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ABSTRACT

In an auditorium, the applause of one audience member is driven by individual
thought, but synchronized applause from all audience members is not. In nature, a
phenomenon similar to synchronized applause is Spontaneous Synchronization (Sync).
Sync is not unique to humans or animals but demonstrates how a local effect can cause
an entire system to change in an orderly manner. In our simulation, we demonstrate Sync
in a two-layer oscillator system, showing how an initial point perturbation in one of the
layers leads to the simultaneous motion of both layers.

However, it's overly simplistic to study how a wave influences an oscillator system
without any objects. To gain deeper insights, we introduce three types of objects—blocks,
amplifiers, and reflectors—into the system to observe how replacing some particles with
these objects alters the system's behavior. In our simulation, we will examine how these
objects—blocks, amplifiers, and reflectors—impact the oscillator system and its ability

to achieve synchronization.

Keywords: Spontaneous synchronization, Group dynamics, Mechanics, Oscillator,

Correlation Function
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Chapter 1 Introduction: What is Sync?

Spontaneous Synchronization (Sync) is a phenomenon in physics or biology, which
a system with multiple members response the variety of one member of the system to
regularly entire variety of the whole system without external force to the entire system.
The concepts of sync are quite different from the concepts of entropy. The reason why the
concepts are different is that the addition of entropy makes system be irregular, but sync
makes system regular.
In system having sync, each member of the system behaves the rules below:
1. Local sensing: Each member can sense the varieties of the nearest few members.
2. Local aligning: Each member tends to the same state with the nearest few members.
3. Attracting but keeping a distance behavior: Each member attracts each other, but it
keeps a distance between neighbor ones in order to reach an equilibrium inside the system.
From the rules we mentioned, the sync of the system is responding some local change of
some members of the system step-by-step, to make the whole system vary regularly.
The simplest example of sync is audiences in auditorium. As an audience starts
applauding, the nearby audiences will response the applaud to applaud gradually. Finally,
all audiences applaud with same tempo. Another example of synchronization occurs when
a noisy classroom of students suddenly falls silent without any apparent reason. This
spontaneous synchronization is also seen in natural phenomena such as birds flying in

flocks, fish swimming in schools, and the synchronized flashing of fireflies. ™!
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Chapter 2 Model Setup: Initial Condition and Force

of each particle

In our approach, we consider a two-layer oscillator systemonan N x N x 2 gridi?,
where N is the number of particles along one dimension, with a unit spatial step Ax =
1. Unless otherwise specified, the mass of each particle is 1.

In our simulation, it takes approximately 274.5-unit times (rounded to 300) for the wave
to propagate from (g g 0) to the boundary. To satisfy the Courant-Friedrichs-
Lewy (CFL) condition, we set the unit time step At = 0.05.

We assume the wave originates from an initial perturbation at (g g O) in layer 1,

with an initial amplitude of 50.

Each particle in the oscillator system is bound to its neighbors with spring forces. The
forces are described as follows and Fig.1:

Main direction force: The force between (i1, j, k) (or (i, j*1, k),

(i, j, kx1))and (i, j, k) inoscillators can be described as follows:

(feiilo = K [(Arsin — Argiuo) — (Argin — Argoiin)]
fyil0 = —K* [(Argjea0 = Argiu) = (Argig = Argi-1i)]

4 fZ,(i,]',k) = —kZ . (Ar(i']"k+1) — Ar(i,j’k)) (fOI' Z = 0)
fZ,(i,j,k) = _kz . (Ar(i,j'k) - Ar(i'j,k_l)) (for 7 = 1)
\ fmainGijlo = faj T fyaio T Zain

where k is the spring coefficient for the x and y components, and k, is the spring
coefficient for the z component.
Cross direction force: The force between (i+ 1, j, k) and (i, j, k) in oscillators

can be described as follows:
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fN,(i,j,k) = —Kc¢ross * [(Ar(i+1,j+1,k) - Ar(i,j,k)) - (Ar(i,j,k) - AI'(i—1,j—1,k))]
fanGijio = —Keross " [(ArG-1j+10 — Argjr) — (Argin — Atgsj-110)]
feross,ijk) = Trv il T TG0

where k.o 1S the spring coefficient for cross directions.

Fig. 1: The force description of each particle in xy plane.
Given the large value of N (in our simulation, N=1024), the system in one layer
approximates an infinite plate oscillator. Thus, boundary conditions are necessary for the
x and y components when describing the system's forces.
Combining the main direction force, cross direction force, and damping force, we get the
total force:
faamping = =YV
where vy is the damping coefficient and v is the velocity of the particle in the system.
Thus, the total force on each particle in the system is:
Fiotal = fmain,ijk) T feross,(ijl) — fdamping

However, in our simulation, we assume the damping force is zero.
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Chapter 3  Observing the tendency: Correlation and

Power law fitting

In the two-layer oscillator system with an N X N scale, if some particles are
replaced with 'objects’ such as blocks (which do not move), amplifiers (which increase
their speed), and reflectors (which reverse their speed), the correlation of the system will

be influenced.

3.1 Introduction to System Correlation:

In our two-layer oscillator system with an N x N scale, correlation indicates the
dependence between particles in the system. The correlation of interest is derived from
the amplitude of the wave, which originates from an initial perturbation of a particle in
the system.

