, ρ4 0.13

Table S4. Value of variables and parameters in 
Fig. 4c and Fig. S8c.

Variable/Parameter Value
X1 1+1sin(time) (Fig. 4c), 

r (Fig. S8c)
β2, β3 1.5
b4 1
c2, c3, c4, c2,1, c2,4, c3,1, c3,4, 
c4,2, c4,3

2

γ2,1 4
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γ2,4,γ3,4 0.1
γ3,1 1
g4,2,g4,3 0.5
g2, g3, g4 0.01
ρ2,ρ3, ρ4 0.13

Table S5. Value of variables and parameters in 
Fig. 5a and Fig. S9a.

Variable/Parameter Value
X1 5+5sin(time) (Fig. 

5a), 5r (Fig. S9a)
β2, β3 1.5
β4,β5,β6,β7,β8 1

β9 2
c2, c3, c4, c5, c6, c7, c8, c9, 
c2,1, c2,4, c2,5, c3,1, c3,4, c3,6, 
c4,2, c4,3, c4,7, c4,8, c5,2, c5,7, 
c6,3, c6,8, c7,4, c7,5, c7,9, c8,4, 
c8,6, c8,9, c9,7, c9,8

1

γ2,1,γ3,1 4
γ2,4,γ2,5,γ3,4,γ3,6,γ4,7,γ4,8,γ5,7,
γ6,8,γ7,4,γ7,5,γ7,9,γ8,4,γ8,9,

0.1

γ4,2,γ4,3,γ5,2,γ6,3 0.5

γ9,7,γ9,8 4

g2,g3, g4, g5, g6, g7, g8, g9 0
ρ2,ρ3,r4,r5,r6,r7,r8,r9 0.13

Table S6. Value of variables and parameters in 
Fig. 5b and Fig. S9b.

Variable/Parameter Value
X1 2+2sin(time) (Fig. 5b), 

2r (Fig. S9b)
β2, β3 1.5
b4,b5,b6,b7,b8 1
b9 2
c2, c3, c4, c5, c6, c7, c8, c9, 
c2,1, c2,4, c2,5, c3,1, c3,4, c3,6, 
c4,2, c4,3, c4,7, c4,8, c5,2, c5,7, 
c6,3, c6,8, c7,4, c7,5, c7,9, c8,4, 
c8,6, c8,9, c9,7, c9,8

1

γ2,1,γ3,1 4
γ2,4,γ2,5,γ3,4,γ3,6,γ4,7,γ4,8,γ5,7,
γ6,8,γ7,4,γ7,5,γ7,9,γ8,4,γ8,9,

0.1

γ4,2,γ4,3,γ5,2,γ6,3 0.5
γ9,7,γ9,8 4
g2,g3, g4, g5, g6, g7, g8, g9 0
ρ2,ρ3,r4,r5,r6,r7,r8,r9 0.13

Table S7. Value of variables and parameters in 
Fig. 5c and Fig. S9c.

Parameters Value
X1 1+1sin(time) (Fig. 5c), 

r (Fig. S9c)
β2, β3 1.5
b4,b5,b6,b7,b8 1
b9 2
c2, c3, c4, c5, c6, c7, c8, c9, 
c2,1, c2,4, c2,5, c3,1, c3,4, c3,6, 
c4,2, c4,3, c4,7, c4,8, c5,2, c5,7, 
c6,3, c6,8, c7,4, c7,5, c7,9, c8,4, 
c8,6, c8,9, c9,7, c9,8

1

γ2,1,γ3,1 4
γ2,4,γ2,5,γ3,4,γ3,6,γ4,7,γ4,8,γ5,7,
γ6,8,γ7,4,γ7,5,γ7,9,γ8,4,γ8,9,

0.1

γ4,2,γ4,3,γ5,2,γ6,3 0.5
γ9,7,γ9,8 4
g2,g3, g4, g5, g6, g7, g8, g9 0.01
ρ2,ρ3,r4,r5,r6,r7,r8,r9 0.13