We analyze the spatial correlations of amplitude in different layers (z =0 and z = 1).
These spatial correlations can be classified into the following types BI:

3.1.1 Auto-Correlation

This function describes the relevance of amplitudes in the same layer but at different

(x,y) positions. It can be described by the following formula:

Coury (Ar) = j A y)A* (x,y)d2r

where A(x,y) is the amplitude function at (x,y) in the observed layer, Ar is the

distance between two positions (x,y) and (x',y") (Ar = \/(x’ —x)2+ @' —y)?),
and A*(x,y) is complex conjugate of A(x,y).

In numerical analysis, this formula can be expressed as:
4
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Cself(AT) = Z a - aie—i(E-Ar)
k

3.1.2 Cross-Correlation

This function describes the relevance of amplitudes at different (x, y) positions in

different layers. It can be described by the following formula:

Ccross(Ar) = fA(x' y)B*(x, y)dzr
In numerical analysis, this formula can be expressed as:

Ceross(AT) = Z a - bie—i(E-Ar)
k

In our simulation, we observe the amplitudes of the two layers at t = 60, 120, 180, 240
and 300time units. We then compute these to find the correlation functions.
After finding the correlation function, we take the ensemble average to observe the
average behavior of the correlation function at a specific Ar. This allows us to plot
C(Ar) v.s.Ar to observe how C(Ar) changesas Ar increases.

Finally, we apply Nonlinear Regression using the function
y = Cpie " x™°
to fit the portion of C(Ar) within the interval Ar=10~100. This allows us to observe
how various objects influence the variation of the system's correlation.

By fitting this power law function, we can observe how different objects (blocks,
amplifiers, and reflectors) affect the correlation behavior of the system. This analysis
provides insights into how the presence and configuration of these objects influence the

propagation and stability of waves within the two-layer oscillator system.
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We fit the interval Ar=10~100 because most of the C(Ar) v.s.Ar data points fall

within this range.

Auto Correlation

Time: 300 123000*(x**(-0.2))
Auto Correlation-BB

99000*(x**(-0.15))

Cross Correlation

104750*(x"**(-0.16))

C(Ar)

Ar

Fig. 2: the correlation functions and the power law fitting functions within the interval

Ar=10~100.

3.2 Syncin correlation:

In our simulation, 'Sync' refers to the condition where the waves propagating in both
layer 1 and layer 2 have the same frequency and phase. This condition is indicated by the
three correlations—Auto-correlation of layer 1, Auto-correlation of layer 2, and Cross-
correlation—Dbeing nearly identical. In this thesis, we are going to demonstrate how to
detect sync in our former discussion of using correlation function.

The power law coefficient, s, in the function y = Cg, - x> is almost identical for the
three correlations in the interval we observe. On the other hand, amplitude coefficient

Cs;e Is related to the amplitude of different layers. However, it does not affect the Sync.
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Chapter 4 Simulation Result: One Object

In our simulation, we will present the power law fitting results for scenarios

involving 1 object, 2 objects, and 64 objects, each with different arrangements of their

positions.

4.1 1 Object

In these cases, we will demonstrate how different coefficients of cross-direction

force affect the system. The position of the object is at (% n, -n,
4.1.1 1 Block:
Auto  correlation | Auto  correlation | Cross  correlation
t <AA> <BB> <AB>
60 0.43 0.12 0.115
120 0.17 0.13 0.035
180 0.09 0.148 0.01
240 0.07 0.132 0.012
300 0.081 0.1 0.012

Table 1. The power law coefficients of correlations of 1 block-case vs. time.
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= A
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1 10 _l\r 100
Fig. 3: The auto correlation of layer 1 of 1 block-case at different times.
Auto Correlation-BB-1pjock, 1=60 ——
415 (275.12))
Auto Correlation-BB-1paek, 1=120
Auto Correlation-BB-1pqe, 1=180
Auto Correlation-BB-1ppck, 1=240
Auto Correlation-BB- 1y, =300
- 5147 (x™(-0.1))
- T 0148 N
— -
C‘ — //
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Fig. 4: The auto correlation of layer 2 of 1 block-case at different times.
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Cross Ccrrehaglig_rz;(l bt'jfh 11:55)1)) —_
Cross Correlation-1pjock, t=120 ——
Cross Correlation-1gjock, t=180
Cross Correlation-1pck, t=240
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Fig. 5: The cross correlation of 1 block-case at different times.
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—Auto correlation<AA> —Auto correlation<BB>

—Cross correlation<AB>

Fig. 6: The power law coefficients of correlations of 1 block-case vs. time chart.
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4.1.2 1 Amplifier:

Auto  correlation | Auto  correlation | Cross  correlation
t <AA> <BB> <AB>
60 0.43 0.12 0.13
120 0.195 0.17 0.063
180 0.16 0.14 0.094
240 0.2 0.195 0.19
300 0.1 0.1 0.09

Table 2. The power law coefficients of correlations of 1 amplifier-case vs. time.

1000

Clarn

100

time evolutig

Auto Correlation-1 ampjer, t=60
1200°(x"*(-0.43))

Auto Gorrelation-1 ,mpifier, t=120
Auto Correlation-1ampigier, =180
Auto Correlation-1ampjier, 1=240
Auto Correlation-1,ppiier, 1=300

0 25804 (x°(-0.1))

100

Fig. 7: The auto correlation of layer 1 of 1 amplifier-case at different times.

10
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Auto Gorrelation-BB-1ampfier, t=60 ——
415%(x"(0.12))
Auto Correlation-BB-1 gmpfier, t=120
— Auto Correlation-BB-1ampiier. t=180
- —_— Auto Correlation-BB-1ampiier, 1=240
_— Auto Correlation-BB-1,ypjifier, =300
— g B _24?;'5'3‘5'!5"(-0‘1))
time evolutioy
1000
=
1
> 0.14
017
— ———042 §
T k—“‘—\,
fool 10 100
Ar

Fig. 8: The auto correlation of layer 2 of 1 amplifier-case at different times.
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440°(x™(-0.13))
Cross Correlation-1 ampjfier t=120
T . Cross Correlation-1ampjier t=180
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____Cross Correlation-1,siiier, t=300
005 -245?3"'[’):'!19(-0,091)7_
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o
2
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Fig. 9: The cross correlation of 1 amplifier-case at different times.
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1 Amplifier

0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

power law indices

60 120 180 240 300
time

——Auto correlation(AA) —Auto correlation(BB)

—Cross correlation(AB)

Fig. 10: The power law coefficients of correlations of 1 amplifier-case vs. time chart.

4.1.3 1 Reflector:

Auto correlation | Auto correlation | Cross correlation
t <AA> <BB> <AB>
60 0.18 0.12 0.09
120 0.14 0.01 0.25
180 0.09 0.13 0.01
240 0.46 0.48 0.5
300 0.15 0.15 0.15

Table 3. The power law coefficients of correlations of 1 reflector-case vs. time.

12
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- Auto Correlation-1efector, =60 ——
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Fig. 11: The auto correlation of layer 1 of 1 reflector-case at different times.
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Fig. 12: The auto correlation of layer 2 of 1 reflector-case at different times.
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e Cross Correlation-1 efactor, t=60
550°(x"'(-0.22))

~ —Cross-Gonelation-1;ggecior. t=120
100000 Cross Correlation-1yggieetor, t=240
Cross Correlation-1/efiector, =300
3810001 (%0 15)
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C(Ar) =

[~ timg evolution
1000 0.5
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Fig. 13: The cross correlation of 1 reflector-case at different times.
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60 120 180 240 300

—Auto correlation<AA> —Auto correlation<BB>

——Cross correlation<AB>

Fig. 14: The power law coefficients of correlations of 1 reflector-case vs. time chart.
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4.2  Multiple Objects:
We’ll present the results for different random arrangements of objects.
4.2.1 Multiple Blocks:

Similar to the 1-block case

During the power law fitting in multiple block cases, we found that the C(Ar) v.s.Ar

plots remain almost the same, regardless of the number of blocks in the system.

C(ar)

WO| 10 100

Ar

Fig. 15: The auto correlations of layer 1 of 2 blocks-case at different times.

C(Ar)

100
1

Ar

Fig. 16: The auto correlations of layer 2 of 2 blocks-case at different times.
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C(Ar)

100

Ar

Fig. 17: The cross correlations of 1 block-case at different times.

In these 2 blocks case, blocks are distributed at different distances between them:

Original: The blocks are positioned at (G+$)n, (%+$)n—10, 0) and

(G-7a)m G-a@)n+10 0)
Less distance: The blocks are positioned at (G"’ﬁﬁ)n G"’ﬁﬁ)" O)

nd((;-a)m G-ma)m 0)

Less distance 2: The blocks are positioned at (G+ﬁ) n, G+ﬁ) n, 0) and

1 1 1 1
G-m@)™ G-m@n O
Tight distance: The blocks are positioned at (5+7, Z+7, 0) and

n n
C-7, 2-7, 0)
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C(Ar)

100

Ar

Fig. 18: The auto correlations of layer 1 for different quantities of blocks-case at different

times. In the 2-blocks case, the blocks are positioned at (§+ 7, %+ 7, 0) and

2

n n
C-7, 2-7, 0)

C(Ar)

WUOI

Ar

Fig. 19: The auto correlations of layer 2 for different quantities of blocks-case at different

times. In the 2-blocks case, the blocks are positioned at (5+7, ~+7, 0) and

n n
G-7, -7, 0)
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C(Aar)

100

Fig. 20: The cross correlations for different quantities of blocks-case at different times. In

the 2-blocks case, the blocks are positioned at (§+7, §+7, 0) and

n n
G-7

2

-7, 0)

4.2.2 Multiple Amplifiers:

Ar

Amplifiers are positioned in both layers randomly:

Auto  correlation | Auto  correlation | Cross  correlation
t <AA> <BB> <AB>
60 0.35 0.12 0.19
120 0.12 0.15 0.18
180 0.13 0.18 0.105
240 0.11 0.11 0.1
300 0.084 0.05 0.085

Table 4. The power law coefficients of correlations of 64 amplifiers in both layers case

vs. time.
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100000 Auto Correlation-64,mpiifiers, t=60 ——
- 134875 (5.35))
— 011 Auto Correlation-64,mypjifers, =120
T — — — - Auto Carrelation-64,mpjifiers, t=180
~ Auto Correlalion-84mpifiors, 12240
Auto Carre\aliun-ﬁflampmg,s‘ 1=300
72000'(x*(-0.11))
0.12
10000
—_ time evolution
= ——
J —_—
e -
2 s e —
1000 ¢
77—\_“\
0.35 T
—_—
100 100

Ar

Fig. 21: The auto correlation of layer 1 of 64 amplifiers-case at different times.

100000 Auto Correlation-BB-64,mpiifiers, (=60 ——
6707 (.15))
I — — — S Auto Correlation-BB-64,mpjifiers, =120
. —0.05 — Aumcmmialma&&&ﬁ.fﬂ::‘ 1=180
Auto Carrelation-BB-64;mpiifiers, {=240
Auto Corre\alion-BE-Gdawme,s‘ =300
65500"(x"*(-0.05))
0.18
10000
—_— time evolution
= —
| —
= .
o LA I —
1000
I A V-
100% 10 100
Ar

Fig. 22: The auto correlation of layer 2 of 64 amplifiers-case at different times.
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100000 Cross Correlation-64,pifiers, t=60 ——
76BN (0

19))
-_— Cross Carrelation-64, L 1=120
—————— 0085 Gross Cormelation 84amiypers =180
Cross Correlation-84pjiiers, 1=
Cross Correlation-64, mjifiers, (=300
71500°(x"*(-0.085))

0.105
10000

time evolution

C(arn)
|
|
|
|
|
|
|
|
|

1000

100

Ar

Fig. 23: The cross correlation of 64 amplifiers-case at different times.

64 Amplifiers

0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

power law indices

60 120 180 240 300
time

—Auto correlation<AA> —Auto correlation<BB>

——Cross correlation<AB>

Fig. 24: The power law coefficients of correlations vs. time chart.

4.2.3 Multiples Reflectors:
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Auto  correlation | Auto  correlation | Cross  correlation
t <AA> <BB> <AB>
60 0.43 0.11 0.11
120 0.2 0.18 0.12
180 0.13 0.15 0.13
240 0.15 0.15 0.15
300 0.1 0.09 0.1

Table 5. The power law coefficients of correlations of 64 reflectors in both layers case

1x107 Auto Carrelation-reflectors, =60 ——
1200*(x**(-0.43))
— _ B Auto Correlation-reflectors, t=120
~Auto-Correlation-reflectors 1=180 —
) Auto Correlation-reflectors, =240
time evolution Auto Correlation-reflectors, t=300
6.73E6"(x"*(-0.1))
1x10°
100000
—_
—
g
-
Q
10000
1000
= — - 0.43 0.2
-
100 1 10 100
Ar

Fig. 25: The auto correlation of layer 1 of 64 reflectors-case at different times.
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1x107 Auto Correlation-BEB-reflectors, 1=60 ——
405*(x**(-0.11))
o - ** — _ @@ Auto Correlation-BB-reflectors, t=120
- 7~ AutoCorrelation-BB-reflectors; 1=180 S
Auto Correlation-BB-reflectors, 1=240
Auto C 1-BB =300
0P 6.56E6"(x**(-0.09))
X
100000
—
[
g
e
2
10000
1000
. 0.18
— — B N — S
100 m A %
r

Fig. 26: The auto correlation of layer 2 of 64 reflectors-case at different times.

Cross Correlatio n:el[eclu rs, 1=60 ——

7
1x10 20%(x**(-0.11))
b . o —— — -_ @ 0 0 Cross Correlation-reflectors, =120
———Cross Cofrelation-reflectors, 1=180 —
Cross Correlation-reflectors, 1=240
Cross Correlation-reflectors, t=300
, 6.735E6" (x"(-0.1))
110
100000
-
S
<
~
o}
10000
1000
B S 0.12
~
100% 10 A 100
r

Fig. 27: The cross correlation of 64 reflectors-case at different times.

22

doi:10.6342/NTU202404268



64 Reflectors

0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

power law indices

60 120 180 240 300
time

—Auto correlation<AA> —Auto correlation<BB>

——Cross correlation<AB>

Fig. 28: The power law coefficients of correlations vs. time chart.

4.3  Characteristics of objects:

4.3.1 Blocks:

Due to their position-stable property, blocks can limit the motion of neighboring
particles. This can reduce or even eliminate active interactions between blocks and their
neighbors, leading to reduced correlations in the vicinity of the blocks.

By comparing C(Ar) v.s.Ar plots for various numbers of blocks and observing wave
propagation behavior near the blocks, we can see that blocks have a minimal effect on the
correlations in the oscillator system. This minimal impact occurs because, when the wave
reaches a block, the wave's amplitude is typically small, causing the block to have an

insignificant effect that is not easily noticeable.
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4.3.2 Amplifiers:

The ability of amplifiers to increase speed results in stronger interactions with
neighboring particles. When an amplifier increases its speed, the motion of particles
nearby becomes more active. This can produce more active waves or instability,
enhancing the correlation and nonlinear effects in the region near the amplifier.
Consequently, the nonlinear effect from a single amplifier can lead to different correlation
results depending on the arrangement of amplifiers.

In an amplifier-only system, the auto-correlation of layer 2 may change over time but
remains within a certain interval. In the 1-amplifier case, although wave propagation
between the two layers weakens over time, a high k..,ss makes the wave in layer 2

stronger.

4.3.3 Reflectors:

Reflectors operate based on the fulfillment of the reflection condition, causing
correlations in the system to decrease rapidly due to phase-reversing behavior,
particularly in layer 1. However, over time, this reduction in correlations slows down.
Eventually, the system's correlations stabilize at a low-value interval due to the reverse
perturbations.

In comparison to amplifiers, reflectors exhibit quite different properties.

4.3.4 The Relation Between Objects and Configuration:

1. Although configurations of amplifiers or reflectors can’t affect whether the

system achieves sync, they affect the procedure of formation of sync of the system.
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There are 4 examples of different configurations of amplifiers and reflectors, we can
observe the second configuration of reflectors shows a keen action of the system at

t=120.

25
Amplitude of Layer 1 20 Amplitude of Layer 2
1000 * 1000
20
800 800
15
15
—~ 600 o . 600 o
— o ~ o
o 3 o g
g ;i £ a
5 k=l 5 s
= 8 = S
400 10" 400 e
10
200 200
5
5
0
600 800 1000 600 800 1000
x(Layer 1) x(Layer 2)
0 o

Amplitude of Layer 1

1000 1000

800

@
=]
3

yilayer 1)
Color Scale
yiLayer 2}

IS
k=)
]

200 200

200 400 600 800 1000 4 500 800 1000
x(layer 1) x{Layer 2) 25

Fig. 30: The randomly-placed amplifiers are positioned in layer 1 and 2—2
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64 Amplifiers-conf.
comparison-1

0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

power law indices

60 120 180 240 300
time

—Auto correlation<AA> —Auto correlation<BB>

——Cross correlation<AB>

Fig. 31: The power law indices of correlation functions vs. time chart for different

configurations of 64 amplifiers—1.
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64 Amplifiers-conf.

comparison-2

0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

power law indices

60 120 180 240 300
time

—Auto correlation<AA> —Auto correlation<BB>

——Cross correlation<AB>

Fig. 32: The power law indices of correlation functions vs. time chart for different

configurations of 64 amplifiers—2.

30

Amplitude of Layer 1 Amplitude of Layer 2

1000 1000

25
800 800

20
600

y(Layer 1)
Color Scale
y(Layer 2)
Color Scale

400

200 200§

200 400 600 800 1000 400 600 800 1000 R
x(Layer 1) x(Layer 2)

0 0

Fig. 33: The randomly-placed reflectors are positioned in layer 1 and 2--1
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30

Amplitude of Layer 1 Amplitude of Layer 2

1000 1000

Simulation ended at t = 0.15€ dex: 512, 512, 0

600

yllayer 1)
Color Scale
y(Layer 2)
Color Scale

15

400 2 20 400

10

400 600 800 1000 400 600 800 1000
x{Layer 1) x(Layer 2)

o 0

Fig. 34: The randomly-placed reflectors are positioned in layer 1 and 2—2

64 Reflectors-conf.
comparison-1

0.5
0.45

o
N

0.35

o
w

0.25

o
(N

0.15

o
=

power law indices

0.05

60 120 180 240 300
time

—Auto correlation<AA> —Auto correlation<BB>

—Cross correlation<AB>

Fig. 35: The power law indices of correlation functions vs. time chart for different

configurations of 64 reflectors—1.
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64 Reflectors-conf.

comparison-2
0.7
0.6
0.5
s O
0.3
0.2

ower law indices

p
o
[EEY
o
=

60 120 180 240 300
time

—Auto correlation<AA> —Auto correlation<BB>

——Cross correlation<AB>

Fig. 36: The power law indices of correlation functions vs. time chart for different

configurations of 64 reflectors—2.
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Chapter 5 Simulation Result:

objects

Combination of 2

From the discussion of individual objects, we can understand the basic effects of

each object on the system. Next, we will discuss how the system achieves Sync in

conditions that multiple kinds of objects coexist in the system.

In our simulation, we consider the following conditions to observe how combinations of

objects affect the system:

1. Amplifiers in layer 1

2. Amplifiers in layer 2

From the conditions which amplifiers are placed in one of the two layers, we acknowledge

these conditions can’t reach Sync. However, if we choose other objects to distribute in

the other layer opposite the layer which amplifiers placed in, the system may achieve sync.

51 Amplifiersin layer 1 :

5.1.1 Amplifiers are positioned in layer 1 randomly:

Auto  correlation | Auto  correlation | Cross  correlation
t <AA> <BB> <AB>
60 0.05 0.177 0.2
120 0.14 0.08 0.09
180 0.12 0.18 0.16
240 0.12 0.145 0.12
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300

0.2

0.15 0.16

Table 6. The power law coefficients of correlations of 64 amplifiers in layer 1 case vs.

time.
100000 Auto Correlation-64mpiiters-layer 1, t=60 ——
—_ 689*(x*(-0.05))
_7_77_77_77_7"6’2 Auto Correlation-64,mpigiers-layer 1, 1=120
‘& T =—Auto Correlation-B4ampjifiers-layer 1, =180
Auto Correlation-B4,npjifers-layer 1.1=240
Auto Correlation-64,mpiierslayer 1. t=300 =
23E5°(x"*(-0.2))
10000
= 012 time evolution
g
P .
Q _—
BV E: —
1000
0.05
1003 10 A 100
r

Fig. 37: The auto correlation of layer 1 of 64 amplifiers-in-layer-1-case at different times.

100000 Auto Correlation-BB-64ampifiers-layer 1, t=60 ——
- o 716*(x™(-0.177))
- 045 Auto Correlation-BB-64mpjifers-layer 1. t=120
=2 Attto-Correlation-BB-64,jsers1ayer 1, =180
Auto Correlation-BB-64ampiifiers-ayer 1 1=240—
Auto Correlation-BB-64ampjigers-layer 1. t=300
9.9E4"(x""(-0.15))
10000
—_ 0.18 time evolution
- :
<
—
S -
o0 ——
1000
0T —
100 10 A 100
r

Fig. 38: The auto correlation of layer 2 of 64 amplifiers-in-layer-1-case at different times.
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100000 ———  * " Cross Correlation-64amgiiiers-layer 1, t=60 ——
— B00*(x*(-0.2))
— 046 Cross Correlation-64,mpiiers-layer 1, 1=120
~———CrossCorrelation-64npjifierslayer 1, =180
Cross Correlation-64mpjifiers-layer 1. 1=240—
Cross Correlation-64, njiiers-layer 1, =300
F04750 (x*(-0.16})

10000

= 0.76 time evolution
3
> -
009
1000
S r———
1005 10 A 100
r

Fig. 39: The cross correlation of 64 amplifiers-in-layer-1-case at different times.

64 Amplifiers in layer 1

0.25
0.2
0.15

0.1

power law indices

0.05

60 120 180 240 300
time

—Auto correlation<AA> —Auto correlation<BB>

—Cross correlation<AB>

Fig. 40: The power law coefficients of correlations vs. time chart.

5.1.2 Amplifiers are in layer 1 and Blocks are in layer 2:

t Auto correlation | Auto correlation | Cross  correlation
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<AA> <BB> <AB>
60 0.4 0.07 0.1
120 0.13 0.28 0.18
180 0.11 0.155 0.11
240 0.105 0.12 0.11
300 0.13 0.19 0.18

Table 7. The power law coefficients of correlations of amplifiers are in layer 1 and blocks

are in layer 2 in both layers case vs. time.

100000

10000

C(Ar)

1000

Auto Correlation-AsBd, 1=60 ——
1645 (x"*(-0.4))
Auto Correlation-AsBd, =120
Auto Correlation-AsBd, t=180
— ——————_ AutoCorrelation-AsBd, 1=240
Auto Correfation-AsBd; =300
6.5E4"(x"(-0.13))

100
1

100

Fig. 41: The auto correlation of layer 1 of amplifiers-and-blocks-case at different times.

100000

10000

C(Ar)
|
|
|
|
|

1000

100

Auto Correlation-BB-AsBd, =60 ——
620°(x"(-0.07))
Auto Correlation-BB-AsBd, 1=120
Auto Correlation-BB-AsBd, t=180
Auto Correlation-BB-AsBd, 1=240
~Auto-Gorrelalion-BB-AsBd, =300
8E4 (x"(-019))——
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Fig. 42: The auto correlation of layer 2 of amplifiers-and-blocks-case at different times.

100000

Cross Correlation-AsBd, t=60 ——
670*(x"(-0.1))
Cross Correlation-AsBd, t=120 ——
. Cross Correlation-AsBd, t=180
- — Cross Correlation-AsBd, 1=240
,  Cross-Corelation-AsBd, t=300
f 75700 (X (-018)) ——|

10000 . - - - - . ) 0.11

c(an

1000

Ar

Fig. 43: The cross correlation of amplifiers-and-blocks-case at different times.

Amplifiers in layer 1/Blocks
in layer 2

0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

power law indices

60 120 180 240 300
time

—Auto correlation<AA> —Auto correlation<BB>

—Cross correlation<AB>

Fig. 44: The power law coefficients of correlations vs. time chart.
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5.1.3 Amplifiers are in layer 1 and Reflectors are in layer 2:

Auto  correlation | Auto  correlation | Cross  correlation
t <AA> <BB> <AB>
60 0.38 0.11 0.13
120 0.2 0.2 0.2
180 0.15 0.15 0.15
240 0.16 0.16 0.16
300 0.15 0.15 0.15

Table 8. The power law coefficients of correlations of amplifiers are in layer 1 and

reflectors are in layer 2 in both layers case vs. time.

1x107

1x10°

100000

C(Ar)

10000

1000

100
1

time evolution

Auto Gorrelation-AsRd, t=60 ——
1110*(x"*(-0.38))
Auto Correlation-AsRd, t=120
_Auto Correlation-AsRd, t=180
Auto Correlation-AsRd, t=240
Auto Correlation-AsRd, t=300
7.3E6"(x"*(-0.15))

100

Fig. 45: The auto correlation of layer 1 of 64 amplifiers-and-reflectors-case at different

times.
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1x107

1x108

1000

Auto Correlation-BB-AsRd, t=60

460*(x*(-0.11))

Auto Correlation-BB-AsRd, 1=120

Auto Correlation-BB-AsRd, t=180

Auto Correlation-BB-AsRd, =240 ——
Auto Correlation-BB-AsRd, 1=300
7.32E6"(x*(-0.15))

time evolution
5

100

100

Ar

Fig. 46: The auto correlation of layer 2 of amplifiers-and-reflectors-case at different times.

1x107

1x108

100000 |

C(Ar)

10000

1000

Il]U1

Cross Gorrelation-AsRd, 1=60
487*(x*(-0.13))
Cross Correlation-AsRd, t=120
——— — Cross Correlation-AsRd, t=180
Cross Correlation-AsRd, t=240——
Cross Correlation-AsRd, t=300
7.31E6'(x"*(-0.15))

time evolution

100

Fig. 47: The cross correlation of amplifiers-and-reflectors-case at different times.
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Amplifiers in layer
1/Reflectors in layer 2

0.4
0.88

0.35

0.3

0.25

0.2

0.15 35

0.1 0:

0.05

power law indices

60 120 180
time

V.1lU

240

300

—Auto correlation<AA> —Auto correlation<BB>

—Cross correlation<AB>

Fig. 48: The power law coefficients of correlations vs. time chart.

5.2 Amplifiersin layer 2 :

5.2.1 Amplifiers are positioned in layer 2 randomly:

Auto  correlation | Auto  correlation | Cross  correlation
t <AA> <BB> <AB>
60 0.29 0.14 0.25
120 0.21 0.27 0.2
180 0.16 0.13 0.14
240 0.19 0.11 0.115
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300

0.15

0.11

0.11

Table 9. The power law coefficients of correlations of 64 amplifiers in layer 2 case vs.

time.
100000 Auto Correlation-64ampisiers-layer 2, =60 ——
1309*(x**(-0.29))
- 0.15 Auto Carrelation-64,mpjsiers-layer 2, 1=120
T _0.19 Auto Correlation-64mpiiers-ayer 2, t=180
~AutoComrelation-64,p)ifiers-layer 2, t=240
Auto Correlation-64,,mpjiiers-laY¥er 2, t=300———
B T5E4"(x"*(10.15))
0.16
10000
—_ time evolution
(o
g
ey —_—
5 021
1000}
I —— 0.29
B —
10 10 100

Ar

Fig. 49: The auto correlation of layer 1 of 64 amplifiers-in-layer-2-case at different times.

100000

10000

G(Ar)

1000

0.11 Auto Correlation-BB-64,pyiers 1ayer 2, =180

Auto Correlation-BB-B4anpiifiers-layer 2, 1=60 ——
840" (x*(-0.14))
Auto Correlation-BB-64,mpjifiers-layer 2, 1=120

~AutoCorrelatien-BB-64mpjfiers-layer 2, =240
Auto Correlation-BB-64,mpjifiers-layer-2, 1=300 —
BGBEA - (10.11))

time evolution

Ar

100

Fig. 50: The auto correlation of layer 2 of 64 amplifiers-in-layer-2-case at different times.
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100000 Cross Correlation- 64,,,19“;@5 Iayer 2, 1=6!
- 1077*(x" (025))
= 011 Cross Correlation-64jfiers-layer 2, t=120
- __J. 1 Cross Correlation- Gdampm,e,s layer 2, t=180
Cross Correlation-64ampifiers-layer 2, =240
Cross Correlation-64,mpiifer \ayer 2,1=300 =
7.1 E4 (x**(-0.11))
0.14
10000
—_ time evolution
(.
g
e -_—
o T — 0.2
1000F
0.25
1 10 100
Ar

Fig. 51: The cross correlation of 64 amplifiers-in-layer-2-case at different times.

64 Amplifiers in layer 2
0.35
0.3
0.25
0.2
0.15

0.1

power law indices

0.05

300

60 120 180

time

240

—Auto correlation<AA> — Auto correlation<BB>

—Cross correlation<AB>

Fig. 52: The power law coefficients of correlations vs. time chart.

5.2.2 Blocks are in layer 1 and Amplifiers are in layer 2

t Auto

correlation

Auto

correlation

Cross

correlation
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<AA> <BB> <AB>
60 0.28 0.08 0.125
120 0.17 0.35 0.19
180 0.18 0.18 0.14
240 0.23 0.2 0.22
300 0.13 0.13 0.13

Table 10. The power law coefficients of correlations of blocks are in layer 1 and amplifiers

are in layer 2 in both layers case vs. time.

100000 —

10000

C(Ar)

1000 e

100
1

Auto Correlation-AdBs, 1=60 ——
1820"(x"*(-0.28))
Auto Correlation-AdBs, t=120
~ AutoCorrelation-AdBs, =180 —
Auto Correlalion-AdBs, t=240
Auto Correlation- -AdBs, t=300
92600"(x**(-0.13))

Ar

100

Fig. 53: The auto correlation of layer 1 of amplifiers-and-blocks-case at different times.

100000

10000

C(Ar)

1000

100
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Auto Correlation-BB-AdBs, =60 ——
850°(x**(-0.08))
Auto Gorrelation-BB-AdBs, t=120
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Auto Correlation-BB-AdBs, t=240——
Auto Correlation-BB-AdBs, t=300
85500"(x"*(-0.13))
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Fig. 54: The auto correlation of layer 2 of amplifiers-and-blocks-case at different times.

100000

— . Cross Correlation-AdBs, t=60 ——
1041*(x**(-0.125))

— " Cross Correlation-AdBs, t=120 ——
—— —GCress-Correlation-AdBs, t=180

Cross Correlation-AdBs, 1=240 —

4 Cross Correlation-AdBs, 1=300
f 88500"(x"*(-0.13))
10000 014
= T
3 T
) 0.19 [ —
\\
N
o
1000 _— \\
S N
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Fig. 55: The cross correlation of amplifiers-and-blocks-case at different times.

Blocks in layer 1/Amplifiers in
layer 2

0.4
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power law indices
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time

—Auto correlation<AA> —Auto correlation<BB>

——Cross correlation<AB>

Fig. 56: The power law coefficients of correlations vs. time chart.
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5.2.3 Amplifiers are positioned in layer 1 randomly:

Auto  correlation | Auto  correlation | Cross  correlation
t <AA> <BB> <AB>
60 0.37 0.13 0.13
120 0.15 0.19 0.19
180 0.07 0.1 0.1
240 0.09 0.13 0.13
300 0.07 0.07 0.07

Table 11. The power law coefficients of correlations of reflectors

amplifiers are in layer 2 in both layers case vs. time.

1x107

1x10°

100000

C(Arn)

10000

1000

100
1

are in layer 1 and

0.07

time evolution

Auto Correlation-AdRs, t=60 ——
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Fig. 57: The auto correlation of layer 1 of 64 amplifiers-and-reflectors-case at different

times.
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Fig. 58: The auto correlation of layer 2 of 64 amplifiers-and-reflectors-case at different

times.
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Fig. 59: The cross correlation of 64 amplifiers-and-reflectors-case at different times.
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Fig. 60: The power law coefficients of correlations vs. time chart.

5.3 Discussion:

Amplifiers can enhance wave propagation in the early stages, but they may hinder
the system from achieving synchronization. In cases where amplifiers are placed in a
single layer, the system often fails to reach synchronization.
Blocks, on the other hand, can constrain wave movement while promoting stable wave
propagation and synchronization. Reflectors stabilize the oscillation mode by reversing
the wave phase, and their effectiveness in stabilizing the wave is greater than that of
blocks.

When amplifiers are placed in one layer, they can disrupt the system’s synchronization.
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However, by adding blocks or reflectors to the opposite layer, the combination of
amplifiers with blocks or reflectors ensures stable wave propagation. This stability is
particularly evident in the auto-correlation of layer 2 and the cross-correlation between
layers.

Since the wave originates in layer 1, we observe that systems with amplifiers in layer 1
are more resistant to achieving synchronization compared to systems with amplifiers in
layer 2, especially in cases without reflectors. However, when reflectors are introduced,
the system begins to show a tendency toward synchronization by t=120, and achieves full
synchronization by t=300 in both configurations. Therefore, for optimal and stable wave
effects and long-term synchronization, it is advisable to place reflectors in one layer while

positioning other wave-enhancing objects in the opposite layer.
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Chapter 6 Summary:

From Chapter 4, we can determine that blocks can reduce the motion of particles and
the diffusion of waves, thereby resisting the formation of spontaneous synchronization in
the system. However, the influence of a single block is significantly smaller than that of
a single amplifier or reflector.

Amplifiers can amplify the amplitude of the wave, thereby promoting wave diffusion in
the system. If an amplifier is located near the origin of the wave, its effect is more
pronounced. However, the influence of synchronization either positively or negatively,
depends on the properties of the wave and the position of the amplifier. In some conditions,
amplifiers may resist formation of sync.

Reflectors can reverse the phase of wave, thereby introducing interference to the system.
Though the interference may affect wave diffution either positively or negatively, this can
promote the synchronization of the system.

From Chapter 5, we conclude that blocks become increasingly important when multiple
types of objects coexist in the system. In scenarios where amplifiers or reflectors are
present, those objects located near blocks can strengthen the wave. When the wave
encounters a block, the block's influence becomes more pronounced than in a system with
blocks alone. Blocks can absorb additional wave energy, sustain interactions within the
system, and enhance synchronization. However, their effectiveness is lower compared to
reflectors.

While our simulation focuses on a strongly-interconnected oscillator system, the findings
can also be applied to systems with weaker connections.

For instance, when broadcasting news to a crowd, you can strategically place key opinion
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leaders (KOLs) as amplifiers to disseminate the news directly. Simultaneously,
positioning individuals who enjoy gossip (acting as reflectors) can help spread the news
more subtly. However, it's essential to be mindful of those who remain unaffected by the
news (acting as blocks). By carefully arranging KOLs, gossipers, and the indifferent
individuals, you can effectively manage the news broadcast to achieve your desired

outcome.
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